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THEsls ABsTRAcr

Birds nest under electric and magnetic fields (EMFs) generated by transmission lînes,

which May affect their reproductive success and/or melatonin goveming their circadian and

circannual cycles. Over two years, captive kestrels were used to detennine whether EMFs

affect their plasma melatonin concentrations and their reproductive success. EMFs were

equivalent ta that which wild kestrels are exposed to while oesting under 735 kV transmission

lines, and daily exposure used in the captive study (88 - 98% time budget) was potentially

equivalent to that ofwild kestrels (900..10 ~, SOOA. cf). Captive kestrels were housed in control

or EMF conditions to detennine short-term (one season; S-EMF) and longer-term EMF (two

seasons; L-EMF) effects.

Plasma melatonin in adult EMF males was suppressed at 42 d and elevated at 70 d of

EMF exposure compared to contrais. Melatonin levels in EMF males at mid-season were

similar to contrais at season' s end, suggesting a seasonal phase-shift. Melatonin was

suppressed in L-EMF f1edgling birds but not in adult females or males (1995) at 70 d. Plasma

melatonin, higher in adult males than females at 70 d post-pairing, was not direcdy associated

with body mass changes in kestrels.

Captive EMF birds were more active and alert but groomed less often than controls.

EMF exposure affected reproductive suceess ofkestrels. Fenility and fledging success were

higher, and hatching suceess lower in S-E:MF clutches. Hatching suceess was higher, but

fledging success lower in L-EMF clutches. In S-EMF clutches, Mean egg volume and mass

were greater, eggs had slighdy more albumen but thinner eggshells, and embryos were larger

than controls. L-EMF hatchlings were heavier than controls.

The meiatonin results for male kestrels indicate that kestrels perceive EMFs as light,

thus altering their photoperiod. Photoperiodic manipulations advance molt onset, which is

associated with increased body mass in male kestrels. S-EMF males were heavier at S6 d of

exposure when malt began, but this was unlikely related ta feed intake which was unchanged.

EMF exposure had no effect on body mass and pectoral muscle scores of reproducing

females. The sexually-dimorphic response in body mass and melatonin concentrations

suggests that male kestrels may be more sensitive ta EMF exposure than females.
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RtsUMt

Les oiseaux nichent sous les lignes électriques qui génèrent des champs électro­

magnétiques (CÉM) pouvant affecter leur succès de reproduction et/ou les cycles circadiens

et circannuels gouvernés par la mélatonine. Sur une période de deux ans, des faucons

crécerelles élèvés en captivité ont été utilisés pour déterminer si les cÉM affectaient les

concentrations de mélatonine du plasma et le succès reproducteur. Les CÉM étaient

équivalents à ceux générés par des lignes de 735 kV sous lesquels des crécerelles nichent. La

durée d'exposition à ces CÉM était potentiellement équivalente (880/0-98% du budget-temps)

à celle observée en nature (femelles 90010, mâles 8(010). Les faucons captifs étaient assignés

soit comme témoins, soit soumis à des CÉM pour détenniner les effets à court terme (une

saison; CÉM-court) et à long terme (2 saisons;- CÉM-Iong).

La mélatonine plasmatique était supprimée chez les mâles adultes à 42 jours

d'exposition aux cÉM mais supérieure aux témoins à 70 jours d'exposition. Les taux de

mélatonine des mâles sous CÉM à mi-saison étaient équivalents à ceux des témoins en fin de

saison, suggérant la présence d'un changement de phase saisonnier. La mélatonine était

supprimée chez les oisillons après l'envol sous traitement CÉM-Iong, mais pas chez les mâles

.et les femelles adultes (1995) exposés 70 jours. La mélatonine plasmatique, plus élevée chez

les mâles que chez les femelles 70 jours après la formation des paires, n'était pas directement

associée avec les changements de poids observés.

Les oiseaux captifs exposés à des CÉM étaient plus actifs et plus alertes que les

individus témoins, mais se nettoyaient les plumes moins souvent. L'exposition aux cÉM a

affecté le succès de reproduction des faucons. Pour les couvées sous CÉM-court, la fertilité

et le nombre d'oisillons à l'envol étaient plus élevés, mais le taux d'éclosion plus bas que chez

les témoins. Pour les couvées sous CÉM-Iong, le taux d'éclosion était plus élevé, mais le

nombre d'oisillons à l'envol plus bas. Pour les couvées cÉM-court, le volume et le poids

moyens des oeufs étaient plus élevé, les oeufs contenaient un peu plus d'albumen mais une

coquille plus mince, et les embryons étaient plus gros que chez les témoins. Les oisillons éclos

sous CÉM-Iong étaient plus lourds que les témoins.

2



•

•

•

Les données concernant la mélatonine indiquent que les crécerelles mâles perçoivent

les CÉM comme la lumière, ceux-ci affectant la photopériode. Chez les mâles, la manipulation

de la photopériode avance la mue, associée à un accroissement du poids. Les mâles sous

CÉM-court étaient plus lourds à 56 jours d'exposition quand la mue a commencé, sans

relation apparente avec la prise de nourriture qui n'avait pas changé. L'exposition aux cÉM

n'a pas affecté le poids corporel et le volume des muscles pectoraux des femelles

reproductrices. La différence de réponse selon le sexe, au niveau du poids corporel et des

concentrations de mélatonine, suggère que les mâles seraient plus sensibles que les femelles

à une exposition aux cÉM.
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GENERAL INTRODUcnON

The circannual and circadian rhythms ofavian species are governed by photoperiod.

Circannual rhythms involve events which occur on an annual basis, while circadian rhythms

are events and patterns occurring within an approximate 24 h period (solar day). The

lengthening and shonening ofthe photoperiod throughout the year governs physiologjcal and

behavioural mechanisms that determine the timing and duration of circannual events ­

reproductio~ molting, and migration. Photoperiod also determines circadian physiology and

behaviour, including locomotor activity, feeding, and sleeping. Consequently, circannual and

circadian rhythms act as biological clocks to ensure the survival of the bird, coordinating its

behaviour and interactions with the environment, and with inter- and intra-specific individuals.

The main physiological mechanisms for circannual rhythms rernain unknown, either

being distinct clocks, or more likely resulting trom interactions of various neuronal,

neuroendocrine and endocrine functions (Chabot and Menaker 1992, Adachi et al. 1995,

Dawson 1997, among others). In contrast, the major components of the circadian pacemaker

are the pineal organ and suprachiasmatic nuclei of the hypothalamus (Gwinner 1996).

Environmentallight stimulates the avian hypothalamus, signalling the synthesis ofmelatonin

in the pineal gland. Melatonin synthesis shows clear rhythmicity: increasing and peaking in

amplitude during dark periods while being suppressed during light periods. This rhythmicity

likely aets on the suprachiasmatic nucleus as part ofthe overall circadian pacemaking system

(Cassone 1990, Gwinner et al. 1994, Heigl and Gwinner 1995), governing circadian events

critical to survival (e.g., body temperature, feeding). However, melatonin is also involved in

the circannual events ofmolting (Gupta el al. 1987) and migration (Schneider e.1 al. 1994a,b,

Schneider 1995).

The noctumal synthesis, release, and amplitude ofmelatonin have been suppressed in

sorne mammalian species by ultraviolet wavelengths (Reiter 1992, 1993), changes in the

direction of the geomagnetic field (Olcese et al. 1985, Reiter 1992), pulsed magnetic fields

(e.g., Kata et al. 1993, 1994a,b, Yellon 1994), and alternating electric and magnetic fields

(EMFs; Reiter 1985). Changes in the duration of the noctumal melatonin peak have more
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importance in determining physiological actions than changes in the amplitude ofmelatonin

(Reiter 1992).

Researcb Rationale

Electric and magnetic fields (EMFs) are generated by electrical transmission lines,

with the magnetic fiel<L the horizontal component, measured in microteslas (flT), and the

electric field, the vertical componen~measured in kilovolts/metre (kV/m). Globally, birds

use electricaI transmission lines and associated structures for nesting, roosting, and hunting

purposes throughout the year. Raptorial species are encouraged to nest on electrical structures

through the installation ofartificial nest platfonns, and American kestreIs (Fa/co sparverius)

commonly nest in boxes placed on hydro poles. Consequently, raptors are exposed to EMFs

throughout extended and repeated breeding seasons, with unknown implications (Steenhof

et al. 1993).

By nesting under EMF conditions, melatonin concentrations in birds May be

suppressed by EMFs. EMFs May be perceived as Iight, which could affect photoperiodic

conditions. The suppression of melatonin and alteration of photoperiods would have

implications for avian circannual and circadian rhythms. Changes in an artificial magnetic

field reduced noeturnal synthesis of melatonin in migrating Pied tlycatchers (Fieedula

hypoleuca, Schneider et al. 1994a). Furthennore, reproductive success of Tree swallows

(Tachycineta bieolor) was reduced underpower lines, but this could not be directlyattributed

to EMF exposure (Doherty and Grubb 1996).

Clearly, melatonin is govemed by photoperiodic conditions, is critical to avian

circannual and circadian rhythms, and has been equivocally suppressed by EMFs in

mammalian species. It is unknown whether EMFs suppress melatonin in reproducing birds

and whether EMF exposure direct1y affects reproductive success. Consequently, 1conducted

a two-year reproductive study using captive American kestrels to test the hypotheses that

electric and magnetic fields from powerlines suppress melatonin concentrations in birds, and

that EMF exposure affects reproductive success ofkestrels. Free-ranging kestrels were used

to detennine the amount ofEMF exposure wild reproducing kestrels would experience.
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Research Objectives

Specifically, 1 detennined whether EMF exposure ofreproducing American kestrels

affects plasma melatonin concentrations, which would indicate that kestrels perceive EMFs

as light with implications for the seasonal melatonin profile ofthe birds. Second, 1 determined

the amount of time free-ranging reproducing kestrels are exposed to EMFs to provide a

relevant timeframe for the laboratory study which determined the effects ofEMF exposure

on the reproductive behaviour ofcaptive kestrels. Third, 1 examined the influence ofEMF

exposure on overall reproductive sucœss ofcaptive American kestrels. Finally, 1 studied the

effeets ofEMF exposure on body mass ofcaptive reproducing kestrels, as weil as on food

iotake ofwintering kestrels.
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CHAPTER 1. A REVŒW OF AVIAN CIRCANNUAL AND CIRCADIAN RHYTHMS

Most, if not aU, birds are photoperiodic (Cockrem 1995). Variations in daylength

govern avian physiology conceming circannual cycles of reproductio~ Molting, and

migration, as weU as circadian rhythms of locornotor activity, feeding, and sleeping.

Cîrcannual events follow an annual pattern, while circadian events occur on an approximate

24 h or solar day basis. Infradian rhythms operate on a basis of more than 24 h, while

ultradian rhythms have a basis ofless than 24 h. This literature review will focus on circannual

and circadian rhythms in avian species.

Avian circannual and circadian rhythms aet as biological clocks providing the major

basis fortirning ofphysiological and behavioural events (Gwinner 1975, 1996), and allowing

sucœssful environmental, inter- and intra-speemc interactions. These clocks are essential to

establishing the timing and duration ofcircannual events which are separated for most birds,

because ofconflieting physiological and heavy energetic demands, and seasonal variations in

resources. Variations in daylength are the primary external cue or zeitgeber for circannual

cycles ofmid- to high-latitude species (Gwinner 1977), with rainfall and resource availability

as primary zeitgebers for lower latitude species (W"mgfield et al. 1992). Biological docks also

regulate basic daily functions. Circadian cycles, based on light:dark periods, are intrinsic and

entrained by zeitgebers too. Under most conditions, ligbt is the dominant zeitgeber, with food

availability serving as a weak zeitgeber (Rau and Gwinner 1992, 1996, 1997).

The locations of the main physiological mechanisms for circannual rhythms rernain

unknown, but may he distinct clocks, or, more likely (Dawson 1997) result from interactions

of various neuronal, neuroendocrine and endocrine functions (Chabot and Menaker 1992,

Adachi et al. 1995, among others). In contrast, the major components of the circadian

pacemaker are the pineal organ and suprachiasmatic nuclei of the anterior hypothalamus

(Gwinner 1996). Measurement ofc1aylen8th involves environmentallight stimulating neural

receptors in the hypothalamus. HyPOthaiamic neural signals stimulate synthesis of melatonin

in the pineal gland. The melatonin rhythm acts on another oscillator, likely the

suprachiasmatic nucleus, as part of the overall circadian pacemaking system (Heigl and
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Gwinner 1995), but differences between species are evident in the regulating role ofthe pineal

and other pacemakers (Janik et al. 1992). Retinal melatonin is synthesized and aets as a

circadian pacemaker (Adachi et al. 1995, Krause and Dubocovich 1997).

Melatonin secretion is a significant component of the avian circadian pacemaking

system (Cassone 1990, Gwinner el al. 1994). Its periodic secretion, high in dark conditions

but suppressed by lighl conditions, is required for the internaI synchronization ofditTerent

components ofthe circadian system., and influences numerous functions critica1 to the survival

of vertebrates. In avian species, melatonin is involved in circadian regulation of body

temperature (pang el al. 1991), locomotor activity and feeding patterns (Schneider 1995),

growth and development ofyoung (LamoSova el al. 1997), and in circannual events involving

seasonal metabolism (Zeman et al 1993, Ramachandran el al. 1996), plumage colour changes

(Gupta et al. 1987) al molting which are imponant to mate selection (Hill 1990, Scetre el ai.

1994, Sundberg 1995), and migration (Schneider et al. 1994a., Schneider 1995).

Reproduction

The circannual cycle of reproduction is primarily a function ofseasonal variations in

daylen~ although not through melatonin (Siopes and El Halawani 1989, Pang et al. 1991,

Dey and Maitra 1995, Ramachandran el al. 1996, Wilson 1991). The endogenous circannual

tinte program detennines the reproductive period ofa bird, not its reproductive performance

(Gwinner et al. 1995).

Each year, the timing and duration ofthe reproductive season varies among and within

species, populations, and individuals, and is tied to seasonal changes through external or

proximate factors (e.g., habitat, vegetation, temperature, rainfall). Variations in daylength are

the MOst important proximate factor for reproduction (Famer and Follet 1979, Wingfield el

al. 1992), and correspond to marked seasonal photogonadal responses (Kumar and Kumar

1991). Ultimate factors (e.g., food supply, nest site availability) provide additional

physiologica1 contrais for timing ofclutch production to ensure that conditions are optimal

for survival ofyoung (Lack 1968, Perrins 1970, Wmgtield et al. 1992).

Avian reproduction consists of regular changes in photoperiodic response between

photosensitivity and photorefraction (Cockrem 1995), which are retlected by development
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and regression of reproductive organs and behaviour controlled by neuroendocrine and

endocrine systems ~mgfield el al. 1992). The breeding season stans during the shon days

of autumn when birds become photosensitive. Shon daysy when the photophase is shoner

than the scotophasey are essential to successful avian reproduction by allowing birds to regain

photosensitivity (Dawson and Goldsmith 1997). Regaining photosenstivity is graduai and

dependent on the length and duration of photoperiods (Dawson 1991 y Kumar and Kumar

1992).

Reproduction and Neuroendocrine. Endocrine Systems

Initial photosensitivity, or the regaining of photosensitivity, occurs in the

hypothalamus, with daylength controlling the timing, synthesis, and secretion of

gonodotropin-releasing hormone (GnRH), a neurohormone (Dawson and Goldsmith 1997).

Increases in hypothalamic GnRH and plasma Ieutenizing hormone (LH), occur ooly when

birds are photostimulated after a lag of30 shon days or more (Follett and Pearce-Kelly 1990,

Wùson 1990, 1992, Dawson and Goldsmith 1997). This graduai change from a

photorefraetory to photosensitive state may be characterized by a spontaneous increase in

hypothalamic GnRH, pituitary LH content, testicular massy and in-vitro testosterone release

(Bluhm et al. 1991).

Once light stimulates hypothalamic receptors of neurosecretory ceUs, GnRH is

rel~ travels to the anterior pituitaryy and induces synthesis and release ofLH and follicle

stimulating hormone (FSH). The increasing secretion ofLH shows cleac rhythmicity and is

weakly circadian in nature (Follett et al. 1992). LH and FSH directly affect gonadal and

follicular aetivity, with the increase in LH secretion and rapid gonadal development largely

dependent on increases in photoperiod length (Ravikumar and Tewary 1991, Silverin el al.

1993). LH and steroid hormones are regulated by positive and negative feedback systems

(Etches 1996).

Pholorejractioll

As birds enter the incubation phase, daylength continues to increase, and birds are

continuously exposed to long days until they lose photosensitivity and become

photorefraetive. The breeding season is finite and cannot be extended (Kumar and Kumar
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1991). An endogenous circadian rhythm is involved in the establishmen~maintenance~and

termination ofphotorefraetion (Ravikumar and Tewary 1990). Photorefractio~ testicular

regressio~ and prenuptial molt develop and are associated with changes in the circadian

syst~ particularly in entrainment properties (pohll994). Gonadal regression in late sunnaer

is programmed during the increasing photoperiods of spring and early summer~ likely the

second and third week after photostimulation begins (Wilson 1997)~ before photoinduced

testicular growth ends (Wilson and Reinen 1995).

Species differ in the timing ofphotorefraetoriness. Specïes with short breeding seasons

(e.g.~ owls, herons) which end at or shonly after the summer solstice, generally become

absolutely photorefraetory - breeding ceases while daylength is long and still increasing.

Prolonged exposure to long days in these species results in spontaneous regression of the

reproductive system. Once regression bas occurrëd, birds cannat respond to further increases

in daylength (Kumar and Kumar 1991, Dawson 1998). Conversely, other species with longer

breeding seasons (e.g., quail~ April- August) are relatively photorefraetory - a decrease in

daylength is required to induce gonadal regressio~ but a reduction in GnRH does not oceur.

Absolute and relative photorefraetoriness are unlikely to be extremes ofa single underlying

photoperiodic control mechanism (Dawson 1998).

Photorefraction is promoted by a reduction in hypothalamic GnRH synthesis (Dawson

et al. 1985, Bluhrn et al. 1991), rather than inhibition ofits release (Parry et al. 1997).

Circulating LH is reduced to nonbreeding levels through decreasing steroid levels (Dawson

1997), and declining daylength accompanied by low ambient temperatures (Wada et al.

1990). The seasonal photoinduced increase in prolactin (pRL) accelerates gonadal regression

during the onset of photorefraetoriness, but does not itself cause photorefraction (Dawson

and Sharp 1998). Thyroxine does not affect testicular regression (Wilson and Reinert 1995),

but thyroid hormones are required for photorefraction (Wilson 1997, Dawson 1998 and

retèrences therein).

Malling

Photoreftaction is tightly linked to postnuptial molt (Wilson and Reinert 1995), which

is programmed within four weeks ofexposure to long days (Moore et al. 1983, Wilson 1997).
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Molt is controUed by decreases in daylength.. Ifdaylength decreases before molt starts9 the

onset ofmolt is advanced but the rate of molt is unaffected. A decrease in daylength near the

start ofmolt inCfeases the rate ofmoulting (Dawson 1998). The thyroid gland (Wilson 1997)9

and increasing PRL during the breeding season, are also involved in inducing postnuptial molt

(Dawson and Sharp 1998).

As the high energetic costs of molting can confliet with those of reproduction and

migratio~ these circannual events are often separated9 with molt beginning at (e.g., European

kestrel Fa/co tinnuncu/us, Meijer 1989) or during (payne 1972) gonadal regression but

preceding migration. Gonadal steroids inhibit the timing of molt (Dawson 1994, 1997, 1998),

preventing molting during clutch production when steroids are high, but allowing molling to

occur during incubation or gonadal regression when steroids are low. Molting may be halted

ifit is not completed prior to migration, but the-majority ofspecies complete molting before

migration.

Migration

Timing ofMigration

Variations in photoperiod, weather, and resources determine the timing ofmigratio~

but photoperiod is the ooly environmental factor known to change the time course of

migration (Gwinner 1996). The circannual rhythm responds to photoperiod in a functionally

adaptive manner: shon photoperiods oflate summer and autumn advance post-juvenile or

pre-basic molt, the onset ofmigratory restlessness or zugunruhe, and ensure that young from

late clutches develop faster 50 as to leave the breeding grounds on time. Lengtbening

photoperiods ofwinter and early spring end auturnn migration and ensure that winter molting

and spring migration oceur at an appropriate time. Lengthening photoperiods past the

equator9 stop birds which migrated beyond regular wintering grounds in the fall, and ensure

that they begin spring migration 500ner 50 as to arrive in their breeding range al an

appropriate time (Gwinner 1996). However, the f1exibility ofmigratory timing and distance

to photoperiodic changes is species-specific (Gwinner 1989).

Circannual signals ofunknown nature (Gwinner 1996) change the circadian system,

increasing noetumal aetivity or zugunruhe in birds which are normally active during the day
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but migrate at night. Zugunruhe is exclusive to migratory birds. CircannuaI changes in the

diurnal pattern of melatoni~ panicularly a slight reduction in noetumal melatonin peaks

(Gwinner et af. 1993)~ are associated with or causally linked to zugunruhe (Gwinner 1996)~

but not in a simple or direct manner (Gwinner et al. 1993). When zugunruhe is completed~

the noetumal peak of melatonin increases.

Daylength determines the timing of subcutaneous fat stores prior to migration

(Wolfson 1942)~ while body mass and zugunruhe appear rhythmically linked. Caged Garden

warblers (Sylvia borin) spontaneouslyand repeatedly underwent changes in body mass and

migratory aetivity. Zugunruhe was slowed down or interrupted when body mass increased~

particularly at the onset of the migratory season (Gwinner 1996). While prolactin is not

involved in migratory fattening of sorne species (i.e., Japanese quail, COlumix cotumix

japonica, Boswell et af. 1995 but see Nicol1s ét af. 1988), the amount of subcutaneous fat

stores is linked to body condition of nestling Blue tits (Parus caeruleus), with possible

implications for survival during migration (Merila and Svensson 1997).The amount of fat

stores is also dependent on migration distance. Short-range migrants store moderate fat levels

of 13% to 25% of body mass as they regularly refuel while migratin& but long-range~

intercontinental migrants can store 3001'0 to 47% for long, nonstop flights (Berthold (975).

Distance andDirection ofMigration

The spatial patterns ofmigration (i.e., spring and autumn directio~ changes during

migration, amount and duration of zugunruhe) are a1so detennined by programs linked to

circannual cycles, which may he species- or population-specifie (Gwinner 1996, Helbig 1996).

While an internaI dock integrates direction and distance information in determining the final

location (Jander 1963), pineal melatonin is critical in determining migratory distance and

proper orientation. Melatonin may be involved in expressing the genetically encoded

information during migration conceming migratory direction and the geomagnetic field

(Schneider et af. 1994a,b)~ particularly during a bird's initial migration (Helbig 1991).

Alternatively, melatonin may be involved in the rime program goveming the specifie migratory

direction at a gjven time (Schneider et al. 1994a,b). Melatonin is aIso likely involved in

making changes in the direction birds migrate during and within each season~ as they are
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controlled by circannuaI rhythms (Gwinner 1996), and are correlated to changes in the earth's

magnetic field (Gwinner and Wtltschko 1978, 1980).

The distance migrated is also determined by the temporal program for autumn

migratio~ but it is unknown ifthe program determines the migration distance" or the temporal

framework in which other factors (e.g., body mass, humidity, darkness) determine the

distance (Gwinner 1996). Migration distance is also a funetion ofthe nighdy and seasonal

amount of zugunruhe (Hotberton 1993, Able 1995), which is greater in tenns of nightly

amount and seasonal duration in birds migrating longer distances (Gwinner 1986, 1996).

Food availability, and bence the nutritional and energetic state ofthe bird" modifies the daily

distances migrated. Energetically depleted birds will stop migrating for short time periods if

food is available, but will continue migration if food is unavailable to restore energetic

reserves.

Navigation and Orientation

Direction and orientation during spring and autumn migration also depend on the

interrelationships ofthe stars, the geomagnetic field, and sunset factors. These mechanisms

and their interrelationships have been weil studied in only three species, the European robin

(Erithacus rubecu/a), Blackcap (S. atricapi//a), and the Savannah sparrow (Passerculus

sandwichensis; Able 1995). Current evidence suggests that in shon...term orientation,

magnetic eues are more imponant than stars, but both are overridden by visual information

at sunset (Able 1995).

Migratory direction is found through a complex system involving two mechanisms:

the magnetic compass, repeatedly recalibrated throughout Iife (Able and Able 1995), and the

star compass which is cahbrated by celestial rotation. The magnetic field serves as a reference

system for genetically encoded direetional information (Bingman 1981, Able 1995), as it is

more intense at the magnetic poles (N and S; 60,000 nT) than at the equator (30,OOO nT)

where it is more regular (Skïles 1985). As observed in other species (WHtschko and

Wdtsehko 1991 and references thereïn), the magnetic compass ofEuropean robins (Erithacus

rubecula) is narrowly tuned to the total intensity ofthe ambient magnetic fiel~ but adapts to

changing intensities within three days (Wiltsehko and Wiltschko 1988). Some species
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maintain an appropriate direction throughout migration under constant magnetic field

conditions (Gwinner and Wl1tschko 1978, Helbig el al. 1989), whereas other species ooly

maintain a correct direction if they encounter changing magnetic fields as they travel (Able

1995).

The star compass also serves to give direetional reference for innate directional

information, with steUar orientation developing independently of magnetic fields during

ontogeny (Able and Able 1995). While the star compass changes nightly, seasonally, and with

geographic longitude, the appearance of the sky is unimponant (Wiltschko el al. 1987).

Likely, migratory direction is derived tram the constant spatial relationship between stars

(Ernlen 1967a,b). Celestial rotation is crucial for establishing the star compass (Emlen 1970,

Wdtseh.ko et al. 1987, Able and Able 1990), and possibly calibrating the magnetic campass

(Able 1995).

During ontogeny and establishment of the direction of initial migration, celestial

rotation and stars have a more imponant directional role than the magnetic compass (Able

1995), although the directional imponance ofthe stars is modified with time (Beason 1987).

During actual migration, the magnetic field becomes increasingly more important, taking

precedence as the bird encounters new celestial skies, since it controls celestial eues which

maintain flight direction (Wiltsch.ko and Wl1tschko 1991).

The view of the setting sun, especially the characteristic pattern of polarized light

during the day, are also imponant orientation eues for night-migrating species which develop

independently ofmagnetic directions during ontogeny (Able and Able 1997 and references

therein). Patterns ofpolarized skylight during the day assess celestial rotation (Able and Able

1993), but the role ofsunset fàctors during migration remains unclear. Their interaction with

and imponanœ relative to other eues is species-specific (Wiltschko and Wiltschko 1991 and

references therein), and appears more variable than that ofcelestial and magnetic field eues.

Landscape features and constant winds may be used temporarily to find and maintain

the migration course ~dtschko and Wiltschko 1988, 1991, Able 1995). A navigational map

based on olfaetory (papi 1991) and/or magnetie information has been proposed for homing

pigeons, with sorne evidence for migratory species (Able 1995).
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The EtTeet or Photoperiod 00 Circadiao Physiologieal Parameten

Photoperiodic length and Iight intensity are a1so linked to many circadian physiological

funetions which are critica1 to the survival ofbirds. Body mass and composition (fat~ protein

content) of male broiler chickens were affeeted by Iight intensity and photoperiod length

(Charles et al. 1992)~ but bad no effect on body mass, behaviour~ and efficiency of food

utilization offemale turkeys (Denbow el QI. 1990). The colour of Iight, red or blue, and its

intensity, affected the behaviour, feedin& aetivity level, growt~ and bone strength ofbroiler

chickens (Prayitno et al. 1997). Body temperature rhythms adjust to a wide range of

photoperiod lengths, yet the energy balance of pigeons is remarkably constant over many

photoperiod lengths (Basco et al. 1996). Ultraviolet Iight may also be utilized by avian species

for mate choice (Bennett el al. 1996) and hunting purposes (Viltaia el al. 1995).

Electric and Magnetic Fields and Melatonin

Clearly, variations in photoperiod are critica1 in ascertaining the timing and duration

of the circannual events of reproduction, molting, and migration. Photoperiod also plays a

fundamental role in the circadian rhythms ofavian species by detennining and synchronizing

the circadian rhythm of melatonin synthesis in the pineal gland (Reiter 1992), a critical

component ofthe avian pacemaker dock. Melatonin is a1so synthesized in the chicken retina,

and is believed to influence transmission oflight signais ta the brain (Krause and Dubocovich

1997 and references therein). Melatonin levels peak in dark periods, but are suppressed by

light periods. The duration and amplitude ofthe melatonin rhythm synchronizes circadian and

circannual physiological changes within the organism (Reiter 1987, 1993). Variations in the

duration ofdarkness affect the duration of the melatonin peak, which is more imponant than

amplitude changes in determining the physiological action ofmelatonin in mammals (Reiter

1992).

Ultraviolet wavelengths, changes in the direction ofthe geomagnetic field (Olcese el

al. 1985, Reiter 1992), puIsed magnetic fields (e.g., Kato el QI. 1993, 1994a,b, YeUon 1994),

and altemating electric and magnetic fields (EMFs), depress noetumal melatonin synthesis,

release, and amplitude in sorne mammalian species (Reiter 1985).

By introducing electrical transmission and distribution lines, humans have brought
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major sources of EMFs to the environment which exceed the geomagnetic field and

geoelectric fields associated with weatherconditions (Reiter 1993). Transmission lines and

associated structures have proved beneficial and detrimental to avian species, panicularly

birds ofprey or raptors. Transmission towers provide alternative sites for perchin& nestin&

roosting, and hunting (Steenhofel al. 1993), with artificial nest platforms and boxes erected

for use by raptors (Olendorffet al. 1981, Steenhofet al. 1993). However, power lines and

structures have electrocuted individuals ofMany species (Olendortret al. 1981, Ferrer et al.

1991, Bevanger 1994, Negro and Ferrer 1995).

The use ofelectrical transmission structures by birds exposes them to EMFs generated

by electricallines, but with unknown implications (Steenhofet al. 1993). Raptors nesting on

transmission lines and structures are exposed to EMFs for long periods throughout the

breeding season (e.g., > 3 months), and repeaiedly if site fidelity is strong (Steenhofet al.

1993).

While inconclusiv~EMFs MaY have reduced reproductive success ofTree swallows

(Taehycmela bieolor, Doheny and Grubb 1996). Effects ofEMF exposure on avian fertility

and hatching success are ambiguous, but EMFs have clearly affected embryonic development,

delaying development ofSea urchins (Stronglyocentrolus purpuratus, Cameron et al. 1993)

and chickens (Gallus domesticus, Delgado et al. 1982, Ubeda et al. 1983, 1994, luutilainen

et al. 1987, Martin 1988, but see Maffeo et al 1988, Martin 1992, Coulton and Barker 1991,

Veicsteinas et al. 1996), and increasing body mass and/or bone length of mice (Kowalczuk

et al. 1994) and chickens (Rooze and Hisenkamp 1985). EMF laboratory experiments on

birds have utilized anificial incubators which May be affected by EMFs, particularly

temperature and humidity, thereby having implications for successful embryonic development

and hatching (Manin 1992). EMFs from power lines may also affect migration, as altered

magnetic fields reduced noctumal synthesis of melatonin in migrating Pied flycatchers

(Fieedula hypoleuca, Schneider et al. 1994a).

EMFs have equivocally reduced nOdUmaI melatonin levels in sorne rnammalian

species, as EMFs may he perceived as Iight (Reiter 1992, 1993). It is unknown ifEMFs affect

melatonin concentrations in avian species during reproduction. Changes in melatonin
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rhythmicity have implications for the physiology of the organism (Brainard et a/. 1986),

particularly for avian species as photoperiod and melatonin are closely linked in determining

and expressing the timing and/or duration ofcircannual and circadian rhythms.

American kestrels

The American kestrel (Fa/co sparverius) May spend pan of its circannual cycle,

reproduction and molting, and its circadian cycle exposed to EMFs from power lines. This

cavity-nesting species readily hunts from transmission lines (1(. Fernie, pers. obs.), and nests

in boxes placed on hydro poles (Villarroel 1996) in cities, suburbs, and farmland areas of

Nonh and South America (Balgooyen 1976, Bird 1988). Male kestrels of eastem Canada

arrive ficst on the breeding territory in late March or early April, having migrated from

overwintering grounds south ofthe Carolinas (Bird 1988). Once pairs have been established,

an average clutch of five eggs is laid within tWo weeks. Incubation is typically 28 d, and

chicks fledge 28 d after hatching but remain with the parents near the nest box for

approxirnately 10 d more (Balgooyen 1976). Females are the primary incubator until young

are 10 d ofage, and males provide food for bath the female and young. Females begin ta malt

during incubation, with males following within two weeks (porter and Wiemeyer 1972).

The American kestrel has made an excellent model species in previous research,

including numerous captive studies investigating behavioral and nutritional ecology,

endocrinology, parasitology, physiology, and toxicology (Bird 1982, 1985).

Thesis Hypotheses

Clearly, American kestrels may he exposed ta EMFs trom electrical transmission lines

during reproduction and molting, and consequently make an excellent model species for

determining EMF effects on melatonin concentrations and reproductive parameters of

raptorial species. Given the importance of melatonin in avian circannual and circadian

physiology and behaviour, the equivocal effeets ofEMFs on melatonin in mammalian species

but unknown effects in reproducing avian species, it is important to test the hypothesis that

electric and magnetic fields (EMFs) affect the plasma melatooin concentrations in reproducing

kestrels. This study will also test the hypothesis that EMF5 affect reproductive success of

birds. EMF effeets on selected behavioural and physiological parameters related to

reproduction and development ofthis species will be investigated.
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CONNECI1NG STATEMENT 1.

Melatonin is an integral pan ofthe system goveming circannual and circadian rhythms

of avian species. Changes in the duration of noetumal melatonin synthesis have imponant

physiological implications. Noeturnal melatonin concentrations in mammalian species have

been equivocally atfeeted by ultraviolet wavelengths, changes in the geomagnetic field, and

by electric and rnagt'1etic fields. Alterations in a magnetic field have affected melatonin levels

in nùgrating Pied flyeatchers, but it is unknown ifEMFs from transmission lines affect plasma

melatonin concentrations in reproducing birds.
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CRAPTER 2. EFFEcrs OF ELECI'RIC AND MAGNETIC FIELDS ON MELATONIN IN

REPRODUCING AMERICAN IŒSTRELS.

Abstract

Birds reproduce within electric and magnetic fields (EMFs) of transmission lines.

Melatonin influences physiological and behavioural processes critical to survival. and bas been

equivocally suppressed by EMFs in mammalian specïes. We detennined ifEMFs affect plasma

melatonin concentrations in reproducing adult and fledgling American kestrels (Fa/co

sparverius). and ifaltered melatonin levels were correlated to changes in body mass caused

by EMF exposure as reported previously. Captive kestrels were paired in 1995 and 1996. with

half of the 1995 sample exposed again to detennine effects of longer-term EMF (L-EMF)

exposure. Plasma melatonin in adult males, ranglng from 49.65 to 89.71 pglml. was atTected

by EMF exposure. being suppressed at 42 d and elevated at 70 d ofEMF exposure. The

similarity in melatonin levels between EMf males at 42 d and controls at 70 d likely indicates

a seasonal phase-shift of the melatonin profile ofmale kestrels by El\4F exposure. Average

plasma melatonin concentrations 70 d after pairing ranged from 18.37 to 71.84 pglml in adult

females. and 37.61 to 77.90 pglml in 35 d old fledgling birds. Plasma melatonin was

suppressed in L-EMF tledgling birds ooly, not in adult females or 1995 adult males at 70 d

of EMF exposure. Results from the 1996 males are more powerful than 1995 as multiple

sampling accounts for natural heterogeneity. Plasma melatonin ofadult males was higher than

adult female kestrels. possibly explaining the ditferential melatonin response ofthe two sexes

at 70 d exposure. Melatonin and body mass are not directly associated in adult or tledgling

American kestrels.
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Introduction

Melatonin influences numerous funetions critical to the survival of venebrates. In

avian species, melatonin is involved in the regulation ofbody temperature (pang et al. 199 I)~

seasonal metabolism (Zeman et al 1993, Ramachandran et al. 1996), locomotor activity and

feeding patterns (Schneider 1995), plumage colour changes (Gupta et al. 1987) which are

important to mate selection (Hill 1990, Sztre et al. 1994, Sundberg 1995), growth and

development of young (LamoSova et al. 1997), and migration (Schneider el al. 1994~

Schneider 1995). Y~ melatonin is unlikely to control the reproductive season in avian species

(Siopes and El Halawani 1989, Pang et al. 1991, Wüson 1991, Dey and Maitra 1995,

Ramachandran et al. 1996).

Electric and magnetic fields (EMFs) are known to suppress the scotoperiod rise in

plasma melatonin levels in sorne mammalian species. One hypothesis for this occurrence is

that EMFs are perceived as light (Reiter 1992, 1993). Birds are exPOsed to EMFs, panicularly

raptors, which use transmission towers for roosting and nesting over extended (e.g., >3

months) and repeated (e.g., >3 years) periods (Steenhofet al. 1993). Reproductive success

ofTree swallows (Tachycineta bieD/or) was lower under powerlines than in control areas,

although tbis couId not be directly attributed to EMFs~ but success was similar for Eastern

bluebirds (Sialia sialis) and House wrens (Troglodytes aedon) in control and powerline areas

(Doherty and Grubb 1996).

We examined the possible impact ofEMFs on plasma melatonin Ievels in reproducing

adult and tledgling American kestreIs, using a captive breeding colony. We tested the

hypothesis that EMFs will affect plasma meIa10nin levels in kestrels, regardless ofage or seXe

Plasma concentrations ofmelatonin were compared in adult and fledgling males and females,

and correlations between melatonin and body mass in kestrels were calculated. Here we

include body mass data for adult kestrels which have been reponed previously (Fernie and

Bird, submitted).

Methods and Materials

Fifty-six reproducing pairs ofcaptive American kestrels were used trom the Avian

Science and Conservation Centre (ASCC) ofMcGill University for each year of study. In
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1995,28 pairs were randomly assigned to a control roorn, and 28 pairs ta an EMF exposure

chamber. In 1996, new pairs were randomly assigned to each room (13 control~ IS S-EMF

pairs) for detennining short-tennEMF effects (one breeding season), and 13 control pairs and

15 EMF pairs trom 1995 were used for a second breeding season ta identify possible looger­

term EMF effeets.

A control room (10 m long, 8 m wide, 3 m high) and an EMF room (15 m long, 10

m wide, 3 m high) were used to house the kestrels. The design ofthe EMF exposure chamber

bas been descnbed elsewhere (Nguyen el al. 1991). In the control and EMF rooms, humidity~

temperature and photoperiod clocks retlected natural conditions (lat. 45OJO', long. 7)026')

with no significant differences between the two rooms (t-tests, aIl Ps > 0.05). Each room had

a ventilation fan. Average light intensity at the birds' head level was oot significantly different

withEMFsonoroff(lightson; t2-1=-1.1990P>O:05; EMF 160 lux, ctll50 lux). Noise levels,

indicative ofvibrations (D. Nguyen, pers. comm.), were sunilar when EMFs were on or off

(t8=0.64 P>0.05).

A magnetic field of 29.35 ± 0.03 f.1T in the E:MF room was created by a current

nmning through coils in the walls, floor, and ceiling ofthe room. The electric field of9.67 ±

0.04 kV/m was generated by two plates suspended from the ceiling (Nguyen el al. 1991,

Burchard et al. 1996). The EMFs, controUed by a computer to provide consistent and

uniform fields, were equivalent to that which kestrels are exposed to when oesting under

735-kV transmission lines ruoning at peak capacity. The magnetic and electric fields in the

control room were 2.02 ± 0.27 J.lT and 0.03 ± 0.01 kV/rn, respectively.

Each pairwas housed in a visually-isolated breeding pen (0.75 m x 0.75 m x 1.27 m)

made ofreinforced conugated cardboard and covered with nylon netting. A standard wooden

nest box (0.3 m x 0.3 m x 0.37 m) was attached to the pe~ and a rope perch ran diagonally

across the Pen. AlI pens and nest boxes were identical in size in both rooms. Wood shavings

provided bedding and nesting material. Metal materials were minimized to reduce disturbance

of the electric field and possible shocks to the birds (F. Renaud, pers. comm.>, while

magnetic fields penetrated all housing materials (D. Nguyen, pers. comm.). Kestrels were

provided ad libitum day-old whole cockerels and water each day at the same time, with ail

21



•

•

•

feed leftovers removed al feeding.

Kestrel pairs were genetically unrelated within the past seven generations. Each bird

had previous breeding experience. AIl adults were similar in age (2 - 5 y)~ with no significant

differences within sex in age, size (wing chord), body mass, or condition (body mass: wing

chord index) at pairing (t-tests, ail Ps > 0.05).

Kestrels were paired on Il May 1995 and 13 May 1996, with exposure ofEMF pairs

beginning immediately and lasting for 95 d in 1995, and 91 d in 1996, until young were 35 d

old, one wk after fledging. The birds were exposed to EMFs for approximately 21 h1d~ or

87.5% ofa 24 br period, in 1995, and to approximately 23.5 hld or 98% of24 h, in 1996.

These exposure periods are comparable to that which free-ranging kestrels are potentially

exposed to during the reproductive period (Fernie, in prep., Femie et al.~ submitted - a).

To avoid possible behavioural and physiological modifications from blood sampling

(Hoysak and Weatherhead 1991), approximately 1.1 ml ofblood per bird was drawn from the

jugular vein ioto a 1 ml heparinized syringe with 27 gauge needle~ then kept on ice and

centrifuged (10 nùn, 9000 rpm, 16,000 x G, Eppendorf 1451) within two hours. Plasma was

stored at -200C until further analysis. Kestrels were weighed to the nearest 0.1 g (Sanorius

scale~ model PT600). Sampling of male kestrels occurred between 0800 and 1000 before

moming feeding to minimize circadian fluctuations in hormone levels (Garcia-Rodriguez et

al. 1987, Ferrer 1990), and to minimize variations in body mass due to prior feeding. Females

were measured at 1500 to avoid disturbing egg layjng which generally occurs late at night

(Liou et al. 1987, L Ritchie, pers. comm.).

While mammalian EMF-melatonin research generally involved noetumal blood

sampling through cannulae or under dim red lights, we blood-sampled during the photoperiod

(morning) to minimize disturbing ovipositioning. Elevated noetumal plasma melatonin levels

are essential for regulating the time ofoviposition in the chicken (Gallus domesticus, Liou

et al. 1987). Given the rapid suppression (e.g., < 15 min, Vakkuri et al. 1985) and graduai

recovery of noctumal melatonin levels fram light, including red lights (Binkley and GeUer

1975, Binkley et al. 1977)~ in domestic and wild avian species (Liou et al. 1987, Meyer and

Millam 1991, Schneider et al. 1994b, Adachi et al. 1995), we believed that noetumal
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sampling of kestrels May have suppressed melatonin levels of laying females which would

have affeeted ovipositioning. Blood sampling at 1500 continued after clutch production

allowing for comparisons ofmelatonin profiles throughout the reproductive season.

Males were sampled once every two weeks until 70 d after the experiment began.

Female kestrels were measured three rimes; between laying ofthe third and founh eggs ('mid­

laying'), 20 days post-laying, and at the end ofthe experiment (70 dl. Plasma samples from

males at 14,42, and 70 d ofthe experiment, and plasma samples from females at 70 d, were

selected for the melatonin analysis. Unfonunately, the 14 and 42 d samples from males in

1995 were lost during the radioimmunoassay process.

Serum was extraeted from coUected plasma and analyzed for melatonin by the double

antibody radioimmunoassay (Webley et al. 1985). In each assay tube, 250 III of serum or

standard, 50 III of tracer (2400 rpm diluted in 1:400 normal sheep sera), 100 III of the first

antibody (I :9000 sheep anti-melatonin), and 200 I-ll orthe second antibody (1 :70 donkey

anti-sheep antiserum) were added. Tubes were vortexed, incubated at 4°C for 18 Il, and

centrifuged for 20 min at 3000 rpm (2 125xG). To prevent warming ofthe pellet, tubes were

rapidly inverted with a wire mesh to pour otT the supematant, the tube tops bloned, rinsed

gently, and blotted agaïn. Tubes were reinvened and dried with the wire mesh removed. With

20 J.11 ofddH2D added to each tube, the pellet was dissolved by vigorously shaking each tube.

About 3.25 ml ofscintillant was added and the tube capped and cooled at 1°C for a minimum

of24 h. A Beta counter was used (l0 min per sample). The intra- and inter-assay coefficients

ofvariation were 9.2% and 17.1%, respectively.

Statistical analyses were conducted using S.AS. software (1985) and performed

separately by sex, age (adult, fledgJing), and length of exposure period (S-EMF, L-EMF

exposure). One-way ANDVAs (age) for adult males and fledglings, and two-way ANOVAs

(c1utch production, age) for adult females, were used to determine potential ditTerences prior

to further analyzes for treatment effects. One-way ANOVAs tested for treatment etTects on

melatonin concentrations in adult females al 70 d. Melatonin results from males were analyzed

by a Mann-Whitney U-test (l99S 70 d sample), Repeated Measures ANaVA and subsequent

one-way ANDVAs to identify EMF effects at specifie 1996 sarnpling periods (see below).
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Plasma concentrations ofmelatonin between sexes were compared using paired t-tests. T­

tests were used to identifY EMF etfects on melatonin concentrations in fledglings within sex.

Pearson Produet-Moment Correlation with Bonferroni corrections or Spearman Rank Order

Correlation (1995 adult males ooly) were used to analyse associations between melatonin

levels and body mass, with statistical outliers (Sakai and Rohlf 1981) removed prior to

correlation analyses. Statistical significance was considered to be at the P<O.05 level. Ail

values reported are means ± S.E.M.

Results

i) Plasma melatonin concentrations andbody mass ofmale adult American Iœstre/s

Plasma melatonin concentrations in S-EMF and L-EMF adult male AmeriCaD kestrels

did not show any age-related differences in 1995, at individual sampling periods in 1996, or

overall in 1996 (l-way ANOVA, ail Ps > 0.05). Consequently, data for melatonin levels of

males were grouped by S-EMF or L-EMF exposure for further analyses.

In 1995, melatonin levels ofS...EMF male kestrels showed no etrect from 70 d ofEMF

exposure (U=6S7.5 P>O.OS; seeTable 1, Figure 1). In 1996, S-EMF exposure affected overail

melatonin concentrations in males (F3.n=13.44 P<O.OOI). Time (F2.23=41.39 P<O.OOI) and

treatment*time interactions (F2,2]=20.25 P<O.OOI) were significant. Specifically, plasma

melatonin concentrations were similar at 14 d (FI=O.48 P>O.OS), but while melatonin levels

in the controls had slightly increased at 42 d, melatonin concentrations in S-EMF males had

declined at 42 d and were significandy lower than in controls (Fl=27.13 P<O.OOI). Melatonin

concentrations in control males then declined at 70 d, but concentrations in S...EMF males at

70 d had increased trom 42 d, and were significantly higher than those ofcontrols at 70 d

(F1=9.25 P<O.OI; see Table 1, Figure 1).

L-EMF males showed a similar melatonin pattern as the 1996 S-EMF males (see

Table l, Figure 1). Treatment effects for melatonin levels were significant (F2.2~=25.62

P<O.OOI), as were time (F2,2..=6.0S P<O.OOI) and treatment*time interactions (F2.24 =25.62

P<O.OOl; see Table 1, Figure 1). Again, plasma melatonin concentrations were similar

between control and EMF males at 14 d (Fl=1.39 P>O.OS). MeJatonin concentrations declined

in both control and L-EMF males at 42 d, but were significantly lower in L-EMF males than
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controls at 42 d (Fl=42.S9 P<O.OOI). Melatonin concentrations in control males continued

declining at 70 d, but melatonin Ievels in L-EMF males increased at 70 d from 42 d IeveIs, and

were significandy higher than in controls al 70 d (Fl=4.89 P<O.OS).

In 1996, melalonin levels ofS-EMF males at 42 d were similar to those of control

males at 70 d (t25=1.89 P>o.OS Figure 1). Melatonin levels ofL-EMF males al 42 d were

similar to melatonin levels ofcontrol males at 70 d (t25=O.253 P>O.OS, Figure 1).

There was no correlation between aetual plasma concentrations ofmelatonin and body

mass at sampling periods for S-EMF males in 1995 (Spearman) and 1996, or L-EMF males

in 1996 (pearson, ail Ps > 0.05). One outlier (l-tail t-test: t lS=2.018 P<O.OS; 14 d: 107.34

pglml vs. 87.15 ± 2.43 pglml for S-EMF males) was removed from the 1996 S-EMF males

prior to analysis. Changes in melatonin and body mass between periods were correlated but

significant for L..EMF males ooly. In contror males, the decline in melatonin trom 42 d

through 70 d was positively correlated to increasing body mass in 56 d through 70 d

(r=O.7245 P<O.OI; see Fig. 2). In L-EMF males, declining melatonin from 14 d through 42

d was negatively correlated with declining body mass from 42 d through 56 d (r=-0.6078

P<O.O 1), and melatonin increases from 42 d through 70 d was positively correlated with

increasing body mass trom S6 d through 70 d (r=O.5632 P<O.OS; see Figure 2).

ii) Plasma melalonin concentrations and body mass offemales

Melatonin data for adult female American kestrels were grouped as there were no age

differences, or differences between layers (incubation versus abandonment) and non-Iayers

(2-way ANOVAs, all Ps > 0.05). Plasma concentrations of melatonin were similar between

adult control and EMF females (see Table 2), showing no effect from 70 d of S-EMF

exposure in 1995 (Fl=O.S6 P>O.OS) and 1996 (F; =0.05 P>O.OS), or from 70 d ofL-EMF

exposure (F1=2.50 P>O.OS; see Table 2).

Correlation of plasma concentrations of melatonin and body mass for adult female

American kestrels was condueted for aU females regardless ofclutch production, and then

restrieted to those females which laid and incubated a clutch for 28 d, when hatching should

or did occur. Melatonin and body mass at 70 d were not correlated for any female group

regardless ofclutch production, or for layers ftom the 1995 S-EMf females, 1996 S-EMF,
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L-EMF and control females (pearson, ail Ps> 0.05; see Table 2 for correlation coefficients).

Only 1995 controllayers demonstrated a positive but weak correlation between melatonin and

body mass at 70 d after pairing (r=O.S593 P<O.OI; see Table 2); one outlier (one-tail t-test.

t I9=1.9205 P<0.05, 113.39 pglml vs. 71.06 ± 4.93 pglml of population) was removed prior

to correlation analysis.

iii) Comparison ofplasma me/atollin /eve/s in adu/t male to adu/tfema/e kestrels

As there were no treatment differences for each sex in 1995. we combined 1995

control and EMF birds by sex. Adult male kestrels had higher melatonin levels than females

at the end ofthe breeding season (t,,=-2.99 P<O.OI; see Table 3). Differences in melatonin

levels between sexes in 1996 were tested within treatment groups due to the significant

treatment effeets. Regardless of exposure length and treatment group. males had higher

melatonin levels than females (see Table 3 for correlation coefficients and P-values).

iv) Fledglillg American kestre/s: plasma me/alonin /evels and body mass al 35 d ofage

For the 1995 fledgling data, we grouped an external control group with the tnJe

control group ofthe EMF experiment to increase sample size (n = 16 ~. 9 d'), as there were

no significant differences in melatonin levels or body mass within sex of these two control

groups (l-way ANOVAs, ail Ps > 0.05).

In 1995, melatonin and body mass were similar between control and S-EMF t1edglings

within sex (l-way ANOVAs, aU Ps > 0.05; see Table 4). Consequently, treatment groups

were combined to examine ditrerences by sex:. There were no significant differences in plasma

melatonin between male and female fledglings (Fl=2.0S P>O.OS), although females were

significantly heavier than males (Fl=11.37 P<O.OI).

In 1996, ooly one control and two S-EMF young hatched and were excluded trom the

anaIysis. Comparisons in 1996 were made strictly within the EMF experiment, control versus

EMF groups. At 35 d ofage, L-EMF exposure had suppressed plasma melatonin levels in

tledgling females 07=3.14 P<O.OS) and males (~=2.66 P<O.OS), but did not affect body mass

offemales (t..=-O.37 P>O.OS) or males (t6=-1.53 P>O.05; see Table 4). Overall differences by

sex in melatonin and body mass of the 1996 young were not examined because of the

significant treatment differences and small sample sizes. Plasma melatonin concentrations and

26



•

•

•

body mass were not correlated for female or male fledglings regardless oftreatment group

or year (Pearso~ all Ps > 0.05; see Table 4 for correlation values).

Discussion

While annual melatonin profiles have been reported for the noetumal Indian spotted

owlet (Athene brama~ Haldar and Ghosh 1995)9 our data likely represent the tirst melatonin

profiles for a diurnal raptor species. EMF exposure affected plasma melatonin concentrations

in adult males~ but ooly mid..way through the breeding season at 42 d (i.e.~ suppressed) and

at season~s end (i.e.~ increased at 70 d of exposure). However at 70 d~ plasma melatonin

concentrations in adult females and 1995 males were not affected by EMF exposure. S..EMF

exposure ofadults had no effect on plasma melatonin concentrations in tledgling kestrels at

35 d ofage, but L-EMF exposure ofadults significantly suppressed plasma melatonin in male

and female fledgling birds.

We make the assumption that the suppression ofplasma melatonin concentrations in

the kestrels between 0800 and 1000 under ligbt conditio~ wouId also oœur during the night~

but with greater exaggeration as noetumal patterns are more pronounced. While the 1995

results for melatonin concentrations in males confliet with 1996 results~ the 1996 results

provide a more accurate assessment oftemporal patterns because multiple sampling periods

more accurately identify temporal patterns (Wiens 1981 ~ McIntosh 1991).

It is unlikely that EMFs created a 24 h phase-shift in plasma melatonin levels ofmale

adult and L-EMF Oedgling kestrels. Feeding. Iight, noi~ and vibrations cao aet as zeitgebers~

causing a phase-shift in melatonin levels. These factors were controlled during the experiment.

Each day~ feeding was conduded at the same rime daily~ and altemately started in the control

or EMF rooms. While poultry May perceive 'lights on~ versus 'lights otr ooly when there is

a lOx difference in light intensity (Etches 1996)~ we round no ditferences in light intensity. In

additio~ noise conditions were similar in both rooms. There were no ditTerences in noise or

vibrations when EMFs were on or ott: and bath rooms had ventilation fans providing a

constant background noise throughout the breeding season. Rather than causing a 24..br

phase-shift, EMFs affeeted plasma melatonin concentrations in adult male and L-EMF

fledgling kestrels.
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The timing ofblood-sampling in our study tùrther suggests that EMFs did not cause

a phase-shift in melatonin concentrations. In both rooms, male adults were blood-sampled

four ta six hours after 'lights o~' and females and fledglings 10 hours after 'Iights on.' Light

for 12 or 80 min during the scotophase reduced melatonin levels by 500./c) and 85%.

respectively, in the pigeon (Vakkuri et al. 1985). This suppression of melatonin to near

daytime levels occurred within a shorter period than our time period between 'lights on' and

blood sampling. In addition, chickens (Cockrem and Follet 1985, Liou et al. 1987, Doi et al.

1995) and Zebra flnches (Poephi/a gullata, Van't Hofand Gwinner 1996) have consistent

melatonin levels with small fluctuations during daylight. We suspect that kestrels' melatonin

levels are also consistent with minimal variations throughout the 'lights on' period. so that it

is unlikely we were sampling during periods ofmajor fluctuations in daytime melatonin levels

ofour kestrels.

The absence ofEMF eifeets on plasma melatonin levels in males at 14 d or at 70 d

(1995 only), females at 70 d, and S-EMF fledgling kestrels, is consistent with other EMF

studies. EMF exposure had no eifeet on serum and pineal melatonin levels in adult AMES

mice and male Sprague Dawley rats (Lerchl el al. 1990), even when mice were exposed to

a much stronger magnetic field (Levine et al. 1995) than used in our study (i.e., 2.0 T vs. 30

J.1T). Serum melatonin levels of female Suffolk lambs (Ovis aries) were unaffeeted by

exposure ta weaker EMFs (Lee et al. 1995) than ours (i.e., 6.3 kV/m vs. 10 kV/m, 3.77 J.1T

vs. 30 J.1T).

The lack ofEMF eifects on melatonin levels in adult males at 14 d May be associated

with the short cumulative EMF exposure time from the start of the experiment, and the delay

in melatomn changes observed in other species. Serum melatonin concentrations in rats were

reduced ooly after 15 d exposure to magnetic fields (Soriano et al. 1992), while melatonin in

laying chickens changed after 10 d when switched to a longer photoperiod (Liou et al. 1987).

The suppression ofplasma melatonin concentrations in S-EMF and L-EMF males at

42 d and L-EMF fledgling birds is consistent with previous EMF-melatonin research in

mammals, particularly foUowing six weeks exposure. Compared to our treatment conditions,

stronger EMFs (i.e., 65 kV/m; S,50, 250 f.lT) but similar daily exposure times (e.g.• 20 h1d)
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for 28 to 42 d, suppressed serum me1atonin ofyoung male rats (Grota el al. 1994) and pineal

melatonin in Wistar-King male rats (Kato et al. 1993). Exposure for six weeks to weaker

magnetic fields (i.e., 0.02 J.1T and 1 f.lT vs. 30 J.lT) suppressed plasma and pineal melatonin

concentrations in Long-Evans rats (Kato el al. 1994a, b), while the noctumal melatonin

profile ofadult male and female Djungarian hamsters (Phodopus sungorus) was suppressed

by acute magnetic field exposure (1 gauss, 60 Hz; Yellon 1994). The suppression of

melatonin levels in other species exposed for approximately 42 d, and the suppression of

melatonin in L-EMF but not S-EMF tledg(ings, further suppons the hypothesis that melatonin

changes May occur ooly after prolonged EMF exposure (e.g., > 14 dl.

The differences in plasma melatonin concentrations between S-EMF, L-EMF and

control males in 1996 increased with time. From 14 d to 42 d after pairing, melatonin declined

in S-EMF, L-EMF and longer-lerm control males, but not shon-lerm controls. At 42 d,

melatonin levels were significantly lower in the S-EMF and L-EMF males than the controls.

From 42 d to 70 d, melatonin concentrations in S-EMF and L-EMF males increased and were

significantly higher than those ofrespective control males. We can offer no explanation for

these results, but hypothesize that the pattem is a seasonal phase-shift or compression of the

melatonin profile for the breeding season. Most avian melatonin is produced by the pineal

gland and retinas (e.g., 54% and 33%, respectively, in the Japanese quail, Underwood et al.

1984) which are photoreceptive (e.g., Wilson 1991 and references therei~ LamaSova et al.

1995). The pineal gland transduces EM radiation energy into melatonin (Pang et al. 1991),

and EMFs are Iikely perceived as Iight (Reiter 1992, 1993). Photoperiod and melatonin

rhythrns are closely correlated in domestic (Liou et al. 1987, Dai et al. 1995) and wild (Miché

et al. 1991) avian species. Noctumal plasma melatonin changes retlected photoperiodic

regulation ofpineal melatonin synthesis under light:dark cycles (Liou el al. 1987). Exposure

to artificially long photoperiods initially stimulates gonadal development followed by

photorefractoriness in birds (Maitra and Dey 1992, 1996), and may be reflected in plasma

melatonin levels. Consequently, we hypothesize that at 42 ~ the EMFs, acting as a longer

photoperiod, have resulted in the EMF males becoming photorefraetory in advance of the

controls. This is suggested by the EMF plasma melatonin concentrations al 42 d being
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consistent with melatonin levels of control males at 70 d, i.e., the end of the reproductive

season. The rise in EMF melatonin concentrations from 42 d through 70 d may represent a

rise to possible post-breeding season levels, but this requires further investigation.

Sorne avian species (e.g., House sparrow Passer domesticus, Barfuss and Ellis 1971;

Indian jungle bush quail Perdicula asialica, Haldar and Ghosh 1995), including the raptorial

Indian spotted owlet (Haldar and Ghosh 1995), showed an inverse relationship between

melatonin levels and gonadal development and regression. While the significant effect of time

in this study clearly indicates plasma melatonin concentrations in male kestrels declined over

the breeding season, male American kestrels do not appear to show such an inverse

melatonin-gonadal relationship. While we did not measure testicular size or mass, Bird and

Buckland (1976) showed that fertility is greatest prior to and during clutch production, a

period when gonadal development is maximal in other seasonally breeding avian species

(Wingfield el al. 1992, Haldar and Ghosh 1995). Melatonin concentrations in male kestrels

taken during clutch production (i.e., at 14 d) are at the highest level during the breeding

season, when testes are likely al or near maximal size. Melatonin concentrations in males then

decline as testes regress through the season, thereby contrasting with the inverse melatonin­

gonadal profile of the Indian spotted owlet and other avian species.

Adult female kestrels showed no EMF-melatonin effeets at 70 d exposure. The

differential reactions in plasma melatonin concentrations of males and females in 1996 to the

same EMF conditions suggests a sexually-dimorphic response of melatonin to EW"s. As we

round in American kestrels, melatonin levels ofthe adult Indian spotted owlet aIso exhibited

a sex-dependent nature, with male owlets having a higher seasonal basal level and amplitude

ofmelatonin than females (Haldar and Ghosh 1995). This sexually-dimorphic response may

be linked to males being more sensitive than females to environmental factors (Murton and

Westwood 1977, Main and Dey 1995), including EMFs as observed with the body mass of

these kestrels (Fernie and Bird, submitted) and with gerbils (Meriones unguiculalUS; Stehle

el al. 1988).

S-EMF and L-EMF male kestrels were heavier than controls.. particularly al 56 d and

70 d ofexposur~yet feed-intake was unaffeeted br EMF exposure in overwintering kestrels
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(Femie, in prep; Femie and Bird, submitted). Melatonin injections have been associated with

increased body mass in hamsters and chickens (Osei el al. 1989, Zeman et al. 1993,

LamoSovel el al. 1997 and references therein), but melatonin via drinking water had no etTect

on feed intake or body mass ofJapanese quail (Zeman el al. 1993). We did not examine the

melatonin-feed intake relationship in kestrels, but found the melatonin concentrations which

occurred in our adult and tledgling American kestrels were not directly associated with body

mass. The lack ofcorrelation between plasma meiatonin concentrations and body mass in our

fledglings is consistent with results for growing Japanese quail (Zeman et al. 1993). However,

in the longer-term male groups, declining melatonin was ooly associated with subsequent

increasing body mass in controls; declining and increasing melatonin levels in EMF males

were assocïated with deaeasing and increasing body mass, respectively. These results suggest

that either L-EMF exposure affects the associàtion ofplasma melatonin and body mass in

male American kestrels, or indieate no direct association between plasma melatonin and mass

for kestrels. Funhermore, these correlation results for adults may point to taxonomic

differences in the association of plasma melatonin and body mass, as seen in the association

ofmelatonin and circadian rhythms in sparrows and starlings compared to gallinaceous birds

(Zeman et al. 1993 and references therein).

In summary, EW's affected plasma melatonin concentrations in male American

kestrels, particularly after 14 d exposure. Melatonin concentrations were suppressed at 42 d

ofEMF exposure and then increased at 70 d exposure. As plasma melatonin levels in EMF

males at 42 d were comparable to melatonin concentrations in control males al 70 d, our

results indicate a compression of the seasonal melatonin profile of male kestrels by EMF

exposure. Melatonin was suppressed in L-EMF tledgling birds, but not S-EMF fledgling birds

or adult females at 70 d exposure. Plasma melatonin concentrations of adult males were

significantly higher than adult female kestrels~ which MaY explain the 1996 differential

melatonin response of the two sexes at 70 d exposure. Melatonin and body mass are not

directly associated in adult or fledgling American kestrels.
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Table 1: A comparison of plasma melatonin concentrations and body mass of short-term EMF (S-EMF) or longer-term EMF (L-EMF) to
control adult male American kestrels: actuallevels, changes [shown in brackets], and correlations ofplasma melatonin levels and body mass.
EMFs are electric and magnetic fields. Body mass results previously presented (Femie and Bird, submitted; Femie, in prep.). Means ± S.E.M.
and correlation coefficients. P-values: ·P<O.05; ··P<O.OI; ···P<O.OOI.

Melltonin (pglml) Body mus (8)

n 14d 42d 70d 14d 28d 42d 56d 70d Correlation

Control 26 Iost Iost 82.S3i6.62 107.85*1.56 113.03*2,20 108.23*2.06 106.63:t2,08 109.85:t1.91 n.8.
'95 Mediln76.1 In.·.1

EMF 24 Iost Iost 83.04*3.42 109.95*1.33 113.39*1.54 111.61*1.59 111.36*1.74- 110.86*1.57 n.s.
S-EMF. '95 Mediln 78.8 (n,s.)
1
lCUOfI Conlrol 13 86.09:t3.54 89.71:t4.68- 49.65:t3.51 112.28:t3.03 113.00*3.13 109.83*2.84 I03.88±2.04 104.44±2.52 n.s.

'96 (3.62*5.37) (40.06:t:7.18) (0.73±1.17) 1-3.18 :1:1.83) (-5.95:t1.39) (0.51:1:1.21) (n.s.)

EMF 15 87.15*2.43 58.08:t:3.94 6O.87:t112- 11I.93±1.50 112.86±2.49 112.40±2,32 112.35±2.31- 11153±2.29- n.l.'
'96 (-30.88:1:4.44) (3.27:t:3.37) (0.95:1:1.47) . (-1.93 *1.011 (-0.05iO.83) (1.11:1:1.12) [n.8.)

Control 13 93.05*3.21 89.71±2.69- 51.40*4.79 110.13*3.05 109.96*3.23 109.18*3.49 105.06:1:2.79 109.20*3.00 n.s.
L-EMF. (-3.34:t3.68) (-38.45:14.69) (-o.18:t 1.59) (-0.78*1.03) (-4. 13:t1.l4) [3.46:t0.90) r')
2
aeuonl EMF 15 104.86*7.74 53.03±4.20 65.50:t4.14- 116.07:1:2.55 115.24±2.22 112.91*2,22 1I1.53:t1.69 112.88:t1.95 n,s.'

[-SI.83±9.79) [12.47*4.89) [.0.83 tl.lSI [-2.32 :1:0.97) [-1.J8tO.82) (1.34:1:0.77) ri, -·1

,No lipificIntœrrcIation • Bonfaroni COI"RlCtion~ 1L-EMF control males: dcclinins rndatonin. 42 d ta 70 d. and increasin8 body mus. 56 d to 70 d (FO.n P<O.O I)~ 1 L-EMF miles: dcclinin8

meIIIonin. 14 d 1042 d. and deelinins body mus, 42 d 10 56 d (r=-o.61 P<o.OI)~· L-EMF miles: incrcasing melalonin, 42 d to 70 d, and incrcasins body miSS, 56 d to 70 d (FO.56 P<O.OS).
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• Table 2: A comparison ofshort-temt EMF (S-EMF), longer-term EMF (L-EMF), and control

adult female American kestrels (Fa/co sparverius): plasma melatonin concentrations, body

mass and correlation coefficients ofthe two variables at 70 d after pairing. EMFs are electric

and magnetic fields. Body mass results have been presented elsewhere (Fernie and Bird,

submitted; Fernie, in prep.). -1»<0.01, 1»<0.05; one statistical outlier removed.

n Melatonin (PW'ml) Body mass (g) Pearson

mean ± S.E.M. Mean ± S.E.M. Correlation (r)

Control ~95 26 71.84:1: 3.67 124.04 ± 1.88 0.4263

Overall: EMF'95 27 67.25 ± 2.18 127.19 ± 2.13 -0.0488

S-EMF, Control '96 9 18.37 ± 4.12 123.59 ± 2.45 0.4700

L-EMF EMF~96 15 23.22 ± 5.21 125.10±3.15 -0.1970

Control, L-EMF 10 35.19± 3.97 120.36 ± 2.43 0.3990

EMF, L-EMF 15 25.79± 3.46 126.38 ± 2.34 0.05651

• Control '95 19 71.06 ± 4.93 125.39 ± 9.32 0.5593--

EMF'95 18 67.32 ± 2.55 130.26 ± 10.35 0.1966
Layers:

Control ~96 9 24.12 ± 3.37 123.12 ± 8.08 0.4801
S-EMF,

EMF'96 6 34.86:l: 5.74 127.35 ± 6.78 -0.2408
L-E1vfF

Control, L-EMF 9 35.95 ± 4.36 119.97 ± 8.04 -0.2785

EMF,L-EMF 13 26.71 ± 3.85 126.93 ± 9.49 0.46561
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• Table 3: A comparison ofplasma melatonin concentrations between adult male and female

American kestrels, 70 days after pairing. Short-tenn groups were used for one breeding

season, and longer...term groups for two breeding seasons. 1»<0.05; ·-P<0.01; ···P<O.OOI

Melatonin 70 d after pairing (pglrnJ)

Experimental group Se" n Mean ± S.E.M. t- value [dt]

1995, ail adults Males 50 82.77 ± 3.78··
-2.99 [77]

Females 54 69.83 ± 2.10

1996, short-term contrais Males 12 46.6 ± 3.51··
-3.97 [9]

Females 12 24.1 ± 3.02

1996, short-term EMF MaIes -16 60.9 ± 3.12···
...7.92 [14]

Females 16 32.2 ± 4.43

• Longer-term controls Males Il 51.4 ± 4.79·
...2.25 [9]

Females Il 35.2 ± 3.97

Longer...term EMF Males 15 65.5 ± 4.14···
-7.73 (14]

Females 15 25.8 ± 3.46
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• Table 4: A comparison of plasma melatonin concentrations and body mass of EMF and

control fledgling male and female American kestrels at 35 d ofage. EMFs are electric and

magnetic fields. Means ± S.E.M. and correlation coefficients. P-values: -P<0.05 -1»<0.01.

n Melatonin Bodymass Pearson

(pg/ml) (g) Correlation

Short-term EMF birds

1995 females Control 16 60.20 ± 5.14 122.20 ± 2.41 0.461

EMF 4 70.86 ± 8.29 125.75 ± 4.51 0.836

1995 males Control 9 77.90 ± 6.03 113.42 ± 1.67 0.25

EMF 5 62.73 ±9.12 115.94 ± 2.25 0.059

Overall, 1995 Male 14 72.48 ± 5.25 114.32 ± 1.33 0

Female 20 62.33 ±4.45 122.95 ± 2.09-- 0

• Longer-term EMF birds

1996 females Control 5 65.44 ± 6.15- 117.50 ± 10.60 0.43

EMF 4 44.75 ± 3.34 114.45 ± 3.42 0.855

1996 males Control 4 45.24 ± 2.43- 105.05 ± 3.24 0.875

EMF 4 37.61 ± 1.53 111.33 ± 2.52 -0.2
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Fig. 1: A comparison of plasma melatonin concentrations (pg/ml) in
reproducing adult male American kestrels (Fa/co sparverius) exposed
to electric and magnetic fields (EMFs) to control males at 14, 42 and
70 d after pairing. Means and S.E.M. presented.
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• Fig. 2: A comparison of changes in body mass (g) and plasma melatonin
concentrations (pglml) in reproducing male American kestrels (Fa/co
spalVerius) exposed to electric and magnetic fields (EMFs) ta control males
used for two breeding saasons. Maans and S.E.M. presented.
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CONNECTING STATEMENT 2.

1 have established that electric and magnetic fields trom electric transmission lines

affect plasma melatonin concentrations in reproducing male kestrels, likely causing a shift in

the seasonal melatonin profile. Furthermore, EMF exposure suppressed plasma melatonin

concentrations in fledgling kestrels produced by adults which were exposed for two breeding

seasons. Given the crucial role ofmelatonin in avian circannual and circadian rhythms, it is

important to detennine if the exposure periods used for the captive study are comparable to

the length oftime ftee-ranging kestrels are exposed to EMFs during the reproductive period.

IfEMF exposure affects reproductive success, it is important to understand if these effeets

are linked to behavioural changes trom EMF exposure.
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CHAPTER 3. IMPLICATIONS OF ELECTRIC AND MAGNETIC FIELDS FOR BElfAVIOUR OF

REPRODUCING FREE-RANGING AND CAPTIVE AMERICAN KE5TRELS.

Abstract

We detennined the amount oftime that wild American kestrels reproducing in nest

boxes were exposed to electric and magnetic fields (EMFs) throughout the breeding seaso~

and conducted a controUed laboratory experiment to examine the effects ofEMF exposure

on behaviour and reproduction ofcaptive kestrels. EMF exposure ofwild birds neac the nest

box progressively declined for females foUowing incubatio~ although females were more

inclined to be exposed than males when nestlings were present. Females sunned more often

than males during incubation and nestling phases, and carried prey more often during

incubation. These differences are due to spatial and labour partitioning ofsex roles. Potential

EMF exposure from incubation and perch-hunting from transmission lines, raises maximal

EMF exposure offernales to approximately 9()O/'o and males to 800/'0 ofdaylight hours. Captive

reproducing kestrels were exposed to EMFs that wiId kestrels would he exposed to by nesting

under 735 kV powerlines for 87.5% ofthe time. EMF females were more active than controls

during courtship, and spent less time grooming and resting during the nestling phase. EMF

males were more likely than controls to he active during counship, a1ert during incubatio~

and to perch on the rope during the nestling phase. These behavioural changes would have

had no effect on clutch size or fertility, and tledging success was higher in the EMF group as

previously reported. We conclude that EMF exposure, rather than the increased a1ertness of

EMF males which was the ooly behavioural change during incubation, reduced hatching

success. Behavioural changes of captive reproducing kestrels exposed to EMFs May be

observed in wild kestrels, but these behavioural changes willlikely not affect reproductive

success.

39



•

•

•

Introduction

Exposure to electric and magnetic fields (EMFs) has implications for physiology~

reproduction and development ofinsects (e.g., Greenberg el al 1981), birds (e.g., Ossenkopp

and Shapiro 1972), mammals (e.g., Persinger 1969, Persinger et al. 1972~ Burchard et al.

1996), primates (e.g., Feldstone et al. 1980) and humans (e.g., Anderson and Phillips 1985).

Such studies often involve experiments on captive animais, but rarely examine the extent of

EMF exposure for free-ranging species which may affect reproduction and species survival.

Many avian species, including American kestrels (Fa/co sparverius), nest in close

proximity to electrical transmission structures (e.g., Steenhofel al. 1993, Doherty and Grubb

1996). As such, adults are exposed throughout the breeding season, and over repeated

breeding seasons, and embryos and chicks are exposed during prenatal and postnatal

development.

In this paper we report on a two-part study examining potential behavioural

implications of EMF exposure for wild and captive American kestrels. The first part

determines the amount of time free-ranging kestrels nesting near transmission lines are

exposed to EMFs during the breeding season. The second part of the study examines the

effeets of EMFs on the behaviour ofcaptive reproducing American kestrels in a controUed

laboratory setting.

Methods

Free-rangillg Kestrels

Observations ofwild kestrels were made during the 1996 reproductive season within

St. Clet-Vaudreuil, Quebec (45~ON, 7S 04W), a region with typical grassland and

agricultural habitat (Bowman and Bird 1985). We used 12 kestrel pairs that nested in wooden

boxes. Each nest box was attached to a hydïo pole about one mette below the transmission

line, and kestrels had a maximum oftwo alternative perch sites.

A wild control group was not selected as our objective was to identify the amount of

time wild kestrels spent within an EMF area. Moreover, an experimental design with wild

control and EMF groups was beyond the scope of tbis project. Ta minimize potential

confounding difficulties of variations in habitat and mate quality, prey availability, and
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electrical currents. we elected to study the effects ofEMFs on kestrel reproductive behaviour

in a controlled laboratory seuing.

We observed the time budget of the kestrel pairs ooly within the EMF area centred

around the nest box (80m2 x 80m2
; henceforth the EMF area) as EMFs can radiate up to 40

m from transmission lines (Hydro Quebec 1989, 1996). The wild kestrels were exposed to

an approximate 1.2 ~T magnetic field (Hydro Quebec 1996) and 0.05 ± 0.01 kVlm electric

field (Femie, unpubl. data) beneath the wires. While these EMFs are low, we were identifying

the EMF exposure time ofwild reproducing kestrels rather than possible behavioural etTects.

For each nest site, we confirmed that kestrels were nesting through two visitations al

the onset of the breeding season and 10 d post-hatching, in order to minimize disturbance.

Dependent on the number of pairs suceessfully nesting in locations fulfilling the habitat

criteria, one pair of kestrels was observed during the courtship phase, six pairs during the

incubation and nestling phases, and three pairs during the Oedgling phase. Different pairs were

observed in each phase.

Ali observations took place between 0900 and 1600 and were made from a stationary

vehicle with a spouing scope and binoculars. The duration of each behavioural aetivity

perfonned byan individual bird was recorded on an actigram (cf. Walter 1983). Each nesting

pair was observed for 20 to 45 min/d for a cumulative total of 110 h of observation.

Observation periods were rotated daily among the kestrel pairs.

Behavioural activities recorded included: courtship feeding (Willoughby and Cade

1964) and displays (Balgooyen 1976), aggressionlattacks toward conspecifics and

heterospecifics (Balgooyen 1976), nest box inspection, searching, capturing, and carrying

prey (Rudolph 1982), incubation/care of eggs or nestlings, perching (Rudolph 1982),

grooming (Saumier et al 1988), and sunning (Saumier 1986, Walter 1983). The total time

a kestrel spent within the EMF area was the summation ofrime an individual was involved

in the various aetivities for each reproductive phase.

Statistical analyses were performed on aetual observation times of behaviours,

including time observed in the nest box. EMF exposure and behavioural differences for each

sex from incubation through fledgling phases were anaIyzed using Kruskal-Wallis tests as
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pairs differed between phases. Differences between sexes within a given reproductive phase

were compared using t-tests or Mann-Whitney U-tests (Sokal and Rohlf 1981). Differences

were considered significant at the P < 0.05 leveL Means with S.E.M. are presented.

Captive Kesrrels

A total of56 pairs ofAmerican kestrels trom the captive colony ofthe Avian Science

and Conservation Centre (ASCC) al McGill University was randomly assigned to the control

(C: 10 m x 8 m x 3 m; L x W xH) orEMF room (E: 15 m x 10 m x 3 ml. Individuals were

unrelated for seven generations~ had previous breeding experience~ and were similar in age

(2 - 5 a; ail Ps >0.05).

Temperature, humidity, and photoperiod clocks retlected natural conditions of the

May through August period for the Montreal region (4S~6'N, 73°S6'W), with no significant

differences in humidity or temperature between the two rooms (t-tests, ail Ps > 0.05). Each

room had a ventilation fan. There were no significant differences in light intensity between the

two rooms (tu~l.l990P>O.OS), and measurements were identical with the EMFs on or off

(lights on). Noise levels, indicative of vibrations, were similar when EMFs were on or off

(t,=O.64 P>O.OS; D. Nguyen, pers. comm.).

In the EMF room, a 29.35 ± 0.03 J1T magnetic field was generated by copper wires

placed at 1 m intervals within the ceiling, Ooor and walls. Two charged metal plates

suspended from the ceiling produced an electric field of9.67 ± 0.04 kV/m (Nguyen et al.

1991). The EMFs were controlled by computer to provide a consistent and uniform field,

were equivalent to that which kestrels are exposed to when nesting under a 73S-kV

transmission line running at peak capacity, and could penetrate ail housing materials (O.

Nguyen, PerS. comm.). The magnetic field ofthe control room was 2.02 ± 0.27 J1Tt and the

electric field was 0.03 ± 0.01 kY/m.

Each kestrel pair was housed in a visually-isolated pen made of reinforced corrugated

cardboard and covered with nylon netting. A standard wooden nest box was attached to the

pen wall, and a rope perch p1aced diagonally across the pen. Wood shavings provided bedding

and nesting material. A small one-way mirror permitted discrete behaviour observations.

Metal rnaterials were minimized ta reduce EMF disturbance and possible shock to the birds
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(F. Renau~ pers. comm.)

Kestrels were exposed for 95 d, from pairing until 7 d after the last young tledged_

Daily EMF exposure was 21 hours (87.5%). The EMFs were switched off for approximately

three hours per day to allow for data collection, feeding and cleaning of pense Kestrels were

provided with day-old cockerels and water ad libitum at the same lime daily when leftover

food from the previous day was removed.

A total of20 pairs was randomly selected for behavioural observations from 56 pairs

of the larger reproductive EMF study (Femie et al., submitted - b,c, Femie and Bird,

submitted, Fernie, in prep.). For the courtship phase, Il control pairs and nine EMF pairs

were observed. Pairs were changed to include ail incubating pairs (C=lO, E=6) and pairs with

nestIings (C=4, E=4). Courtship began one week after the birds were paired and lasted until

the fourth egg was laid, when incubation began -(Bird 1988) for 28 to 30 d until the first egg

hatched. The nestling phase of28 ta 30 d terminated when the last young fledged. Nest boxes

were checked daily for the presence ofeggs, nestlings and fledglings, with fertility determined

by a portable candler (Weiler 1956) 20 d after the last egg was laid.

Observations were made during two moming sessions, 0830 to 1030 and 1030 to

1230. Within each session, each pair was observed for 10 min and behaviours recorded by

instantaneous sampling every 20 sec (Martin and Bateson 1986). Initial observation sessions

were rotated daily by treatment and observation arder ofpairs.

The following behaviours were recorded; perch location, perching distance between

mat~ insideloutside the nest box, s1eepinglresting (Saumier 1986), alenness (Saumier 1986),

grooming and feeding (VIllage 1990), and aetiveness. Aggression and courtship feeding

(Village 1990) during courtship, and food transfers between adults and nestlings were

recorded (Village 1990). Attempted but not true flight was recorded because there was

insufficient pen space to allow for flight. Attempted tlight consisted ofa kestrel flying ta the

roofmesh from its rope perc~ onto the pen ftoor, then back onto its rope perch. Flight was

the only behaviour impeded by pen size.

Data were changed ta proportions for each individual within a particular reproductive

phase, then analysed by Mann-Whitney U tests to determine behavioural differences between
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the control and EMF groups (zac 1984). Differences were considered significant at the

P<O.OS level, and means with S.E.M. are presented.

Results

Free-rallging kestrels

The total EMF exposure time ofwild kestrels in the EMF area was similar between

the sexes during each reproductive phase (all Ps > 0.05). During courtship, the female and

male were exposed to EMFs for 13.0?O./c» and 11.64% oftheir respective daylight time budget

within the EMF area (see Table 5), and for 40.24% and 47.85%, respectively, during

incubation. Females and males were exposed for 32.11% and 18.76% oftheir respective

nestIing daylight budget, and 14.58% and 21.7S% ofrespeetive daylight budgets in the EMF

area during the fledgling period.

EMF exposure from incubation on through the breeding season significantly declined

for females (X2
] = 7.46 P<O.OS) but not males (X2

] = 2.19 P>0.05; see Table 5). Comparing

the exposure time between sexes within each reproductive phase showed that males and

females were exposed to EMFs for similar periods during the incubation (t10=O.94 P>O.OS)

and fledgling phases (t4=O.41 P>O.05). A trend (~=2.10 P=O.06) is evident during the nestling

period when females were exposed to EMFs for a longer periad than males.

We observed no behavioural ditrerences as the season progressed for either sex (all

Ps>O.OS). Most behaviours ofboth sexes were similar within each phase during incubatio~

nestling, and 6edgling phases (ail Ps>O.OS). However, females sunned more often than males

in the EMF area during incubation (~ 202.5 sec vs. ri' 1.0 sec; U=S2.S P<O.OS) and nestling

phases (~ 80.0 sec vs. ci' 0.0 sec; U=40.S P<O.OS), and carried prey while flying in the EMF

area during the nestling phase (~ 46.0 sec vs. ci' 0.0 sec; U=42.0 P<O.OS).

Captive Kestrels

During courtship, no signjficant differences were round between the control (C) and

EMF (E) kestrels in perching distance between mates, aggressio~ or counship feeding (all

PS>O.OS). Compared to control females, EMF females were more active (E 0.4, C 0.0;

U=20.S P<O.OS). Several behavioural trends were evident during counship. EMF females

were slightly more a1ert than control females (E 8.2, C 6.1; U=2S.S P=O.06), and perched on
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the roof more frequently (E 0.3, C 0.0; U=26.0 P=O.07). EMF male kestrels were more

active than controls (E 1.0, C 0.0; U=27.s P=O.09).

During incubatio~ the ooly behavioural change from EMF exposure observed was

a trend ofEMF males being more alert than control males (E 95.1, C 77.0; U=14.0 P=O.OS).

Behaviours of females during incubatio~ including the amounl oflime spent in the nest bo~

was unaffected by EMF exposure.

During the nestling phase, EMF females were observed groominglpreening (E 0.0, C

3.0; U=O.O P<O.Os) and restinglsleeping (E 0, C 5.0; U=-2.02 P<O.OS) less often than control

females. Compared ta control males, EMF maIes perched on the floor less often (E 0, C 7.0;

U=l.O P<0.05) as they tended ta favour the rope perch (E 30.0, C 17.0; U-2.0 P=O.08).

Discussion

Wtld reproducing female kestrels spent progressively less time exposed to EMFs near

the nest box following incubation. EMF exposure times ofmales, and individual behaviours

of both sexes, showed no variation through the season. A trend was evident during the

nestling period only, when females were more exposed ta EMFs than males. Compared to

males, females SUIUled more often in the EMF area during incubation and nestling phases, and

carried prey during the nestling period. These exposure and behavioural differences are Iikely

because kestrel pairs partition their labour and space cw-tlloughby and Cade 1964, Porter and

Wiemeyer 1972, Balgooyen 1976, Rudolph 1982, Bird 1988), with the male providing food

for the female and young (Balgooyen 1976) by hooting predominantly away trom the nest site

(Rudolph 1982).

Reproductive behaviour of captive kestrels changed when exposed to EMFs,

especially during courtship and nestling phases. EMF females were more active than controls

during courtship, with a similar trend among EMF males. Trends were aise evident ofEMF

females being more alert and perching tram the roof during courtship, and ofEMF males

being more alert during incubation. With nestlings present, EMF females spent less time

grooming and restinglsleeping, and EMF males spent more time perching on the rope than

controls.

The wild male kestrel spent less time in the EMF area than the female during courtship
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(see Table 1), and was the ooly one to perform counship displays, food offerings and

transfers. This sexuaI dimorphic response is consistent with kestrel counship behaviours used

to establish and maintain a pair bond (Willoughby and Cade 1964, Balgooyen 1976, Bird

1988). Females increase both their time near the nest box and demands for feeding by the

male. Consequently, males spend more time hunting away from the EMF area during

courtship (Rudolph 1982).

During courtship, captive EMF females were more active than controls, with a similar

trend in EMF males. This increase in activity is likely due to EMF exposure as increased

aetivity was observed in mice (Moos 1964) and rats (persinger et al. 1973) exposed ta EMFs.

The increased aetivity ofcaptive EMF males and the pen's small dimensions, rather than EMF

exposure, probably explain the tendency ofEMF females preferring to perch on the rope and

he more a1ert. However, the increased aetivity ofboth sexes exposed to EMFs had no etfeet

on clutch production or size, which were similar between treatment groups, or fenility as it

was higher in the EMF group (50.~o) than the control group (46.8%; Femie, in prep., Femie

et al. submitted - b). As the captive exposure period was longer during courtship than the

actual observed exposure period for wild kestrels, it is uolikely that courtship behavioural

changes in wild kestrels from EMF exposure will affect clutch parameters related to

reproductive success.

The increased aetivity levels ofthe captive EMF kestrels during courtship is unlikely

associated with EMF effects on melatonin levels. Melatonin is correlated with locomotor

rhythms and activity patterns in sorne avian species (Turek et al. 1976, Hendel and Turek

1978, Chabot and Menaker 1992). EMF males tended to he more active during counship, yet

melatonin levels were similar between EMF and control males during courtship in 1996, and

between 1995 male groups during the nestling phase (Femie et al. submitted - c, Femie in

prep.). This link between melatonin and activity levels of kestrels requires further

investigation.

During incubation, aetiveness of the captive birds was similar between groups

regardless ofEMF exposure. The femaie kestrel is the primary incubator (Balgooyen 1976),

which decreases her food requirements and suppresses highly active behaviours (Balgooyen
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1976). Consequently, male kestrels must provide less food (Balgooyen 1976, Village 1990),

and sc, are less active. Reduced aetivity and an increase in exposure tinte trom counship to

incubation was observed with wild kestrels, with bath males and females spending more rime

near the~ nest area.

Alertness of captive males tended to inCfease during incubation when exposed to

EMFs. We can ofFer no explanation for this trend. a1F exposure bad no efFect on behaviours

of females, including time spent incubating, and while hatching suceess was poor in both

groups, it was significantly lower in the EMF clutches (11.1%) compared to controls (13.6%;

Femie in prep., Femie et al. submitted - b). The wild kestrels incubated for a comparable

period (~ 10.4 7 6.8%; cf 21.2_+ 11.8% of aetual observed time) to that of our captive

unexposed kestrels at the ASCC (~ 70.2 ~ 4.4%, fil 8.1 ~ 2.3% ofobserved time; K. Femie

unpubl. data). Consequently, while EMF exposure ofwild kestrels is unlikely to affect adult

behaviour during incubation, it reduces hatching suceess (Femie et al. submitted - b, Fernie

in prep).

As the reproductive season progressed to the nestling and fledgling stages, wild

females spent increasingly less time in the EMF area, with females being slightly more

exposed to EMFs than males in the nestling period. During this tinte, only females sunned and

carried prey in the vicinity. These exposure and behavioural difFerences are also a result of the

labour division between kestrel mates (Balgooyen 1976). While the male is capable ofbunting

and providing enough prey during the courtship, incubation, and initial nestling phases (Cavé

1968), the female resumes booting to meet the demands ofgrowing nestlings beyond seven

to 10 d of age (Balgooyen 1976). With females bunting near the nest box more often than

males, it is not surprising that females carried prey and sunned in the EMF area when nestlings

were present.

During the nestling period, captive EMF females groomed and restedlslept less often

than control females. Decreased grooming aetivity in wild females exposed to EMFs may lead

to heavier ectoparasitic loads (WoodrofFe 1953) and an associated reduction in bealth and

vigour (MoDer 1993). Despite these behavioural changes, tledging suceess was higber in the

EMF room indicating EMF behavioural changes had no effect on fledging suceess. We
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CO!lclude that if wild birds exposed to EMFs experienced similar behavioural changes,

fledging suceess is unlikely to he affected.

Restrieting our wild kestrel observations to the EMF area surrounding the nest box

likely underestimated the EMF exposure time of kestrels in their home range. Kestrels

preferentially perch-hunt (Rudolph 1982) tram perches averaging 6.8 m in height (Balgooyen

1976), with females perch-hunting 28% and males 34% ofdaylight hours during counship

and post-brooding phases (Rudolph 1982). Transmission lines fall within the preferred perch

category, especially ifthe home range bas few naturaI perch sites (e.g., trees) as with our wild

kestreJs. This would increase EMF exposure for wild females and males during counship to

approximately 40-4S% ofdaylight hours, to SO-6()OI'a during the late nestling phase, and 40­

55% when tledglings are present. These potential figures exclude our observed perch-hunting

behaviour times.

EMF exposure for male and female kestrels is further underestimated in our study

since the accurate identity of the presence and sex ofthe incubating kestrel was not always

possible. Estimated EMF exposure through incubation alone may be 75% to 8001'a of the

female's time budget, and 2001'a ofthe male's time budget (Balgooyen 1976). Consequently,

males are potentially exposed to EMFs for 70-80% ofdaylight hours during incubation and

early nestling phases, when estimated times for males perch-hunting (i.e., 34.S%, Rudolph

1982) and incubating(i.e., 200At, Balgooyen 1976), are added to our modified observed EMF

exposure times. Similarly, females are potentially exposed for more than 900.4 during the

incubation and early nestling phases, when we include incubation estirnates of 8oo"
(Balgooyen 1976) and perch-hunting estimates ofS.OOID (Rudolph 1982) to our moditied

observed times. Moreover, the total EMF exposure for a 24 hour period depends on the

kestrel's roosting location. Gessaman and Findell (1979) indicated that wild incubating

American kestrels remain in their nest boxes Il night for 10.5 h, with females incubating more

often than males (Balgooyen 1976).

In summary, the extent ofEMF exposure of free-rangjng kestrels depends on the sex

of the bird and the reproductive phase, because of partitioning of space and duties by a

reproducing pair. Daily EMF exposure ofcaptive kestrels (87.S%) was greater than potential
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daytime EMF exposure ofwild kestrels during counship (40 - 5(010) and Jate nestling (50­

60%) phases, but comparable during incubation and early nestling phases (~ 90010. d' 70 ­

8(010) which constitute the majority ofthe breeding season. Ifroosting locations involve EMF

exposure, then wild kestrels are exposed to EMFs for a similar period as experienced by our

captive kestrels. Consequently, behavioural changes in captive kestrels from EMF exposure

rnay be experienced by wild kestrels. with captive changes occurring predominantly during

counship and nestling phases. The increased activity ofcaptive EMF birds had no impact on

clutch production, size or fertility. Behavioural changes during incubation were restrieted to

a trend of EMF males being more alert, a behavioural change unlikely to affect hatching

success which was significantly lower in the EMF room. While wild females were more likely

to be exposed to EMFs than males when nestlings were present, and captive EMF females

rested and preened less often than control females, captive tledging success was higher in the

EMF room indieating no effect from the behavioural changes and likely not ftom the greater

EMF exposure offemale kestrels. We conclude that gjven roosting locations involving EMF

exposure, wild kestrels cao he exposed to EMFs for a similar period to our captive birds, and

consequently may experience similar behavioural changes. These behavioural changes are

unlikely to affect reproductive success ofwild birds nesting under EMF conditions.
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Table 5: Observed times ofexposure to electric and magnetic fields (EMFs) near nest boxes

for wild American kestrels. Based on behavioural aetivities performed within the surrounding

EMF area centred about the nest box (80 x 80 ml). Observation limes and percentages

include observed perch-hunting and incubation limes when the sex ofthe incubating kestrel

could be accurately identified.

Reproductive Sample Sïzes Females Males

Phase Female Male minutes % minutes %

Courtship 1 1 41.5 13.1 21.53 11.64

Incubation 6 6 127.76 ± 29.25 40.2 88.54 ± 29.77 47.85

Nestling 6 6 101.93 ± 28.051 32.1 34.71 ± 17.59 18.76

Fledging 3 3 46.28 ± 11.J9 14.6 40.26±9.27 21.75

EMF exposure of females progressively declined following incubation (X2]-7.46 P<O.OS)y

while exposure time did not vary significantly for males as the season developed.

§Pemales were slightly (tg=2.1 0 P=O.06) more exposed to EMFs than males with nestlings.
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CONNECTING STATEMENT 3.

The second paper clearly indicates that free-ranging American kestrels may be

exposed to EMFs during the reproductive season for periods comparable to that used in the

captive reproductive study. Currently, it is unknown ifEMFs affect reproductive success of

raptorial species which commonly nest on transmission structures under EMF conditions

(Steenhof et a. 1993). The second paper showed EMF exposure affeeted the reproductive

behaviour ofthe captive kestrels, and briefly indicated that EMFs affect reproductive success

of kestrels. However, the extent ofEMF effects on eggs, embryos, and hatchlings requires

further investigation.
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CHAPTER 4. EFFEcrs OF ELECI'RlC AND MAGNETIC FIELDS ON THE REPRODUCfIVE

SUCCESS OF AMERICAN IŒSTRELS.

Abstract

Reduced reproductive success of birds nesting near transmission lines bas been

document~ but never directIy attributed ta eleetric and magnetic fields (EMFs) from the

power lines. Laboratory studies using domestic species have identified EMF effeets on

embryological development, but reproductive sucœss ofwild species is dependent on many

other additional factors. We used captive American kestrels under controlled or EMF

conditions for one (S-EMF) or two (L-EMF) breeding seasons to test the hypothesis that

EMFs that kestrels are exposed to when nesting under 735 kV power Iines affect reproductive

success. Clutch size, initiation date, and the length ofthe laying sequence were unaffected by

EMF exposure. Fertility was higher in S-EMF clutches than control clutches, but hatching

success was lower in S-EMF clutches. L-EMf exposure had no effect on fertility, but was

associated with increased hatching success. Mean egg volume and mass per clutch were

greater in the S-EMF clutches in 1995 ooly. Correeting for the larger egg volume ofEMF

eggs, S-EMF eggs of 1995 had thinner eggshells and slightly more dried albumen. S-EMF

embryos were larger in overall size than control embryos, but hatchlings were similar in size

and body mass ta contrais. L-EMF hatchlings were heavier than control hatchlings. Fledging

suceess was higher under S-EMf conditions in 1995, but lower under L-EMF conditions.

Clearly, EMF exposure affects reproductive suceess ofkestrels, with increased mortality of

embryos or young dependent on the length ofexposure ofadults.
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Introduction

Eleetrical transmission lines and towers have proved beneficial to birds, providing

alternative sites for perching, roosting, hunting, and nesting (Olendorffet al. 1981, Steenhof

et al. 1993); however, these birds are exposed to electric and magnetic fields (EMFs)

generated byeleetric powerlines. Overall nest success of raptors and ravens (Corvus eorax)

nesting on a 500 kV transmission line in southem Idaho-Oregon, was similar ta or higher than

pairs nesting on surrounding substrates (Steenhof et al. 1993). However, reproductive

success ofTree swal10ws (Tachycineta bie%r), but not Eastern bluebirds (Sia/ia sialis) and

House wrens (Trog/odytes aedon), was reduced under power lines, although results were

inconclusive in directly attributing this to EMFs (Doherty and Gnabb 1996).

While effects ofEMF exposure on avian fertility and hatching success are ambiguous,

it has affeeted embryonic development, - delaying development of Sea urchins

(Stronglyocelltrotus purpuratus, Cameron et al. 1993) and cbickens (Gallus domeslicus,

Delgado et al. 1982, Ubeda et al. 1983, 1994, Juutilainen et al. 1987, Martin 1988, but see

MatTeo et al. 1988, Martin 1992, Coulton and Barker 1991, Veicsteinas et al. 1996), and

increasing body mass and/or bone len8th of mice (Kowalczuk et al. 1994) and chickens

(Rooze and Hisenkamp 1985). EMF laboratory experiments on birds have utilized artificial

incubators which may be affected by EMFs, particularly temperature and humidity, thereby

having implications for successfu1 embryonic development and hatcbing (Manin 1992).

Birds nesting on or near transnùssion Iines may be exposed to EMFs throughout long

and repeated breeding seasons (Steenhofet al. 1993). Most previous EMF studies have used

domestic species and artificial incubators, but produced inconsistent findings. Consequently,

it is important to determine if reproductive suceess is direetly affected by EMF exposure by

using aduit birds, eggs and young ofa wild species. Avian reproductive success is a function

of fertility, hatching and fledging suceess, as weil as egg size with possible implications for

embryo development, hatching suceess, hatchling size, sex ratios, and fledging suceess (see

Williams i 994). We tested the hypothesis that EMFs affect reproductive sUceess of avian

species using pairs ofAmerican kestrels to Jay and incubate eggs and rear young under EMF

and control conditions. Kestrels were exposed for one breeding season to determine shon-
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tenn EMF (S-EMF) efFecrs, and for two breeding seasons to determine longer-term EMF (L­

EMF) effects.

Methods and Materials

We used 56 pairs of captive American kestrels from the Avian Science and

Conservation Centre of McGill University for each year of study. In 1995, 28 pairs were

randomly assigned to a control room, and 28 pairs to an EMF room. In 1996, new pairs were

randomly assigned to each room (13 control, 15 S-EMF pairs) for determining S-EMF

effects. In 1996, 13 control pairs and 15 EMF pairs from 1995 were used for a second

breeding season to identify possible L-EMF etfects. Not all pairs laid clutches.

A control room (10 m long, 8 m wide, 3 m high) and an EMF room (15 m long, 10

m wide, 3 m high) were used to bouse the kestrels. In the control and EMF rooms, humidity,

temperature and photoperiod clocks simulated "natural conditions Oat. 450)0', long. 73"26'),

with no significant differences between the two rooms (t-tests, ail Ps > 0.05). Each room had

a ventilation fan. Average 6gbt intensity al the birds' head level was not signjficantly different

with EMFs on or otf(lights on; ~4=-1.1990 P>O.05). Noise levels, indicative ofvibrations (D.

Nguyen, pers. comm.), were similar when EMFs were on or off (t,=O.64 P>0.05).

A magnetic field of29.35 ± 0.03 flT in the EMF room was created by a current

nmning through c:oils in the walls, floor, and ceiling orthe room. The electric field of9.67 ±

0.04 kV/m was generated by two plates suspended from the ceiling (Nguyen et al. 1991,

Burchard et al. 1996). The EMFs, controlled by a computer to provide consistent and

uniform fields, were equivalent to that which kestrels are exposed to when nesting under a

735-kV transmission line running at peak capacity. The magnetic field of the control room

was 2.02 ± 0.27 flT, and the electric field was 0.03 ± 0.01 kY/m.

Each pair was housed in a visually-isolated breeding pen made of reinforced

corrugated cardboard and covered with nylon netting. A standard wooden nest box and rope

perch were provided, as were wood shavings for bedding and nesting material. Metal

materials were minimized to reduce disturbance of the electric field and possible shocks to

the birds (F. Renaud, pers. comm.), while magnetic fields penetrated ail housing materials (D.

Nguyen, pers. comm.).
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Kestrel pairs were genetically unrelated within the past seven generations. Each bird

had previous breeding experience. Within each se~ there were no significant ditferences in

age (2 - 5 y), size (wing chard), body massyor condition (body mass: wing chard index) at

pairing (t-tests, all Ps > 0.05). Kestrels were provided ad libitum frozen-thawed day-old

whole cockerels and water each day at the same time. AlIleftovers were removed daily.

Kestreis were paired on Il May 1995 and 13 May 1996, with exposure ofEMF pairs

beginning immediately and lasting for 95 d in 1995, and 91 d in 1996, until young were 35 dy

one week after tledging. The birds were exposed ta EMFs for approximately 21 hry or 87.5%

of a 24 br perio~ in 1995, and to approximately 23.S br or 98% of24 br in 1996. These

exposure periods are comparable to that which free-ranging kestrels are potentially exposed

to during the reproductive period (Femie, in prep.y Fernie et al., submitted - a).

Nest boxes were checked every moming-at feeding (approximately 0800 hl. New eggs

were deemed as laid that morning, when fresh egg mass was weighed ta the nearest 0.0001

g (Sartorius anaIytical balance; Meuler AJl00). Each egg was labelled with a non-taxie

marker indicating its egg sequence position within the eluteh. Twenty days after incubation

began as caleulated by the lay date of the penultimate egg (Bird 1988), eggs were candled

(Weiler 19S6) for fertilityy and categorized as living or dead embryo, addled or infertile. Egg

length and width were measured to the nearest 0.01 mm using digital calipers (Mitutoyo

Digital Calïper 0.01-lS0 mm, model 500-115). Volume was caleulated using Hoyt's (1979)

equation: volume (mm3
) = width2 *Iength * 0.51. AlI measurements were performed by the

same individual to reduce observer etfects.

In 1995, we collected the third eggs immediately following laying for composition

anaIysis. As it appeared that using the third egg may have adversely affected hatching suceess

in 1995 (1. Ritchie, pers. comm.), infertile eggs restrieted ta the middle position ofthe laying

sequence were coUected at the end ofthe incubation period for composition analysis in 1996.

Initial and fifth eggs ofAmerican kestrel clutches cao be smaller than other eggs within the

elutch (Wiebe and Bonolotti 1996). Immediate1y upon collection., eggs were boiled until bard

for 10-13 minutes (Ricldefs 1982) and ftozen (-2arc) until composition anaIysis. Frozen eggs

were thawed at room temperature for one hour, weighed to the nearest 0.0001 g (Sanorius
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analytical balance; MettIer AJI(0), and then separated into sheD with associated membranes,

albume~ and yolk components. EggsbeU width, measured to the nearest 0.001 mm using a

micrometer (Mitutoyo digit outside micrometer, 0-25 mm, series 193), was determined using

five measurements around the egg circumference. Egg components were air-dried at 65°C

(VWR 1645D ove~ VWR Scientifie Ine.) to constant mass (<24 hl. Lipids were extraeted

from yolks for 24 h in IWO baths of a 5: 1 mixture of petroleum ether (30-60°C b.p.) and

chloroform, and air-dried to constant rnass. Lipid content ofyolks was calculated by dry

mass minus nonlipid dry mass; water content by wet minus dry albumen mass.

Fertile eggs which failed to hateh seven days after the estimated hatch date were

opened for morphometrie measurements ofembryos. Date ofdeath was calculated using the

aging criteria established for American kestrel embryos (Bird el al. 1984). Wet mass was

reeorded to the nearest 0.1 g (Sartorius scale -PT600). Morphometric measurements were

taken to the nearest 0.01 mm on the right side ofembryos, aged > 12 d, using a digital caliper

(Mitutoyo Digital Caliper. 0.01-150 mm Madel 500-115). Measurements were taken of total

length ofthe uncurled embryo, tarsus, mid-toe, antebrachium, and eyeball at its widest point

(Bird and Laguë 1982, Bird el al. 1984).

Prior to morning feeding, day-old kestrels were weighed to the nearest 0.1 g

(Sanorius scale, PT600), and length oftarsus and antebrachium were measured to the nearest

0.01 mm using a digital caliper (Mitutoyo Digital Caliper, 0.01 - ISO mm model 500-115).

The length ofthe tarsus and antebrachium were used as indicators ofthe structural size ofthe

hatchlings.

Statistical Analyses

Ratio estimators (Cochran 1977) with t-tests were used to compare differences in

fertility, hatching, and fledging suceess between control and EMF groups within years.

Fertility was measured as the number of fenile eggs to the total number of eggs within a

cluteh, and hatching suceess measured as the number ofeggs hatched to the total number of

fertile eggs within a clutch. F1edging success was measured as the number ofyoung Oedging

to the number ofeggs hatched within a clutch.

Intra-clutch egg size variation was anaIysed using the mean egg volume and mass for
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the clutch. We used a two-way ANOVA to determine S-EMF and L-EMF treatment etfects,

iteratively removing insignificant interaction and year tenns ftom the model to increase power

(Alasaskas and Ankney 1994). EtTects ofEMFs on clutch size were analyzed by one-way

ANOVA. Egg component data for lipid content were log-transfonned because of the high

coefficient ofvariation (Sakai and Rohlf 1981), with ail component data analyzed using one­

wayANOVAs.

Embryonic growth analyses were restrieted to 1995 data (due to sample sizes in 1996)

from 23-27 d old embryos as age effects on embryo growth were linear (see below) and most

embryos died at this age. Within this sampley a significant amount of variation could he

explained byage for all measurements exc:ept mass (p > 0.45, n =42). We controlled for age

effeets by regressing each variable, except mass, against age, and using the residual values.

EMF effeets on embryonic development were te5ted in two ways. FlI'st, overall growth effects

were tested in a general way using a composite measure of size; the six linear measurements

were used as input variables in a principle components analysis (PCA; Rising and Somers

1989), and the tirst component (pC1) of the PCA was used as an index ofoverall embryo

size.

Body mass and StlUeturai size (tarsus, antebrachium length) ofday-old kestrels were

analyzed using nested one-way ANOVAs as more than one young hatched in sorne clutches.

Means with S.E.M. are recorded.

Results

The mean number ofeggs laid per clutch was similar between S-EMF, L-EMF and

control clutches (one-way ANOVA, ail PS>0.05; see Table 6). The number of days from

pairing to clutch initiation, and the length ofthe laying sequence, was sunilar between S-EMF,

L-EMF and respective control pairs in 1995 and 1996 (t-test, ail Ps > 0.05).

Mean egg volume per clutch was significantly larger (Fl=4.44 P<O.OS) for EMF

clutches than control clutches in 1995 ooly (see Table 6), but S-EMF and L-EMF exposure

in 1996 had no effect on mean egg volume (aU Ps>O.05; see Table 6). In 1995 ooly, mean egg

mass per clutch was significantly heavier in S-EMF clutches (F1-7.19 P<O.OI) than controls,

with no S-EMF orL-EMF effeds observed (ail Ps > 0.05) in 1996.
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Components of 1995 eggs were corrected for egg volume as EMF eggs were larger

than control eggs. S...EMF eggs had significandy thinner eggsheUs (Fl=8.80 P<O.OI) and

slightly more dried albumen (F(=3.42 P=O.07) than control eggs, but were similar ta contrais

in dried albumen and yolk mass, lipid and water content (see Table 7; one...way ANOVAs, all

PS>O.OS). Small sample sizes in each group (n < 6) prevented analysis ofeggs coUected in

1996.

Based on the total number ofeggs within a clutch, fertility was significantly higher in

S-EMF clutches than control clutches in 1995 (t47="'2.10 P<O.OS) and 1996 fi. =-7.18

P<O.OOI; see Table 6). There was no significant ditrerence in fertility related ta L-EMF

exposure (t22=O.89 P>O.OS).

ln 1995, S-EMF embryos were stnJeturally larger overall than control embryos as

measured by PCI (Fl.21=S.93 P<O.OS). Of the five individual morphological size

measurements, only uncurIed embryo length showed significant ditrerences between the two

groups (see Table 8). EMF embryos were longer than controls (F(=11.67 P<O.OI).

Hatching success in 1995 (13.6 ± 4.2 %) proved ta he significantly lower (t35=-3.36

P<O.OI) than in 1996 (33.3 ± 28.7 %). Hatching success offertile eggs within a clutch was

significantly lower among S-EMF clutches than control clutches in 1995 (t47=2.oo P<O.05)

and 1996 (tll=-2.11 P<O.OS; see Table 6), but significantly higher in the L-EMF clutches than

the control clutches (t22=...2.24 P<O.OS; see Table 6). Of the 1996 S...EMF exposure and

control groups, only three S-EMF and one resPeCtive control kestrel hatched. Funher

analyses ofhatchling body mass and structural size exclude these hatchlings.

Individual eggs successfully hatching, not the clutch Mean, were significantly heavier

when initially laid in 1995 S-EMF clutches (F(=IS.41 P<O.OI) and 1996 L-EMF clutches

(F(=4.03 P<O.05) compared to resPeCtive contrais. However, the 1995 S...EMF hatchlings

were similar ta control hatcblings in body mass and structural size (ail Ps>O.OS; see Table 8).

L-EMF hatchlings were significandy heavier than control hatchlings (F(=4.19 P<O.O1) but

similar in structural size (all Ps>O.OS; see Table 8).

Fledging success was significantly higher (t.7=...9.17 P<O.OO1) in the 1995 S-EMF

group (71.4 ± 6.2 %) than control group (S7.1 ± 4.7 %), but significantly lower (rn=-IO.89

58



•

•

•

P<O.OOI) in the 1996 L-EMF group (60.0 ± 7.6 %) than the control group (88.9 ± 4.7 %).

Discussion

EMF exposure atrected reproductive success of American kestrels. Fenility and

fledging success (1995) were higher in S-EMF clutches than control clutches, but hatching

success offertile eggs was reduced in S.EMF c1utches. Fertility was similar in the longer-term

groups, with hatching success bigher and fledging success lower in the L-EMF clutches. Mean

egg volume and mass per clutch were greater in the S-EMF clutches in 1995 ooly; no effects

were observed in 1996. S-EMF eggs had thinner eggsheUs and slightly more albumen than

control eggs in 1995. In 1995, embryonic growth was greater in the S-EMF group than the

control group, but hatchling size and body mass was similar between groups. L-EMF

hatchlings were heavier than contrais, but similar in structural size.

EMFs bad no effect on clutch size, sequence lenglh, or initiation date. Although the

kestrels likely perceived the EMF5 as 6gbt as indicated by previous melatonin results (see

Femie et al., submitted - b), possible effects tram photoperiod changes did not occur within

the initial Il to 14 d ofexposure when clutch initiation began (Femie el al., submitted - b).

EMF effects on kestrel fertility were restricted to the initial breeding season of

exposure, being higher in the S-El\fF groups than contrais. In contrast to the S-EMF kestrels,

fertility was unafFected in rats exPQsed for 30 days (20 h daily) to a stronger electric field (100

kV/m) than in our study (10 kV/m; Sikov et al. 1984). EMFs may be perceived as light

(Reiter 1992, 1993), and fertility in domestic avian species bas been affected by light intensity

(Davis et al. 1993 but see Siopes 1984, 1991) and elevated ambient temperatures (McDaniel

et al. 1995). However, light intensity during the photophase, as weil as temperatures, were

similar between the EMF and control rooms.

The larger egg volume and mass per S...EMF clutch in 1995 is the result of EMF

exposure rather than other environmental factors, parental or clutch charaeteristics (Williams

1994). Egg size can increase with Iaying date and rising tempentures (perrins 1996), whereas

cold temperatures during follicular and egg development reduced (Magrath 1992) or

increased egg size (Williams and Coach 1996). Yet, clutch initiation and completion dates

were similar for control and EMF pairs, as were temperature and humidity between the two
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experimental rooms. Prey or food availability infIuenœd egg size ofAmerican kestrels (Wiebe

and Bortolotti 1995) and Tengmalm's owls (Aegoliusfunereus; Hakkarainen and Korpimiki

1994), but not Blackbieds (Turdus merula; Macgrath 1992). However, kestrels in this study

were fed ad libitum prior to and throughout the reproductive seaso~ and there were no EMF

effeets on courtship feeding rates (Femie el al., submitted - a) or feed-intake ofwintering

kestrels (Femie and Bied, submitted).

The larger egg size per S-EMF clutch in 1995 is unlikely related to parental qualities

of body condition, age and reproductive experience. Mean egg volume was positively

correlated \Vith pre-clutch body condition offemale American kestrels, and females in good

condition laid larger eggs (Wiebe and Bortolotti 1995). However, EMF and control females

were similar in body size, mass, and condition when paired with males, approxirnately lOto

14 d prior to clutch initiation, and at mid-clutch (Femie and Bied, submitted). While younger

females and females with minimal breeding experience produce smaller eggs in sorne species

(Croxall et al. 1992, Wdliarns et al. 1993, Hipmer et al. 1997, but see Hakkarainen and

Korpimiki 1994), age and breeding experienœ were controUed for and similar between EMF

and control groups.

The larger S-EMf egg size per clutch in 1995 is aise unlikely a funetion ofclutch size

and laying sequence as in sorne species (Slagsvold el al. 1984, Williams 1994). Clutch sizes

were similar between control and EMF pairs, and the etreet of layjng sequence bas been

eliminated by using the Mean mass or volume per clutch. Eggs laid after incubation was

initiated were heavier than eggs laid when incubation began after clutch completion (Nilsson

and Svensson 1993), but American kestrels start incubation with the penultimate egg (poner

and Wiemeyer 1972), and no S-EMF effects on incubation behaviours were observed (Femie

et al., submitted - a). Consequently, increased egg size in mass and volume per clutch were

likely a function of S-EMF exposure rather than environmental factors, parental or clutch

charaeteristics.

Egg composition analysis in 1996 was not completed as the sample sizes of mid­

sequence eggs was too small (n < 6 per group). In 1995, S-EMF eggs had thinner eggsheUs

and slightly more dried albumen. Thinner eggsheUs in raptorial species have been observed
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in relation to DDTIDDE exposure (Lundholm 1997 and references therein). The change in

albumen is consistent with other results indieating egg components vary with egg size (Mins

1979, Ankney 1980, Finkler et al. 1998), panicularly that albumen content increases

disproportiooately with egg 5Ïze. The slightly larger amount ofalbumen in the EMF eggs may

partly account for the larger-sized embryos in these eggs, as albumen and water content are

the primary determining factors of near·term embryo size and hatchling size of chickens

(Fmkler et al. 1998). However, the EMF eggs were similar to control eggs in terms ofwater

content.

EMF exposure increased embryonic 810wth ofAmerican kestrels in 1995, likelyas

a function of the larger mass or volume ofeggs per EMF clute~ and increased albumen of

these eggs. S-EMF embryos had longer bodies and their tarsi were slightly longer than

controls just prior to hatehing. Early stages ofëmbryonie development of Sea urehins, rats,

mice and chicks, were affected by SO to 100 Hz EMFs (see Cameron et al. 1993). Initial

development ofembryonie chickens was disturbed by EMF exposure (Leal et al. 1988-89,

Delgado et al. 1982, Ubeda et al. 1983, 1994, Juutilainen et aL 1987, Manin 1988), while

EMF mice fetuses were longer and heavier at term (Kowalczuk et al. 1994) and EMF 8 day­

old chicks were heavier with longer tarsi (Rooze and Hisenkamp 1985). The larger EMF

kestrel embryos in our study contrast with others in which no embryonic etfeets were found

in mice (Kowalczuk el al 1994) or white leghorn chickens (Maffeo el al. 1988, Martin 1992,

Veicsteinas et al. 1996). Temperature levels, critical to the suceessful development ofavian

embryos (Martin 1992), were probably similar between treatments as no differences were

observed in the proportion oftime females incubated (Fernie et al., submitted - a).

Unhatched kestrel embryos and eggs showed no visible deformities, and MOst died

within five days prior to hatclüng. Death ofOstrich (Strulhio came/us) embryos in the last 10

to 14 d ofartificial inaJbation was re1ated to malpositioning and oedema, the latter correlated

ta water 1055 and in turn to egg size (Brown et al. 1996). Heavier eggs ofJapanese quaillose

proportionally less water during incubation (Manin and Arnold 1991), with water loss and

oxygen regulation partly a function ofeggsheU thickness (Vleck and Vleck 1996). The S­

EMF eggs per clutcb were heavier and eggsheUs thinner than control eggs, but control and
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EMF eggs were similar in water loss after 20 days ofincubation (1(. Femie, unpubl. data).

When opening unhatched eggs for embryo analysis, malpositioning was unfortunately not

recorded. Inadequate tuming by S-EMF parent kestrels may partly account for the reduced

hatching success, but is unlikely as EMF males were slightly more alert and females showed

no behavioural differences nom contrais during incubation (Fernie et al., subinitted - a). In

1996, sevenEMF (four) and control (three) females died when laying their clutch as a result

ofegg peritonitis due to E. coli (detennined by necropsy). E. coli reduces hatching success

(Edens el al. 1997), but bath S- (three) and L-EMF (four) females were equally affected, and

hatching success was higher in the L-EMF group.

Hatching success ofkestrels was affected by EMF exposure, being lower in S-EMF

clutches but higher in L-EMF clutches. We can offer no explanation for why the pattern of

hatching sucœss was inconsistent between S-EMF and L-EMF groups. Reproductive success

of Tree swallows, but not Eastern bluebirds or Rouse wrens, was also lower under~

conditions from POwerlines compared to control areas (Doherty and Grubb 1996). In

contrast, prenatal mortality and liner size was unaffected in rats exposed during pre8lWlCY

to stronger eleetric fields (80 and 100 kY/ml, but for shoner periods (22 and 30 d; Burack

et al. 1984 and Sikov et al. 1984, resPectively), compared to tbis study (30 kV/m; adults 50

~ day-old hatchlings 28 d exposure). The reduced hatching success ofthe larger S-EMF eggs

was surprising, as larger eggs have better hatching suceess in American kestrels (Wiebe and

Bortolotti 1995) and other species (Schifferli 1973, Croxall et al. 1992, Perrins 1996,

Amundsen et al. 1996). Poorer hatching suceess was observed with smaller female kestrels

(Bortolotti and Wiebe 1993), but EMF and control females were similar in size and body mass

throughout the study (Fernie and Bird, submitted).

Sex ratios within each clutch are impoSSIble to assess as in a1l but one clutch, only one

or two young hatched, and we did not identify the sex ofunhatched embryos. However, based

on feather development at approximately 14 d, the sex ratio of young was similar

(approximately 50:50) within each room in 1995 and 1996. Sex ratios within rat litters were

unaffected by EMF eXPOsure (Sikov et QI. (984). It is possible that our small sample size

based on 14 d old young may obscure sex-ratio etfects trom EMF exposure, as 1995 S-EMF
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eggs were larger. and larger volume eggs produced more males than females within the same

colony ofAmerican kestrels (Anderson el al. 1997). funher investigations ofpossible EMF

effects on sex ratios ofkestrels is required.

The S-EMf day-old kestrels were sirnilar in body mass and structural size ta contrais.

yet hatched from individual eggs which were heavier when initially laid. Compared to control

hatchlings, L-EMF hatchlings were heavier and hatched from heavier individual eggs. Our

sample sizes are small which likely accounts for the contradiction of S-EMF egg size­

hatchling results, but the L-EMF results are consistent with previous research in which large

egg size was positively correlated with larger hatchlings in American kestrels (Anderson el

al. 1997) and otherspecies (Schifferli 1973, Ricldefs 1984. Reid and Bcersma 1990, Ntlsson

and Svensson 1993, Smith el al. 1995, Amundsen et al. 1996, Dawson and Clark 1996).

Fledging success was higher in the S-EMf group despite lowered hatching success.

Fledging success in the L-EMF group was lower, but with higher hatching success and larger

hatchlings. We cao offer no explanation for this pattern ofhatching-tledging success and EMF

exposure. but suggest that EMFs increase the monaIity ofyoung either prior to hatching or

fledging. The L-EMF results, larger hatehlings but reduced survival, contradict other research

in which larger hatchlings had better survival (Dawson and Clark 1996 but see Perrins 1996).

In conclusion, EMF exposure of adult American kestrels atrected reproductive

success, panicularly fertility, egg size and eomponents, embryo and hatchling size, hatehing

and fledging success. S-EMF elutches had better fenility but poorer l1atching suceess, and

among 1995 S-EMF clutehes, mean egg volume and mass per eluteh, dried albumen mass,

and embryonic growth were larger, but eggshells were tmnner than controls. L-EMF clutches

were similar in mean egg size (mass~ volume) and fertility, had better hatching success and

larger hatchlings, but poorer fledging suceess compared to contrais. The pattern of EMF

exposure and monality ofyoung kestrels may indicate that mortality at the pre-hatching or

pre-fledging stage is increased by EMF exposure. EMF effects on reproductive success has

important implications for wild species nesting within EMFs generated by powerlines.
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Table 6. Reproductive traits of American kestrels exposed to short-term or longer-term electric and magnetic fields (EMFs) within years.

Means± S.E.M. are presented. C··P<O.OOI; '·P<O.OI; 'P<0.05).

Short-terrn Exposure Longer-terrn Exposure
Variable

Cd '95 EMF'95 CtI'96 EMF'96 Ctl EMF

60.0 ± 7.6

13

86.7

4.9± 0.2

12.0 ± 0.9

7.8 ±0.4

14.1 ± 0.2

15.0 ± 0.2

S7.1 ± 11.2

36.1 ± IO.t'·

Il

84.6

4.S ± 0.4

11.7± 1.1

7.2 ±0.5

13.7±0.3

14.6 ± 0.3

61.2 ± 11.0

26.7 ± 9.7

88.9 ± 4.""

13.4 ± 0.5

14.3 ± 0.5

35.6 ± 12.6'"

12.5 ± 12.1

100'

---- ------- ----

10 10

76.9 66.7

4.S ±0.2

12.2 ± 1.3

8.0±0.6

4.9± 0.3

8.0±0.7

14.2 ± 2.9

13.2 ± 0.2

14.0 ± 0.2

6.1 ± 3.1

33.3 ± 28.7'

100'

22

78.6

4.8 ±0.2

11.9 ± 1.0

8.7 ± 0.4

14.3'

15.4 ± 0.2"

50.9 ± 6.5'

11.1 ± 4.3

71.4 ± 6.2'''

27

96.4

4.7±0.1

11.2 ± 1.1

8.2±0.3

13.6

14.6 ± 0.2

46.8 ± 7.1

13.6 ± 4.2'

57.1±4.7

Sample size (clutches)

Pairs laying one clutch (%)

Clutch size (## egs)

Pairing to first eg (d)

Laying sequence length (d)

Mean eg size/clutch

- volume (cml
)

- mass (g)

Fertilityl total esss (0/0)

Hatch/fertile eSS5 (%)

Fledgingl hatched (%)

'Only one control kestrel and two S-EMF kestrels hatched and tledged in 1996.
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• Table 7.Egg components of control and short-term electric and magnetic field (EMFs)

exposure groups. Only the third egg ofeach clutch was used. Data were corrected for egg

volume.. but means ± S.E.M. ofuncorrected data are presented. (ï»<0.01)

tAII measurements are in g except shell width (mm) and sample size.

•

Variable
Short-term Exposure

Ctl ~95 EMF~95

sample size (Ii clutches) 25 19

Mass with sheD l 13.6:l: 0.2 14.3 ± 0.20

Shell width 0.145 :l: 0.002 0.138 ± 0.004

Water content ofalbumen 8.1 ±0.2 8.6±0.2

Dried albumen mass 0.4:l: 0.02 0.5 ± 0.02

Dried yolk mass 1.5 ± 0.02 - 1.7 ± 0.04

Lipid content 0.06 ±0.07 0.09 ± 0.02

F value P value

0.07 0.79

8.8 0.01

0.29 0.59

3.42 0.07

1.34 0.25

1.56 0.22
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• Table 8. Morphological charaeters of23-28 d old embryo or day-old hatchling American

kestrels exposed ta electric and magrtetic fields (EMF5) and control conditions. Hatchlings

from the 1996 short-term EMF or control groups were excluded trom analysis due to small

sample sizes (n < 3). Means ± S.E.M. are presented.

Charaeter Control EMF F P

1995 Embryo Size, sample Il 12

size

Body mass1 11.1 ± 0.6 11.4 ± 0.8 0.11 0.74

Body length 41.3 ± 0.9 45.5 ±0.8 11.67 0.003

Tarsus length 8.3 ±0.3 9.1 ±0.3 4.02 0.062

Middle toe 4.1 ±0.1 4.5 ±0.1 4.25 0.052

Antebrachium 6.8±0.2 7.1 ± 0.2 0.85 0.37

Eye 9.4±0.2 9.8 ±0.2 2.61 0.12

• 1995 Short-term

Hatchlings, sample size 7 7

Bodymass 10.3 ± 0.5 11.6 ± 0.5 2.64 0.31

Tarsus length 12.9 ± 0.3 13.1 ± 0.8 2.97 0.28

Antebrachium length 11.3 ± 0.7 12.6 ± 0.4 3.44 0.25

1996 Longer-term

Hatchlings, sample size 9 15

Bodymass 10.4 ±0.2 10.5 ±0.3 4.19 0.01

Tarsus length 13.5 ::i: 0.3 12.6±0.2 0.84 0.61

Antebrachium length 13.8 ± 0.2 12.9 ±0.3 0.67 0.74

•
lMass measured in g, ail other measurements in mm.

2o0t significant using sequential Bonferroni correded alpha.
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CONNEcrING STATEMENT 4•

1 have determined that EMF exposure affects plasma melatonin concentrations in

reproducing kestrels~ and that the exposure limes used in the laboratory study were

comparable to that potentially experienced by free-ranging kestrels. According to the

melatonin study, the kestrels perceived the EMFs as light, thereby altering the photoperiod

in the EMF room. Changes in photoperiod are known to advance the anset of molt in other

species (Dawson 1998)~ and melatonin is involved in plumage colour changes (Gupta et al.

1987) which would occur during Molting. At the onset ofmol~ body mass of American

kestrels increases. The next $lep is ta detennine whether EMFs affect body mass and molting

in American kestrels in light ofEMF effects on melatonin levels in reproducing male kestrels.
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CHAPTER 5 .. EFFECfS OF ELECl'RIC AND MAGNETIC FIELDS ON BODY MASS AND FEED­

INTAIŒ OF AMERICAN KESTRELS..

Abstract

Raptors commonly nest and rocst on transmission towers and hydro poles which

exposes them to electric and magnetic fields (EMFs) from power lines. Captive and wild

American Kestrels (Fa/co sparverius) were used to determine implications ofE~s9 while

captive kestrels only were used to examine EMF effects during reproduction and

development. In this studY9 we hypothesized that EMF exposure affects the body mass of

reproducing adult male and female kestrels. and detennined whether increased body mass is

a funetion ofincreased feed intake related to EMF exposure. Captive kestrels were paired for

one (S-EMF) or two (L-EMF) breeding seasorÎs ta determine EMF effects. S-EMF and L­

EMF exposure ofmales afFected overall mean body mass during the reproductive season. and

S-EMF males were signjficantly heavier than controls when molting began at approximately

56 d of exposure. In cont~ the body mass and pectoral muscle scores of females were

unatreeted by EMF exposure during laying, 20 days post-Iaying. and after 70 d of EMF

exposure. There were no significant efFects on body mass or feed-intake ofwintering kestrels

related ta 10 d of EMF exposure. Our results cao he explained by EMFs manipulating

photoperiods indicated by altered melatonin levelst and that EMF effeets are likely restrieted

to high resting metabolic rate periods in kestrels.
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Introduction

Transmission towers have proved beneficial to birds, providing alternative sites for

perching, nesting. roosting and hunting (Steenhofel al. 1993). Nest platforms and boxes have

been erected on transmission towers and hydro poles for use by raptors (Olendortfel al.

1981, Steenhofet al 1993). A 10-year study revealed that 133 pairs ofraptors and ravens

(Corvus corar) established new nests along a 500-kV transmission line in southem Idaho­

Oregon, had overaU nest success rates similar 10 or higher than pairs nesting on surrounding

substrates, and 82.4% ofpairs repeatedly nested on tower nest sites (Steenhofet al. 1993).

Power lines and structures have also electrocuted many individuals of species,

particularly birds of prey (Olendorffet al. 1981, Ferrer et al 1991, Bevanger 1994, Negro

and Ferrer 1995). However, it remains unknown whether birds spending considerable lime

in the vicinity of power Iines are affected by-electric and magnetic fields (EMFs). EMF

exposure did affect reproductive success ofAmerican kestrels (Fa/co sparverius, Femie et

al, submitted - cl, and while inconclusive in atblbuting reduced reproductive success directly

to EMF exposure, reproductive success ofTree swallows (Tachycineta bie%r) was lower

under power lines than in control areas (Doherty and Grubb 1996).

EMF exposure cao affect hormone levels, feed intake, and embryonic development.

Melatonin concentrations in male kestrels were affected by EMF exposure, suggesting

kestrels perceived EMFs as light. Periodic manipulations cao alter the onset and rate ofmolt

in avian species (Dawson 1998). Prolaetin and testosterone ofadult male rats were affected

by EMF exposure (Free et al. 1981, Oroza et al. 1987), and Holstein cows had elevated

plasma progesterone levels and increased dry matter intake when exposed to EMFs (Burchard

el af. 1996). Embryonic development of American kestrels (Femie, in prep., Femie et al.

submitted - b), among other species, bas been affected by EMF exposure (Delgado et al.

1982, Juutilainen et a/. 1987, Cameron et al. 1993, Kowalczuk et al. 1994).

We detennined whether EMF exposure for one and two breeding seasons afFeeted

behavior, reproduction, and development ofcaptive American Kestrels, and detennined the

extent ofEMF exposure experienced by wild kestrels (Femie et a/., submitted - ~ Femie, in

prep.). The melatonin results indicate a compression ofthe reproductive season for the EMF
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males through a lengthening of the photoperiod (Femie et al., subrnitted - cl. Longer

photoperiods are known to advance the onset ofmalt in several avian species (Dolnik and

Gavrilov 1980, Dawson and Goldsmith 1985, Meijer 1989), and malt is associated with

changes in body mass in American kestrels (Femie, unpubl. data) and the onset ofgonadal

regression in European kestrels (Meijer 1989). Consequently, we hypothesize that EMF

exposure affects body mass ofreproducing adult male and female kestrels.. and that increased

body mass May also be a function of increased feed intake related ta EMF exposure. The

body mass data for reproducing kestrels has also been presented in a paper concerning EMF

effects on plasma melatonin concentrations in American kestrels (Femie et al., submitted ­

c).

Methods and Materials

Reproductive SIUdy

We used 56 pairs of captive American Kestrels trom the Avian Science and

Conservation Centre (ASCe) ofMcGill University. In 1995, 28 pairs were randomly assigned

to the control room, and 28 ta the EMF room. In 1996, new birds were randomly assigned

to each room <0 n=13 pairs, E n=15 pairs), and another 13 control and 15 EMF pairs from

1995 were assigned for a second season ta the control and EMF room, respectively. Kestrels

used in the experiment for one breeding season identified etfects of ~short-term' EMF

exposure (S-EMF), while those used for two seasons identified ~longer-term' EMF effects

(L-EMF').

Pairs were genetically unrelated within the past seven generations. Each bird had

previous breeding experience. Within each sex, adults were similar in age (2 - 5 y), size (wing

chard), body mass. and condition (body mass:wing chord index) at pairing (l-way ANOVAs,

aIl Ps > 0.05).

In the control and EMF rooms, humidity, temperature and photoperiod clocks

followed naturaI conditions Oat. 450]0', long. 73~6') and were similar (t-tests, ail Ps > O.OS).

The control room measured 10 m ~ 8 m x 3 ID, and the EMF room was 15 m x 10 m " 3 m

high. Each room had a ventilation fan. Average Iight intensity at birds' head level was similar

with EMFs on orofF(lights on; 124=-1.1990 P>O.OS). Noise levels, indicative ofvibrations (D.
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Nguyen, pers. comm.), were similar when EMFs were on or otT (t.=O.64 P>0.05).

A magnetic field of 29.35 ± 0.03 JolT in the El\4F room was created by a current

running through coüs in the walls, floor, and ceiling orthe room. The electric field of9.67 ±

0.04 kV/m was generated by two plates suspended from the ceiling (Nguyen el al. 1991,

Burchard et al 1996). The EMFs, controlled by a computer to provide consistent and

uniform fields, were equivalent to that which kestrels are exposed ta when nesting under a

735-kV transmission line running al peak capacity. The magnetic field of the control room

was 2.02 ± 0.27 JolT, and the electric field was 0.03 ± 0.01 kY/m.

Kestrels were paired on Il May 1995 and 13 May 1996, with exposure ofEMF pairs

beginning immediately and lasting for 95 d in 1995, and 91 d in 1996, until young were 35 d

01d, one week after fledging. Kestrels were exposed ta EMFs for approximately 21 br, or

87.5% ofa 24 br period, in 1995, and ta approximately 23.5 br or 98% of24 br in 1996.

These exposure periods are comparable ta those potentially experienced by free-ranging

kestrels during the reproductive season (Fernie et QI., submitted - a).

Each pair was housed in a visually-isolated breeding pen made of reinforced

corrugated cardboard and covered with nylon nening. A standard wooden nest box and rope

perch were provided, as were wood shavings for bedding and nesting materia!. Metal

materials were minimized to reduce disturbance of the electric field and possible shocks to

the birds (F. Renaud, pers. conun), while magnetic fields penetrated ail housing materials (D.

Nguyen, pers. comm.).

Kestrels were weighed ta the nearest 0.1 g (Sartorius scale, model PT600). Male

kestrels were weighed every 14 d, between 08:00 and 10:00 prior ta morning feeding. Female

kestrels were measured three tintes, between laying ofthe third and founh egg (mid-clutch),

20 d post-Iaying, and al 70 d after pairing. Females were weighed al 15:00 to avoid disturbing

egg laying which generally occurs in the early moming (Liou et al. 1987, 1. Ritchie, pers.

comm.). Females' pectoral muscles were scored tram one (poor) to four (excellent; Gosier

1991) to monitor protein reserves throughout the experiment. Kestrel pairs were provided

daily with ad libitum day-old cockerels and water at the same time when leftover food was

removed.
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For the reproductive study, Repeated Measures ANOVA were used to analyze EMF

effeets (Sokal and Rohlf 1995) using S.A.S. (version 6.11, 1985) software. Analyses were

condueted separately within sex and length ofexposure period. When necessary, data were

transformed using the Box-Cox transformation (Sokal and Rolf 1995). Friedman's Repeated

Measures ANOVA on Ranks test was used ta analyze female pectoral muscle scores (Sokal

and Rolf 1995). Statistical significance was considered at the P<O.OS level, and means ±

S.E.M. are reported.

Feed-Intake Study

A cross-over experimental design using 32 captive kestrels was used for the feed­

intake study, condueted between 4 December 1996 and II January 1997. Sixteen kestrels

were housed in each of the control and EMF rooms for trial one, then switched ta the

opposite room for trial two. In each trial and rooin, eight male kestrels and eight females were

housed individually in the breeding pens without nest boxes. Before the initial EMF trial

began, the kestrels went through a 6 d acclimation period in the heated rooms (EMF 20.4°C

± O.soC, controI20.6°C ± I.JOC) as they had been housed at ambient temperatures «7 C ±

SOC). Once feed intake was stabilized, EMF exposure began for 10 d, followed by a 4 d

'wash-out' period without EMFs to eliminate any residual EMF effects. Kestrels then

switched rooms, followed by another 4 d acclimation period without measurements taken.

Another 10 d trial and 4 d 'wash-out' period followed.

The feed-intake kestrels were exposed to EMFs for 23 h daily, comparable to the

reproductive studyand potentially experienced by reproducing free-ranging kestrels (Femie,

in prep., Femie et al., submitted - a). In bath rooms, photoperiod Was natural, and humidity

temperature, noise and vibration conditions were similar (I-way ANOVA, ail Ps > O.OS).

Kestrels in the feed-intake study were similar in age (3 - 4 a), and had been exposed

(short-tenn) to EMFs in the reproductive study. As in the reproductive study, kestrels were

provided with ad libitum water and day-old whole cockerel between 08:00 and 10:00 each

day. Kestrels were weighed daily as described earlier. To facilitate leftover feed collection,

pens were lined with wax paper which was changed daily. Leftover food ftom each bird was

immediately frozen al -20°C until thawing 24 h prior to drying. Food sampies were dried to
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a constant weight in a Despatch convection oven al 17T'C for 24 br, and weighed to the

nearest 0.01 g (Mettler PE3600 Deltarange scale).

Statistica1 analyses for the feed-ïntake study was based on the approximate dried feed­

intake. Analysis involved Repeated Measures ANOVA The model controUed for residual

effects from the initial acclimation period or the two EMF trials. Data were standardized for

analysis due to the large variation within the raw data (Sokal and Rohlf 1995).

Results

Reproductive Study

S-EMF exposure ofmale kestrels aftècted body mass in 1995 (F'.42=2.65 P<O.OS) and

1996 (F6,20=3.92 P<O.Ol; see Figure 3). Time (1995 f.'44 =8.21 P<O.OOI, 1996~1 =3.92

P<O.OI) and treatment*time interactions (1995 FS•44=3.64 P<O.OI; 1996 F'.21=4.94 P<O.OI)

were significant in both years. S-EMF maleswere heavier than contrais at 56 d in 1995

(4.4%, X\=5.46 P<O.05) and 1996 (8.2%, li =7.65 P<O.OI), and at 70 d in 1996 (8.70At,

F1=7.10 P<O.OI).

L-EMF male kestrels were also heavier than control males (F6,20=5.41 P<O.OI; see

Figure 4), with a trend evident at 56 d ofL-EMf males being heavier than controls (6.2%,

F1=3.77 P=O.06). Time (Fs.:u=140.33 P<O.OOI) and treatment*time interactions (FS.21=4.29

P<O.O1) were significant.

S-EMF exposure offemale kestrels had no effect on body mass in 1995 (F3.31=O.05

P>O.05) or 1996 (F4,14=1.25 P>O.05), and nor did L-EMF exposure (F4,11=O.79 P>O.05; see

Table 9). Tinte effects were significant for S-EMF females in 1996 only (Fl.15=70.01

P<O.OOI), and for L-EMF females (F3,11=56.99 P<O.OOt). There were no significant

treatment*time interactions (ail Ps>O.OS). Pectoral protein reserves of females were

unaffeeted by EMF exposure, and there were no significant rime or treatment*time

interactions (Friedman's R.M. ANOVA, ail Ps>O.OS; see Table 9).

Feed /nla/ce Resu/ts

lnitiaIIy, control and EMF kestrels witbin each sex were simiJar in body mass (I-way

ANOVAs, ail Ps > O.OS), with males weighing 129.9 ± 4.5 g, and females weighing 142.8 ±

5.5 g. No significant differences were observed in body mass ofmales or females through any
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trial periods (R.M. ANOVAs, aU Ps>O.05), except the initial wash-out period when EMF

males were heavier than control males (2% or 2.7 g; F•.u =J.51 P<O.OS). Results for body

mass ofmales showed significant time effects during the initial acclimation period (F,.lo-13.26

P<O.OO1), and significant treatment*time interactions during the initial wash-out period

(F3.12=5.0S P<O.OS). During the initial EMF trial, body mass of females varied over rime

(F9,6=S.47 P<Cl.OS), and the heavier group altemated àaily (treatment*time f,,6=S.18 P<O.OS).

There were no diftèrences in feed intake for either sex during the acclimation period,

or during the two EMF trials and wash-out periods (R.M. ANOVAs, aU Ps>O.OS; see Table

10). Males ate progressively less over time during the initial EMF trial (F,.10=80.81 P<O.OO1).

Females ate progressively more during the initial accfunation period (time: F5.10=136.S

P<O.OOI), but the group eating more varied daily (time*treatment interaction) during the

initial trial (F,.,=S.26 P<O.05) and wash-out (F1,12=3.54 P<O.05) periods.

Discussion

S-EMF and L-EMF exposure atfected the body mass ofreproducing male kestrels,

particularly when molting at 56 d and 70 d after pairing, and differences in body mass between

EMF and control males increased ovec time. S-EMF and L-EMF exposure offemale kestrels

had no etrect on body mass or pectoral muscle scores. EMF exposure for 10 d had no affect

on body mass or feed intake ofwintering male or female kestrels. Average daily dried feed

intake ofwintering adult males was 11.8 g ± 1.0 g, and feed intake ofwintering adult females

was 13.3 g ± 1.1 g, equivalent to 43.0 - 48.6 g (wet mass) daily.

Body mass of reproducing female kestrels was unaffected by S-EMF or L-EMF

exposure, yet dec:lined foUowing clutch production which is typical oftbis species (Balgooyen

1976, Bird 1988). Pectoral protein reserves of females were unaffected by EMF exposure,

except the 1996 S-EMF females at 70 d had higher pectoral scores than controls. We cao

offer no explanation for the larger pectoral reserves ofthese S-EMF females.

Compared ta control males, S-EMF and L-EMF male kestrels were more stable in

body mass, with body mass difrerences increasing between the two groups as the season

progressed (treatment·time interaction; see Figs. 3, 4). In contrast to the reproducing

kestrels, the body mass ofwintering kestrels showed no effect ftom 10 d ofEMF exposure.
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The lack of EMF effects on winter mass is consistent with body mass results for male

PigtaiIed macaques (Macaca nemestrina) exposed to EMFs for three 21 d trials (Wolpaw et

al. 1989), and for male Sprague-Dawley rats after 30 d exposure (Free et al. 1981).

The lack ofEMF etrects on body mass ofwintering kestrels is likely panly related to

their winter body mass being 20 g to 30 g above their post-clutch reproductive body masse

Wintering kestrels experienced consistent warm temperatures, approximately 20°C above

arnbient temperatures, which were unlikely to induce excess eating or fattening for ovemight

winter survival (Dawson and Marsh 1986). European kestrels, and likely American kestrels

(1. Ritchie, pers. comm.), experience their lowest periods ofdaily energy eXPenditure (DEE)

during winter (Masman et al. 1988). Body mass or feed intake was uolikely to increase

regardless ofEMF exposure as wintering kestrels had likely reached their maximum seasonal

weight gain and were experiencing a relatively low DEE periode

The lack ofEMF eft"ects on feed intake ofkestrels contrasts with the increased dried

matter intake ofHolstein cows exposed to the sarne EMF and room conditions (Burchard et

al 1996). However, the cows were exposed for a longer time period (28 d) compared to the

kestrels (10 d) which suggests that EMF etTects on feed intake may only appear after

continuous, extended exposure (~ 28 dl. EMF etfects on mass of reproducing males ooly

appeared at 56 cL and effects on male melatonin levels at 42 d in our study (Fernie, in prep.,

Femie el al., submitted - b). A lag period for EMF effects to oecur would explain the lack of

EMF etfeets on body mass ofwintering kestrels.

Feed intake ofkestrels is unlikely to he aft'ected by an extended photoperiod ifEMFs

are perceived as light (Reiter 1993), as appears likely with the reproducing kestrels (Femie

et al., submitted - b). Total daily food intake of molling White-crowned sparrows

(Zol1otrichia /eucophrys gambelii) was unaff'eeted by photoperiod lengt~ a1though feed

ifitake was Iess in the Iast 4 h photophase period ofa 20L:4D photoperiod (Murphy and King

1990). Consequently, ifthe kestrels perceived EMFs as light during the scotophase (Femie

etai., submitted -b ), the longer photophase would not necessarily increase feed intake

regardless ofreproductive, molting, or overwintering demands.

The extended exposure of reproduc:ing males to EMFs (e.g., < 42 d) likely
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manipulated the photoperiod compared to controls (Fernie et al., submitted - b), which would

have induced the onset of molt or increased the rate ofmolt (Dawson 1998). EMFs may be

perceived as light (Reiter 1992, 1993), and bath light and EMFs suppress melatonin (Stehle

et al. 1988, Kata el al. 1993, 1994, Grota et al. 1994, Yellon 1994, Rogers el al. 1995).

Plasma melatonin levels in the reproducing S-EMF and L-EMF male kestrels were suppressed

at 42 d exposure (Fernie el al., submitted • b, Fernie, in prep.), strongly suggesting EMF

kestrels were exPQsed to a longer photoperiod than contrais. Photoperiod manipulations have

induced molt in severa! species (Gwinner 1996), including American kestrels (Willoughby

1966, Bird et al. 1980), and long photoperiods bave advanced the onset of molt in species

(Blackmore 1969, Chilgren 1978, Dolnikand Gavrilov 1980, Dawson 1991,1998), including

male European kestrels (Meijer 1989). Under long photoperiods (t 8L:6D, 16L:8D), a

decrease in daylength prior to gonada! regression advanced molt onset in House sparrows

(Passer domesticus), with 18L males beginning to molt two weeks in advance of 16L males

(Dawson 1998). In the reproductive study, the longest photoperiod was set at 16L:8D and

the photophase was decreasing at 42 d, which was prior ta the onset ofmalt in male kestrels.

The melatonin results strongly suggest that EMF kestrels were exposed to a longer

photoperiod than controls, and the timing ofthe decrease in daylength would have advanced

molt onset in EMF males.

Molting is accompanied by an increase in body mass in some avian species (Newton

1966, Dreil and Ojanen 1980, Dijkstta et QI. 1988, Masman et al. 1988, Dietz et al. 1992),

and an inCfease in lipid or fat scores (Newton 1968, Morton and Welton 1973, Chilgren 1977,

Lindstrôm et al 1993). Male kestrels at the ASCC initially lost weight (7.7 g, paired t-test:

t=-5.87 P<O.OOI) at malt onset, then 7 d later, gained 5 g with concomitant iocreases in fat

scores (K. Femie, unpubl. data). These changes in body mass are sunilar to the differences in

body mass between the EMF and control males at S6 d or approximately when molting began

(S-EMF 19954.73 g, 19968.47 g, L-EMF 6.48g). Consequently, an advance ofmolt onset

in EMF males over contrais wouId account for body mass differences at S6 d.

The mass of growing new feathers may explain our results of S-EMF males being

heavier at 70 d in 1996. Growing feathers initiaUy weigh more (Newton 1968), and cao
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represent 10-12% ofbody mass (Chilgren 1977). In the ASCC kestrels, feather loss occurred

at molt onset with a two-week delay uotil initial feather gro~ coinciding with the 56 - 70

d period when EMF males were heavier. Feather growth would account for the S-EMF males

being heavier tban controls at 70 d (1996). We calculated the potential feather mass of S­

EMF males at 70 d using Turcek's (1966) fonnula, Fw = O.09*WO"" where W is mass in

grams. Plumages ofS-EMF males (8'<>6:J: 0.17 g) were heavier (FI=7. 12 P<O.OS) than those

ofcontrols (7.45 g ± 0.15g), partlyexplaining body mass ditrereoces between S-EMF groups

at tbis time.

EMFs did not affect body mass offemales when molting. The plasma melatonin results

for the reproductive study (Fernie et al., submitted - b), also suggested that male kestrels

were more sensitive to EMFs than females, which bas aIso been observed in gerbils (Meriones

unguicu/atus; Stehle et al. 1988). We offer several explanations for the body mass results of

females, which are not necessarily mutually exclusive. First, female kestrels begjn to molt

earlier than males during mid-incubation (Bird 1988) which marked approximately 28 d of

EMF exposure. This exposure period is shoner than when EMF effects appeared in males

(i.e., 42 and 56 d), and again indieates that EMF effects ooly occur after continuous, extended

exposure. Second, EMF females reabsorb the oviduet when molting, which occurred prior

to daylength decline in our study. Iffemales are sirnilar ta males, the decrease in daylength

after the onset ofgonadal regression increases the rate of molt, oot its onset (Dawson 1998),

sc we would not expeet to see an advance in molt onset with associated mass differences in

EMF females. Third and as discussed below, the molting period of female kestrels is not a

peak resting metabolic rate period (RMR; as defined by Bennett and Harvey 1987), and EMFs

appear to affect kestrels ooly when RMR peaks. Finally, if female body mass was indeed

affected by EMF exPOsure during molt, any effects may have been masked by the significant

weight loss (approximately 40 g) experienced during incubation.

The "".ally dimorphic response in body mass ofkestrels to EMFs is likely linked to

ditrerential peak RMR periods. Our results indieate EMF effects ooly occur during the annual

RMR peak of American kestrels. RMR increases with body mass gains, molting, and

associated feather-synthesis costs (Winjandts 1984, Daan el al. 1989, Dietz et al. 1992,
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Lindstrôm et al 1993). Male European Kestrels have a higher RMR. (12% to 20010, Masman

et al. 1988, Daan et al. 1989) than females because males are the predominant food

provisioner ofyoung (Masman et al 1988). The higher RMR ofmales may be responsible for

more pronounced differences in this sex compared to females when molting under long

photoperiods (Meijer 1989). Amerian kestrel males are also the main providers offood to

young, and malt at this time (BaIgooyen 1976, Rudolph 1982). However, female kestrels molt

during incubation (Bird 1988), when RMR is reduced in many species (Williams 1996)

including American kestrels (Gessaman and FindeU 1979). Yet, S-EMF females produced

significantly heavier eggs (Femie, in prep., Fernie et al., submitted - c), which is a high RMR.

period for female birds (Walsberg 1983, Masman etai. 1988). Our results indicate that EMFs

affect kestrels either after an exteoded exposure period, and/or only during peak RMR

periods.

In summary, S-EMF and L-EMF exposure affected body mass ofmale reproducing

American Kestrels, panicularly during molt at 56 d and 70 d ofEMF exposure. The body

mass offemale kestrels was oot atrected by S-EMF or L-EMF exposure. Wiotering male and

female kestrels exposed to EMFs for 10 d were similar in body mass and feed-intake

compared to respective control kestrels. These results suggest EMF effeets May ooly oceur

after continuous and extended EMF exposure of more than 14 d as seen in male kestrels.

EMFs were Iikely perceived as Iight by the reproducing kestrels, which would affect the

photoperiod and advance the onset or rate ofmolt depending on gonadal regression. These

hypotheses are supported by the results for plasma melatonin levels and body mass of male

kestrels. Finally, EMFs Iikely affect kestrels when the RMR peaks, as seen with the results

for body mass ofmale kestrels during molt and because larger eggs per clutch were produced

by S-EMF females. The Iink between EMFs and peak RMR bears funher investigation.
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• Table 9: A comparison of body mass and pectoral muscle scores (Gosier 1991) of adult

fernale American kestrels (Falcosparverius) exposed to eleetric and magnetic fields (EMFs)

or control conditions for the shon-term (one season) or longer-term (two seasons) during the

reproductive season. Means ± S.E.M. are presented. No significant differences occurred.

Exposure Body mass (g)! Pectoral muscle score (scale 1 - 4)

group n mid.clutch 20 d post layjng 70 d post pairing

Short-term

Control ~95 28,26, 26 167.22 ± 2.53 127.47 ± 2.27 124.04 ± 1.88

3.18 ±0.17 2.98 ± 0.11 3.09 ± 0.16

EMF~95 29, 28,27 168.52 ± 2.84 125.99 ± 2.07 127.19±2.13

3.09 ± 0.16 3.00 ± 0.10 2.93 ±0.14

Control ~96 Il, 10, 10 157.15 ± 4.55 129.55 ± 2.73 123.59 ± 2.45

3.25 ±0.21 3.00± 0.24 2.88 ± 0.12

• EMF'96 Il, 10, la 158.42 ± 4.42 128.44 ± 3.15 125.10 ± 2.58

3.35 ± 0.15 2.78 ± 0.15 3.57 ± 0.21

Longer-term

Control 9, 10, 10 160.56 ± 4.23 124.35 ± 2.94 120.36 ± 2.43

2.78 ± 0.26 2.81 ± 0.17 3.04 ± 0.19

EMF 13, 13, 13 165.58 ± 5.21 132.45 ± 3.61 126.93 ± 2.63

3.15 ± 0.20 2.41 ± 0.13 2.92 ± 0.15
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Table 10: Drled feed (day-old cockerel) intake ofwintering, captive adult male and female

American kestrels exposed to electric and magnetic fields (EMFs). Cross-over experimental

design used with two 10d EMF trial periods. Uncorrected means ± S.E.M. presented. No

significant differences in dried feed intake occurred.
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F__

• CœIroI (n - 1) EMF(n - 1) CoIIIroI (II -1) EMF(n- 1)

Run-tnpd. day 1 1.96 ± 1.46 12.11: 1.15 10.9S: 1.36 1.40: 1.35

day2 12.":0.93 11.97:0.69 9.76: 1.32 10.60:: 1.16

day3 14.03 :0.19 1".71:0.10 13."': 1.13 U.07±0.65

day" 1"-'1 :0.71 13.77:0.76 13.89:0.17 1.....2:: 0.73

day! 12.70 ±0.71 11.42:0.7" 13.31 :: 1.37 12.69 :0.7"

day6 13.15 ±0.75 13.91 :0.60 13.69:0.16 13.12: 1.03

EMFTnal1 day 1 13.11 ± 1.01 14.32: 0.71 14.27: 1.70 16.13 :t; 1.12

day2 13.20: 1.03 13.51:: 1.27 12.60:: 1.27 13.69:: 1.01

clay 3 Il.42±0.64 14.16:2.71 Il.3!±: 1..54 14.10: 1.03

day4 12.69 ± 1.05 13-'9±0.51 10.65: 1.02 U.21 ±0.47

day! 11.13 ± 1.25 9.17:0.19 11.05: 1.20 12.20 ± 1.36

day6 12.39±0.7I 11.31 ±0.33 13.01 ± 1.24 14.06 :0.77

day7 10.26 ±0.17 9.16:0.71 10.02: 1.03 10.04 ± 1.37

dayl 9.63±0.54 10.13 ±0.17 12.05: 1.20 16.33 :2.03

day9 10.06:0.71 10.31: 1.01 11.29: 1.00 10." :0.10

day 10 10.13 :0.67 10.72±0.61 12.68: l.07 9.71:0.63

• Wash-<nd pd. day 1 10.17:0.77 12.64: 1.16 11.17 :0.14 13.16 ± 1.36

day2 10.17::0.44 10.31 ::0.77 12.70: 1.12 12.63 ± 1.11

day3 10.71 :0.19 9.72:0.34 10.77:: 1.02 9.22:0.71

day" 10.57:0.40 9-'7:0.73 11.37: 1.25 10.58: 0.53

EMFTrlall day 1 1.39i:: 1.21 10.27 :: 0.62 10.14::0.69 10.64 :0.64

day2 1.23:: 1.25 10.13 ::0.23 9.91 ::0.97 11.65 :0.67

day3 7.15 ± 1-'1 9.70:0.54 10.37:: 1.05 10.96 ± 1.19

day" 7.12:: 1.19 9.22:0.77 10.67 :0.31 10.51 ::0.43

day! 1.29:: 1.11 10.17 ± 0.71 9.97:: 1.05 10.98 :0.11

day6 9.61 ±0.39 9.06±0." 9.64::0-'5 10.64 ± 0_Cf7

day7 9.!U::0.89 9.78:0.63 10.20 :0.79 10.59::0.60

dayl 10.79: 0.11 1.46:0.77 9.10::0.61 10.11 :0.49

day9 10.12:0.17 10.01 ::0.46 9.49:0.60 10.25 :0.70

day la 9.46:: •.1. 1.21:0.1. 9.93 ±Oo!U 1.56:: 1.31

Wash-out pd. day 1 U3:: 1.19 9-'1 :0.74 9.61 ±0-'4 9.47::0.60

day2 9.96 ±0.13 1.61:0.41 9.92::0.71 9.31 ::0.52

dayJ 9.16 ::0.91 9.22±0.96 9.57::0.92 11.12: 0.61

• day" 10.41 ::0.67 9.76:0.54 11.67: 1.06 11.01 ± 1.01
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Fig. 3: Effects of short-term electric and magnetic field (EMF) exposure

on body mass of reproducing male American kestrels: A comparison of

EMF males to control (Ctl) males within years, using birds for one breeding

season. Means with SE presented. EMF males were heavier than contrais

at 56 d in 1995 (x21 =5.46 P<O.OS) and 1996 (F1=7.65 P<O.01), and 70 d

(1996 F1=7.10 P<O.01).
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Fig. 4: Effects of longer-term exposure to electric and magnetic fieids

(L-EMF) on body mass of reproducing male American kestrels: A

comparison of L-EMF vs. control males used for two breeding seasons.

Means and SE presented. L-EMF males were slightly heavier than

contrais at 56 dt near the onset of molt (F1=3.77 P=O.06).
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CHAPTER 6. GENERAL CONCLUSIONS

Photoperiod variations govem avian circannual and circadian rhythms, and affect

nocturnal pineal melatonin synthesis and release. Melatonin bas been equivocally suppressed

in mammalian species by light, changes in the geomagnetic field (Olcese et al. 1985, 1988,

Reiter 1992), pulsed magnetic fields (e.g., Kato et al. 1993, 1994a,b, VeUon 1994), and

altemating EMFs (Reiter 1985). Changes in an anificial magnetic field suppressed melatonin

in migrating Pied tlycatchers (Schneider et al. 1994a), but whether EMFs from electrical

transmission lines suppress plasma melatonin concentrations in reproducing birds was not

known. Birds readiIy nest under EMF conditions, but the reduced reproductive suceess ofat

least one species nesting under EMF conditions could not be directlyattributed to EMFs

(Doherty and Gmbb 1996).

Given the imponance of melatonin in circannual and circadian rhythms, and the

importance of reproductive success to species survival, 1 conducted a study to test the

hypotheses that EMF exposure affects plasma melatonin concentrations in reproducing

American kestrels and that EMF exposure affects reproductive sucœss ofkestrels. Captive

kestrels were paired in either a control or EMF room for one season in 1995 (28 pairs per

room) and 1996 (Ctl13 pairs, EMF 15 pairs) to examine short-term effects ofEMF exposure

(S-EMF). Kestrel pairs from 1995 (Ctl13 pairs, EMF 15 pairs) were exposed for a second

breeding season to examine longer-tenn EMF (L-EMF) etfects.

This study demonsttated that exposure ofreproducing American kestrels to electric

and magnetic fields (EMFs) affects plasma melatonin concentrations and had implications for

the circannual events of reproduction and molting. Four main conclusions are evident ftom

this research:

1. Plasma melatonin in adult males was affected by EMF exposure, being suppressed at

42 d exposure and elevated at 70 d of EMF exposure. The similarity in melatonin levels

between EMF males al 42 d and contrais at 70 d likely indicates a seasonal phase-shift ofthe

melatonin profile ofmale kestrels by EMF exposure. Plasma melatonin was suppressed in L­

EMF fledgling birds only, IlOt in adult females or 1995 adult males at 70 d ofEMF exposure.
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Results from the 1996 males are more powerful tban 1995 as multiple sampling acc:ounts for

naturaI heterogeneity. Plasma melatonin ofadult males was signiticantly higher than that of

adult female kestrels, possibly explaining the differeotiaI melatonin response ofthe two sexes

at 70 d exposure. Melatanin and body mass are oot directIy 8SSOCiated in adult or fledgling

American kestrels.

2. The results of the captive reproductive study conceming EMF etTects on plasma

melatonin levels and reproductive suceess (ta he discussed) are relevant ta wild American

kestrels nesting under EMF cooditions, as exposure ofwild birds is potentially equivalent ta

the exposure rimes (88%, 98%) experienced by the captive reproducing birds. Potential and

maximal EMF exposure ofwild kestrels during the reproductive season is approximately 900,/0

for femaIes and 8QD.I"o for males during daylight bourse Differences in EMF exposure within a

reproducing pair are likely due to spatial and labour partitioniog.

The behaviour of captive reproducing kestrels was affected by S-EMF exposure;

behavioural etfects ofL-EMF exposure were oot investigated. S-EMF females were more

active than contrais during courtship, and sPent less time grooming and resting during the

nestling phase. EMF males were more likely than contrais ta be active during courtship, alert

during incubation, and ta perch during the nestling phase. Tbese behavioural changes had 00

effect on clutch size and fertility, and fledging success was higher in the S-EMF group.

Behavioural changes were minimal during incubation, and Iikely did not contribute to the

reduced hatching success ofthe S-EMF group.

3. EMF exposure affected reproductive success ofAmerican kestrels, but not clutch size,

initiation date, and the length ofthe laying sequence. Fertility was higher in S-EMF clutches

than contrais, but hatching success was lower in S-EMF clutches. L-EMF exposure had no

effect on fenility, but was associated with increased hatching success. Mean egg volume and

mass per clutch was greater in the S-EMf clutches of 1995. Correcting for the larger egg

volume of these EMF eggs, S-EMF eggs had thinner eggsheUs and slightly more dried

albumen. S-EMF embryos were larger in overall size than control embryos, but S-EMF

hatchlings were similar in size and body mass to contrais. L-EMF hatchlings were heavier

than control hatchlings. Fledging suceess was higher uoder S-EMf conditions in 1995, but
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lower under L-EMF conditions. Clearly, EMF exposure affeeted reproductive sucœss of

kestrels, increasing mortality of young at pre- and post-hatching stages dependent on the

length ofexposure of parents.

4. The melatonin resuIts ofthe reproduclng male kesttels suggest that the birds perceived

EMFs as light, thereby affecting the photoperiod in the EMF room. Photoperiodic

manipulations advance the onset of molt, which in the male kestrel, is associated with

increases in body mass. S-EMF males were beavier than controls at 56 d ofexposure, when

the onset ofmolt would have occurred. It is unlikely that this increased body mass was the

result of increased feed intake as there were no effeets on feed-intake ofwintering kestrels

during 10 d ofEMF exposure. The body mass and pectoral muscle scores of reproducing

females showed no EMF etfeets during laying, incubation (20 d post-Iaying), or after 70 d of

EMF exposure. Female kestrels start ta molt earlier than males, i.e., during incubation. The

differential response ofthe two sexes in terms ofbody mass and melatonin concentrations

suggests that male kestrels may be more sensitive to EMF exposure than females which bas

been observed in gerbils (Meriones unguiculalUs; Stehle et al. 1988). This differential

response of the sexes may a1so be the result of male kestrels having a higher (12%) resting

metabolic rate than females (Daan el al. 1989), which was at an annual peak during the

molting period for male but not female kestrels (Masman et al. 1988, Daan et al. 1989).

Possible Mecbanisms

EMF effects in reproducing kestrels occurred during peak resting metabolic rate

periods in the annual cycle. In comparison to contrais, EMF femaies laid si8l1ificantly larger

eggs in volume and mass, EMF embryos were suueturally larger, and males were significantly

heavier at the onset of molto The thyroid hormones, thyroxiine (T4) and thyriiodothyronine

(T3), are the primary determinants in regulating the metabolic rate; as the level ofcirculating

thyroid honnones increase, metabolic rate increases correspondingly. T4 is associated with

reproduction and molt, while T3 is associated with calorigenesis and lipogenesis especially

during migration (Wentworth and Ringer 1986). Thyroid hormones, especially the ratio of

T4:T3, play an important role in embryonic muscle growth, particularly ofthe heart and Iiver

as weil as body mass, and carbohydrate metabolism (Chrïstensen et al. 1996). The metabolism
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of chicken embryos inereases greatly and then plateaus during the last 7 d of incubation

(Finkler el al. 1998 and references therein). Thyroid aetivity during the breeding season

appears to be controUed or associated with the pineal gland~ and hence melatonin;

pinealectomized pigeons had higher serum thyroid hormones during the breeding season

(Rarnachandran et al. 1996 and references therein). MeiatoDin is aise known to affect gro~

body mass and metabolism in young quail (Zeman et al. 1993) and embryonic chickens

(Larnosovi et al. 1997). Given the connedion between the pineal gland and thyroid

hormones, the effects of EMFs on melato~ and the occurrence of EMF etTects on

reproducing kestrels during high metabolic periods ofthe annual cycle ofeach sex, 1 suggest

that a poSSIble mechanism explaining these EMF results involves the interaction ofEMFs~ the

thyroid gland~ and melatanin.

Future Research

Future research conceming etfects of EMF exposure on birds should investigate

whether EMF etfects are restrieted ta high resting metabolic rate (RMR.) Periods. Resting

metabolic rates are high for males during molting when young are presen~ and for females

during egg production. In my study, EMF males, compared ta controls~ were significandy

heavier at the onset of molto White not directly affecting the body mass of EMF females7

females produced heavier and larger eggs pel" clutch when exposed to EMFs. However~EMF

exposure of 10 d had no effect on overwintering kestrels. This suggests EMF effects ooly

oceur during high RMR. periods, and/or ooly occur after extended exposure (e.g., > 14 dl.

Another worthwhile study would be to determine ifthe reduction ofmelatonin during

the reproductive season bas implications for proper migration, panicularly orientation, of

kestrels raised and/or breeding under EMF conditions. Melatonin concentrations in male

kestrels were affeded from the middle ofthe breecling season onwards, and melatonin in L­

EMF fledglings was lower at 35 d ofage. Following reproduction and molting, kestrels and

other temperate species migrate. Migratory distance and proper direction, particularly during

the initial migration, are determined by melatonin.

Further research should also address a possible circannual mechanism, as yet

unidentified, involving the annual variations in the amplitude of the circadian melatonin
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rhythm. The amplitude of melatonin during the scotophase is higher under long-day

photoperiods than short-day photoperiods; melatonin peaks were higher under 20L:4D

compared to 16L:8D in laying chickens (Liou et al. 1987). The amplitude ofmelatonin is

also suppressed at the summer and WÎDter solstice (Miché et al. (991)9 and during zugunruhe

activity (Gwinner 1996). Furthennore9 seasonal variations in the duration of noctumal

melatonin do not appear to act as a reproductive signal for avian species as opposed to

mammalian species (Juss et al. 1993). Total melatonin production in Japanese quail was

similar under short (8L: 16D) and long photoperiods (16L:8D)9 with the greatest secretion

from the pineal gland occurring under intennediate photoperiods (12L: 12D; Cockrem and

FoUett (985). Such short photoperiods occorduring the winter, long photoperiods during the

summer, and intennediate photoperiods during the vernal and automnal equinoxes.

Funhermore, in the EMF males, melatonin concentrations were altered and the reproductive

season and molt advanced. The geomagnetic field fluctuates on a circadian and circannual

basis. Together, these results suggest that changes in the amplitude ofmelatonin occurring

on a circadian and circannual basis in avian species May be a possible mechanism involved

in circannual rhYthms ofavian species.
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