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Food availability is an important Iùnitting factor for avian reproduction. In altricial birds, food 

Limitation is assumed to be more severe during the nestling stage than during laying or incubation, 

but this supposition has not been adequately tested I detennined both the degree and timing of 

reproductive food limitation for Bmowing Owls (Athene mindaria) nesting in artificial 

burrows in scuthem Saskatchewan (1 992-1 998). 

Day of female arriva1 correlated closely with laying day, which in tum correlated with clutch 

size. Effects of food and parental age on clutch size were non-sipifkant when the influence of 

Iaying day was controlled for statistically. Mean egg size was also unaffected by food or paren- 

tal age, and showed no seasonat variation. Pairs supplemented with dead laboratory mice, f?om 

clutch-initiation through clutch-completion, stored more prey in caches and regurgitated more 

food-pellets than did controls with similar laying dates. However, this extra food did not in- 

crease clutch or egg size, and didnot affect the seasonal decline in clutch size. Sunilarly, natural 

and experimental variation in food during laying and incubation had no effect on hatching suc- 

cess or hatching asynchrony. In contrast, post-hatch supplemental feeding had positive effects, 

increasing size and mass of fledglings and allowing supplemented pairs to raise 47% more 

O ffspring than conbols. This difference in fledging rates resulted f?om a much higher fiquenc y 

of starvation within control broods thanwithin food-supplemented broods. Also, pairs supple- 

mented for only the nestling penod produced yoiing equal in size, mas ,  and number to those of 

pairs supplemented throughout the laying, incubation, and nestling periods. 

Overall, reproduction in Bwowing Owls was not food-lirnited during laying or incubation, 

but was usually food-limited during the nestling period. Prey-cache sizes showed very low 

correlation between laying and early brood-rearing. This lack ofseasonal predictability might 

explain why Burrowing Owls did not use early food conditions as a cue for adjusting egg vol- 

ume, clutch size, or hatching asynchrony to suit food conditions for the nestling period. Instead, 

Burrowing Owls laid optimistical1y large clutches, hatched them asynchronously, and lost several 



youngest brood members to starvation and sibhg-cannibalism when food avaiiability tumed out 

to be inadequate during the nestling period. 
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CHAPTER 1 

Thesis Introduction 

One primary goal of every animal is to convert food into offspring. An individual's 

success in achievïng this goal is ultimately limited by food availability. At the proxirnate 

Ievel, many other factors can act to reduce the influence of food, yet several studies have 

dernonstrated direct effects of food on important reproductive parameters (Boutin 1990). 

In birds, parameters affected by food include laying day, clutch size, egg volume, 

incubation onset, hatching success, nestling growth, and fledging rate (Martin 1987, 

Nilsson and Svensson 1993). 

Reproductive food limitation occurs whenever energy demands for breeding exceed 

availability of food. In theory, reproduction could be food-limited during any stage of the 

breeding season : egg laying, incubation, or nestling-rearing (Fig. 1- la). For example, if 

altricial birds tirne breeding so food availability is highest during nestling rearing, then 

they must necessarily produce and incubate eggs when food availability is reIatively low 

(Lack 1956, P e ~ n s  1970). Thus, even though eggs require less energy per day than 

growing nestlings, food limitation may be just as severe early in the breeding cycle as it is 

Iater in the cycle. In addition, for birds nesting in regions that expenence severe climatic 

changes within years, the season of favourable weather may be bnef in relation to the 

period required for reproduction (e-g., Price 1985). Birds in such regions rnay be unable 

to overlap their rnost energetically-expensive stage of breeding with the period of peak 

food availability. Timing of food limitation would ihen be dictated largely by patterns of 

food availability within the breeding season (e.g., Korpimaki 1988). 

If a reproductive parameter is proximately limited by food, then an increase in food 

should change that parameter in the direction that increases parental fitness (Martin 199 1 ; 

Nilsson and Svensson 1993). Thus, if food Iimits reproduction during the egg-laying 

stage, clutch size or mean egg volume should increase in good food conditions; if food is 

limiting during the incubation stage, hatching success should increase; and if food is 

limiting during the nestling stage, fledgling quality (size, mass, condition) or quantity 

should increase in good food conditions. However, the reverse rnay not always be true. 

That is, if one of the above reproductive parameters changes in response to a food 

increase, food is not necessarily lirniting during the corresponding breeding stage. This is 

because some birds adaptively modiQ reproductive effort during one stage to suit the 

degree of food limitation predicted for a future stage (Fig. 1-lb). 

Lack (1947) suggested birds should use food conditions during egg laying to choose a 

clutch size rnost appropriate for food levels expected during the nestling period. 



Modify clutch size to 
for feeding nestlings Modify onset of 

(b> 
incubation so hatching asynchrony 

suits food conditions during nestling rearing 

Laying 

uu u Reduce brood 
Modify clutch size to size after hatching 
suit conditions for incubation Reduce clutch size, to suit conditions for 

through egg neglect, to suit feeding older nestlings 
conditions for nestling rearing 

Incubation 

Figure 1-1. Timing of food limitation and potential reproductive adjustments during 

avïan breeding seasons. The breeding season for a bird is defined as when it has eggs or 

young in the nest (Pen-ins and Birkhead 1983). The Zayingperiod lasts Erom the time the 

first egg is laid until the last egg is laid. The incubation period is defined, here, as the 

day after the last egg is laid until the day before the first nestling hatches. However, note 

that incubation for some eggs may actually begin while the fernale is still laying, resulting 

in hatching asynchro~y. The nestling-rearingperiod lasts fiom the day the first nestling 

hatches until the day the last nestling fledges (see Chapter 4 Methods). Changes in 

reproductive parameters due to variation in food availability during a given period could 

result fiom (a) proximate food limitation during that period, or (b) reproductive 

adjustments to suit food limitation predicted for later periods (see above). The latter is 

possible only when food availability is at least partially predictable fiorn one period to 

mouler. 

Nestling rearing 1 

Nestling rearing 1 Laying Incubation 



However, Lack acknowledged that this anticipatory adjustment of reproductive effort 

would be impossible in enviroments where food supply varied unpredictably over the 

season. When food was unpredictable, he proposed that birds should lay the number of 

eggs appropriate for very good feeding conditions during brood rearing but allow 

superfluous off'spring to die shortly after hatching if food later proved to be scarce (the 

brood-reduction strategy; Ricklefs 1965). Lack also felt that birds with this strategy 

required asynchronous hatching to establish a cornpetitive hierarchy within their broods. 

The hierarchy would facilitate efficient culling of extra young by focussing the effects of 

food shortage on iast-hatched siblings without placing the entire brood at nsk of 

starvation. 

Recently, Wiebe (1995) outlined a potentiaI reproductive adjustment for birds with 

food supplies that are partially-predictabIe over the season. When hatching asynchrony 

has food-dependent benefits during brood-rearing, but also has associated costs, 

individuals might begin incubation early (resulting in asynchronous hatching) in bad 

fo od-years, and begin incubation late in laying (increasing hatching synchrony) in good 

food-years. This facultative manipulation of hatching asynchrony would alIow birds to 

maximize current reproductive success by minimizing nsk to the entire brood when food 

conditions were poor and by minimizing losses of youngest nestlings when food 

conditions were favourable. 

As indicated above, a bird's choice of reproductive strategies most likely depends on 

the degree of predictability of its food supply. This rneans that food predictability may 

also determine (albeit indirectly) which reproductive parameters are likely to be 

influenced by variations in food (O'Connor 1978, Wiebe 1995, Soler and Soler 1996). 

Despite its apparent importance for governing reproductive adjustments, few studies have 

assessed within-season predictability of food (Wiebe et al. 1998). 

Ln addition to food availability, breeding date often explains a considerable amount of 

intrapopulation variation in reproductive parameters. Perhaps the rnost well-documented 

of these seasonal changes is the decrease in clutch size with later laying dates (reviewed 

in Hochachka 1990). However, several additional components of reproduction show 

seasonal variation: egg volume (Birkhead and Nettleship 1982; Perrins 1 996), onset of 

incubation and hatching asynchrony (Nilsson and Svensson 1993), hatching success 

(Burger et al. 1 W6), nestling growth (Ricklefs l968), and nestling survival (Perrins 

1970). It is therefore irnperative that experiments control for breedirg date when trying 

to isolate the effects of food on reproductive performance. Nilsson and Svensson 

@lilsson 199 1, 1993; Nilsson and Svensson 1993) successfLlly separated the effects of 



laying date and food availability on clutch size and hatchuig asynchrony in two Panls 

species. This was achieved experimentally by starting food-supplementation only after 

females had laid their first eggs and, thus, already cornmitted to breeding dates similar to 

those of unsupplernented females. This new experimental technique has been suggested 

as a promiskg approach for studies of food limitation in species tvith large clutches and 

long laying-periods (Murphy and Haukioja 1986, Stoleson and Beissinger 1995). 

In this thesis, 1 used observational and experimental approaches to investigate the role 

of food availability in controlling several components of Burrowing Owl (Athene 

czcniczrlaria) reproduction. In Chapter 2,1 presented a detailed examination of the effects 

of annual, seasonal, and inter-individual variation of food on laying date, clutch size, and 

mean egg volume (1992-1997). 1 chose tsvo complementary measures of prey intake for 

individuals: nurnber of prey stored in nests and rate of food-pellet production by pairs. 1 

explored interrelations among amival dates, laying dates, clutch sizes, and egg volumes, 

and exarnined the influence of parental age on these variables. Food-addition 

experiments (1992, 1993, and 1996; see Appendix 1) allowed me to test if food caused 

variation in cIutch size, mean egg volume, and the seasonal decline in clutch size. By 

feeding each pair a£ter its laying date had been set (i-e., afier clutch-initiation), 1 avoided 

the potentially confounding effect of earlier laying that usually results £iom food 

supplementation during prelaying (reviewed in Arcese and Smith 1988). 

Degree of hatching asynchrony in birds largely reflects the span of time between onset 

of incubation and clutch completion (Magrath 1992). In Chapter 3 , 1  investigated the 

effects of food during egg laying on hatching spans of Burrowing Owl pairs. In so doing, 

1 contrasted energy constraint with facultative manipulation of hatching asynchrony. 1 

cornpared hatching spans arnong years that varied with respect to feeding conditions 

(1992, 1993, 1996, and 1997), and compared spans of food-supplernented pairs to those 

of unsupplemented controls in the sarne years (1992, 1993, and 1996). Though clutch- 

size distributions were equivalent for the two experimental groups, 1 exarnined how 

hatching spans varied according to clutch size. In addition, 1 monitored prey caches to 

estimate relative changes in food intake within breeding seasons, asking whether food 

availability at the time of laying could serve as a reliable predictor of food availability 

during the nestling period. 

To determine if food nomally limited reproduction during the nestling penod, 1 

compared the quality (size, mass, condition) and quantity of fledglings between 

unsupplernented pairs and pairs provided with extra food fiom hatching until fledging 

(1992, 1993, 1996-1998; Chapter 4). In 1993 and 1996,I also tested for any cumulative 



effects of extra food by supplementing a third subset of owl pairs fiom clutch initiation 

through to fledging (Appendix 1). In these two years, supplemental feeding thus began at 

different reproductive stages in different treatrnents - a design not previously employed in 

any avian experiment. This experimental setup allowed me to measue how fledgling 

production was influenced b y food during three separate nesting stages: egg-laying, 

incubation, and nestling-rearing. Finally, 1 explored additional temporal aspects of food 

limitation in Burrowing Owls by comparing the impact of long-tem food shortage, 

during low food years, and short-term food shortage, during periods of adverse weather 

conditions (Chapter 4). 
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CHAPTER 2 

Intraspecific Variation of Egg-production Parameters in Burrowing OwIs: Effects 
of Natural Variations in Food and a Supplernentation Experiment 

Food supply is a major deteminant for allocation of reproductive effort in individuals 

(Martin 1987). Ln altricial birds, variation in food supply is correlated with 

intrapopulation variation in many reproductive parameters @rent and Daan 1980, Martin 

1987); specifically, laying date (Dam et al. 1989), laying interval &ack 1956, Bryant 

1975, Newton and Marquiss l984), clutch size (Klomp 1970, Murphy and Haukioja 

1986), inter- and intra-clutch egg volume (Howe 1976, Murphy 1986, Pietiainen et al. 

1986), sex ratio (Howe 1977, Wiebe and Bortolotti 1992), hatching success (Nilsson and 

Smith 1988, Korpimaki 1 989), hatching asynchrony (NiIsson 1993), nestling survival 

(Bryant 1975, Bortolotti et al. 199 l), and nestling growth (Bryant 1975, Quinney et al. 

1986). Such correlations often are attributed to direct nutritional and energetic 

constraints (Martin 1987), but there is growing evidence that individual birds manipulate 

reproductive behaviour, in a facultative manner, to match food conditions in their 

environment (Hogstedt 1980, Pietiainen et al. 1986, Wiebe and Bortolotti 1992, 1994, 

1995, Aparicio 2 994a, Nilsson 1994, Simmons 1994). 

Facultative adjustment of egg production requires individuals to use cues to adjust 

their reproductive effort, at the tirne of laying, to levels appropriate for food conditions 

later in the breeding cycle (Horsfa11 1984, Murphy and Haukioja 1986, Pietiainen et al. 

1986, Nilsson 199 1). In support of this idea, egg production sometimes correlates tvith 

food supply during prelaying and laying (reviewed in Martin 1987). Such a relationship 

can be misleading, however, if food supply varies in concert with other environmental 

variables that have a more direct influence on egg production (e-g., temperature; Pemns 

1965, Haftorn 1986, Slagsvold and Lifjeld 1989, Perdeck and Cave 1989). To establish 

causality, appropriate expenmental manipulation of food intake is required (Drent and 

Daan 1980, Newton 1980, Meijer et al. 1988, Ward and Kennedy 1994). 

Many studies have examined the proximate control of egg production by providing 

extra food to birds before egg laying (reviewed in Martin 1987, Arcese and Smith 198 8, 

Boutin IWO). Some species supplemented in this way laid more eggs, and virtually al1 of 

them laid earlier in the year (Daan et al. 1989, Meijer et al. 1990). The latter response 

makes it difficult to attribute clutch-size variation directly to food because clutch size 

declines seasonally in almost al1 single-brooded birds (Klomp 1970, Hochaclka 1990). 

Thus, larger clutches in food-supplemented birds could result either directly, korn an 



increase in food, or indirectly, f7om the coïncident advancement of laying @ijkstra et al. 

1982). A similar problem exists when egg size is investigated, as it sometimes correlates 

with laying date (Birkhead and Nettleship 1982, Magrath 1992, Perrins 1996). The 

inability to discriminate between effects of food and of laying date on clutch and egg 

sizes has been a major shortcorning of previous food-supplementation studies (Hodeldt 

and Ekiund 1990). Nilsson (199 1) and Svensson (Nilsson and Svensson 1993) tested the 

direct effects of food on clutch size by providing iMarsh Tits (PancspaZushis) and Blue 

Tits (P. caeruZeus) with extra food only after laying of the first egg (i-e., after clutch- 

initiation date had been set). This feeding schedule eliminated the confounding effect of 

food on laying date, isolating a positive eEect of food on clutch size in Marsh Tits 

(Nilsson 199 1). The approach has been suggested as promising for future food- 

supplernentation experiments - especially for study species with large clutches and, 

hence, long Iaying-periods (Murphy and Haukioja 19 86). 

Birdç of prey are often presented as species able to adjust egg production to current 

food suppfy (Jack 1947, Klomp 1970, Newton 1979). Close correlations between yearly 

indices of prey abundance and yearly population averages of clutch and egg sizes provide 

support for this hypothesis &ack 1947, Southem 1970, Andersson 198 1, Lundberg 198 1, 

Smith et al. 198 2,  Pietiainen et al. 1986, Korpimaki and Norrdahl 1991, Taylor 1994). 

Food may also be proximately involved in the seasonal decline of clutch-size in single- 

brooded birds if late-laying individuals lay smaller clutches in response to lower food 

intake (Lack 1966, Perrins 1970, Newton 1979, 1986). This explanation is often 

dismissed for birds of prey because, in temperate species, food generally increases in 

abundance during the breeding period (reviewed in Daan et al. 1989). However, Newton 

and Marquiss (1984) used indirect evidence to suggest that actual food intake differed 

among individuals over the season due to various extrinsic and intrinsic factors not 

related directly to prey abundance (Rotenbeny 1980, Bechard 1982, Martin 1986, Boutin 

1990). The seasonal decline in clutch size, observed under natural food conditions, was 

absent in European Kestrel (Falco tinntmntlus) pairs provisioned with extra food, 

suggesting the decline is normally a symptom of differential food intake anlong pairs over 

the season (Aparicio 1994b). The above studies highlight the need to measure food 

intake in individuals, rather than general food abundance for a population, as food intake 

accounts for both extrinsic and intrinsic factors affecting food availability (Martin 1986, 

Daan et al. 1989, Meijer et al. 1990). Studies that measure food intake in individuals are 

surpnsingly rare (Daan et al. 1 989), given that the main tenet of any theory of facultative 

adjustment to food is that birds react to their individual food circurnstances (Hogstedt 

1980, Drent and Daan 2980, Boutin 1990). 



In this chapter, I present a detailed examination of the effects of annual, seasonal, and 

inter-individual variation of food on laying date, clutch size, and rnean egg volume in the 

Burrowing Owl (Athene cunicularia) . 1 used two complementary measures of prey intake 

for individuals: number of vertebrate prey stored in nests and rate of food-pellet 

production by pairs. 1 explored interrelations among arrival dates, laying dates, clutch 

sizes, and egg volumes, and examined the influence of parental age on these variables. I 

also conducted a food-addition experiment to see if food caused changes in clutch size, 

mean egg volume, and the seasonal decline of clutch size. 1 began supplementing each 

pair only after their fust egg had been laid, thus eliminating any indirect effect of food on 

egg production via laying date. 

Strtdy area and species 

I studied Burrowing Owls fiom 1992 to 1997 in mixed-gras prairie of the Grassland 

Ecoregion of Saskatchewan (Harris et al. 1983) on a 10 000 d site south of the cities 

of Moose Jaw and Regina (50° N, 1 OS0 W). The northwestern two-thirds of the study 

area lies on the Regina Plain with the southwestern one-third extending into the Missouri 

Coteau. The Burrowïng OwIs in this region are long-distance migants, amving unpaired 

on the breeding grounds beîween mid-April and late-May each year. They are single- 

brooded and monogarnous (see also Haug et al. 1993), nesting in small, heavily-grazed 

pastures (cattle, horses, or sheep), within a matrix of non-imgated cereal crops, s u m e r  

fallow, and a few hayfields. After pairing, the female receives most of her food kom her 

mate, but hunts for herself on occasion in the irnmediate vicinity of the nest burrow 

(Plumpton 1992). During prelaying and laying each year, most of the cropland and fallow 

fields near nests were tilled, and were therefore unfavourable habitat for small rnarnmals 

that Burrowing Owls relied on for prey (unpubl. data). Owls lay their eggs in 

underground chambers at the end of 2- to 3-m tunnels originally excavated by 

Richardson's ground squirrels, Spermophilus richardsonii, or badgers, T d e a  taxus 

(Haug et al. 1993). Females lay eggs at intervals of approximately 1.5 days (Olenick 

1990) and lay between 6 and 12 eggs. Hence, Iaying lasts between 7.5 and 16.5 days. 

Ciutch mass, as a percentage of female mass, varies firom approximately 40 to 73% 

(Wellicome 1997). 

For both males and fernales, 1 determined spring arrival dates by making fiequent site 

visits between mid-April and late-May in al1 years except the first year, 1992. An 

individual's mival day was considered to be midway between the last visit preceding 



arrivai and the first visit subsequent to arrivai. When these two visits were more than 

eight days apart, the individual's arriva1 day was excluded fkom analyses. A more 

strïngent criterion of four days between site visits did not change the overall outcome of 

any anaiysis, so 1 present results for only the eight-day cut-off. After pairs began Zining 

burrow entrances with nesting material, 1 replaced each natural burrow with an artificial 

nest burrow (Wellicome et al. 1997)- Pairs started laying egss in nest chambers of  these 

artificial burrows within a few days to a few weeks of nest-box installation. In addition, 

some pairs nested in artificial burrows that had been installed in previous years. Nest 

boxes helped exclude mammalian predators (Wellicome et al. 1997), and ailowed 

investigators to monitor contents of burrows during re,ouIar checks throughout the season. 

Day of clutch initiation (hereafter "laying day") was detennined either by observing the 

first egg in the nest or by backdating fiom a mid-clutch egg count. Clutch size was 

detemined for each nest by counting esgs shortly after clutch completion. In all years 

except 1994,I used a digital calliper to measure egg dimensions (to the nearest 0.01 mm) 

during incubation, and calculated egg volumes using Hoyt's (1979) equation: volume 

(cm3) = 0.000507 x maximum length x maximum breadth2. To ensure independence of 

data points, analyses were based on mean egg volurne per clutch ( s u  of volumes of al1 

eggs in nest x clutch size-1). 1 included only clutches resulting fiom a pair's first nesting 

attemp t of the year (i. e., excluded replacement clutches). 

Nestlinss were banded with one US. Fish and Wildlife Service aluminum band, as 

welI as one colour-band indicating the hatching year. Between 1 and 5% of the nestlings 

from each hatch-year were observed breeding on the study site in subsequent years. The 

number of returning birds, from clutches laid on known dates between 1992 to 1996, 

were 2, 3, 5, 11, and 4, respectively. 1 combined these data for al1 5 years to allow a 

meaningfid statistical cornparison of retum rates for fledglings fiom clutches laid before 

median annual laying days (early) and for fledglings fiom clutches laid after median 

annual laying days (late). 

Neither plumage nor size differs appreciably between sexes in Burrowing OwIs 

(Clayton et al. in review; see also Earhart and Johnson 1970, Karalus and Eckert 1987). 

S ex of adults was therefore deterrnined during prelaying through behavioural 

observations (Martin 1973), and was later confirmed for a subset of birds examined in- 

hand for presence of brood patches Waug et al. 1993). 1 avoided capturing fernales 

during egg laying, as this occasionally causes thern to replace their clutch (unpubl. data), 

and instead captured them by hand inside nest boxes late in incubation. 1 trapped males 

outside of burrows (as they do not share incubation duties; Haug et al. 1993), using noose 

carpets baited with dead quail (Bloom 1987). 1 marked each captured adult with a unique 

I l  



combination of 2 or 3 coloured-plastic leg-bands (5 potential coiours) and one US. Fish 

and Wildlife Service aluminum band. For adults not onginally banded as nestlings, 1 

used patterns of fault bars on primaries and rectrices to distinguish 1-yr old parents fiom 

those greater than 1 -yr old (Machmer et al. 1992, Pyle 1997). This aging-technique 

proved reliable when fault bars were present, as it correctly classified al1 23 known-age 

owls (banded birds that were recaptured). 

Prey caches and pellets 

1 counted stored vertebrate prey at least weekly d d g  nest-chamber checks in the 

1992 to 1997 breeding seasons. 1 determined mean cache size for each pair by averaging 

the number of prey counted in burrows during both the prelaying and laying periods (fiom 

time of pauing to Iaying of the 1 s t  egg). 

Analysis of pellets, coiitaining the indigestible parts of prey, is an excellent technique 

for studying food habits in medium-sized owls (reviewed in Marti 1987), provided that 

collections are conducted fiequently so decomposition of pellets in the field is minimized 

(Marti 1974). 1 collected pellets at nest entrances or on the ground within 10-1 5 m of 

nests, usually at 3- to 6-day intervals, throughout the 1992, 1993, 1996, and 1997 

breeding periods. Because of a shortage of field staff, less time was available during each 

nest visit in 1994 and 1995. For this reason, pellets were not collected in those two years. 

Pellet samples coIZected after periods of more than 6 days were excluded £tom analyses. 

To obtain an index of the rate of food consumption by each pair in both the prelaying and 

laying penods, 1 divided the total dry-mass of collected samples by the total time penod 

(hr) covered by collections and multiplied by 24 hours, to yield a pellet-production rate 

for each nest in grams per day. In several species of owls, dry pellet mass has been 

shown to correlate with mass of food consumed (review in Wijnandts 1984). 

The amount of fimding for the project varied arnong years and the number of 

Burrowing Owl pairs declined between 1992 and 1997. This rneant that field staff and 

sarnple sizes were adequate to conduct supplemental feeding experiments only in 1992, 

1993, and 1996 (see -4ppendix 1). I conducted supplemental feeding experiments in 

1992, 1993, and 1996. Because fiequent disturbance inside the nest charnber during early 

laying was previously thought to increase the probability of nest abandonment (Olenick 

1 WO), I used evidence fiom above-gound observations to estimate laying days in the 

first study year, 1992. Laying was considered to commence when a female began 



spending most of her time out-of-sight inside the nest burrow- Actual laying days in 1992 

were later determined for analyses by backdating h m  mid-clutch egg counts, and were, 

on average, 2.7 days later than original estimates for laying days (range: 6 days after to 3 

days before). In 1993 and 1996, after each pair had prepared a nest-cup depression in the 

dirt floor of their nest box, 1 determhed their laying day directly by cfiecking the nest 

chamber at 2-day intervals. Nests in 1993 and 1996 were thus checked when either the 

first egg (54 cases) or the second egg (19 cases) had been laid (cf: Nilsson 1991). This 

nest-check schedule caused no renesting or abandonment, 

To control for effects of laying day on egg production, pairs were altemately assigned 

to supplemented and unsupplemented groups accordhg to their estimated laying day in 

1992 and their actual laying day in 1996. In 1993, every third pair that laid was assigned 

to be supplemented, and remaining pairs were not supplemented. Each of the 

supplemented pairs was provided with dead white laboratory mice at 3-day intemals, 

beginning on the actual (or estimated) laying day and continuing through the entire egg- 

laying period. Investigators placed laboratory mice inside the tunnel of each burrow, 

approximately 60 cm beyond the burrow entrance. This ensured that only intended 

recipients ate the supplemented food, as Burowing Owls vigorously exclude other birds 

f?om the vicinity of their nests (pers. observ.). Pairs were provisioned at a rate of 

approximately 65 g/nest/d in 1992 and 85 g/nest/d in 1993 and 1996, representing 

between 2.5 and 3.5 times the amount of food required by an adult Burrowing Owl for 

daily-existence metabolism in captivity (mean = 26 g; Marti 1973). This level of 

provisioning ensured that food availability well-exceeded the needs of each female. 

When counting the number of prey items in prey caches, 1 i~lcluded laboratory mice in 

cache totals if, on a visit at least 3 days later, 1 found that the owls had piled these mice 

with other prey in the nest chamber. Unfed pairs were visited every third day and 

disturbed for the same duration as supplemented pairs. 

Because many owls in the experiment were unbanded, 1 could not ensure that 

individuals were represented in analyses for only one breeding year. However, given that 

annual adult turnover at nests is high, and that nestinz locations studied within our area 

varied considerably among years, a very low proportion of adults were likely represented 

more than once. Leg bands revealed the identity of the male parent in 55% (54/99), and 

of the female parent in 74% (73/99), of the supplemented and control breeding events in 

the experiment. For these known adults, 96% of maLe breeding events (52 males in 54 

cases) and 99% of female breeding events (72 females in 73 cases) involved different 

individuals, and adults observed breeding in more than one year never paired with the 



same mate twice. 1 therefore considered al1 99 breeding events as independent samples 

for analyses (see also Newton and Marquiss 19 8 1 ), with year and feeding treatment as 

factors. 

Data analysis 

For analysis of parameters measured after the start of laying (e-g., clutch and egg size), 

1 excluded data fiom fed pairs unless specifically testing the effects of supplemental 

feeding. Similarly, when relating amival or laying days to clutch or egg sizes, 1 used data 

for unfed pairs only. However, 1 used data fiom al1 pairs when relating arriva1 day to 

laying day, as both of these parameters were estabhhed before birds were assigned to fed 

or unfed groups. When comparing prey-cache size and pellet-reavgitation rate among 

unfed nests, 1 used data for both the prelaying and laying periods. When comparing these 

measures of focd intake between fed and unfed pairs, 1 used data for only the Iaying 

period (the period in which supplemental food was provided). Probability plots showed 

that data were norrnally distributed for al1 variables except prey-cache size (Wilkinson 

1992). 1 therefore transformed prey-cache sizes by loge(X+l) to obtain a normal 

distribution for pararnetrïc testing (Zar 1984). Statistical tests were perfonned using 

SYSTAT for Windows (Wilkinson 1992). 1 used SPSS for Windows to calculate power 

for tests (using observed effect sizes and variation) when effect sizes were non-trivial yet 

P-values were non-significant. For al1 statistical tests and power analyses a was set at 

0.05. Sarnple sizes for analyses v a ~ e d  because 1 was unable to obtain al1 food intake or 

breeding rneasures for every nest. 

RESULTS 

From 1992 to 1997, clutch-initiation occurred over a 42-day period Eom 25 Apnl to 6 

June, with half of the fernales begiming to lay between 5 and 17 May (Fig. 2-1)- 

Clutches varied bettveen 6 and 12 eggs (Fig. 2-1; CV = 13.2%), but most pairs (82%) laid 

8 to 10 eggs. The largest mean egg volume observed (1 3.0 cm3) was 1.4 times that of the 

srnallest mean egg volume (9.2 cm3). Egg size was less variable (Fig. 2-1; CV = 7.4%) 

than clutch size. Mean egg volume and clutch size were not correlated (P 2 0.35 in each 

of the 5 years that egg volumes were measured; P = 0.89, n = 78 clutches, al1 years 

combined). 

Aizntral variation 

Annual means of the mean number of vertebrates cached at each nest during the 
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Figure 2-1. Distributions of laying days (day 1 = 1 Apnl), clutch sizes, and mean egg 
volumes for Burrowing Owls nesting near Regina, Saskatchewan, between 1992 and 
1997. Each egg-volume value represents the mean volume of al1 eggs in a clutch. Data 
are for first-nesting attempts of unsupplemented pairs. 



prelaying and laying periods varied substantially among yearj (Fig. 2-2; ANOVA, F = 

10.16, P c 0.001). Prey caches in 1997 were significantly larger than in any of the other 5 

years (Tukey test; P I 0.035 for d l  comparisons). Caches were also larger in 1995 than 

in either 1992 or 1996 (Tukey tests; P = 0.01 8 and P = 0.0 14, respectively). Prey caches 

in 1997 were 16 tirnes larger on average than in the year with the smallest prey caches, 

1996, and 3.4 times larger than in the year with the second largest prey caches, 1995. 

Almost al1 vertebrate prey were either deer mice (Peromyscus maniculatta) or meadow 

voles (Microtccs pennsylvanictu; Fig. 2-2). Other vertebrate prey included sagebrush 

voles (Lagrinrs nwtutus), prairie voles (Microtus ochrogaster), house rnice (Mus rntisar- 

hs), shrews (Sors  spp.), p a s s e ~ e s ,  and tiger salamanders (Abystoma tigrinurn). The 

large overall caches in 1997 were comprised predominantly of meadow voles, confinning 

reports fiom many local fmer s ,  who al1 agreed they had seen more voles during seeding 

in 1997 than they had since the last vole "outbreak" in 1969 (Houston 1997). 

A si,pificant among-year difference in pellet-regurgitation rates during the preiaying 

and laying penods (ANOVA, F = 9.99, P c 0.001; Fig. 2-3) provides further evidence that 

1997 was a year of superabundant prey. Although pellet-regurgitation rates did not differ 

in 1992, 1993, and 1996 (Tukey test; P 2 0.26 for the three pair-wise cornparisons), 

Burrowing Owls produced a significantly greater total rnass of pellets per day in 1997 

than they did in any of the other three years in ~vhich pellets were collected (P 5 0.001 for 

the three painvise comparisons). 

Mean anival days of males varied annually by as much as 12 days (Table 2-1; 

ANOVA, F = 10.49, P < 0.001), and those of fernales varied by as much as 14 days 

(Table 2- 1; ANOVA, F = 12.2 1, P c 0.001). Amva1 days for both sexes tended to be later 

in 1995 than in any other year (Tukey tests; P 9 0.07 for a11 pair-wise comparisons), and 

were also later in 1 996 than in 1993 (P 2 0.02, both sexes). Mean annual laying day 

varied by as much as 9.4 days (Table 2-1; ANOVA, F = 4.70, P = 0.001). Laying days 

were significantly later in 1995 th= in 1992, 1993, or 1994 (Tukey test, P = 0.032,0.009, 

and 0.004, respectively), and were marginally Iater in 1995 than in 1997 (P = 0.06). The 

smallest rnean annual clutch size was in 1995 and the largest in 1997. The maximum 

difference was thus 0.9 eggs, but among-year effects were not significant (Table 2-1; F = 

1.56, P = 0.18, PorvER = 0.53). Annual vanation in mean egg volume approached 

sib@icance (TabIe 2-1; F = 2.39, P = 0.06, POWER = 0.66) because of a marginal 

difference behveen 1993 and 1996 (Tukey test, P = 0.08). 

An-ival, Iayïng day, and egg pvodriction 

In each of the 5 years that arriva1 days were measured, female arriva1 days were 

16 
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Figure 2-2. Mean numbers of vertebrates cached by Burrowing Owl pairs in each 
of six years. Values were calculated for each pair by averaging the nurnber of prey 
counted in nest stores during checks in both the prelaying and laying periods. Bars 
indicate annual means of al1 vertebrate prey cached and error bars show standard 
en-ors. Shading within each bar shows the breakdown of prey species. 'Other 
vertebrate prey' included sagebnish voles, prairie voles, house mice, shrews, 
passerines, and tiger salamanders. Prey-cache data were collected ftom 13,24, 16, 
26, 17, and 18 unsupplemented pairs in 1992-1 997, respectively. Average cache 
size for each pair was transfomed by loge(X+l) for statistical testing. 
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Figure 2-3. Annual means (* 1 SE) of pellet-regurgitation rates (prelaying and laying) for 
unsupplemented Burrowing Owl pairs in the four years pellets were collected. Values at 
the base of each bar indicate the number of pairs for which information was obtained. 





positively associated with those of their mates (Table 2-2). Amval day, for both males 

and fernales, was positively associated with laying day in al1 years, but fernale amival 

expIained more variation in laying day than did male arrival (Table 2-2). If food intake 

affected the relationship between female amival and laying day, this relationship would 

have been different in years of low prey availability than it was in 1997, when femaIes 

had access to large food caches. However, the observed relationship between female 

arrival and Iaying day was consistent among years (Fig. 2-4); Le., regressions did not 

differ annually with respect to slope (ANCOVA, covariate = day of female arrival; F = 

0.97, P = 0.43) or Y-intercept (F = 1.19, P = 0.32). When a single regression line was fit 

for al1 years combined, female arrival day explained 91% of the total variation in laying 

day, with an average 12-d lag betvveen arrival and laying. CIutch size was not closely 

related to male arrival in any year (Table 2-2). Clutch size was, however, closely 

associated with female arrival in most years, with an average of 34% of within-year 

variation in clutch size being explained by female amval date (Table 2-2). 

Mean egg volume was not related to laying day in any of the five years 1 rneasured 

eggs (Table 2-2). In contrat, clutch size declined significantly as the season progressed 

in each of the six study years (Table 2-2). Regressions of clutch size on laying day did 

not differ amon3 years with respect to slopes (Fig. 2-5; ANCOVA, covariate = laying day; 

F = 0.13, P = 0.99) or intercepts (F = 1-40> P = 0.23), suggesting clutch size was 

detennined each year largely by calendar date. For al1 years combined, date explained 

41% of the total variation in clutch size (Table 2-2), clutch size declined an average 

0.63 eggdweek. 

If initiating a clutch early rather than late in the season increases the probability of 

fledged young surviving, one might expect that, of the young retuming to breed in the 

study area, a higher proportion would have originated fiom early nests than f?om Iate 

nests (e.g., Perrins 1966, Newton and Marquis 1984, Hochachka 1990). Accordingly, of 

25 owls that fledged between 1992 and 1996 and returned to breed within the study area, 

19 were fledged by pairs with laying days earlier than the population's median laying day 

for the given year, and only 6 came fiom pairs with laying days later than the yearly 

median (one-sample x2 = 6.76, P < 0.01). 

Measures of Burrowing Our1 food intake did not v q  significantly over the breeding 

season. The dope of the regression line of rnean prey-cache size, during prelaying and 

laying, against laying day was not significantly different fi-orn zero (P = 0.12, n = 114,6 

years combined) and explained a very low proportion of the variation in laying day (6 = 

0.02). In years that pellets were collected, the pellet-regurgitation rate of pairs during 

prelaying and laying was unrelated to their laying day (P = 0.35, n = 60,4 years 
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Table 2-2. Within-year covariation in female and male amval day, laying day and male 
arriva1 day, laying day and femaIe amval day, clutch size and male amval day, clutch size 
and female arrival day, mean egg vofume and laying day, and clutch size and laying day. Y- 
intercepts, slopes, coefficients of determination ()=), and significance Ievels (P) shown far 
Ieast-squares linear regressions. n = nurnber of nests at which information was collected. 
Day 1 = 1 April. Regressions involving clutch or egg size included unfed birds only; 
whereas, regressions involving only laying day or amval day included individuals that 
subsequently became either fed or unfed. Arriva1 dates were not recorded in 1992 and egg 
volumes were not measured in 1995. 

Year n Y-intercept Slope ? P 

Female arrival day vs. Male arrival day 
1993 3 1 11.21 
1994 10 -0.06 

1995 18 5.85 
1996 21 5.68 
1997 I l  12.68 

AI1 years 91 5 -25 

Laying day vs. Male arrival day 
1993 3 1 26.50 
1994 10 15.39 

1995 18 14.93 
1996 21 20.41 
1997 12 25 -66 
Al1 years 92 19.29 

Laying day vs. Female amval day 

1993 35 14.18 

1994 12 15.95 
1995 22 12.05 
1996 25 17.0 1 
1997 15 10.46 
Al1 years 109 14.36 

Clutch size vs. Male anSval day 
1993 18 9.30 
1994 10 9.86 
1995 18 10.38 
1996 11 9.5 1 
1997 11 9.55 
A11 years 67 9.90 



Table 2-2 (continued) 

Year n Y-intercept Slope r2 P 

Clutch size vs. Fernale amval &y 

1993 19 10.13 -0.04 

1994 1 I 10.13 -0.05 

1995 22 1 1.63 -0.09 

1996 14 1 1.43 -0.08 

1997 14 1 1.70 -0.08 

Al1 years 80 1 1 .O9 -0.07 

Mean egg volume vs. Laying day 

1992 13 10.10 0.02 0.1 1 0.262 

1993 24 12.25 -0.02 0.03 0.462 

1994 5 12.25 -0.04 O .45 0.274 

1996 17 10.96 -0.0 1 0.004 0.803 

1997 18 10.74 0.00 1 <.O0 1 0.967 

Al1 years 79 1 1.45 -0.0 1 0.02 0.29 1 

Clutch size vs. Laying day 
1992 13 12.79 -0.09 0.29 0.053 

1993 24 11.84 -0.07 O. 19 0.0 11 

1994 17 12.06 -0.08 O -40 O .O07 

1995 26 12.93 -0 -0 9 0.60 C .O01 

1996 17 12.8 1 -0.09 0.37 0.010 

1997 20 13.56 -0.10 O -42 O .O02 

Allyears 117 12.5 1 -0.09 0.41 < .O01 
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Day of female arriva1 

Figure 2-4. Days of arriva1 and of laying for females in five different years (day 1 = 1 

April). Symbols indicate days for individual females, which were later either fed or 

unféd. Slopes of least-squares regressions were significantly different frorn zero in al1 

years (Table 2-2). Neither slopes nor Y-intercepts differed arnong years, despite 

substantial annual variahon in food intake (Figs. 2-2 and 2-3). 



Laying day 

Figure 2-5. Seasonal decline in Burrowing Owl clutch size for pairs in each of six years 

(day 1 = 1 April). Each symbol indicates a value for one unsupplemented pair. Lines 

show least-squares linear regressions. Slopes were significantly different fkom zero in al1 

years (Table 2-2), and neither slopes nor Y-intercepts differed arnong years. 



combined). 

Variation anrong individrrals . 

Food intake- - If food affects egg production, one would expect positive relationships 

between rneasures of a pair's food Uitake and their reproductive performance in a given 

year. However, slopes of regession lines of clutch size on mean prey-cache size (during 

prelaying and laying) did not differ significantly f?om zero in any year (P 2 0.38 in each 

of 6 years; see Fig. 2-2 for sample sizes), or for al1 years combined (P = 0.65). Nor were 

the slopes of regressions of rnean eg,o volume on mean prey-cache size significantly 

different fiom zero in any year (1992, P = 0.35, n = 13; 1993, P = 0.71, lz = 24; 1996, P = 

0.63, n = 17; 1997, P = 0-50, n = 16; al1 years combined, P = 0.27). Similady, regressions 

of clutch size on pellet-r~~prgitation rate (during prelaying and laying) were non-signifi- 

cant (P 2 0.43 in each of the 4 years, see Fig- 2-3 for sample sizes; P = 0.3 1, al1 years 

combined), as were regressions of mean egg volume on pellet-reprgitation rate (P 2 0.24 

in each of the 4 years; P = 0.22, all years combined). As might be expected, mean prey- 

cache size and pellet-reawgïtation rate were positively correlated for pairs (r = 0.54, P < 

0.001, n = 59,4 years combined). 

Age eflects. - 1 was able to detemine arriva1 day and age for 35 males and 48 females 

between 1993 and 1997. In both sexes, arrival days were later for yearlings than for older 

birds (Table 2-3). Regressions of laying day on male arrival day were si,onificant in both 

age-categories (1 -yr old: r = 0.82, P = 0.00 1 ; BI-yr old: r = 0.79, P < 0.001), but neither 

slopes (ANCOVA, covariate = male arriva1 day; F = 0.93, P = 0.34) nor intercepts (F = 

0.38, P = 0.54) differed with male age. Regressions of laying day on female arrival day 

were also significant in both age categories (1-yr old: I -  = 0.93, P < 0.001; >l-yr old: I- = 

0.93, P < 0.001), and age had no influence on slopes (ANCOVA, covariate = female 

amval day; F = 1.4 1, P = 024) or intercepts (F = 0.02, P = 0.88). Thus, for a given 

arrival day, laying days were sirnilar in both yearling and older parents. 

Of 1 18 males and 11 8 females for which 1 collected information on egg production 

(unsupplernented birds only; 1992-1997), 1 was able to determine the age of 43 males 

(36.4%) and 51 females (43.2%). For this subset of birds, age of parent had no influence 

on mean egg volumes (Table 2-3). Likewise, male age did not affect mean prey-cache 

size (t = 0.56, n = 39, P = 0.58) or pellet-regurgitation rate (t = 0.98, n = 18, P = 0.35). 

Nor did female age affect these measures of food intake (caches: t = 0.33, n = 48, P = 

0.74; pellet rate: t = 0.01, rz = 30, P = 0.99). However, laying day was later for yearling 

parents than for older parents by more than 1 week on average (Table 2-3). Clutch sizes 

were smaller by approxirnately 1 egg for yearling males than for older males (Table 2-3). 



Table 2-3. Arriva1 day, laying day, clutch size, and mean egg volume of Burrowing Owls in 
relation to sex and age of parent. Values in parentheses indicate nurnbers of known-age 
owls. See Table 2-1 caption for description of data collection. Significance levels (P) and t- 
values are fiom Student's t-tests. All years combined for analyses. Day 1 = 1 April, day 3 1 = 
1 May. 

Sex 1-yr old parent >I-yr o2d parent t P 

Male 

Female 

Male 

Female 

Male 

Female 

Male 

Fernale 

Arrival day 
32.3 + 2.1 (12) 26.7 * 1.4 (23) 

38.4 * 2.4 (14) 30.3 * 1.4 (34) 

Laying day 
48.1 *3.5 (10) 40.6 1.5 (33) 

49.1 + 2.0 (18) 41.2 * 2.5 (33) 

Clutch size 
8.20 * 0.33 (10) 9.18 * 0.21 (33) 

8.44 * 0.25 (1 8) 8.91 * 0.22 (33) 

Mean egg volume 
10.66 * 0.25 (7) 10.91 *0.18 (20) 

10.75 * 0.19 (16) 11.02 * 0.19 (22) 



Clutches were alrnost 0.5 eggs smaiier on average for yearling females than for older 

females, but statistical power was low (0.26) and the dinerence was not significant (Table 

2-3). Clutch size declined seasonally in both age groups of males (1 -yr old: r = -0.63, P = 

0.05; >l-yr old: r = -0.74, P c 0.Q01) and of females (1-yr old: r = -0.74, P < 0.001; >1- 

yr old: r = -0.78, P c 0.001). For both males (ANCOVA, covariate = laying day; F = 

1.98, P = 0.17, n = 43) and females (F = 0.9 1, P = 0.34, n = 5 l), there was no interaction 

of laying-day and clutch-size effects bebveen yearling parents and older parents; ie., rates 

of seasonal declines in clutch size did not differ between the two age categories. Nor did 

intercepts of the regressions of clutch size on laying day differ between ages of males 

(ANCOVA; F = 1-05, P = 0.3 1) or of females (F = 2.34, P = 0.13). It appears, therefore, 

that overall differences in clutch size between yearling and older parents can be attributed 

mainly to the coincident difference in their laying days. For both sexes, the disparity in 

laying days behveen age categones may be explained by the concordant disparity in 

arriva1 days. 

Feeding experiment 

To confirm that provisioning of extra food during egg laying increased Burrowing Owl 

food intake during that penod, 1 performed two-way ANOVAs. There were si-nificant 

effects of both year (F = 5.02, P = 0.009; Fig. 2-6a) and feeding treatment (F = 8.41, P = 

0.005) on prey-cache size, but no year-by-treatment interaction (F = 1.09, P = 0.34). 

Caches were larger in 1993 than in either 1992 (Tukey test; P = 0.01) or 1996 (P = 0.05) 

and were larger for fed pairs than for unfed pairs. Pellet-regurgitation rates showed trends 

sirnilar to those for prey caches, in that rates during laying were higher for supplemented 

pairs than for unsupplemented pairs (Fig. 2-6b; F = 5.16, P = 0.03), and there was no 

year-by-treatrnent interaction (F = 0.22, P = 0.80); however, year had no influence on 

regurgitation rate (F = 0.93, P = 0-40). 

The use of laying day to alternately assign pairs to supplemented and unsupplemented 

groups successfülly controlled for the effects of laying day on egg production. The 

resulting distributions of laying days did not differ between experimental and control 

pairs in any year (mean day 1 SE for fed vs. unfed, respectively: 1992, 37.4 h 0.9 vs. 

39.5* 1.1, P=O.34; 1993, 39.9* 1.8 vs. 39-95 1.2,P=0.84; 1996, 46.3 % 1 . 7 ~ ~ .  45.8 

* 1.9, P = 0.99; Kolmogorov-Smirnov two-sample tests; see Fig. 2-7a for sarnple sizes). 

Providing extra food to pairs during egg laying had no obvious effects on egg 

production parameters. In two of three experimental years, average clutch size was 0.3 

eggs (3 -3%) larger for fed pairs than for control pairs; however, a two-way ANOVA 

showed no significant effect of treatment (F = 1.41, P = 0.24, POWER = 0.22) or of year (F 



1993 

Year 

Fed 
0 Unfed 

Figure 2-6. Annual means and SE'S of (a) mean prey-cache sizes and @) pellet- 

regurgi tation rates for supplernented (Fed) and unsupplernented (Unfed) pairs in each of 

three years. Prey-cache values were calculated for each pair by averaging nurnbers of 

vertebrate prey counted during nest-checks in only the laying period, and were then 

transformed by loge(X+l) to ensure a normal distribution for testing. Pellet production 

rate was calculated by dividing the total dry-mass of pellets collected during laying by the 

total hours represented in collection periods, and then multiplying by 24 hours. 
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i Fed 

Unfed 

Year 

Figure 2-7. Annual rneans and SE'S of (a) mean egg volume and (b) clutch size for 

supplemented pairs (Fed) and for controls (Unfed) in each of three years. Values at the 

base of each graph indicate number of pairs. Y-axes are scaled to observed range for each 

egg-production variable. 



= 1.70, P = 0-18) on clutch size (n = 99; Fig. 2-7b). Had the clutch-size effect been of a 

more biologically-meaningful magnitude - Say 10% (0.9 eggs) - power woutd have been 

0.99. A two-way ANOVA on mean egg volume showed a significant effect of year (F = 

7.74, P = 0.001); mean egg volume was higher in 1993 than it was in 1996 (Tukey test, P 

< 0.001). Mean egg volume for fed pairs was larger than for unfed pairs by 0.4 cm3 

(3 -7%) in 1992; whereas, effect-sizes in the other two years were minute. Thus, 

slipplemental feeding showed no statistically significant effect on m a n  egg volume per 

clutch(F=2.18, P=0.14, n =98, P O W E R = ~ . ~ ~ ;  Fig. 2-7a). Ifthere hadbeena 10% 

effect-size (1. i cm3), statistical power would have been 1.0. 

To look for an effect of supplemental feeding on the seasonal clutch-size decline, I 

performed an .4NCOVA, with clutch size as the response variable, laying day as the 

covariate, and treatrnent as the grouping variable. There was no interaction betsveen 

treatment and laying day (ANCOVA, F = 0.62, P = 0.44, n = 98; data for 1992, 1993, and 

1996 cornbined), indicating the slopes of the seasonal clutch declines did not differ 

between fed and unfed groups (Fig. 2-8). Nor did the intercepts of the regressions of 

clutch size on laying day differ between fed and unfed pairs (F = 1.33, P = 0.25, n = 98). 

Clutch size thus declined in a similar way for both fed and unfed experimental groups, 

showing that seasonal declines do not result f?om late pairs having less food than early 

pairs. 

Laying ciay 

Variation in the timing of avian breeding often correlates with variation in food 

availability during prelaying (Martin 1987). In 16 of 24 studies that provided extra food 

well before laying, birds responded by producing eggs significantly earlier in the season 

(reviewed in Meijer et al. 1990). Similarly, most populations laid eggs earlier in years of 

high food abundance than in years of low food abundance (Martin 1987). Such 

correlations could result either because food availability acts as a direct constraint on 

Iaying females (Perrhs 1965) or because early food-levels provide a proximate cue for 

the timing of peak food levels later in the season (Daan et al. 1989). In the present study, 

providing extra food only after clutch-initiation had already occurred precluded any effect 

of supplementation on laying day (cf: Nilsson 1991, Nilsson and Svensson 1993). 

However, annual differences in mean laying days appeared to be unrelated to annual 

differences in measures of food intake, as laying day was not earlier in the year of 

superabundant food (1997) than it was in other years. Owls must not have adjusted their 



-m- Fed 
- -8- - U nfed 

Laying day 

Figure 2-8. Seasonal decline in clutch size for food-supplemented (Fed) and control 

(Unfed) pairs. S p b o l s  show individual values for pairs and lines indicate least-squares 

linear regressions. Data are combined fiom feeding experiments in 1992, 1993, and 

1996. Neither dopes nor Y-intercepts differed between Fed and Unfed groups. Equations 

for the luies: Fed, Y = 11.22 - 0.09X; Unfed, Y = 10.54 - 0.07X. Day 1 = 1 April. 



Iaying day according to their intake of prey during prelaying, nor could they have been 

energetically constrained by food availability, or females would have laid earlier when 

food intake was higher. 

In contrast, arrival day had an obvious positive association with laying day. Female 

arrival, in particular, explained 9 1 % of the total within-year variation in laying day (Table 

2-2). Male arriva! was also related si,snificantly to laying day, but this relationship may 

sirnply have reflected the close correlation between male and female arriva1 days. 

Females arrived at nests shortly after their mates (mean difference of 4 days), and laying 

followed female arriva1 by only 12 days on average (Table 2-2). Thus, preIaying 

activities, such as nest preparation, copulation, brood patch formation, and follicular 

development, al1 happened within a relatively narrow window of time. It is, therefore, 

conceivable that females laid eggs as soon as possible after arrival, with other factors 

having Iittle influence. For example, after taking the effect of arriva1 time into account, 

annual differences in food supply during prelaying did not Iead to annual differences in 

the time between female arrival and laying, or intercepts of regression lines would have 

differed among years (Fig. 2-4). If arrival day comrnonly constrains laying day, it is not 

surprising that food-supplementation of migrant species in temperate regions has caused, 

at rnost, restncted advances in initiation date (Crick et al. 1993, Meijer et al. 1990, Wiebe 

and Bortolotti 1994, Svensson and hTilsson 1995, Kelly and Van Home 1997). 

As has been found in many other species (reviewed in Perdeck and Cave 1 WZ), laying 

day in Burrowing Owls differed according to the age of the male and of the female. This 

difference did not, however, appear to be caused by lower food intake for yearlings than 

for older birds, as prey caches and pellet-regurgitation rates did not differ with age of 

parent. Rather, age appeared to affect laying day indirectly by affecting arrival day. 

Average arrival and laying days differed between age categories in each sex by 

approximately 1 week, but individuals of different ages that anived on similar days 

initiated laying at the same time. Perhaps younger birds leave wintering grounds later 

(e.g., Marra et al. 1998), or take longer on average than older birds to reach the breeding 

grounds and find a suitable nest burrow. This Iater anival at nests then results in later 

laying. Experimentation would be necessary, however, to confinn such a cause-and- 

effect relationship between arriva1 day and laying day (e.g., Cristol 1995). 

Mean egg volume 

Because larger eggs produce larger hatchlings with a better chance of swiving 

(Parsons 1970, O'Connor 1975, Amundsen and Stokland 1990, Magrath 1 Wl), 

individuals in sorne species channel extra energy into increased egg size rather than egg 



number (hliurphy 1986, Hill 198 8, Wiebe and Bortolotti 1995). In the present study, none 

of the evidence suggested egg size was appreciably larger when food intake was higher. 

In fact, mean egg volume was greatest for the population in 1993, when food supply was 

merely average. Egg size in birds often varies with female age @avis 1975, Potti 1 993), 

but both yearling owls and older owIs produced eggs of sirnikir size (-2.5% difference in 

mean egg volumes). 

Clutch size 

Nurnber of eggs laid varied more than egg size arnong individuals in the Burrowing 

Owl population. However, clutch size varied little arnong years, showed no correlation 

with measures of food intake for individuals, and was not noticeably affected by 

supplemental feeding during egg laying (largest effect-size was 3.3%). This lack of an 

influence of food cannot be explained by reduced foraging in males when food was high 

(e.g., Poole 1985) because prey caches and pellet-regurgitation rates were significantly 

higher for supplemented pairs than for control pairs, and were much hi&er in 1997 than 

in other years. Although my findings differ fkom those in some avian studies, where 

clutch size showed an obvious response to natural variations in food suppIy (even when 

Iaying day was accounted for; Korpimaki and Hakkarainen 199 1) and to supplemental 

feeding (Newton and Marquiss 198 1, Pietiainen et al. 1986, Homfeldt and Eklund 1990, 

Nilsson 199 1, Aparicio 1994b), my results agree with most studies, in which clutch size 

was unaffected, or affected only slightly, by natural food-variations (Pvlurphy 1986, Poole 

1985) and by food supplementation (reviewed in Arcese and Smith 1988; see also Meijer 

et al. 1988, ArnoId 1992, 1994, Wiebe and Bortolotti 1995). 

A variety of factors can cause intrapopulation clutch-size variation in birds. For 

exarnple, younger birds of3en lay fewer eggs than older birds (reviewed in Lack 1947, 

Klomp 1970, and Pemns 1979). In predatory birds, male age often has more influence on 

reproduction than does female age (Newton et al. 198 1, Village 1986, Korpimaki 1988), 

likely because males hunt for the pair while females are laying or incubating eggs. In the 

present study, clutch-size differences between yearlings and older birds were more 

pronounced in males than in females. Differences were explained largely by later Iaying 

in yearlings; once Iaying day was accounted for statistically, there was no additional effect 

of age of parent. Later laying by young birds may also explain clutch-size effects 

reported in previous studies that did not include laying day as a covariate (examples in 

Klomp 1970). 

Density of breeding pairs also influences clutch size in some birds (Lack 1954, Perrins 

1979, Arcese and Smith 1988). My study population, and the provincial population, 



declined by approximately 20% per year without a concomitant loss of habitat (unpubl. 

data; Wellicorne and Haug 1995), making the density of owls in 1997 about one-third of 

that in 1992. Given that density decreased consistently with each year of the study yet 

clutch size did not, density appears to be unimportant for clutch-size determination in 

Burrowing Owls. 

Overall, rny results concur with those of a nurnber of authors, who found that most 

intrapopulation variation in clutch size was explained by laying day (Murphy 1986, 

Pietiainen et al. 1986, Meijer et al. 1988, Nilsson 199 1, Arnold 1994). Clutch size may 

therefore be affected rnost by factors that affect iaying day - factors seerningiy 

independent of food intake in Bmowing Owl pairs. Femaie arriva1 explained most of the 

variation in laying day, and accordingly, explained a considerable amount of variation in 

clutch size (34%). To my knowledge, few studies of migratory birds have exarnined 

interrelations among arrival days, laying days, and clutch sizes (but see Hogstedt 1974). 

The importance of arrival day for reproduction in Burrowing Owls suggests that these 

interrelations should perhaps be explored m e r  in other species of birds. 

Seasorzal clzitch-size decline 

Seasonal declines in clutch size are very cornrnon in single-brooded bird species 

(Klomp 1970, Hochachka 1990, Meijer et al. 2990). Although many hypotheses for the 

decline invoke no proximate role for food resources (reviewed in Murphy 1986), those 

that do, propose that lower food intake for Iate breeders causes smaller clutches and the 

result is a seasonal decline in clutch size (Newton 1979, 1986, Dijkstra et al. 1988). This 

situation could axise if (1) prey abundance declines over the season, (2) prey availability 

declines over the season (e-g., vegetative cover increases, making prey less accessible), 

(3) pairs who are poor foragers breed later than pairs who are good foragers, or (4) pairs 

in temtories with low food availability breed later than pairs in temtones with high food 

availability. These hypotheses do not necessarily require food limitation during egg 

laying; birds could, instead, use food supply during laying as a cue to predict food 

limitation at some later breeding stage. Regardless, if food intake is no lower for those 

individuals breeding late in the season than for those breeding early in the season, al1 four 

hypotheses are refûted. 

Burrowing Owl clutch size declined significantly over the season in al1 six study years, 

and was remarkably consistent among years despite obvious annual fl ucfxations in prey 

supply, measures of food intake, and weather (Chapter 4). Though yearling parents 

sometimes have inferior foraging abilities in birds (e-g., Marchetti and Price 1989), the 

regressions of clutch size on laying day were similar between yearling and older owls. 



Moreover, neither the number of prey stored in nests nor the pellet-regurgitation rate of 

pairs correlated with laying day. Finally, when food intake in some pairs was artificially 

increased by supplernental feeduig during laying, the seasonal clutch decline did not 

differ behveen the fed group and a control group with the same distribution of laying 

days. The latter finding is at odds with that of Aparicio (1994b) and Soler and Soler 

(1996), but supports those of Meijer et al. (1988), Nilsson (1991), and Arnold (1994), 

indicating seasonal clutch-size decline in Burrowing Owls does not result fkom 

differential food intake of pairs laying on different days. 

Date itself appears to be the most important variable affecting clutch size in many 

species (Perrhs 1979, Murphy 1986, Amold 1994). How might birds modifjr their clctch 

size to match laying day? For Burrowing Owls, the consistency of the laying day/clutch 

size reiationship among years suggests that photoperiod, a reliable indicator of date in 

temperate regions, is the proximate cue used to adjust clutch size to time-of-year. Indeed, 

this ability seems common in birds; photoperiod manipulation in captivity has altered 

breeding date for over 60 species (Newton 1979). Although my study was not desiped 

to examine ultimate causes of the clutch-size decline, many current theones link the 

decline to a decreasing probability of juvenile recruitment with progressive laying day 

(Daan et al. 1989, Nilsson 1991). Consistent with these ideas, most offspnng returning to 

my study area came fiom clutches laid early in the year, 

Reprocltcctive strategy 

None of the parameters associated with egg production in this study were sipificantly 

affected by variations in the owls' intake of natural or artificial food. 1 conclude, 

therefore, that food limitation for Burrowing Owls during the prelaying and laying 

periods was negligible- Food limitation during the nestling penod, on the other hand, was 

obvious and cornmon in the owl population (Chapter 4). In al1 years except 1997, 

virtually every nest lost at least one nestling (and sometimes many nestlings) to 

starvation. Exceptional years like 1997, when voles are superabundant, appear to be very 

rare in southern Saskatchewan; records fkom 1952 to 1996 show only two previous 

'outbreak' years (1960 and 1969; Houston 1997). This raises the question of why 

Burrowing Owls lay large clutches in every year, regardless of food conditions during 

laying, when they are seldom able to adequately nourish the large broods that result? 

This apparent inconsistency is perhaps best understood in the context of a brood- 

reduction strategy Cack 1947, 1954; Ricklefs 1965). Brood reduction can be thought of 

as an alternative to clutch adjustrnent (O'Connor 1978, Shaw 1985): birds that are unable 

to tailor clutch size, by predicting post-hatch food supplies at the time of laying, produce 
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an 'optimistic clutch', which corresponds to the maximal brood size that could be raised 

in the very best food year (Mock and Forbes 1995). If need be, farnily size is 

subsequently trimmed, through death of one or more of the young, to match food 

conditions during brood-rearing (Chapter 4). 'Clutch adjusters' are expected to react to 

food variations at the time of egg laying; whereas, 'brood reducers' should react to food 

supply during the nestling penod. This dichotomy has recently been used to explain 

positive responses of brood-reducing species to supplemental feeding during the nestling 

stage (Soler and Soler 1996)' and seems also to be consistent with the Burrowing Owl's 

lack ofadjustment to food during egg production. 

The Burrowing Owl population shares many characteristics with other brood-reducing 

species : asynchronous hatching of chicks (1 -7 d span; Chapter 3), low year-to-year 

variation in clutch size but high variation in nestling mortality due to starvation 

(particularly for last-hatched young), dependence on an unpredictable (Chapter 3) or 

variable food supply (Chapter 4), and Zow costs in egg production (Shaw 1985, O'Connor 

1978). The mass of a single egg as a percentage of female mass in the Burrowing OwZ is 

approximately 6%, which is rnuch lower than in any of the other 17 owl species presented 

by Lack (1968). 

In al1 but one year, deer mice were the dominant prey of the owls (Fig. 2-2). Although 

populations of deer mice do not exhibit radical year-to-year changes, they do undergo 

stochastic seasonal variations such that spring densities are poorly correlated with fa11 

densities (Terman 1968). In addition, availability of deer mice for owls can vary 

substantially over a short period, as factors such as moonlight intensity, wind speeds, and 

arnount of rainfall (Chapter 4) can affect both the activity levels of prey (Falls 1968, 

Baumler 1975, Lehmann and Sommersberg 1980) and the ability of owls to hunt 

effectively (Dice 1945, Hirons 1982, Wijnandts 1984). Though insects were much less 

important than small mammals as prey during this investigation (Appendix 2)' in years of 

dramatic grasshopper "outbreaks", Burrowing Owls in and near my study area ate large 

numbers of grasshoppers in mid- to late-summer (Haug 1985, James and Fox 1987, 

Schmutz et al. 199 1). Such unpredictable 'windfalls' may sometimes enable the sumival 

of the nomally expendable last-hatched young. 

Murphy and Haukioja (1 986) suggested that predictability of food is probably low for 

most bird species, particularly for those with prolonged breeding cycles and those that 

rely on different prey taxa at different phases of the reproductive attempt. The combined 

effects of the random seasonal fluctuations in small-mammal availability, the 

consurnption of different prey species in different years or times of season, and the 

prevailing influence of weather in the northern prairie environment probably limit any 
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opportunity for Burrowing Owls to adjust egg production to suit conditions later in the 

breeding season. 

The consistency of the seasonal decline in clutch size among years also may be 

explained by lack of predictability. Bïrds cannot react to a factor causing seasonally 

decreasing prospects for juvenile recruitment - be it food supply or any other factor - if it 

operates at a subsequent stage and cannot be forecasted at the time of laying (Kirschfield 

and TinkIe 1975, Goodman 1979). Arnold (1 994) showed that rate of seasonal clutch- 

size decline in American Coots (Fulica amerkana) varied with pond depth in May. He 

suggested coots were using pond depth to predict future seasonal patterns of nestuig 

success. Food supply during laying was not an important cue for coots, as seasonal clutch 

declines did not differ between fed and unfed groups. In contrast, feeding experiments 

with the European Kestrel in Spain, showed that clutches of pairs in an unfed group 

declined over the season but clutches of pairs in a fed group did not (Aparicio 1994b). it 

appears, therefore, that European Kestrels used food supply during laying as a reliable cue 

for whichever factor caused the seasonal decline in juvenile suvival (cf: Korpirnaki and 

Hakkarainen 199 1). Because the seasonal decline in Burrowing Owl clutches did not 

Vary with food during egg Iaying, either the prospects for juvenile survival declined in the 

same way each year (cf: Daan and Dijkstra 1988 in Korpimaki and Hakkarainen 199 1) or 

they were unpredictable at the time of egg laying. 
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CHAPTER 3 

Effects of Food and Clutch Size on Intrapopulation Variation 
in Hatching Spans of Burrowing Owls 

Age differerlces within avian broods frequently lead to the death of youngest members 

fiorn starvation, trampkg, eviction, or even bludgeoning by their older siblings (Howe 

1978, Mock 1984). Curiously, it is the parents that set the stage for the demise of their 

youngest by starting to incubate before clutch completion, thus inducing an age- and size- 

disadvantage for hatctilings fiom last-laid eggs (Magrath 1992). This 'paradox of 

hatchuig asynchrony' , has puzzled ornithologists for almost a century (Salter 1904 and 

Dunlop 1910, in Magrath 1 !BO), inspiring hundreds of studies and a profusion of 

hypotheses (Stofeson and Beissinger 1995). 

Three recent reviews (Magrath 1990, Stoleson and Beissinger 1995, Stenning 1996) 

revealed more contradiction than conpency in the literature on hatching asynchrony, and 

failed to provide a general explanation for the phenornenon. The reviews did, however, 

establish a conceptual framework for the array of hypotheses (which now nurnber close to 

twenty), separating proposed functions of early incubation-onset into two major 

categories: saving time for parents or for offsprïng fiom early-laid eggs (time-savings 

hypotheses), and inducing an age/size hierarchy to heIp cope with food limitation during 

the nestling period (nesthg food-limitation hypotheses; Table 3 - 1). 

Numerous experiments have manipulated age-hierarchies within broods, focussing on 

the consequences of hatching asynchrony during the nestling period (reviews in 

Amundsen and Slagsvold 1991, Stoleson and Beissinger 1995). In cornparison, the 

proximate determination of natural intrapopulation variation in hatching asynchrony has 

been largely ignored (Slagsvold and Lifjeld 1989). Given this bias in experimentd focus, 

the two most recent reviews (Stoleson and Beissinger 1995, Stenning 1996) each 

concluded with a plea for increased concentration on factors that might be influentiaI 

during the laying period, when hztching asynchrony is actually determined through onset 

of incubation. 

Numerous observational studies have recorded intrapopulation variation in hatching 

asynchrony. For instance, levels of hatching asynchrony for birds often increase with 

increases in clutch size (Howe 1978, Slagsvold 1986, Smith 1985, Hebert and Sealy 

1992, Magrath 1992, Wiebe and Bortolotti 1994, Wiebe et al. 1998). Also, despite 

typical seasonal declines in clutch size (Hochacka 1990), hatching asynchrony sometimes 

increases seasonally (Gibb 1950, Nisbet and Cohen 1975, Mead and Morton 1985, 



Table 3-1. Hypotheses to explain the function of early onset of incubation and hatching 
asynchrony. Hypotheses are presented under two main headings. Additional hypotheses that 
do not f i t  into either of these categories are not presented here. 

Hypothesis Explanarion Reference 

Nestliiig food-limitation 

Brood reduction 

Offspring quality 
assurance 

Sibling rivalry 

Peak-load reduction 

Sexual conflict 

Ice-box hypothesis 

Tirne-savings 

Nest failure 

AduIt predation 

Egg viability 

Limited breeding 
opportunities 

If food becomes short, srnallest chicks are easily 
sacrificed to benefit others 

Ensures optimal growth, and thus high quaiity, of 
older young 

Saves energy by minimizing disputes because older 
nestlings e&ly dominate younger siblings 
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Slagsvold 1986, Veiga and Vinuela 1993). Lack (1 966), for one, interpreted the seasonal 

increase in hatching asynchrony as a n  adaptation to a seasonal reduction in food 

availability. He feIt that Iate-laying females hatched their eggs asynchronously because 

they were more likely than early-laying females to expenence food shortage for nestlings. 

Conversely, S lagsvold (1 9 8 6) suggested that seasonal increases in hatching as ynchrony 

resulted fiom seasonal increases in food availability. He assumed asynchronous hatchins 

was optimal, but suggested that proximate food limitation forced some females (in this 

case, early-laying females) to delay incubation and thus hatch their broods over a shorter 

span of t h e  (energy constraint hypothesis, SIagsvold and Lifjeld 1989). 

Nilsson (1993) and Nilsson and Svensson (1993) were the first to experimentally 

manipulate a potential source of variation in hatching asynchrony, by providing female 

Marsh Tits and Blue Tits, respectively, with supplementary food during egg laying. 

Supplemented fernales began incubating 1-2 days before their final egg; whereas, 

unsupplemented tits delayed incubation until clutch completion. In these studies, extra 

food seemed to help pairs overcome food limitation during laying, lending support to the 

energy constraint hypothesis. Stoleson and Beissinger (1 995) suggested that species in 

which males provide al1 the food requirements of incubating females should be fkee of 

constraints during laying because fernales have no time-conflict between foraging and 

incubating. However, energetic constraint cannot be compIetely dismissed for such 

species, as simultaneously incubating and producing eggs is more energetically expensive 

on a daily basis than simply resting during laying and postponing incubation until clutch 

completion (Ricklefs 1974). 

Two food-supplementation experiments - both uith diurnal raptors - have yielded 

results opposite to those predicted by the energy constraint hypothesis. When given extra 

food pnor to laying, American Kestrel (Falco sparverizrs; Wiebe and Bortolotti 1994) and 

Osprey (Pandion haliaetris; Green and Krebs 1995) pairs decreased their hatching 

asynchrony relative to that of control pairs. The birds were not food-constrained early in 

the season, but instead used food intake at the time of laying to facultatively manipulate 

hatching asynchrony to suit anticipated food-conditions later in the season. With this 

strategy, individuals maximise their lifetime reproductive success by hatching broods 

asynciironously when food is in short supply, and synchronously when food is abundant 

(Wiebe and Bortolotti 1994). Such facultative manipulation of hatching patterns is 

plausible only when (1) asynchrony has food-dependent benefits during brood rearing but 

also has associated costs, and (2) food supply at the time of laying is correlated with food 

supply during brooding so that future conditions are at least partially predictable at the 

onset of incubation. Wiebe (1995) suggested these criteria are especially likely to be met 



for hawks (Falconifonnes) and owls (Strigiformes) that rely on small mammals as their 

main prey. 

Here, 1 examine the proximate effects of food during egg laying on hatching spans 

within a population of Burrowing Owls (Athene cunicttlaria), and il so doing, test the 

energy constraint and facultative manipulation hypotheses. 1 compared hatching spans 

arnong years that varied with respect to feeding conditions, and compared spans of food- 

supplemented birds to those of unsupplemented controls in the same years. By feeding 

each pair d e r  its laying date was already set (ie., &er clutch-initiation), 1 avoided the 

potentially confounding effect of earlier laying that often results f?om food 

supplementation (reviewed in Arcese and Smith 1988). Owls in this study population did 

not modiQ their clutch size in response to supplemental feeding (Chapter 2), so clutch 

size distributions were equivalent for the two experimental groups. Because pairs cached 

food in their nests, 1 was able to estimate relative changes in food intake within breeding 

seasons to see if food availability at the time of laying was a reliable predictor of food 

availability dwring the nestling period. 

Stztdy species 

For many reasons, Burrowing OwIs rnake good subjects for a study on hatching 

asynchrony. Burrowing Otvls show marked asynchrony and considerable natural 

variation in hatching spans among broods (Landry 1979, Olenick 1990). They are 

rnonogamous, single-brooded, and short-lived, so most individuals breed only once or 

trvice in their lifetime (Haug et al. 1993, Wellicome 1997). They are small owls (-160 g) 

with large clutches of 6 to 12 eggs laid over approximateIy 8 to 17 days. The fernale 

alone incubates eggs and broods hatchlings, and males accommodate almost al1 of the 

females' food requirements from prelaying until the end of brooding, after which time 

females help capture prey for growing nestlings (Haug et al. 1993). VirtualIy al1 partial- 

brood loss in this study population (near Regina, Saskatchewan) results fkom starvation of 

youngest chicks when food is short (Chapter 4). The majoriv of the populations' d i e t q  

biomass, throughout the nesting penod, is cornpnsed by deer mice (Peromysczis 

maniculatus) and meadow voles (Microtta pennsylvaniczcs; Fig. 2-2, Appendix 2). For 

additional information on the study area and study population, see Chapter 2. 

Monitoring reprodzr ction 

Al1 Burrowing Owl pairs in this study bred in artificial burrows, permitting easy access 

to nesting charnbers throughout the breeding season (Wellicome et al. 1997). 



Reproduction was monitored in 1992, 1993, 1996, and 1997. Laying date (i.e., day first 

egg was laid) was determïned for each pair either by observing the first egg in the nest or 

by backdating fiom a mid-clutch egg count. Nest-checks that were conducted at intervals 

of two or more days invariably revealed a laying rate of 1 egg per 1 -5 days. When eggs 

were f is t  observed in nests, they were nurnbered on both ends with indelible ink, Exact 

laying order could not be ascertained for eggs when nest-checks were separated by more 

than two days. Clutch size was determined by comting eggs within a few days of clutch 

completion. Hatching success was calculated for each pair by dividing the number of 

eggs hatched by the number of eggs laid. Although nest predators in the study area 

sometimes caused the loss of whole clutches (Wellicome et al. 1997), they were never 

responsible for the loss of only one or a few eggs within a clutch, Partial hatching failure 

resulted fiom infertility of individual eggs, f?om deaîh of embryos during development or 

hatching, and, occasionally, fiom darnage to eggshells caused by incubating fernales. 

Measttrirzg hatching asynchrony 

Each clutch was checked for sians of hatching 27 days after the first egs was laid 

(mean laying date = 12 May). The clutch was then rechecked at 2- or 3-day intervals, 

depending on the conditions of egg surfaces (see below), until al1 viable eggs had 

hatched. A chick was considered to have hatched once it became fiee of its eggshell. At 

the start of rhe hatching process, each chick pecked tiny, star-shaped cracks that 

eventually fonned a ring around the srnall axis of its egg. During nest-checks in the 

hatching period, 1 assessed the extent of cracking on each egg. An egg with a Iine of star- 

cracks extending more than halfivay around was recorded as hatching later that day. If the 

linc extended between one-half and one-eighth of the way around the egg, hatching was 

considered to occur the following day. Wet down on a chick indicated it had hatched 

earlier that day. When each chick was first obsemed after hatching, the insides of its legs 

were marked with two, of a possible four, felt-pen colours to distinguish it fiom its nest- 

mates. 

Hatching span was defined as the nurnber of days separating first- and last-hatched 

nestIings within a brood (Le., the maximum nestling age-disparity). 1 was able to 

detennine hatching span for 108 of the 112 pairs for which hatching success was 

measured in the four study years. Two of the four broods for which hatching span could 

not be accurately determined were fiom 1992 (one supplemented, one unsupplemented). 

In each of these two nests, most but not al1 eggs had hatched before my last visit prior to 

the nests being depredated. During these last visits, 1 removed eggshell halves left by 

hatched chicks. 1 knew the final eggs would soon hatch because chicks made audible 



peeping sounds fiom inside the eggs and some of them had started to pip. Al1 hatchlings 

disappeared in the predation events, but numbered eggsheli halves remained with 

cracking patterns indicating they had hatched. At a third nest (in 1996) three eggs were 

accidentally cracked during a nest check immediately pnor to hatching. Al1 three chicks 

inside these eggs were healthy at the tirne, but soon died. For the analysis of hatching 

success, I considered the three chicks to have hatched. Hatching span was also not 

measured at a fourth study nest (1997) because the nest was inadvertently checked late, 

after al1 chicks had already hatched and dried. 

Prey caches 

1 monitored the nurnber of vertebrate prey stored by pairs in the 1992, 1993, 1996, and 

1997 breeding seasons. In addition, I monitored prey caches for pairs in 1998, though 

hatching spans were not measured in that year. Because 1 am interested in natural 

variation in the owls' food intake, I present caches only for pairs that remained 

unsupplemented in both pre- and post-hatch feeding experiments (see Chapter 4 for post- 

hatch experiments). Virtually al1 prey stored in nest chambers were either deer mice or 

meadow voles, but other vertebrate prey were occasionalIy found in caches (see Chapter 2 

for list of rare prey). 

1 exarnined the seasonal predictability of food stores by relating mean prey-cache size 

during the prelayinsJ1aying period to mean prey-cache size during the brooding period. 

Within these two periods, mean cache size was calculated for each pair by averaging the 

number of prey counted at 2- to 6-day intervals during nest checks. The pre-layingllaying 

penod lasted fiom the day the fernale arrived in spnng (see Chapter 2) until the day she 

completed her clutch, for a duration of -25 days. The brooding penod lasted fiorn the 

day the first nestling hatched until al1 nestlings in the brood reached the age at urhich 

owlets are typically able to thennoregdate and tear up food on their own (-1 7-day period; 

Landry 1979, Haug et al. 1993). 

Food supplententation 

1 provided extra food to some of the breeding pairs in each of the 1992, 1993, and 

1996 seasons. Each supplemented pair was provided with 195-255 g of dead laboratory 

mice every third day, at a rate of 65g/day in 1992, and 85glday in 1993 and 1996. This 

extra food represented 2.5 to 3.5 times the amount required by an adult Burrowing Owl 

for daily-existence metabolism in captivity (mean = 26 g; Marti 1973). To avoid affecting 

laying date, 1 started provisioning afier females had initiated their clutches (see Chapter 2 

for details). In 1992,I stopped supplementing shortly after laying was complete, but in 



1993 and l996,I continued supplementing through the incubation stage. Clutch and egg 

sizes did not differ between supplemented and unsupplemented pairs, and mean clutch 

size did not Vary arnong the four years of the study (Chapter 2). 

Stafistical analyses 

Al1 statistical tests were perfomed with SPSS for Windows (SPSS 1996). Proportions 

of eggs hatched were arcsine transformed, and prey-cache sizes were transformed by 

log,(X+l), before parametric tests were applied. Annual variation in hatching success, 

hatching-span deviation (see Results for definition), and mean prey-caches during laying 

was assessed for unsupplemented pairs with one-way ANOVAs. To test for effects of 

supplemental feeding on hatching-span deviation and hatching success, 1 perfomed two- 

way ANOVAs, with year and feeding treatment as factors. Interaction terms were initially 

included, but were subsequently excluded if non-significant, in which case probability 

values for predictors were recalculated. 

RESULTS 

Hatching sztccess 

Burrowing Owl pairs often expenenced partial hatching failure, where most but not al1 

eggs in a clutch hatch. In nests that successfully hatched at least one young (n = 112), the 

nurnber of failed eggs varied behveen O and 4, and the percentage of hatched eggs varied 

between 50 and 100%. Hatching success showed no association with clutch size, whether 

data were examined for each year separately (unsupplernented pairs only; 1992, r = 0.49, 

P=0.89, n = 11; 1993, r=-0.01, P=0.95, n = 2 3 ;  1996, r=-0.34, P=0.20, n = 16; 

1997, r = -0.30, P = 0.20, n = 20) or for al1 years combined ( r  = -0.15, P = 0.2 1, n = 70). 

Though mean prey-cache size during pre1ayingAaying (an index of food intake) varied 

substantially among the 4 study years (Fig. 3-1; ANOVA, F = 6.073, P = 0.001), the rnean 

percentage of eggs hatched by unsupplemented pairs did not Vary significantly among 

years (Table 3 -2; -VA, F = 0.46, P = 0.7 1). Nor did year infiuence mean hatching 

success of owls when supplemented and control pairs from 1992, 1993, and 1996 were 

included in a 2-way ANOVA (F = 0.77, P = 0.47). Hatching success was also unaltered 

by supplemental feeding (Table 3-2; 2-way ANOVA, F = 0.08, P = 0.77). The fact that 

supplementation ceased after clutch completion in 1992, but continued through 

incubation in 1993 and 1996 (see Methods), made no difference to hatching success, as 

mean percentages for supplernented pairs were virtually identical among the three years 

of experiments. There was also no interaction between treatrnent and year (F = 0.12, P = 

0.89). 
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O PrelayingILaying 
Brooding 

Figure 3-1. Mean (k SE) number of vertebrate prey items cached (an index of food 

intake) in nests of Burrowing Owl pairs at the time of egg production (prelaying plus 

laying) and during brooding in each of five years. Arrows connect the two mean prey- 

cache values within each year. Data are presented only for owls that rernained 

unsupplemented both pre- and post-hatching. Number of pairs: 1992, n = 5 ;  1993, n = 

13; 1996, n = 6; 1997, n = 5 ;  1998, n = 5.  



Table 3-2. Hatching success (% eggs hatched per clutch, excluding 
nesting failures) for Burrowïng Owls in relation to year and feeding 
treatment. No pairs were supplemented in 1997. n = number of pairs in 
each treatment. 

Supplemented Unsupplemented 

Y ear Mean SE n Mean SE n 



Hatching asynchony varied considerably among Burrowing Owl broods (n = 108). 

Generally, more than half of the eggs in a clutch hatched on the first day, with the 

remaining eggs hatching at one- or two-day intervals thereafker. Hatching span ranged 

between 1 and 7 days, with a mode and median of 4 days, and a mean of 3 -8 days. 

Clutch size explained a significant proportion (1 1%) of variation in hatching span 

when unsupplemented pairs fiom al1 years were analysed (Table 3-3), and the same was 

true when both supplemented and unsupplemented pairs were exarnined together (14% of 

variation). Because span relies on the day of hatch of first and last hatchlings, one would 

expect this measure to sornetimes be sensitive to hatching failures: as the nurnber of egg 

failures increases, so too should the probability that one of the failed eggs would have 

been either the first or the last egg to hatch. Regressions of hatching span on clutch size, 

when nui separateIy for each 'number of eggs unhatched' category, were si,onificant for 0, 

1, and 2 unhatched ezgs per clutch, but were non-signifiant for 3 and 4 unhatched eggs 

(Table 3-3). This pattern of significance resulted whether al1 pairs, or only 

unsupplemented pairs, were included in regressions. Exclusion of the 13 (12% of 108) 

nests with either 3 or 4 unhatched eggs, increased the percentage of hatching-span 

variation explained by clutch size to 16% fcr unsupplemented pairs alone (P = 0.002, n = 

58) and to 17% for supplernented and unsupplemented pairs combined (P < 0.00 1, n = 

95). 

Presumably, hatching pattern in Burrowing Owls, as in other altricial species (Magrath 

1990), results largely fkom the timing of incubation onset during laying (Magrath 1992). 

Assuming that the owls use simple mles for deciding when to begin incubation, one can 

predict how hatching spans should Vary with changes in clutch size. For example, if a 

fernale began incubation on the penultimate egg, hatching span would be about 1.5 days 

(the average laying interval for one egg), regardless of clutch size. If she began 

incubating on the third-to-last esg, hatching span would be 3 days; if onset was on the 

fourth-to-last egg, span would be 4.5 days; and so on. Alternatively, if owls began 

incubation after a set nurnber of eggs had been laid, hatching span would increase 

consistently with increases in clutch size. AIthough observed hatching spans for the owls 

in this study increased with clutch size, incubation did not appear to begin after a set 

number of eggs had been laid (Fig. 3-2). When cIutch size was -< 8 eggs, incubation 

seemed to begin before the 5" or 6" egg; whereas, when clutch size was 2 9 eggs, 

incubation began sometime after the 6" or 7" egg had been laid. 

To explore the influence of food on hatching span without the confounding effects of 

clutch size and number of unhatched eggs, residuals from the separate regressions of 
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Table 3-3. Covariation of hatching span and clutch size for Burrowuig 0 . ~ 1  pais in relation to number of 
eggs failing to hatch per clutch. Data are cornbined for al1 years (1992, 1993, 1996, 1997). 

Regression of hatching span on clutch size 
# E g S  Pairs 

unhatched incIudeda # Nests % Nests Y-intercept Slope r' P 

O 

O 

1 

1 

2 

2 

3 

3 

4 

4 

PooIed 

Pooled 

Unfed only 

Fed & Unfed 

Unfed only 

Fed & Un fed 

Unfed only 

Fed & Unfed 

Unfed onIy 

Fed & Unfed 

Unfed only 

Fed & Unfed 

Unfed onIy 

Fed 22 Unfed 

" 'Unfed only' means only pairs not supplemented with food at the time of egg Iaying were included in the anaiysis; 'Fd 22 
Unfed' indicates that both supplemented and unsupplemented pairs were included. 



---- Predicted onset of incubation 

- - - - = - 
6 7 8 9 10 11 

Clutch size 

Figure 3-2. Mean (+ SE) hatching spans for food-supplemented and control pairs (1 992, 

1993, 1996, 1997) in relation to clutch size. Only nests with fewer than three unhatched 

eggs were included (twelve nests excluded). Numbers of pairs are shown below each 

mean. Reference lines indicate hypothetical relationships between hatching span and 

clutch size if pairs had al1 started to incubate after the sarne egg number ( d e r  the 5" egg, 

or afier the 6" egg, etc.). Alternatively, hatching span would have been invariant with 

respect to clutch size if incubation had begun consistently after the ultimate egg (hatching 

span = O days), the penultimate egg (1.5 days), the antepenultimate egg (3 days), etc. 



hatchuig span on clutch size (Table 3-3, 'Fed & Wded', number of eggs unhatched = 0, 1, 

and 2) were used in place of hatching span for al1 fùrther analyses (the 13 nests with 3 or 

4 unhatched eggs were excluded). For each nest, these residuals (hereafler, hatching-span 

deviations) provided a measure of the deviation of observed fkom expected hatching span, 

given the pair's clutch size and number of failed eggs. 

If pairs began incubation early (causing hatching span to be large) when food intake 

was high, one would expect a negative relationship between hatching-span deviation and 

prey-cache size during laying. However, hatching-span deviation was unrelated to prey- 

cache size for unsupplemented pairs within each year (1 992, r = -0.0 1, P = 0.99, n = 7; 

1993, r = -0.20, P = 0.38, n = 22; 1996, r = 0.47, P = 0.09, n = 14; 1997, r = 0.001, P = 

1.00, n = 13) or for al1 years combined (r = 0.10, P = 0.47, n = 56; Fig, 3-3). 

Mean deviation of hatching span in unsupplemented pairs did not Vary among the four 

study years (ANOVA, F = 0.64, P = 0.59; Fig. 3-4). Furthemore, there was no influence 

of supplemental feeding on hatching-span deviation (2-way ANOVA, F = 0.09, P = 0.76; 

Fig. 3-4, 1997 excluded), no effect of year-of-experiment (F = 0.46, P = 0.64), and no 

year-by-treatment interaction (F = 1 -7, P = 0.1 9). 

The use of laying date to alternately assign pairs to either supplemented or control 

groups ensured that laying dates were distributed similady for the two groups. Therefore, 

both supplemented and control pairs were combined when testing for seasonal variation 

in hatching span. Laying date and hatching span were unrelated within years (1992, r = 

0.03, P = 0.89, n =20; 1993, r =  -0.18, P= 0.29, n =37;  1996, r=-0.26, P=0.14, n = 

32; 1997, r = -0.03, P = 0.89, n = 19), but showed a significant negative relationship 

when breeding events from al1 years were considered together (r = -0.20, P = 0.04, n = 

1 08). However, laying date was unrelated to hatching-span deviation, whether years were 

analysed separately (1992, r = 0.29, P = 0.28, n = 16; 1993, r = 0.02, P = 0.90, rz = 35; 

1996, r=-0.06, P=0.75, n =29; 1997, r=0.34,P=0.22, n = 15) or together(r= 0.02, 

P = 0.84, n = 95). Thus, the association between laying date and hatching span 

disappeared once the influence of clutch size on hatching span was removed. 

Predicta biZity of food 

If seasonal changes in food availability were fairly consistent arnong years, pairs could 

potentially use their rate of food intake during egg formation to forecast their food intake 

during the nestling period. In contrast to this scenario, the direction of change for mean 

prey-cache size between the laying penod and the early-nestling penod varied for the owl 

population arnong years (Fig. 3-1). In 1992 and 1996, mean prey-cache size appeared to 

increase slightly between Iaying and hatching; in 1993 and 1998, mean prey-cache size 
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Figure 3-3. Relationship between hatching-span deviation (hatching span after 

accounting for effects of clutch size and nurnber of unhatched eggs) and amount of prey 

cached by each pair around the time of egg production. Each syrnbol indicates a single 

breeding event that is coded by year. The X-mis is on a log scale. 



Supplemented 
O Unsupplemented 

Figure 3-4. Mean (k SE) hatching-span deviations for food-supplemented and control 

pairs in 1992, 1993, and 1996. The mean (k SE) is also provided for unsupplemented 

pairs in a high-food year, 1997. Only nests with fewer than three unhatched eggs were 

included, and number of pairs is shown below each error bar. Y-axis is scaled to the 

range of observed values. 



appeared to decrease; and in 1997, meao prey-cache size showed a substantd decrease 

between laying and hatching. This means, for example, that prey-cache sizes in 1997 and 

1998 differed drarnatically at the tirne of laying but were very sunilar after hatching. 

1 also assessed whether individual pairs could gain reliable information about post- 

hatch feeding conditions fkom their own food intake during laying. Within-year tests for 

a relationship between each pair's prey-cache size at Iaying and at hatching were non- 

s ief icant  (1992, r=0.81,P=0.10, n = 5 ;  1993, r=0.16, P=0.61, n = 13; 1996, r =  

0.76, P = 0.08, n = 6; 1997, r = -0.13, P = 0.84, n = 5; 1998, r = 0.45, P = 0.45, n = 5); 

however, these results should be interpreted with caution as sample sizes were smail. 

When unsupplemented pairs fiom al1 years were combined in the same analysis, the 

relationship approached significance (r = 0.33, P = 0.06, n = 34; Fig. 3 - 9 ,  with individual 

prey-cache size at laying accounting for I I% of the variation in prey-cache size d e r  

hatching. 

Eflects of food on hatching asynchrony 

Observed variation in hatching asynchrony was inconsistent with both the ener,gy 

constraint and facultative manipulation hypotheses: hatching span (with effects of clutch 

size rernoved) was unrelated to prey-cache size for pairs at the time of egg laying, it was 

unaltered by a year of super-abundant food (1997), and it was unaffected by experimental 

provisioning of extra food during laying. This lack of food-effects could not be explained 

by reduced male foraging when food was good (e.g, Poole 1985) because prey caches 

and pellet-regurgitation rates during laying were miich higher in 1997 than in other years, 

and were sia~ficantly higher for supplemented pairs than for control pairs (Chapter 2). 

The absence of energetic constraints at the start of incubation agrees with the absence 

of energetic constraints for other breeding parameters in the Burrowing Owl population; 

namely, laying date, clutch size, egg volume (Chapter 2), and hatching success (Table 3- 

2). Early in the nesting season, female birds of prey may typically be fiee of both time- 

conflicts and energy constraints, as nearly al1 of their diet is supplied by males fiom 

prelaying until the completion of brooding (Wiebe and Bortol~tti 1994, Stoleson and 

Beissinger 1995). Male Burrowing Owls appear to have little trouble delivering enough 

food for fernales to simultaneously lay and incubate large clutches, even though eggs are 

produced at a more rapid rate than in other Strigiformes and Falconiformes, which 

typically lay eggs at intemals of 2 2 days (Lack l968:187, Southern 1970, Newton 1977, 

Eckert 1 987, Wilson et al. 1986). This lack of limitation on the timing of incubation 



Mean # prey stored (prelayingllaying) 

Figure 3-5. Relationship between prey-cache size at time of egg production and prey- 

cache size during brooding for each pair. Data are presented only for owls that were 

unsupplemented during both pre- and post-hatching. Dashed line calculated using least- 

squares linear regression for al1 years combined (equation: Y = O. 1 1X i- 0.35). Each 

symbol indicates a single breeding event that is coded by year. Both axes are log scale. 



contrasts with results fiorn studies of passerines, which ofien delay incubation when food 

is scarce during laying (Slagsvold 1986, Enernar and Arheirner 1989, Slagsvold and 

Lifjeld 1989, Nilsson 1993, Nilsson and Svensson 1993). 

The results of this investigation are also at odds with previous studies of raptors, 

which have shown that synchrony increases when footd conditions are good (Wiebe and 

Bortolotti 1994, Green and Krebs 1995). These other experiments provided supplemental 

food during prelaying, so it is possible that Burrowing Owls did not react to 

supplementation because extra food was provided oniy during laying. This appears 

unlikely, however, because natural prey caches during prelaying and laying were between 

3 and 16 times larger on average in 1997 than in other years (Fig. l), yet hatching span 

showed no annual variation. 

For facultative manipulation to evolve in Bwowùlg Owls, asynchronous hatching 

must provide food-dependent benefits during the nestIing period (see 'nestling food- 

limitation hypotheses' in Table 3-l), and m u t  also have associated costs. Asynchrony 

would then be optimal when food availability was iow and synchrony optimal when food 

availability was high, so parents would do best by facultatively adjusting their hatching 

spans according to food intake (Wiebe 1995). Many o f  the conditions under which such 

beneficial adjustment is likely to develop exist in the Burrowing Owl study population. 

Nestling survival is strongly influenced by food intake d~uing the nestling penod (Chapter 

3) and mortality is focussed on last-hatched chicks. F d e r ,  youngest nestlings fkom 

broods with naturally large hatching spans kequently die, even when provided with extra 

food fiom the time of hatching (unpubl. data). However, the clearest experimental test of 

costs and benefits of asynchrony in Burrowing Owls -the simultaneous manipulation of 

hatching spans and nestling food supply (Magrath 1 98- 9, Wiebe and Bortolotti 1 995) - has 

not been conducted. 

Food preciictability 

Another premise of the facultative manipulation hypothesis is that nestling food- 

availability is at least partially predictable at the start of incubation (Wiebe and Bortolotti 

1994). In this scenario, one would expect a correlation between measures of food intake 

early in spnng and food intake later in the season. Few studies of hatching asynchrony 

have tested the validity of this premise (Wiebe et al. 1998), but seasonal predictability of 

food has been confinned for both species laiown to exhibit facultative manipulation of 

hatching asynchrony. Prey abundance in American Kestrels was correlated between 

spring and rnid-summer (Wiebe 1995), and food-delivery rates in Osprey were correlated 

between prelaying and brooding (Green and Krebs 1995). In contrast, cache size for 
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Burrowing Owl pairs showed no (or very low) seasonal correlations. This suggests that 

food intake during egg production rnay not have been a reliable indicator of food intake 

durhg early brood-rearing, and could not serve as a proximate cue by which to adjust the 

onset of incubation. Facultative manipulation may, therefore, be unfeasible for Burrowing 

Owls. The lack of seasonal predictability of food intake rnay also explain the failure of 

Burowing Owl pairs to adjust their clutch or egg sizes according to food intake during 

laying (Chapter 2). When birds are unable to predict friture food conditions, their best 

option rnay be to exhibit a moderate level of asynchrony that balances firture costs and 

benefits (cg., Mock and Ploger 1987), regardless of food conditions during laying (Wiebe 

1995). Perhaps even if average conditions during the nestling period were predictable, 

Burrowing Owls might still show a fixed level of asynchrony given that short-terni food 

shortages ofien result dunng the nestling period fiom rainy weather (Chapter 4) - a 

phenornenon that is presumably unpredictable. 

AIternatively, rather than suggesting unpredictable seasonal food variation, the lotv 

correlation between food intake during laying and brooding rnay simply reflect the inad- 

equacy of prey-cache size as an index for number of prey captured and eaten by owls. 

Annual variation in prey abundance agreed generally with annual variation in prey-cache 

size for the owl population (Chapter 4), and mean prey-cache size and pellet- reawgita- 

tion rate correlated positively within pairs during laying (r = 0.54, P < 0.001, n = 59; 

Chapter 2). However, 1 c m o t  exclude the possibility that prey-cache size (at the level of 

the individual) gave a poor indication of food intake during brooding. Male hunting yield 

would have been a better mesure of energetic intake, but is extremely difficult to deter- 

mine for wild birds (Masman et al. 1986), especially when they are noctunial foragers 

(Wijdnants 1984). Difficulties in rneasuring food intake rnay explain why few avian 

studies have attempted to assess within-season predictability of food (Wiebe et al. 1998). 

Other intraspeczf?~ variation 

To illustrate extremes in the range of possible hatching patterns for birds with large 

clutches, 1 outline reproductive traits for four altricial species below. The first two 

species, with the highest degrees of asynchrony recorded for birds (Stoleson and 

Beissinger 1 999, are the Barn Owl (Tyto alba) and the Green-rumped Parrotlet (Forpzrs 
passerinns). Barn Owl pairs in Mali lay eggs at 2-day intervals, producing chtches of 2- 

11 eggs Wilson et al. 1986). Females apparently start incubation after their first eggs, as 

hatching is completely asynchronous within broods, varying between 2 to 22 days in 

direct proportion to clutch size. Green-nunped Parrotlets in Venezuela also begin 

incubation after laying first eggs, causing hatching spans to Vary directly with clutch size 



(4-10 eggs). However, because egglaying intervals are between 1 and 2 days, the 

cornpletely asyncfironous hatch lasts only 6-1 5 days (Beissinger and Waltman 199 1 ; 

Stoleson and Beissinger 1995)- Marsh Tits (Parus palustris) and Blue Tits (P. caeruleus) 

in Sweden also lay large clutches (5-1 1, and 5-15 eggs, respectively; laying rates = 1 eggj 

day), but have hatching spans of only 0.5-2 days (Nilsson 1991, 1993; Nilsson and 

Svensson 1993). These tits typically start incubating on the ultirnate or penultimate eg3, 

so hatching spans are small and invariant with respect to clutch size, unlike the spans of 

Barn Owls and parrotlets, 

Burrowing Owls in the present study exhibited hatching patterns intermediate to the 

hvo extremes illustrated by the above species. Incubation onset rnust not have been 

constant relative to the end of laying, or hatching asynchrony would have been invariant 

with respect to clutch size. Nor could incubation have begun consistently after a 

particular number of eggs were laid, or else each 1-egg increase in clutch size wouId have 

been associated with a 1.5-day increase in hatching span (Fig. 3-2). Instead, pairs seemed 

to adjust incubaticn behaviour, and hence hatching spans. differentially according to 

clutch size. Perhaps clutch size provides some indication of the potential levels of food 

stress that can be expected during the nestling period (Magrath 19921, or risk of complete 

nest-failure goes up with brood size, necessitating greater asynchrony with larger clutches 

(Wiebe et al. 1998). The fact that owls did not increase hatching span monotonically 

with increasing clutch sizes suggests that high levels of asynchrony are associated with 

hi& costs. Perhaps selection tends to ensure that incubation does not begin too early in 

relation to clutch completion, as mortality of last-hatched young likely increases steeply 

with increased age-difference within broods (see also Hafiom 198 1). The rapid laying 

rate in Burrowing Owls may be another trait that allows large broods to hatch withoui 

extreme as ynchrony . 
The changes in hatching span that occurred as clutch size varied refutes one hypothesis 

proposed to explain hatching asynchrony - the hormonal hypothesis (Mead and Morton 

1985). This hypothesis suggests that incubation onset in birds is controlled by the same 

hormone that causes texmination of ovulation, in which case incubation should invariably 

begin on the penultimate egg and hatching span should equal the laying interval between 

the penultimate and ultimate eggs, regardless of clutch size. Because hatching 

asynchrony has now been shown to Vary with clutch size in several species (reviewed in 

Magrath 1990, Stoleson and Beissinger 1995), the hormonal hypothesis appears to be 

generally unfounded. 

Patterns of seasonal variation in hatching span in the present study also refute another 

hypo thesis for asynchrony - the hurry-up hypothesis (Table 3- 1). A main prediction of 
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this hypothesis is that hatching spans shouid increase late in the season, as parents 

attempt to Save time for first-laid eggs by incubating and hatching them as earIy as 

possible. In some species, seasonal variation in hatching asynchrony (see Introduction) 

supports this prediction; however, hatching spans for Burrowing Owls actually decreased 

over the season when breeding events fkorn al1 years were considered together. This 

association between hatching span and laying date disappeared once the influence of 

clutch size on hatching span was removed (see also Bryant 1978, and Wiebe et al. 1998). 

Thus, the hurry-up hypothesis was not supported by the findings in this study. 

Burrowing Owls exhibited additional between-individual variation in hatching spans 

not accounted for by those proximate factors susgested to be rnost influentid in birds - 

laying date, clutch size, and food conditions during laying. Future experimental 

manipulation of these main factors, and of other factors, in a variety of bird species, will 

Iikely provide considerable pains in our understanding of the proximate causes and 

ultimate functions of hatching asynchrony. 
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CHAPTER 4 

Energetic Bottlenecks for Breeding Burrowing Owls: Supplementation 
Experiments Cornparing Food Limitation Among Three Nesting Stages 

Food supply is widely regarded as one of the rnost important factors determining the 

arnount of investrnent in breeding by birds (Martin 1987, Nilsson 1994). Avian parental 

effort can be partitioned into three distinct stages: egg formation, incubation, and brood 

rearing. In theory, reproductive rates could be food-limited at any or all of these stages 

(Martin 1987). For altricial species, the predominant view is that parental feeding of 

young imposes the most severe energetic bottleneck (Murphy and Haukioja 1986, Bryant 

and Tatner 1988). This view stems pnmarily korn the influential work of David Lack, 

who advocated that laying date, clutch size, hatching asynchrony, and brood reduction 

were a11 adapted to food limitation during the nestling period (Lack 1947, 1 950, 1954, 

1968). In contrast, other work with altricial species has shown reproductive limitation 

early in the breeding season, via proxirnate energetic constraints on egg-laying females 

(Perrins 1965, 1966, and 1970; Jones and Ward 1976; Murphy 1978; Pinowska 1979 in 

Murphy and Haukioja 1986; Hochachka and Boag 1987; Korpimaki 1987, 1989; 

Slagsvold and Lifjeld 1989; Nilsson 1993). Further still, sorne authors have used indirect 

evidence to argue that incubation is the most food-lirnited stage (e-g., Mertens 1987, 

Siikamaki 1995, Gende and Willson 1997). For instance, Yom-Tov and Hilbom (1 98 1) 

calculated energy stress for temperate birds, and suggested that incubation was the critical 

bottleneck dunng nesting- This half-century of debate underscores the need for 

experiments designed to compare the relative importance of food during each breeding 

stage in determining offspring number and quality. 

Because manipulation of dietary intake is the most direct way to address questions of 

food limitation (Newton 1980, Martin 1987, Adams et al. 1994), supplemental feeding 

has been used fiequently in avian breeding experiments (Boutin 1990). However, given 

that the nestling penod is oAen assumed to be the most energy-limiting stage of breeding 

for altricial species, swprisingly few experiments have provided extra food solely during 

that stage. Rather, in most investigations, food supplementation started well before egg 

laying and continued through much of the reproductive cycle (Hogstedt 198 1, Ewald and 

Rohwer 1982, Davies and Lundberg 1985, Arcese and Smith 1988, Dhindsa and Boag 

1990, Soler and Soler 1996). Consequently, effects of food limitation dunng the nestling 

phase could not be separated fiom effects during earlier phases. Only a handful of studies 

in altricial species provided extra food to natural broods during thc nestling period alane 

(Simons and Martin 1990, Richner 1992, Garcia et al. 1993, Verhulst 1994, Gende and 



Willson 1997, and Wiehn and Korpimaki 1997). These food-supplementation studies 

ranged fkom 1 to 4 years in duration, and most found some evidence of food limitation, 

Unfortunately, demonstrating that food intake during the nestling period affects the 

nurnber andor size of fledglings gives no indication of the importance of food availability 

in the nestling stage relative to availability in other stages of the nesting cycle (Simons 

and Martin 1 990, Wiehn and Korpimaki 1 997). To accomplish this, supplementation 

must begh at different stages in the cycle for different breeding pairs, as first suggested 

by Hochachka and Boag (1987). 

Here, 1 present results fiom food-supplementation expenments conducted over five 

years on the Burrowing Owl (Athene ainiadaria). To test if food normally l e t s  

reproduction during the nestling penod, 1 compared the quality (size, mass, condition) 

and quantity of fledghgs bebveen control pairs and pairs provided with extra food £?om 

hatching until fiedging. In hvo of the years, 1 also fed a third subset of owl pairs fiom 

clutch initiation until fledging so that supplemental feeding started at different 

reproductive stages in the different treatrnents. To my lmowledge, no previous 

experiment has shown how fledgling production is influenced by food during each 

nesting phase - egg-laying, incubation, and nestling-rearing- 1 also examined additional 

temporal aspects of food limitation by cornparing the impact of long-term food shortage, 

during low food years, and short-terrn food shortage, during periods of adverse weather. 

Stzrdy area and stzrdy species 

1 studied Burrowing Owls in 1992, 1993, and 1996-1998 in the Grassland Ecoregion 

of Saskatchewan (Harris et al. 1983), on a 1 O 000 site (49'40'- 50°35' N, 103°45'- 

105°40' E), containing the cities of Regina, Moose Jaw, and Weyburn. Rainfall data for 

each of these cities were obtained from Atmospheric Environment Service, Environment 

Canada. The owls in my study area nested in heavily-grazed pastures, which are 

interspersed amongst other agricultural fields. Normally, clutches are laid in underground 

chambers at the end of 2- to 3-m tunnels previously excavated by Richardson's ground 

squirrels (Spermophilus ricltardsonii) or by badgers (T'idea taxus). In this investigation, 

most natural nest burrows were replaced with artificial nest burrows before egg laying 

each year (details in WeIlicome et al. 1997). Some pairs in this study also nested in 

artificial nest burrows that had been installed in previous years. Artificial burrows were 

opened regularly to determine hatching date for each egg (see Chapter 3), numbers of 

hatched and fledged owlets, and numbers of prey items cached. Much of this information 

could not be collected at natural burrows because the nest charnbers were inaccessible. 1 



was, however, able to count young at each natural burrow during three or more 

observation periods late in the nestling stage, when nestlings often stand outside of 

burrow entrances waiting for food deliveries fiorn parents. Nestling mortality was 

quantified only for brocds nesting in artificial burrows, and was diagnosed fkom evidence 

collected at the nest sites. Predation by large raptor species was established by the 

presence of large splatters of whitewash near plucked Burrowing Owl feathers or other 

rernains close to nest burrows. Nestlings that died 6om starvation typically showed 

considerable weight-loss before death and any remains were always found inside nest 

bmows. Nestlings were ofien partially or completely eaten by other farnily mernbers, as 

shown by the presence of Burrowing Owl body parts (feathers, bones, or leg bands) inside 

owl pellets. 

Nesting chronol00.- In the study population, clutches are typically initiated in the first 

half of May, with the laying period lasting from 8-1 7 days, dependin% on clutch size (see 

Chapter 2). First-hatch occurs 15-22 days after clutch completion, and hatching of al1 

eggs in a clutch occurs over 1 to 7 days (Chapter 3). Nestlings are brooded for the first 2 

weeks of their life, &er tI-hich time they become very mobile, and can sometimes be seen 

standing out front of burrow entrances (Hailg et al. 1993). At three weeks of age, owlets 

c m  walk bebveen their nest bmow and nearby roost burrows (pers. observ.). By four 

weeks of age, most nestlings can complete short flights, and by five-six weeks, al1 are 

capable of sustained flight (Landry 1979, Kin2 2996). It was not possible to establish 

exact fledging dates because, even afier they are able to fly, nestlings seem to prefer to 

run along the ground and retreat into burrows upon approach. However, after 

approximately 40 days-of-age, most fledglings flew away from their burrow when 

approached, rather than retreating into it (pers. observ.). Therefore, for the purposes of 

this study, 1 considered each nestling to have fledged when it reached 42 days-of-age. I 

defined the nestling period as the time fiom hatchins of the first egg until al1 surviving 

owlets had reached 41 days-of-age (age O = individual's hatch day). Because of nestling 

mortality and age disparities among siblings, the duration of the nestling period was a 

minimum of 41 days and a maximum of 47 days. Age of young was estimated at natural 

burrows based on feather development (Priest 1997) and ability to fly. Owlets were 

captured and measured at 17 natural burrows, in which cases the age of each nestling 

could be detemined by comparing its rnorphometric mesures to those of known-age 

owlets 6om artificial nest burrows (see NestZing nzeasurements section). In these natural 

burrows, the calculated ages of oldest nestlings provided estimates of hatching date for 

each brood. 



Nestling rneasztres.- For individuai identification, each bird that hatched in an artificial 

burrow was marked with a unique combination of colours by applying indelible ink to 

feathers on the insides of its legs. Colour-combinations were maintained until nestlings 

were approximately 16 days-of-age, and could be fitted with nurnbered US. Fish and 

Wildlife Service a l h u m  bands. Each nestling was weighed, and lengths of its tarsus, 

culmen, and wing chord were recorded every third day (1992) or every sixth day (1993 

and 1996), from hatching until at least 41 days-of-age. Canadian populations of 

Burrowing Owls are not sexually dimorphic in mass or size (Clayton et al- in review), so 

nestling growth was analysed with both sexes combined. Because of tirne and fûnding 

constraints, nestlings were not measured in 1997 or 1998. As hatching was asynchronous 

within broods (Chapter 3), nestlings measured on the sarne day were often different ases. 

Therefore, to obtain sarne-age measures for al1 fledglings, 1 fitted each individuai's data to 

a separate logistic growth curve (SPSS 1996), and used the resulting equation to calculate 

a measure for the individual at 41 days-of-age (see also Mock 1985). Two entire broods 

could not be rneasured in 1996 (one brood fkom each of the feeding treatments; see 

Feeding erper-iments section below for description of treatments) because they moved 

fkom their artificial nest burrow to nearby catural burrows while still quite Young. These 

broods therefore had to be excluded fiom nestling growth comparisons. Measurements 

also could not be taken for a few other owlets that escaped capture near the end of the 

nestling period, but growth curves were successfully constnicted for 90% of the nestlings 

in experimental broods included in 1992,1993, and 1996 comparisons. Lengths of 

tarsus, culmen, and wing for each individual (at age 41 days) were then incorporated into 

a principal components analysis. Each bird's score on the first component (hereafier 

'PCI ') of the principal components analysis served as a measure of its structural size at 

fledging (Freeman and Jackson 1990). There was a significant positive association (P 
0.001) between mass and PC1 (both at age 41 days), but there was still substantial 

variation in mass not explained by PC1 (? = 0.49). 1 used mass residuals nom the linear 

regression of mass on PCI as an index of fledgling condition (Brown 1996). Mass 

residuals measure deviation fiorn expected mass given a bird's structural size: positive 

residuals indicate fledglings that are heavier than expected, and negative residuals 

indicate fledglings that are lighter (Hochachka and Smith 1991). Size, mass, and 

condition were averaged within broods before analysis, resulting in one value per nest for 

each of these measures. Growth and asymptotic mass have been shown to be greater for 

nestlings that hatch early in relation to their siblings (Landry 1979), and late-hatched 

nestlings are more likely to die than are their older nest-mates (pers. observ.). This means 

that broods with high nestling mortality likely contain older fledglings, on average, than 



broods with low nestling rnortality. Therefore, for each nest, 1 also caIcu1ated mean mass, 

size, and condition for only those fledglings that hatched early within each brood. I did 

this by averaging measures for fledglings that were arnong the first four hatchlings per 

nest (hereafter, 'oldest fledglings'; note that mean brood size at hatch was = 8). 1 

determined hatching order b y recording both the extent of cracking on eggs that were 

pipping and the condition of down on recently hatched owlets (see Chapter 3). 

Feeding experim ents 

Egg Zuying and incubation .- Every third pair, in 1993, and every second pair, in 1 996, 

that began laying in an artificial burrow was assigned to be food-supplemented during 

laying; al1 other pairs in artificid bwows were not supplernented (see Chapter 2 and 

Appendix I for details). In 1996, additional pairs nesting in natural burrows, where 

laying date could not be determined, were included in the experiment. Each of these pairs 

in natural bunrows \vas randomly assigned to either the supplernented or unsupplemented 

group according to their anival date. Supplemental feeding began after the f k t  egg (24 

pairs) or the second egg (8 pairs) had been Iaid in artificial burrows, and started in the 

second week of May for pairs in natural burrows (2 pairs, 1996). Fed pairs were provided 

with 255 g of white laboratory mice every third day, equalling a rate of 85 g/day, which is 

more than three times the metabolic requirements for daily existence of an adult 

Burrowing Owl in captivity (mean = 26 g; Marti 1973). Dead laboratov mice were 

placed inside the tunnel of each nest, at least 60 cm beyond the burrow entrance. This 

placement ensured that only intended recipients had access to supplemented food, as 

Burrowing OwIs vigorously exclude other birds f?om their nest @ers. observ.). Several 

lines of evidence showed that extra food was readily accepted: owls were often seen 

eating supplemented food immediately afier it was provided, remains of Iaboratory mice 

(especially tails) were found inside nest chambers, and pure-white fur was found in 

rewgitated pellets at al1 fed nests. Supplemental feeding continued until a11 nestlings 

fledged or until the nesting attempt failed. Unfed pairs were also visited every third day 

and disturbed for the same duration as supplemented pairs. 

NestZingperiod.- In l992, 1993, 1996, and 1997, half of al1 pairs that were unfed 

during the pre-hatch periods, and that nested in artificial burrows, were assigned to be fed 

for the nestling period. To ensure that pairs supplemented only during the nestling period 

would have the same nurnbers of hatchlings as those pairs remaining unfed, nests were 

ranked by clutch size and by predicted hatching date, then altemately assigned to each 

experimental group. Assignment of pairs in artificial burrows in 1998 was sirnilar to 

other years, except that approximately four-fifths of the previously unfed pairs were fed 



after hatching to rnaximize the number of fed pairs for a separate, ongoing study (see 

Wellicome et al. 1997). Clutch size could be used as a criterion for assigning pairs to 

experimental groups only when nests chambers were accessible. Hence, for pairs in 

natural burrows, a coin toss determined whether each unfed pair fiom the pre-hatch 

pied would remain unfed or become fed during the nestling period. Supplemental 

feeding of pairs in natural burrows began in the fist week of June in 1992,1997, and 

1998, and in the second week of June in 1996. Al1 supplemented pairs were provided 

with food at 3-day intervals, at a rate of approximately 85g/pair/day, for the duration of 

the nestling period. In the first haif of the nestling period, only laboratory mice were used 

for supplemental feeding, but in the second half, a combination of laboratory rnice and 

juvenile quail was used for each feeding ration. Food rernains (tails, feathers, and bones) 

in al1 nests and reawgitated pellets of fed pairs confirmed that the owls were eating both 

quai1 and laboratory mice. 

Natziral prey 

Vertebrate prey stored in the nest charnbers of unfed pairs were counted at intervals of 

2-6 days between the end of April and the beginning of August in each study year. When 

calculating cache means, 1 included al1 counts recorded inside an 80-day window (15 days 

before egg laying to 35 days after hatching date) at each unsupplemented nest. Virtually 

al1 vertebrate prey in caches were either deer rnice (Peronrysnis manicztlatzrs) or meadow 

voles (Microtzrs pennsylvaniczts). However, on occasion, caches also included passerines, 

sagebrush voles (Lagzrnis czrrtatzrs), prairie voles (Microtzcs ochrogaster), house mice 

(Mus mziscnlzis), shrews (Sorex spp.), northern grasshopper mice (Onychomys 

leztcogaster), olive-backed pocke t mice (Peropatlzzrs fasciatus), and tiger salamanders 

(Abystoma tigrinzinz). 

Relative abundance of small mamrnal prey was determined using Museum Special 

snap-traps baited with peanut butter. Trapped prey were predominantly deer mice and 

meadow voles, but sagebmsh voles, prairie voles, house mice, shrews, northern 

grasshopper mice, and olive-backed pocket mice were also captured on occasion. Each 

trapline contained 10 snap-traps, spaced at 10-m intervals, and was checked every 24 

hous for three consecutive dzys. The nurnber of small mammals caphired over each 3- 

day period was totalled and then standardised to the number of prey caught per 100 trap- 

nights. Traps triggered by sornething other than potential prey (e.g., by cattle) were 

excluded from trap-night totals. Each trapline was run once in either June or July. 

Trapline locations were chosen at random within each of five habitat categories (see 

below). First, al1 fields within 875 m (average radius of foraging home ranges; Haug and 



Oliphant 1990) of any nest site were classified according to habitat type. Then, a subset 

of fields was chosen at random fkom those available within each habitat category. One 

trapline was set in each randomly-chosen field. A total of 110 traplines were nui in 1992, 

95 traplines in 1993, and 46 traplines i n  1997. Percentages of traplines in each habitat in 

1992, 1993, and 1997, respectively, were as follows: 30,3 1, and 3 5% in 'cereal crop'; 16, 

14, and 15% in 'pasture'; i6, 14, and 13% in 'fallow/stubbIe~; 28, 29, and 26% in 

'roadside ditches'; and 10, 12, and 1 1 % in 'ungrazed g r a s  or hayland'. The percentage 

of traplines set in each habitat type was thus very consistent over the three years. This 

allowed me to compare overall relative prey abundance among years by comparing 

annual rneans of number of prey caphrred per trapline (after conversion to nurnber per 

100 trap-nights) with al1 habitat types jncluded. 

Data analysis 

A breeding attempt was recorded a s  failed if al1 eggs in a nest were found broken, 

buried or missing, or if an entire brood died or disappeared between successive nest 

checks well before the mticipated date of fledging. As hypotheses in this study concern 

the effects of food limitation on reproduction, and nest failures appeared to be random 

with respect to feeding treatments (Appendix 3), nest failures were excluded f?om 

analyses of reproductive parameters (see also Lack 1948, Simons and Martin 1990, 

Siikarnaki 1998). In addition, one pair nesting in an artificial burrow in 1996, which 

received extra food starting at hatch tirne, was excluded after two of its feedings were 

inadvertently rnissed during the nestling period. 

Al1 statistical tests were performed using SPSS for Windows (SPSS 1996). Two-way 

ANOVAs were performed, with year and feeding treatment as factors, to test variation in 

the nurnber of hatchlings, the percentage of hatchlings fledged, and the mass, size, and 

condition of owlets fledged by pairs nesting in artificial burrows. When examining 

differences in these variables between unfed pairs and pairs fed for the nestling period 

alone, data fiom al1 5 years were included, except where fledgling mass, size, and 

condition were involved, as these data were collected in only 3 years (1992, 1993, and 

1996). Because 1 collected data on hatching dates and number of fledglings for both 

natural and artificial burrows, 1 included 'type of nest bumow' as a factor in 3-way 

ANOVAs when cornparing these two reproductive variables among the 5 years and 

between fed and unfed pairs. Since supplemental feeding of pairs fiom laying through to 

fledging was performed only in 1993 and 1996, I used data corn those 2 years alone when 

testing for reproductive differences arnang al1 three expenmental groups. Interaction 

terms were initially included in ANOVA models, but were subsequently excluded if non- 



siagnificant. In such cases, probability values for predictors were recalculated without 

interaction terms. Annual variation in prey abundance and prey-cache size was assessed 

using one-way ANOVAs (unfed pairs only). Test statistics for al1 ANOVAs were based 

on Type ID sums-of-squares. When significant effects were detected, 1 performed 

painnse muitipIe comparisons with Tukey's Honestly Signïficant Difference tests. Prior 

to pararnetric testing, prey-trapping and cache totals were transformed by log(X+ 1), and 

proportions of hatchlings fledged were arcsine tmsformed. However, untransformed 

data are presented in figures and tables for ease of interpretation. Because sample sizes 

were small, 1 chose to increase statistical power by setting a to 0.10 when testing 

fledgling measures, Because sample sizes were larger, in al1 other analyses P-values were 

considered significant only when Iess than 0.05. 1 calculated power (using observed 

parameter values) whenever P-values were non-significant but 5 0.20. 

Hatching.- Over the five study years, assigning nests to treatrnent and control groups 

according to clutch size and laying date successfully controlled for both initial brood size 

(number O fhatchhgs) and hatching date. Number of hatchlings did no t di ffer among years or 

bebveen controls and pairs fed during the nestling period (Table 4-la). Sirnilarly, hatching date 

did not differ behveen pairs assigned to be fed during the nestling period and those assigned to 

remain unfed, nor did it differ according to burrow type (artificial vs. natwal). Hatching date 

differed among years (Table 4- 1 b), being later in 1996 than in any other year (Tukey tests, P £ 

0.02) except 1997 (P = 0.29), and later in 1997 than in 1998 (P = 0.05). 

When some owls were supplemented for the entire breeding season, number ofhatchlings 

and hatching date were unaffected by extra food during laying and incubation. Nurnber of 

hatchlings did not differ arnong the three experimental groups or between the two years (1 993 

vs. 1996; Table 4-1 c). Likewise, hatching date did not differ among the experirnental groups, 

but it was generally later in 1996 than in 1993 (Table 4-ld). 

Fledgirtg.- Supplemental feeding during the nestling period had a dramatic influence 

on the number of fledglings produced by owl pairs (Fig. 4-1). Pairs that were fed fiom 

the t h e  of hatching until fl edging produced more young than did d e d  controls (F = 

56.9, P < 0.001; no influence of burrow type: F = 0.61, P = 0.44). The overail mean 

number of fledglings differed arnong years, as well (F = 16.3, P < 0.00 1)- In 1997, 

fledgling production was higher than in any of the other 4 years (Tukey tests, P 10.02 for 

al1 pair-wise comparisons), and pairs raised more fledglings overall in 1992 than in 1993 

(P = 0.01). There was a significant interaction between year and treatrnent (F = 9.22, P c 
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Figure 4-1. Mean number of fledglings (i SE) per Burrowing Owl pair, after exclusion of 

nest failures (see Appendix 3). Averaging over the five seasons, pairs supplemented afier 

hatching fledged 47% more young than controls. Effects were much more dramatic in 

low-food years (mean = 70% for 1992, 1993, 1996, and 1998) than in the year with 

naturally high food (< 1% for 1997). Also, feeding throughout the breeding season 

caused no firther increase in fledging rate over that resulting fiom supplementation 

during the nestling penod alone. Nurnber of pairs included in each year and experimental 

group is indicated at the base of each bar. Fledging data are combined for pairs in both 

natural and artificial burrows. See Table 4- 1 for numbers of nests in artificial burrows. 



0.001), indicating that the degree of food lunitaiion differed substantially among the 5 breeding 

seasons. In 1993 and 1996, when some pairs were also fed from egg laying through to 

fl edging, there was a significant effect of treatment on nurnber of fledghgs (F = 33.8, P c 
0.001). Pairs in both fed groups fledged significdy more young than did unfed pairs (Tukey 

tests, P c 0-00 1 for the two pair-Wise comparisons); whereas, offspring production for pairs 

fed through the egg-laying, incubation, and nestling penods was no higher than for pairs fed in 

the nestling period alone (P = 0.97). The 2-way MOVA did not show a difference in fledghg 

output bebveen the two years (F= 1-04, P = 0.3 1) but revealed a significant year-by-treatment 

interaction (F= 4.73, P = 0.02), suggesting that the degree of food limitation differed between 

the two years. 

Among-year and among-treatment variation in the percentage okattchluigs fledged rnirrored 

variation in the number of fl edglings. Over the five years in which birdç were supplernented with 

extra food during the nestling period, fed pairs ff edged a higher percentage of their hatchlings 

than did d e d  pairs (Table 4-le; artificial burrows only). The overall percentage ofhatchlings 

fledged differed arnong years, as well, being lower in 1993 and 1996 than in 1992 and 1997 (P 

I 0.02 for each pair-wise cornparison), and lower in 1993 than in 1998 (P = 0.02; P > 0-10 

for al1 other between-year comparisonç). In addition, there was a siguficant year-by-treatment 

interaction. Examÿiing only 1993 and 1996 data, the percentage ofhatchlings fledged per 

brood did not di ffer between years, but did differ among treatments (Table 4- 1 f ) .  Percentages 

were lower for unfed broods than for broods in either fed treatment (P < 0.00 1 for both pair- 

\vise comparisons), but were very sirnikir for pairs fed al1 season and pairs fed onIy during 

brood-rearing (P = 0.87). There was also a significant year-by-treaûnent interaction. 

Nesthg-sunivorship curves fiirther illusirate the effècts of supplemental feeding on fledging 

success and show the ages at which nestling mortaliw occurred (Fig. 4-2). Unfed owlets died in 

only the first haIf of the nestling period in 1992, 2997, and 1998, but mortality appeared to be 

unrelated to age in 1993 and 1996. Of al1 deaths (rr = l76), 2 (1%) resulted fiom leg-joint 

infections, 2 (1 %) fiom navd infections (yolk-sacs did not fiilly retract), 3 (2%) fTom predation 

b y large raptors late in the nestling period (when owlets were away from their burrows), and 

169 (96%) fiom food shortage. Of the 169 nestlings that died fTom food shortage, 13 (8%) 

were found emaciated but othenvise intact, 32 (1 8%) were partially eaten, and 124 (73%) 

were completeiy consumed by their siblings or parents Nmety-six ofthese 169 nestlings had 

been weighed within 5 days of their death. Fourteen nestlings (1 5%) showed normal patterns of 

weight gain prior to death, but 82 nestlings (85%) experienced weight loss, or areduced rate of 

weight gain, before they died. 

FZedgZing measures.- Mean fledgling rnass per brood (Table 4-2) was not significantly 
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Figure 4-2. Survival of nestlings in artificial burrows from age O to 41 days (age O = 
individual's hatch day) in 5 years and 2 or 3 experimental groups. The n u b e r s  of 
hatchlings in 'Unfed' and 'Fed (hatching to fledging)' goups, respectively, were 33 and 
37 (1992), 89 and 82 (1993), 47 and 46 (1996), 53 and 77 (19971, and 31 and 164 (1998). 
The number of hatchlings in the 'Fed (laying to fledging)' treatment was 119, in 1993, 
and 130, in 1996. 



Sected by year or suppIementai feeding, whether two experimental groups over three years 

were examined (Table 4-3a) or three experimental groups over two years (Table 4-3b). P- 
values for year-b y-treatment interactions were non-sipi5ca.t but somewhat suggestive for both 

tests (Table 4-3 a, b), likely because fledglings in 1993 control broods tended to be slightly 

heavier on average than those in fed broods but slightly lighter on average in the other years. 

When o n .  oIdest fledglings were included in brood averages (Table 4 4 ,  supplemental feedins 

during the nestling period increased average fledging mass significantly over that of controls in 

the three study years (Table 4-3a). However, when mass of oldest nestlings was examined for 

al1 three experhnental groups in 1993 and 1996 alone, no significant effects oftreatmmt or 

study year were apparent (Table 4-3b). Interaction ternis were non-significant in both of the 

above analyses, as effects were in the same direction in every year. 

Whether all fledghgs or only oldest fledglings were included in brood means (Table 4-2), 

owlets were stnicturally srndler in unfed broods than in broods receiving extra food fkom 

hatching until fledging in a l l  three years (Table 4-3a). Likewise, when al1 three treatrnents in 

1993 and 1996 were malysed, supplernental feeding had a significant influence on fledgluig size, 

rnainIy because fledglings fÎom broods fed for the entire season were larger than fledghgs fiom 

unfed broods (Table 4-3 b). When only oldest fledglings in broods were examined, fledglings in 

both feeding treatments were significantly larger than fledglings in control broods. Owlets £tom 

broods fed fiom laying until fled,~g were sunilar in size to owlets fkorn broods fed kom hatching 

to fledgling, whether al1 fledglings were examined or only oldest fledglinss (Table 4-2, Table 4- 

3b). 

In 1992,1993, and 1996, owlet condition was unafYected by year or by food 

supplementation during the nestling period (Table 4-2, Table 4-3a). However, when al1 

three experimental groups were examined, fledgling condition was significantly better 

overall in 1993 than in 1996, and there was also a non-si,onificant overall tendency for 

fledglings fiom control broods to be in slightly better condition than fledglings fiom fed 

broods (Table 4-3b). 

Aïinzral cornparisons 

Further interpretation of annual differences in reproductive food limitation required an 

assessment of yearly variation in key environmental factors. 

Precipitation.- Mean monthly rainfall during the breeding season in the Re-gina area 

over the past 50 years (1 948-1998) has typically been tiighest in June and July, and 

lowest in August and May (Fig. 4-3). Total monthly precipitation during the 5-year study 

varied substantially uithin and arnong years (Fig. 4-3). Al1 months in 1992 experienced 

near-average rainfall, except for June, which had approximately half the usual amount. 



Tablc 4-2. Flcdgling mass (g), structural size, and condition, in  relation to year and trcatnient (only birds in artificial nest burrows). 
Mcans (& 1 SE) of brood means arc given for 'Al1 flcdglings' und for '1" four Iiatcticd' fledglings (oldest siblings within each brood). Sizc 
values are scores from the first-axis of a principal components analysis (PCl), incorporating lcngth of tarsus, wing, and culnlen at 41 days- 
of-age. Condition values are residuals (in grams) from a linear regressioii of fledgling mass on PCI at 41 days: zero represents the overall 
mean condition aRer size lias been taken into accoiint; a valiic < O indicates poorer condition tlian expected; and a value > O indicates 
better condition than expected. '# Broods' was used as saniple size for statistical comparisons. 

M a s  (g) S izc (PC 1 ) Condition 
Al1 1" four All 1" four AH lS' fo~lr 

Treatmcn t fledglings Iiatched fledglings Iiatclied fledglings Iiatclied II Broods 

Unfed coritrols 125.7rt.6.0 127,1*6.3 -0.92 II: 0.56 -0,75 * 0,62 0,04 * 3.27 0.08 k 3,45 4 

00 
W 

Fed (hatcliing to fledging) 138.5 k 3.0 139.4 k 3.0 0.37 Jt 0.1 8 0.5 1 k 0.22 1.92i2.15 1 5 1  k 1.91 5 

1993 

Unfed controls 

Fed (hatcliing to flcdging) 132.2 * 3.4 1363 * 3,6 -0.27 ri: 0.25 0.00 * 0.26 1 ,O5 f 2.30 2.85 f 2.67 1 O 

Fed (Iaying to fledging) 135.2 * 1.9 1366 * 2.2 0.02*0.16 0.12kO.IG 1 2  k 1 2.07 * t: ,67 14 

1996 

Unfed controls 126.5 st: 3.6 126.8 f 4.1 -0.70 f 0.44 -0.69 rt: 0.44 - 1 .O2 rt: 2.67 -0.77 f 3,38 G 

Fed (hatcliing to fledging) 137.4 rt: 7.9 14 1.5 k 7.2 0.43 * 0.34 0.76 k 0,225 0.27 * 6.47 1.59 ;t 6,78 5 

Fed (layiiig to fledgirig) 133.0 zk 1.6 132.8 & 2.1 0.21zk0.21 0.26Lt0.19 -2.22 1 .41 -2.86 1.38 15 



Table 4-3. Two-way ANOVA tables for the effects of treatment (ztnfed, fedfionz 
hatching tu fledgrng, and fedfi-om Zaying to fledgikg) and study year (1 992,1993, and 
1996) on fledgling mass, structural size, and condition, Tests were performed on 
brood means for al1 fledglings and also on means for the f i s t  four fledglings to hatch 
within each brood (see Table 4-2). Because sample sizes were srnall, 1 lowered the 
probability of Type II errors in these analyses by accepting P-values as significant 
(underlined) when they were less than 0.10. Interaction tenns were initially included 
in ANOVA models, but were al1 subsequently excluded because they were non- 
siLnificant. Values presented for Treatment and Year were calculated without 
interaction terms. 

Mass (g) Size (PCl) Condition 

a) Two Experïmental Groups (1992, 1993, and 1996 data) 

,411 fledglings 
Treatment 0.64 0.43 4.48 0.04 1.28 0.27 

Year 0.19 0.83 0.26 0.77 1.55 0.23 

Interaction 2.01 0.14i 0.70 0.50 1.55 0.23 

1'' four hatched 
Treatment 3.05 0.09 7.08 0.01 0.21 0.65 

Year 0.13 0.88 0.31 0.74 1.32 0.28 

Interaction 1.33 0.28 0.50 0.61 0.76 0.48 

b) Three Experimental Groups (1993 and 1996 datô) 

Ail fledgIings 
Treatrnent 0.07 0.93 2.76 0.07'~ 2.22 O. 12"' 

Year 0.85 0.36 0.82 0.37 5.49 0.02 

Interaction 1.95 0.15" 0.57 0.57 1.44 0.25 

1" four hatched 
Treatment 0.94 0.40 4.01 0.02" 1.41 0.25 

Year 1.02 0.32 0.76 0.39 5.78 0.02 

Interaction 1.50 0.23 0.67 0.52 0.76 0.47 

i, ii, iii 
PûiVER = 0.53, 0.52, and 0.57, respectively 

iv Tukey tests: Unfed vs. Fed (hatching to fledging), P = 0.23; Uded vs. Fed (laying to 

fledging), P = 0.05; Fed (hatching to fledging) vs. Fed (laying to fledging), P = 0.88. 
Tukey tests: Unfed vs. Fed (hatching to fledging), P = 0.05; Unféd vs. Fed (laying to 
fledging), P = 0.03; Fed (hatching to fledging) vs. Fed (laying to fledging), P = 0.98. 



Overall, 1993 was a very wet year with above-average precipitation in August anci near-record 

rainfd in July. Rainfd was generdy above average in 1996, but well below average for much 

of 1997. In 1998, precipitation was extremely hi& in June, but below average in the latter half 

of the season. 

Prey.- Annual means of the mean nurnber of vertebrates cached at unsupplemented nests 

varied considerably arnong years (Fig. 4-4a; ANOVA on log-transfonned data, F = 9,192, P < 

0.001). Meanprey caches were between 3 and 12 b e s  largerin 1997 than in 1992,1993, or 

1996 (Tukey; P < 0.02 for each cornparison), and were twice as large in 1997 as in 1998, but 

the latter clifference was not statistically significant (P = 0.3 1). Caches were significantly larger 

in 1998 than in 1992 (P = 0.03), but were not significantly larger in 1998 than in 1993 or 1996 

(P = 0.30 and 0.82, respectively). Mean annual prey-cache size was unrelated to total annual 

rainfdl during the nesting season (9 = 0.36, P = 0.28). 

The relative abundance of small mammals varied significantly arnong the three years that prey 

were trapped (Fig. 4-4b; ANOVA with log-transfomed data, F = 1 1.15, P c 0.00 1). Mean 

relative abundance ofprey was much higher in 1997 than in either 1993 (Tukey, P = 0.03) or 

1992 (P c 0.00 1), and was also si,onificantly higher in 1993 than in 1992 (P = 0.03). The 

ranking ofrelative prey abundance in 1992,2993, and 1997 was the same as the ranking of 

mean annual prey caches arnong those three years (Fig. 4-4), suggesting that annual prey-cache 

sizes are f argely a reflection of annual prey abundance. 

Pi-odtrctioiz offledgliizgs.- To understand better proximate causes of observed 

reproductive food limitation, 1 examined annual variation in the mean nurnber of 

fledglings (unfed pairs only) with respect to annual variation in ttvo environmentai factors 

potentially affecting the owls' intake of natural prey. First, because annual means of 

prey-cache size for unfed pairs appeared to provide a reasonable index of relative prey 

abundance among years (Fig. 4-4), 1 tested the relationship bebveen mean annual fledging 

rate and mean number of prey cached (Fig. 4-5z). Yearly values for these two variables 

showed no association (9 = 0.35, P = 0.30). However, when 1 examined mean annual 

fledging rate (unfed pairs) with respect to total annual rainfall during the nesting season, 

there was a negative linear relationship between the two variables (6 = 0.9 1, P = 0.0 1 ; 

Fig 4-5b). Also, the within-year difference in fledgling production between control pairs 

and pairs fed dunng the nestling penod showed a significant positive relationship with 

total annuaI rainfall (r' = 0.91, P = 0.01), but not with annual prey caches (rZ = 0.22, P = 

0.43). Thus, annual variation in fledgling production, and the degree of food limitation 

during the nestling penod, was influenced more by total rainfall than by measures of 

relative prey abundance. 
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Figure 4-4. Annual variation in (a) mean nurnber of prey items (rnean + SE) cached by 

unfed Burrowing Owl pairs during five breeding seasons (May-July), and (b) reIative 

prey abundance (mean number of small mamrnals per 100 traps f SE) in June and July 

of 1992, 1993, and 1997 (trapping not conducted in 1996 or 1998; N/A = not available). 

Values at the base of each bar in (a) show the nurnber of pairs for which prey-cache 

information was collected, and values on each bar in (b) indicate number of traplines. 
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Figure 4-5. Mean number of fledglings for unsupplemented pairs in relation to (a) mean 

prey-cache size for unsupplernented pairs and (b) total rainfall in each study year. Total 

annual rainfali was obtained by surnrning rainfall for al1 4 months of each breeding sea- 

son (May-August, Fig. 4-3). Mean annual rainfall (May-August), from 1948 to 1998, 

was 2 1.3 cm. Regression line calculated using ordinary least-squares. 



DISCUSSION 

Timing of food limitation 

Results fÏom this study show that Burrowing Owls are commoniy food lùnited during the 

natling paiod. Supplemental feeding increased average size for all fledglings, and increased 

both mass and size for oldest fledglings ( k t  four hatched per brood), in all three years that 

owlets were measured. Moreover, even though fed and control pairs started with an equivalent 

number of hatchlings, fed pairs produced more fledglings than control pairs in four of five years. 

This Merence in fledging success was due to a much higher fiequency of stârvationwithin 

control broods than within fed broods. 

Observational studies have shown that partial-brood loss through starvation, occurs in a 

wide variety ofbird species (reviewed in O'Connor 1978, Howe 1978). More recent 

investigations have demonstrated that partial-brood loss is reduced by food 

supplementation dunng the breeding season (Hogstedt 198 1, Arcese and Smith 1988, 

Dhindsa and Boag 1990, Soler and Soler 1996). However, because such feeding 

experiments extend &om well before egg laying through to fledging, their results are 

difficult to interpret. Firstly, extra food prior to clutch-initiation almost always causes 

early laying (reviewed in Arcese and Smith 1988). Thus, effects on reproductive output 

late in the season could be attributed either to supplemental feeding or to an advance in 

breeding date (Nilsson and Svensson 1993; Nilsson 1994), as nestling sumival often 

decreases with time of year (Perrins 1970, Ewald and Rohwer 1982, Daan et al. 1989, 

Siikarnaki 1998). Secondly, when supplemental feeding is conducted throughout the 

breeding season, it is unclear if observed increases in fledging success result ftom 

alleviation of food limitation during the nestling penod or alleviation during earlier stages 

(Nilsson 1994). For instance, supplemental feeding during prelaying and laying can 

increase egg size (Hogstedt 198 1, Hill 1988, Wiebe and Bortolotti 1995), which can in 

turn increase hatchling size and nestling survival (Martin 1987, Bolton 199 1, Magrath 

1991, Perrins 1996). Benefits of supplementation can also carry over from one phase to 

the next if adult condition is affected (Hochachka and Boag 1987) or if extra food is 

stored in caches (Korpimaki 1989). Hence, for many reasons, the strongest test of food 

limitation during the nestling stage is supplementation during that stage alone. Five of 

the six studies that supplemented solely during the nestling period found evidence for 

food limitation (Simons and Martin 1990, Richner 1992, Garcia et al. 1993, Verhulst 

1994, and Wiehn and Korpimaki 1997; but see Gende and ~ i l l s o n  1997). Results fkom 

these feeding experiments, and from the present experiment on Burrowing Owls, 

demonstrate that the ability of parents to meet the energy requirernents of nestlings often 



limits the number ofoffpring that parents raise, as originally suggested by Lack (1947,1954). 

However, studies that supplement food in only the nestling phase do not explicitly test Lack's 

supposition that brood-rearing is more energetically limithg than the other stages ofneshg. 

The Bmotwig Owl feeding experiments conducted in 1993 and 1996 showed that food 

limitation was more iduential during the nestling stage than dunng either egg laying or 

incubation. Pairs supplemented through al l  three stages aedged the same number of youn,o as 

pairs fed for the nestling period alone, and showed similarpattems of nestling s d v a l  in relation 

to nestling ase. Furthermore, average nestling mass, size, and condition were al1 very similar for 

these two treatments (Table 4-2). Accordingly, supplernental feeding during egg laying showed 

no effects on clutch or egg size (Chapter 2), and pre-hatch feeding did not influence number of 

hatchlings (Table 4-lb; see also Chapter 3). Pairs were assigned to treatments alternately by 

their layin3 date, so hatching dates were simi1a.r for the two experimental groups. Results thus 

demonstrated that there were no lagged or cumulative effects of extra food during egg-laying 

and incubation on fledgling quality or quantity, and provided the j%st experîmental support for 

Lack's contention that the nestling period is the most food-limited phase ofthe nesting season. 

For Burrowing Otvls, food consistently limited fledgling structural size. Also, in 1992 and 

1996, fledgling mass and condition appeared to be higher in supplernented broods than in 

unsupplemented broods. However, in 1993, when supplemented pairs had more than 2.5 tirnes 

the nurnber of fledglings that unsupplernented pairs had, average fledghng condition was slightly 

(but not significantly) better in unsupplemented broods. This means that control owlets in 1993, 

although smaller, tended to be heavier for their size; whereas, supplemented owlets in 1992 and 

1996 seemed to be both larger and heavier than unsupplernentedowlets. The tendency for 

both mass and condition effects to be of opposite direction in 1993 than in other years probably 

explains why P-values for interaction terms were fairly low. Statistical power for interactions in 

mass tests was only moderate (0.52 and 0.53; Table 4-3), so perhaps interaction terms wouid 

have been significant if power had been higher. The tendency, in 1993, for fledglings fiom 

unsupplemented broods to be heavier and in better condition than those fkom suppIemented 

broods may, in part, be explained by better growth and asymptotic weight in owlets that hâtch 

early in relation to their siblings (see Landry 1979). As lase-hatched nestlings are more likely 

than their older siblings to die @ers. observ.), broods that experience high nesthg mortality 

likely contain older fledglings, on average, than broods with low nestling mortality. This rnay 

explain why, when only oldest fledglings ( f k t  four h a t c b g s  in each nest) were included in 

brood averages, both mass and size were signi ficantly higher in broods supplemented f?om 

hatching to fledghg than in unsupplemented broods. 

It is mclear which of the three variables measured for Bwrowing Owl fledglings provides the 



best measure of offspring quality, as post-fledging suMval and the subsequent probability of 

becorning a breeder were not determined in this study. Hochachka and Smith (1 99 1) 

demonstrated that nestling condition in Song Sparrows (Melosplia melodia) did not affect 

rnortality d e r  independence. Simons and Martin (1 990) found that supplementing Cactus 

Wrens (Campylorhyzchus bmneicapiZlus) during the nestling period increased fledgling mass 
and size, and enhanced post-fleda%g survival in one of two years. Richner (1 992) showed that 

nestling Carrion Crows (Cornu corone) provided with ex in  food were larger and heavier at 

fledging than were control nestlings. Thoughthese merences did not affect post-fl edging or 

over-winter survival, Iarger body size increased the probability that a juvenile crow would 

acquire a territory and become a breeder. Whether larger structural size would confer this same 

advantage for supplemented Burrowing -1 young is h o w n .  Regardless, none of the 

potential measures of quality were lower for fed fledglings than for controls, particularly 

when the oldest 'half of each brood was compared, so there was no indication that food- 

supplemented owlets were less likely to survive and breed. Therefore, given that 

supplemented pairs fledged substantially more nestlings than did control pairs, 

supplemented pairs most likely produced more recruits, as well. 

Annual variation 

Of six previous studies that supplemented food solely during the nestling period, only 

two examined annual variation in the degree of food limitation. Simons and Martin 

(1990) found that fledgling output was more limited in the first year of their study than in 

the other year, but were uncertain what factor rnight explain this disparity. They 

suggested availability of prey may have differed between the two study years, but had not 

measured food supply. Wiehn and Korpimaki (1 997) showed that reproductive food 

limitation was constant for the three years of their study, even though prey densities 

varied substantially arnong years (Le., annual variation in natural food abundance did not 

Iead to annual variation in food limitation). 

In the present study, annual fledgling production at control nests, and within-year 

differences in production between fed and unfed broods, were better explained by total 

rainfall than by mean prey-cache size. These latter two variables relate to potential food 

shortage at different temporal scales. Year-to-year shortfalls in food can be thought of as 

chronic food shortages; whereas, day-to-day shortfalls can be considered acute food 

shortages (Bortolotti et al. 1991, Forbes and Mock 1996). For Burrowing Owls, mean 

prey-cache size provided an index of the annual availability of vertebrate prey. Therefore, 

had chronic food shortage been important in this study, its effects would most likely have 

surfaced in the worst food-year, 1992 (Fig. 4-41> yet control pairs had high reproductive 



output in that year. 1 interpret total rainfall as an index for the fiequency of acute food 

shortages. Owlets in control broods experienced considerable weight Ioss during periods 

of heavy rain, and their mortality seerned especiaIIy high when rain fell for several 

consecutive days (pers. observ.). It was clear that these deaths resulted fiom food 

limitation rather than exposure because mortality of food-supplemented nestlings was 

very low, even though they experienced the sarne bouts of rain (Fig. 4-2). What remains 

unclear, however, is whether rainfâll reduced activity levels of prey (Falls 1968, Baumler 

1975, Lehmann and Sommersberg 1980) or simply hampered the owls7 foraging ability 

(Kirons 1982, Wijnandts 1954). 

In an observational study of Red-tailed Hawks (Buteo jamaicensis), Adamcik et al. 

(1979) showed that nestling mortality was largely attributable to fkequency of rain and 

suggested that low prey abundance became critical to nestling survival only when 

associated with above-average rainfall &er hatching. This rnay be the case for many 

carnivorous birds (Newton 1979), including insectivores (Lack and Lack 195 1, Hogstedt 

198 1, Murphy 1983, Reynolds 1996, Siikamaki 1996) and piscivores (Reese 1977, Braun 

and Hunt 1983), or indeed any other bird whose foraging success is severely hampered by 

excessive amounts of rain. 

Reproductive strategy 

Many bird species show changes in clutch size that correspond to changes in food 

Ievels during prelaying and laying penods (reviewed in Martin 1987). This pattern of 
high clutch-size variation, coupled with a low rate of nestIing mortality, has been 

recorded in various owl species (e-g., Str-ix zrralensis, Lundberg 198 1, and Pietiainen et al, 

1986; Btrbo virgilziams, Rohner 1994, Houston et al. 1998), indicating that either these 

birds are adjusting their clutches to a size appropriate for predictable post-hatch food 

limitation or their clutches are proxirnately limited by food. In contrast, Burrowing Owls 

are fiee korn food limitation prior to hatching (see also Chapter 2), and produce many 

more hatchlings than they are normally able to rear. But why would parents consistently 

produce extra hatchlings, when they could presumably conserve energy by avoiding such 

overproduction? 

Mock and Forbes (1995), in their review of this apparently anornaIous behaviour, 

present potential functions for the production of superfluous nestlings, three of which 

rnay be relevant in Burrowing Owls. First, extra offspring rnay serve as "insurance" 

against unforeseen losses of eggs or hatchlings that result from infertility, accidents, or 

congenital defects. These insurance eggs act as substitutes only when their nest-mates 



prove unviable. Burrowing Owls in my study, on average, failed to hatch nearly one egg per 

successfûlly incubated clutch (Chapter 3). Alsc, a total of four hatchlings died f?om infections 

early in the nestling period and were survived by their younger sibhgs. In these cases, extra 

eggs appeared to benefi t parents b y replacing unviable O ffspring, as proposed by the insurance 

hypothesis. However, one prediction of this hypothesis is that redundant offspring are elimi- 

nated when primary sibhgs survive. Thus, if extra eggs were purely for insurance purposes, 

annual variation in the percentage of eggs producing fledglings would have ben  low, which was 

not the case. It appears, therefore, that extra hatchlings must serve other functions in addition to 

i,nsurance. 

The second potential benefit of having an over-sized farnily applies only to cannibalis- 

tic species. The prevalence of cannibalism (sensu Bortolotti et al. 1991) within Burrow- 

ing Owl broods implies that this behaviour rnay be important for the owls. The ice-box 

hypothesis (Alexander 1974), which can be thought of as a special kind of food caching, 

States that extra nestlings May provide core nestlings with a criticai meal in times of 

temporary food shortages. Forbes and Mock (1994) largely dismissed this hypothesis for 

birds, suggesting "there are easier ways of Ending a meal". However, studies of species 

that fiequently undergo short-tenn fasts (e.g., when foraging success is severely affected 

by inclement weather) could provide substantive support for this hypothesis (Bortolotti et 

al. 1991, Reynolds 1996, Wiebe 1996). For nestling birds that are forced to do without 

food for days, even a single meal may mean the difference between life and death. 

The third function of surplus hatchlings may be to provide parents with extra 

reproductive value in years when food availability proves unexpectedly h i ~ h  during the 

nestling period. When availability turns out to be average or below-average, food 

shortage leads to the culling of an appropriate number of marginal offspring (Lack 1 947). 

This method of adjusting offspring number is most c o m o n l y  referred to as the brood 

reduction strategy (Ricklefs 1965). An inherent characteristic of this strategy is marked 

annual variation in fiedging success in concert with changes in food availability. The fact 

that partial-brood loss for Burrowing Owls varied substantially arnong years, and was 

virtuaIly eliminated in 1997 (the year with the best feeding conditions) and when food 

was supplernented during the nestling period, lends support to the brood reduction 

hypothesis. As emphasized by Lack (1947), a seasonally unpredictable food supply, such 

as that for the Burrowing Owl (Chapter 3), favours brood reduction as a means for 

adjusting offspring number; whereas, predictable seasonal variation in food favours 

clutch-size adjustment. 

Preliminary information presented here suggests the large clutch of the Burrowing Owl 



may, at times, serve each of the three fûnctions discussed above. However, m e r  research 

and experimentation is required to thoroughly assess the adaptive significance of the Burrowing 

Owl's apparently oversized f d y .  
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CHAPTER 5 

General Discussion and Conclusions 

Burrowing Owls showed considerable intrapopulation variation in al1 reproductive 

parameters measured in this study. 1 used observational and expetkenta1 approaches to 

investigate the role of food availability in governing this variation. 1 isolated potential 

effects of food by statistically, or experimentally, controlling for important seasonal 

factors, such as spring arrival and laying dates. 

Measures of food intake were unrelated to lajlng date (Chapter 2). In contrast, date of 

female arrivai in spring explained 91% of the overall variation in laying date. Age 

showed an indirect effect on laying date through arrival date; fist-year females arrived 8 

days later, and then laid 8 days later, on average, than older fernales. In general, females 

oppeared to Iay eggs as soon as possible after amival and pairinz, with other factors 

having little influence. 

b-one of the evidence in this study suggested egg size was appreciably larger when 

food intake was higher (Chapter 2). Likewise, clutch size varied little among years, 

showed no correlation with measures of food intake for individuais, and was unaffected 

by supplemental feeding during egg laying. This lack of food-effects codd not be 

explained by reduced foraging in males when food was high because prey caches and 

pellet-reawgitation rates were much higher in the year that voles were superabundant 

(1 997) than in other years and were higher for supplemented pairs than for control pairs. 

Mean egg volume was unrelated to laying date in every year. Conversely, clutch size 

declined over the season by an average of 0.63 eggs/week, and laying date explained 41% 

of the total variation in clutch size. The seasonal clutch-size decline occurred in every 

year, and was remarkably consistent among years, despite obvious annual fluctuations in 

measures of food intake (Chapter 2) and adverse weather (Chapter 4). Regressions of 

clutch size on laying date were also similar for both yearlings and older owls (Chapter 2). 

Furthemore, the seasonal clutch decline did not differ between food-supplemented and 

control groups, which had the sarne distributions of laying dates. These results indicate 

the seasonal clutch-size decline in Burrowing Owls does not result fiorn differential food 

intake of pairs laying on different dates. 

Hatching success was unaffected by natural and expenmentai variation in food 

availability during laying and incubation (Chapter 3). Hatching span increased with 

increases in clutch size, and decreased over the season. However, when clutch size was 

controlled for statistically, the seasonal decrease in hatching span disappeared. With 

effects of hatching success and clutch size removed, hatching span was unrelated to prey- 







In the years that I studied Burrowing Owls, small mammals contributed far more 

dietary biomass than any other prey (Appendix 2). However, in the 1980s, grasshoppers 

were often very abundant in Saskatchewan (James and Fox 1987) and were eaten iia. large 

quantities by Burrowing Owls during the late-nestling period (Haug 1985). The large 

clutches of Burrowing Owls probably allow them to take advantage of any unpredictable 

'windfall' of food, whether it is a peak in voles, grasshoppers, or any other potential prey. 

The availability of food to the owls in my study area was influenced strongly by 

rainfall. In other regions, other weather variables may be more important in affecting 

food conditions for Burrowing Owls. For example, drought is thought to be a critical 

factor in more arid systems (e-g., Gleason 1978). It would be interesting to study 

reproduction and the timing of food limitation in other regions, where Burrowing Owls 

reXy on a different prey base and experience different weather conditions. Food 

availability may be more predictable in other regions than on the Regina Plain, and this 

di fference may allow the owls to exhibit alternative strat egies of reproductive adjustrnent. 

It may be cornmon for altricial birds to be limited by food during the nestling period 

(Martin 1987). The experimental design used in the present study could be the first 

component in a suite of experiments allowing researchers to charzcterize timing of food 

limitation and reproductive adjustments in aImost any altricial species. If supplemental 

feeding during the nestling period alone results in just as many fledglings as 

supplernentation throughout the entire nesting period (Group A = Group B; Appendix l), 

and if pairs in both treatrnents fledged more young than unfed controls (Group A & B > 

Group C), then food limitation is more important during the nestling penod than during 

the egg-laying and incubation penods. If no differences occur arnong any of the three 

experimental groups, supplemental feeding could be conducted dunng the post-fledging 

period or the prelaying penod, although in the latter case laying date might be affected by 

supplemental feeding (Arcese and Smith 1988). If pairs that are supplemented through 

al1 three periods of the nesting season fledge more young than those fed only during the 

nestling period (Group A > Group B), then additional experiments are required to 

ascertain whether birds are proximately limited by food during one of the pre-hatch stages 

or are using food supply as a cue to adjust reproduction in anticipation of future food 

levels (Fig. 1-1). For example, one could supplernent pairs only during egg laying (Group 

D). If these pairs laid more eggs and subsequently fledged more young than controls, one 

could be certain that the experirnent helped the birds overcorne food limitation during egg 

laying. Conversely, if these pairs laid more eggs but fledged fewer young than controls, it 

would show they had adjusted clutch size in expectation of good feeding conditions 

during the nestling period and had done worse because their brood size was too large for 



natural food availability. Reproductive adjustments such as these may be expected when food 

for a given species is nomally somewhat predictable. Therefore, experiments examining 

reproductive food limitation will be most convincing when they also measure within-season 

correlations in food (Wiebe 1995). 
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APPENDIX 1 

Summary of Food-supplernentation Experiments 

The feeding experiments conducted for this thesis (Fig. A-1) varied among years. The 

amount of funding for the project varied and the number of Burrowïng Owl pairs declined 

between 1992 and 1998. Consequently, sample sizes and the number of field s t a  

allowed inclusion of three experimental groups only in 1993 and 1996. Also, in 1992, 

Burrowing Owl pairs were provided with dead laboratory mice every third day d h g  egg 

iaying (Group D). Supplemental feeding began for each pair on their estimated laying 

date (Chapter 2) and ended &er Iaying had ceased. Because of time constraints and a 

lack of fûnding for tranaportation in the £kt field season, these pairs were not monitored 

regularly once a11 owlets had hatched. In 1996 every second pair, and in 1993 every third 

pair, was supplemented at three-day intervals, fiom the time of their first egg until they 

fledged their yomg (41 days afier hatching; Group A)). In 1992, 1993, and 1996-1 998, 

al1 pairs not receiving extra food during laying or incubation were ranked by clutch size 

and predicted hatching date, then alternately assigned to be supplemented or 

unsupplemented between hatching and fledging (Groups B and C, respectively). As a 

result, pairs nesting in artificial burrows in al1 experimental groups (Groups A-D) had 

equal distributions of laying dates within years. When examining fledging rate in 1992, 

1993, 1997, and 1998, pairs nesting in natural burrows (where laying date and clutch size 

were unknown) were also included in feeding experiments (Groups A, B, and C). These 

pairs were assigned to groups based on their painng date, which was usually the same 

date as fernale arrival. 

In Chapter 2,1 compared clutch size, rnean egg volume, mean cache size, and pellet 

production rate between pairs supplernented during laying and pairs not supplemented 

during laying (1992: Group D versic; Groups B + C; 1993 and 1996: Group A verszrs 

Groups B + C). 1 combined data fiom 1992, 1993, and 1996 to compare seasonal clutch 

declines between supplemented and unsupplernented pairs (Chapter 2). 1 made within- 

year cornparisons of hatching success and hatching-span deviation for these same 

supplemented and unsupplemented pairs (Chapter 3), excluding those that faiied before 

their eggs hatched. In 1992, 1993, and 1996-1 998,I examined nest failures (Appendix 3) 

and the number of fledglings per successfül nest (Chapter 4) for pairs supplemented with 

food during the nestling period (Group B) and for pairs remaining unsupplemented 

(Group C). In 1 993 and 1 996,I also examined nest failures and fledgling numbers for 

pairs fed fiorn laying until fledging (Group A; Appendix 3). For pairs nesting in 

artificial burrows in these same treatments, 1 compared hatching date, number of 

hatchlings, patterns of nestling survival, and percent of hatchlings fledged (Chapter 4). In 
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1992, 1993, and 1996, I measured nestling structural size, mass and condition (Chapter 

4), comparin~ these pararneters for each experimental group (1992: Group B versus C; 
1993 and 1996: Groups A versus B versus C). Because of tirne and budget constraints, 

these pararneters were not rneasured in 1997 and 1998. 



APPENDIX 2 

Proportions of Prey in Burrowing Owl Food-pellets 

Food-pellets were collected at nest entrances or on the ground within 10-15 m of 

Bmowing Owl nests, throughout the 1992, 1993, 1996, and 1997 breeding seasons (see 

Chapter 2 Methods). An attempt was made to coIlect al1 pellets at nests fkom the start of 

laying until fledging, at 3- to 6-day intervals. 

The percent volume of each prey type was visually estimated for each pellet and then 

averaged for each nest. Fur and mammal bones, feathers and passerine bones, and 

chitinous exoskeletons constituted mammal, bird, and insect remains, respectively. In the 

unsupplemented pairs for which pellet proportions were estimated (Fig. A-2), yearly 

averages for bird remains were between O and 3 %, and for insect remains between 3 and 

15%. In contnst, small mammal remains averaged between 82 and 97% annually. These 

percentages provide a rough estimate of the biomass each prey type provided for 

Burrowing Owls during this study. However, the dietary importance of insects may be 

somewhat exaggerated by this rneasure because insects are poorly digested in cornparison 

to small mammals and birds (Akaki and Duke 1998). Hence, a greater volume of remains 

was probably egested per calone of insects than per calorie of vertebrates. 

Akaki, C., and G.E. Duke. 1998. Egestion of chitin in pellets of Amencan Kestrels and 

Eastern Screech Owls. Raptor Research 32286-289. 



mammal bird 

Figure A-2. Mean annual proportions of prey contained in Burrowing Owl food- 
pellets. The percent volume of each prey type was estimated for each pellet collected 
between the start of egg Iaying and fledging, then averaged for each nest. Nurnber of 
nests per year is shown at the base of each bar with the number of peIlets in 
parentheses. Only nests that remained unsupplernented throughout the breeding 
season were included. 



APPENDlX 3 

Nesting Failures in Relation to Supplemental Feeding 

In this study, a breeding attempt was recorded as failed if al1 eggs in a nest were found 

broken, buried or missing, or if an entire brood died or disappeared (when too young to 

fly) between successive nest checks. Nest failures caused by various rnammalian 

carnivores usually showed characteristic signs, such as digging or teeth irnprints on 

eggshells. 

To assess whether food supplementation affected rate of nesting failure, 1 present 

fiequency and causes of nest failures for al1 nests in Chapter 4 expenments. In 1993, al1 

41 pairs involved in supplementation experiments during egg laying nested in artificial 

burrows (see Wellicome et al. 1997 for design). In 1996,34 pairs nested in artificial 

burrows and 7 pairs nested in natural burrows. For the latter nests, the stage (egg-laying, 

incubation, or nestling) of any nesting failures was determined based on date, breeding 

behaviour of adults (particularly of fernales), and remains at burrow entrantes and in 

food-pellets (e.g., egg shells or nestling feathers). 

Failures during the egg-laying and incubation penods of 1993 and 1996 are presented 

in Table A-1 with respect to feeding treatment, b m o w  type, and year. The overall 

fiequency of nest failures observed during egg Iaying and incubation did not differ 

(Fisher's exact test, P = 0.69) behveen pairs provided with extra food (3 failures out of 34 

pairs) and unfed control pairs (3 out of 48; 1993 and 1996 cornbined). 

Failures during the nestling penods of 1992, 1993, 1996, 1997, and 1998 are presented 

in Table A-2. There were no abandonments during the nestling period, but of the 165 

nests active at the time of hatch, 22 (23%) failed before fledging. Nest faiIures occurred 

for numerous reasons, some of which had the potential to be associated with food 

limitation and some of which did not. The cultivation, flooding, or trarnpling of burrows 

resulted in nest failures that were obviously unrelated to food limitation. One additional 

breeding attempt failed when an adult female died in her nest, even though ample food 

was cached within her reach. These incidents accounted for 7 (39%) of the 18 faiIures 

with known causes. Predation, which could conceivably be related to food limitation 

(Martin 1992), was the most cornmon cause of failure for Burrowing Owls, explaining 11 

(61%) nest failures (predation of adult males and of nests, combined). However, 

predation did not differ (Fisher's exact test, P = 1 .O) between pairs fed during the nestling 

period alone (6 of 74 nests) and unfed control pairs (4 of 60 nests; al1 5 years combined). 

Likewise, predation during the nestling penod did not differ (x2 = 0.87, P = 0.96) among 

the three experimental groups (unfed: 1 of 21; fed fiom laying to fledging: 1 of 23; fed 
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Table A-2. Nuniber of failed iiesting attempts, betweeti Iiatcliing and fledging, in relation to total number of broods Iiatched in eacli 
year, treatment, and burrow type (artificial veisirs natuml). Causes of failures: c = burrow accidentdly cultivated, d =  brood rlrowned 
wlien burrow flooded, f = adultjiemale and brood died even tliough ample food was cached in the nest, >il= adult nlale killed by raptor, 
p = predation of entire brood, t = bot11 adults and brood died aRer cow trampled eiitrance of nest burrow trapping them inside, t r  = 
tinknown cause of failure. 

Artificial ncst biirrows Natural nest burrows All burrows 

failedl failedl failedl 
Ycar Treat nient % total Cause(s) O/o total Cause(s) total 

Unfed controls 

Fed (Iiatcliing to fledging) 

Unfed controls 

Fed (Iiatching to fledging) 

Fed (laying to fledging) 

Unfed controls 

Fed (Iiatching to fledging) 

Fed (laying to fledging) 

Unfed controls 

Ped (hatcliing to fledging) 

(1 

I I I ,  I I  

Unfed controls 

Fed (hntching to fledging) 



fiom hatchg to ff edging: 1 of 3 1; data combined for 1993 and 1996). 
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