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INTRODUCTION

Studies of reproductive rates in raptors can be valuable
in assessing the status of raptor populations and the fac-
tors that influence them. Estimates of nesting success
and productivity provide insight into only one compo-
nent of the demography of a raptor population. Individ-
uals are added to local populations through reproduc-
tion, and they are subtracted through mortality. Togeth-
er with immigration and emigration, these two demo-
graphic parameters determine the year-to-year trends in
local populations. Reproductive rates usually are easier
to evaluate than other aspects of demography, and prop-
erly designed studies will allow inferences to be made
about relationships between the status of raptor popula-
tions and a variety of environmental influences. Unbi-
ased data on reproductive rates allow comparisons
among populations in different areas and different years
that may reflect differences in land use, contaminant
levels, human activity, or variations in natural phenom-
ena, such as weather or prey supply. Such studies may

11

be essential for identifying effective conservation meas-
ures for threatened and declining species. Data on repro-
duction can help predict the effects of land use changes
on raptor nesting populations (U.S. Department of Inte-
rior 1979), document effects of contaminants (Newton
1979, Grier 1982), or measure whether a population is
reproducing well enough to sustain itself, given existing
rates of survival (Henny and Wight 1972). Information
on reproductive rates can be useful in deciding whether
to list or reclassify an endangered raptor species or
whether to allow harvest of a more common species for
falconry purposes. Investigations have limited value,
however, if objectives are not considered when the study
is designed and initiated. Year-to-year fluctuations in
nest success and productivity are common in raptors,
and short-term decreases in productivity need not affect
the long-term stability of populations.

The main objectives of this chapter are to (1) estab-
lish standard definitions that will facilitate comparisons
of data over time and space, (2) identify the types of
information needed to estimate raptor nesting success
and productivity, (3) evaluate the advantages and disad-
vantages of various field techniques, and (4) offer sug-
gestions for procedural and analytical approaches that
will minimize bias. We include a glossary of technical
terms for reference (Table 1).

CONCEPTS AND DEFINITIONS

To produce young, a raptor must pass successfully
through a number of stages. It must first settle in a par-
ticular area, establish a nesting territory (terms in bold
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are defined in Appendix 1), and acquire a mate. It must
then proceed through nest building, egg laying, and
then to hatching and rearing of young. In this sequential
process, birds can fail at any stage.

For the purpose of analyzing reproductive data, a
nesting territory is an area that contains, or historically
contained, one or more nests (or scrapes) within the
home range of a mated pair. The term nesting territory
should not be confused with the more restricted etho-
logical definition of a territory as any defended area. A
raptor nesting territory can be thought of as a confined
area where nests are found, usually in successive years,
and where no more than one pair is known to have bred
at one time (Newton and Marquiss 1982). The concept
holds even in colonial species, in which the same nest
sites tend to be used year after year with the occupants
often defending only a small area around their nest.

Individuals that are unable to secure a nesting terri-
tory are known as floaters. They are usually unpaired
and do not reproduce (Postupalsky 1983). Because of
the difficulty in counting non-territorial raptors, and
their greater mobility, they usually are excluded from
analyses of nesting success and productivity. Howev-
er, it may sometimes become possible to consider these
birds in analyses of population dynamics (e.g., Ken-
ward et al. 1999, Newton and Rothery 2001).

Some individuals are able to secure a nesting terri-
tory but not a mate. Postupalsky (1983) recommended
that lone territorial birds be excluded from tallies of
nesting pairs, but this is seldom practical. Territories
that truly have only one adult are difficult to distinguish
from those in which the second adult was absent at the
time of the nest check, perhaps hunting some distance
away. They also often represent only a temporary situa-
tion, as a lone bird may soon acquire a mate.

Certain pairs may occupy a territory for only a few
days or a few weeks, or may even build a nest, but the
process stops here. Not all raptor pairs occupying nest-
ing territories lay eggs every year. A major factor influ-
encing egg laying is food supply and in poor food years,
many territorial pairs in some populations fail to lay
eggs (Newton 2002). The proportion of pairs that pro-
duce eggs in different years, therefore, can be an impor-
tant measure of a population’s response to changing
food supplies (Steenhof et al. 1997).

Still other territory holders may lay and then desert
their eggs or lose them to predation, weather, or other
causes. Others may produce eggs that hatch, but then
their young die due to a variety of causes and at a vari-
ety of ages. Pairs that raise at least one young that is

nearly old enough to fly are usually considered success-
ful. Of course, additional offspring mortality might
occur after this stage (Marzluff and McFadzen 1996)
when the young are free-flying, but still fed by their par-
ents. Their death at this stage could be measured by a
separate detailed study, or accounted for in estimates of
juvenile survival, which is usually calculated as starting
when the young are banded.

The proportions of pairs that reach these various
stages can form a useful basis for comparing different
raptor populations or subsets within populations. The
most useful comparisons are based on the proportions
of territorial pairs (or occupied territories) that produce
young, but for practical reasons many studies can only
obtain information on the proportion of laying pairs that
produce young. Researchers who have good historical
information on species that show strong fidelity to well-
defined nesting territories (e.g., eagles, Ospreys [Pan-
dion haliaetus]) can report nesting success and produc-
tivity on the basis of territorial pairs or occupied territo-
ries in a particular year (Brown 1974, Postupalsky
1974). In short-term investigations or studies of more
nomadic raptors, it may be necessary to report success
and productivity on the basis of laying pairs. For polyg-
ynous or polyandrous species (e.g., harriers, Harris’s
Hawks [Parabuteo unicinctus], etc.), success and pro-
ductivity are best reported per mated territorial female
or per mated male.

Estimates of productivity based solely on the num-
ber of young produced per successful pair can be mis-
leading because successful pairs often produce average
numbers of young even in years when most pairs fail
(Steenhof et al. 1997, 1999). However, brood size at
fledging can be a useful measure in some calculations
(Steenhof and Kochert 1982: see below), depending on
the purpose of the study.

CRITERIA FOR CLASSIFYING
REPRODUCTIVE EFFORTS

Measurement error occurs when investigators incor-
rectly interpret the status of a particular pair or nesting
territory, or incorrectly count the number of eggs or
young. The ability to determine correctly the status of
nests and to count the number of young varies with
many factors, including the field situation, observer
experience, and weather. Because these factors cannot
be held constant, it is sometimes difficult to determine
whether differences in estimates reflect measurement
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error or true differences in productivity. Fraser et al.
(1984) analyzed the problem of measurement error in
aerial surveys of Bald Eagles (Haliaeetus leuco-
cephalus) in the Chippewa National Forest. By running
three simulated two-stage surveys in the same year, they
were able to compute an error rate caused by mistakes
in counts of occupied territories, laying pairs, and fledg-
lings. Using this information, they calculated an esti-
mated standard error that allowed them to test for true
differences in productivity among years. The use of
simulated surveys to obtain an estimate of variability
due to measurement error is a site-specific procedure
that must be repeated for each study area and each pop-
ulation. It is most valuable in situations where all terri-
torial pairs have been found.

Territory Occupancy

Evidence that a territory is occupied can be based on
observation of two birds that appear to be paired or one
or more adults engaged in territorial defense, nest affin-
ity, or other reproductive-related activity. Any indica-
tions that eggs were laid or young were reared consti-
tute clear evidence for territorial occupancy. In some
species, the presence of a nest that has been recently
built, repaired, or decorated may constitute evidence for
territorial occupancy, providing that these activities can
be ascribed to the species of interest unequivocally.
Caution must be used in applying this criterion because
of the occasional difficulty in distinguishing old and
new nest material. Fresh greenery, several sticks with
fresh breaks, or a distinct layer of new material on top
of older, weathered sticks usually suggest recent nest
repair.

Individuals of some species may occupy territories
for short periods only (perhaps less than one day),
before moving on to another territory or reverting to a
“floating” lifestyle. Some birds can thus easily be
missed during a survey, or double-counted if they move
from one territory to another in the same study area.
Harriers are particularly problematic in this regard,
because different individuals may “sky-dance” on dif-
ferent days over the same piece of nesting habitat dur-
ing migration (e.g., Hamerstrom 1969). Fortunately,
this seems not to be an issue for most species, and once
a territory is occupied, it seems to remain so at least
until the nest fails or the young reach independence.

For long-lived species that re-use the same territo-
ries year after year, such as Golden Eagles (Aquila
chrysaetos) (Watson 1957) and Peregrine Falcons

(Falco peregrinus) (Mearns and Newton 1984), an esti-
mate of the proportion of traditional territories occupied
by pairs in any given year can be a useful index to the
size and status of the nesting population. In species that
show less fidelity to particular nesting territories among
years, this measure can be misleading because it can
grossly underestimate the status of species that normal-
ly use nesting territories intermittently or only once,
such as Burrowing Owls (Athene cunicularia) (Rich
1984), Northern Hawk-Owls (Surnia ulula) (Sonerud
1997), Short-eared Owls (Asio flammeus) (Village
1987), and Ferruginous Hawks (Buteo regalis) (Lehman
et al. 1998). For these and similar species, studies
should be designed to sample all potential nesting habi-
tat within a study area each year and not only previous-
ly occupied territories.

In many species, it is unusual to find all previously
known territories occupied in any given year. Over a
period of years, some territories may be used every year
(or almost every year), whereas others are used irregu-
larly, or very infrequently. In other words, certain terri-
tories are used much more often than expected by
chance at the population levels found, and others are
used much less often. This has led some long-term
researchers to distinguish categories of territories, such
as “regular and irregular.” Typically, occupants of “reg-
ular” territories are more often successful than are occu-
pants of less used territories, giving a correlation
between occupancy and nest success (Newton 1991,
Sergio and Newton 2003). It seems that many raptors
are capable of selecting those particular territories
where their chances of raising young are high.

Egg Laying

Not all raptor pairs occupying nesting territories lay
eggs every year (see above). Evidence of laying may be
based on observations of eggs, young, an incubating
adult, fresh eggshell fragments, or any other field sign
that indicates eggs were laid. However, be aware that
some species, such as the Bald Eagle, may assume incu-

bation posture without actually having laid an egg
(Fraser et al. 1983).

Laying Date

The laying date of the first egg usually is taken as a
measure of the timing of breeding in birds. Laying date
is useful because it often correlates with nest success;
birds laying earliest in the season usually are the most
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successful. Laying date also is a critical data element
required for some nest survival models (Dinsmore et
al. 2002). As nests are seldom visited on the very day
that the first egg is laid, laying date is usually calculat-
ed indirectly, by backdating from some later stage in the
cycle. Allowances are then made for the intervals
between laying of successive eggs (two days in most
raptor species), the incubation period, and, in the case
of nests found during the nestling period, age of the
young. Ages of nestlings can be estimated from weights
or measurements in some species (e.g., Petersen and
Thompson 1977, Bortolotti 1984). Photographic aging
keys (e.g., Hoechlin 1976, Moritsch 1983a,b, 1985;
Griggs and Steenhof 1993, Boal 1994, Priest 1997, Gos-
sett and Makela 2005) also are useful tools for aging
young. Repeated checks during the laying period can
help to estimate the date of onset of incubation (Millsap
et al. 2004). Otherwise, it is usually difficult to estimate
laying date for pairs that fail during incubation. Investi-
gators often assume that nest failure occurred at some
specific stage, most typically in mid-incubation, or mid-
way between successive nest checks, the latter check
being the one in which failure was discovered. If desert-
ed eggs are present, their stage of development some-
times can be estimated by candling (Weller 1956) to
determine the stage of embryo growth, but the observer
may still not know how long the eggs have lain unincu-
bated in the nest.

Clutch Size

The number of eggs laid by each pair is useful, but not
crucial, in assessments of overall productivity (Brown
1974). Because many raptor species nest on cliffs or in
trees, not all nests are readily accessible, and clutch
sizes may be difficult or impossible to record. In addi-
tion, some raptors are affected adversely by visits to
nests during incubation. Because of this, counts of eggs
at close range are sometimes associated with increased
failure rates (Luttich et al. 1971, Steenhof and Kochert
1982, White and Thurow 1985, Chapter 19). For these
reasons, a traditional measure of avian nesting success,
the proportion of eggs that hatch and ultimately devel-
op into fledglings, often is not attainable. Data on clutch
sizes, however, can provide further insight into the
mechanisms of a population’s response to food supply
or other environmental influences.

Nesting Success and Productivity

Nesting success is defined as the proportion of nesting or
laying pairs that raise young to the age of fledging (i.c.,
the age when a fully-feathered offspring voluntarily
leaves the nest for the first time). The difference between
success per territorial pair and success per laying pair
can be large in species that have relatively high rates of
non-laying, including Golden Eagles and Tawny Owls
(Strix aluco) (Southern 1970, Steenhof et al. 1997). It is
less important for species in which all or most territorial
pairs lay eggs (Steenhof and Kochert 1982).

In many studies, it is impossible to visit each nest
on the exact day that young take their first flight; and
after young have left the nest, they may be difficult to
locate. Once young approach fledging age they become
liable to flee from the nest prematurely if approached
too closely. As they cannot fly at this stage, they usual-
ly flutter to the ground, and unless retrieved, could be
vulnerable to predation or drowning. For this reason, it
is sensible to check nests a week or more before young
are likely to fledge. Most studies of raptors, therefore,
consider pairs to be successful when well-grown young
are observed in the nest at some point prior to fledging.
Studies that consider nests with young of any age to be
successful will overestimate nest success because they
fail to consider mortality that may occur late in the
brood-rearing period. Researchers should consider nest
survival models (see below) when it is impossible to
check an adequate number of nests at or near fledging.

If investigators wish to compare nest success
among years, areas, or treatments, they should establish
a standard minimum nestling age at which they consid-
er nests to be successful. This age should be when
young are well grown but not old enough to fly and at a
stage when nests can be entered safely and after which
mortality is minimal until actual fledging. Steenhof
(1987) recommended that nests of diurnal raptors be
considered successful only if at least one nestling has
reached 80% of the average age at first flight. Mortality
after this age until first flight is usually minimal (Mill-
sap 1981). Furthermore, young are usually large enough
to count from a distance at this stage. For Prairie Fal-
cons (F mexicanus), Golden Eagles, and Red-tailed
Hawks (B. jamaicensis) nesting in the Snake River
Canyon, 80% of fledging age corresponds with the age
at which most young are banded (Steenhof and Kochert
1982). The 80% of first-flight age criterion has been
used to determine nesting success in studies of several
additional raptors, including Ferruginous Hawks,
Northern Harriers (Circus cyaneus) (Lehman et al.
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1998), Snail Kites (Rostrhamus sociabilis) (Bennetts et
al. 1998), and Northern Goshawks (Accipiter gentilis)
(Boal et al. 2005). A lower criterion for evaluating nest
success (70 or 75% of the age at which young first leave
the nest) might be more appropriate for species in which
age at fledging varies considerably (i.e., highly sexual-
ly dimorphic raptors such as Cooper’s Hawks [A.
cooperii]) or for species that are more likely to leave the
nest prematurely when checked. Millsap et al. (2004)
considered Bald Eagle nests to be successful if young
reached eight weeks of age or approximately 70% of
first flight age, and the U.S. Fish and Wildlife Service
(2003) considers Peregrine Falcon pairs to be success-
ful when their young are at least 28 days old, or approx-
imately 65% of first flight age. Information about fledg-
ing ages of most North American raptors can be found
online at the Birds of North America website
(http://bna.birds.cornell.edu/BNA/) (Poole 2004). Data
on fledging ages of raptors from other parts of the world
are in Newton (1979; Table 18) and Cramp et al. (1980).
Investigators should consult more recent sources about
their study species and use the best available informa-
tion about variation in fledging ages and susceptibility
to disturbance when they define and adopt a minimum
age to evaluate success.

Productivity, which refers to the number of young
that reach the minimum acceptable age for evaluating
success, is usually reported on a per pair basis. In situa-
tions with a juvenile sex ratio of 1:1, the number of
young per pair is equivalent to fecundity (number of
females produced per female), a measure that can be
incorporated into broader evaluations of a population’s
demography (e.g., Blakesley et al. 2001, Seamans et al.
2001). After leaving the nest, young normally continue
to depend upon their parents (or one parent) for several
weeks or months, before becoming independent and
dispersing away from the nest vicinity. During the post-
fledging period, young are sometimes difficult to
locate (Fraser 1978). Counts after young have left the
nest are unreliable because they tend to miss birds and
underestimate the number of young produced. Owls
present a special challenge in this regard because the
young of many species leave the nest long before they
can fly (Forsman et al. 1984) and often at staggered
intervals (Newton 2002). Investigators should be aware
that the number of young that leave the nest does not
always correlate with the number of young that survive
to disperse from the nesting territory (Marzluff and
McFadzen 1996).

Nest failures. Evidence found at the nest may be

helpful in determining the proximate cause of a nest
failure. Such signs might include intact, cold eggs, bro-
ken eggs, shell fragments, dead nestlings, nestling body
parts, or hairs and feathers from likely nest predators.
Unhatched eggs can be used for analyses of fertility or
contaminant levels. Although a cause of failure often
can be assigned in this way, it is important to remember
that it may only be the proximate, and not the ultimate,
cause. Thus, a female may be short of food, so desert
her clutch, which might then be eaten by a predator,
leaving shell fragments behind. In this case, the ultimate
cause of failure was food shortage, but the proximate
cause may be recorded as desertion or predation,
depending on whether the observer happened to visit
the nest before or after the predator. Nevertheless,
assessing proximate causes of nest failure often has
proved useful in defining conservation problems,
including pesticide-induced shell thinning and egg-
breakage (Ratcliffe 1980).

Repeat and double layings. In raptor species that
have relatively short breeding cycles and long nesting
seasons, pairs that fail early in the breeding cycle (dur-
ing laying or early incubation) sometimes recycle, and
lay another clutch. This usually occurs in a different
nest within the same territory. The observer should be
aware of this possibility, and check for repeat layings in
likely circumstances. Repeat laying does not normally
occur in pairs that fail at the nestling stage, presumably
because by that stage in the season, pairs would not
have time to raise the resulting young before the season
ended. However, in at least 15 temperate zone species
(Curtis et al. 2005), including Harris’s Hawks (Bednarz
1995), American Kestrels (F. sparverius) (Steenhof and
Peterson 1997), Barn Owls (Tyto alba) (Marti 1992),
and Long-eared Owls (4. ofus) (Marks and Perkins
1999), pairs sometimes produce more than one brood in
a year. Snail Kites do not necessarily remain paired for
successive nestings, but one partner remains to raise the
young, while the other moves on, sometimes to re-pair
and nest elsewhere (Beissinger and Snyder 1987). Each
of these situations requires special attention and inter-
pretation.

FIELD TECHNIQUES

Surveys for raptors may be conducted on foot or from
ground vehicles, fixed-wing aircraft, helicopters, or
boats (see Chapter 5). The value and accuracy of each
of these techniques for locating breeding raptors and
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their nests depends on the species being surveyed, the
nesting substrate, observer experience, the topography
and vegetation of the survey area, and the objective of
the study. A combination of survey techniques may be
most appropriate for specific situations.

Once found, nests on cliffs or trees can be checked
from the ground in one of three ways: (1) remote obser-
vation, using telescopes or binoculars, (2) close inspec-
tion, accessing the nest using ropes or ladders, or (3)
inspecting the nest from a short distance, perhaps using
a mirror on a telescopic pole (Parker 1972). Mirrors
mounted on 15-m poles proved useful in examining the
contents of woodland raptor nests (Millsap 1981).
Shorter mirror poles (up to 5 m) were used effectively
to assess reproductive success of Ospreys nesting on
navigational posts (Wiemeyer 1977). Binoculars or tel-
escopes are ideal for cliff situations, but are not as use-
ful where topography or dense vegetation prevents
looking down into the nest from above. Observations
from a distance may be adequate to confirm the pres-
ence of an incubating bird or of young, but they may be
less useful in counting young, especially if the full con-
tents of a nest are not visible.

Counts of nestlings from a distance can be particu-
larly difficult if adults stay on the nest to brood or shade
young. Climbing to nests is the best way to reduce error
in counting young, but it also can be time-consuming
and hazardous (see Chapter 10). Climbing requires spe-
cial training, and the act of climbing to nests sometimes
affects the birds adversely (Ellis 1973, Kochert et al.
2002, Chapter 19). Aerial surveys to assess reproduc-
tion are most appropriate for large raptors that build
large nests in exposed locations. Aerial surveys of pro-
ductivity have been effective for Ospreys (Carrier and
Melquist 1976), Bald Eagles (Postupalsky 1974, Fraser
et al. 1983), and Golden Eagles (Boeker 1970, Hickman
1972). In certain situations, helicopter surveys of
Osprey reproductive success and productivity can be
more cost-effective than ground surveys (Carrier and
Melquist 1976), and fixed-wing aerial surveys of
Osprey breeding pairs and numbers of fledged young
can be as accurate as ground counts (Poole 1981). Both
fixed-wing and helicopter surveys of nesting Golden
Eagles may be more efficient and cost-effective than
ground assessments (Boeker 1970, Hickman 1972,
Kochert 1986).

It is easier to age and count young accurately from
a slow-flying aircraft than from a fast, fixed-wing air-
plane (Hickman 1972, Carrier and Melquist 1976). For
surveying Golden Eagle productivity, for example,

slow-flying aircraft, such as the Piper Super-Cub, which
can travel at speeds of 70 to 120 kmph, are more eco-
nomical than faster aircraft such as the Cessna 180
series (which travels 110 to 180 kmph) (Hickman
1972). Watson (1993) recommended quieter turbine-
engine helicopters to minimize disturbance to Bald
Eagles. Even with helicopters, investigators may not
always be able to obtain complete brood counts, and
ground-based surveys may be necessary to supplement
aerial surveys. Most small fixed-wing or rotor-winged
aircraft are acceptable for locating nesting pairs early in
the season, but slow-flying Super-Cubs or helicopters
are preferable during surveys conducted to count
young. The accuracy of data can be increased if flights
are scheduled for times when low winds improve
maneuverability (Carrier and Melquist 1976). To mini-
mize disturbance to Bald Eagles and to maximize safe-
ty and data reliability, Watson (1993) recommended
conducting helicopter flights on calm, dry days, spend-
ing <10 seconds at each nest, staying at least 60 m from
the nest, and using binoculars when necessary.

Artificial Nest Sites

Many raptor species breed in areas where a shortage of
nesting sites limits nesting density. Provision of artifi-
cial sites (boxes or platforms, depending on species)
can increase density, and also allow data on nesting suc-
cess and productivity to be collected in an efficient
manner. This is because the locations of all artificial
sites are known, and they can be placed in accessible
situations, so that nest contents can be easily inspected
at every visit. Artificial nest sites, therefore, provide an
extremely efficient means of data collection (for a study
of more than 100 pairs of Common Kestrels (F. tinnun-
culus) nesting in boxes, see Cavé 1968). However, nest-
ing success in artificial sites may not be the same as that
in natural sites, which may be less secure or less shel-
tered, or vice versa.

Timing of Data Collection

Visits to raptor nests can yield useful information at any
stage of the nesting cycle, but for adequate information
on numbers and productivity, at least two visits are
needed, one at the start of the nesting cycle (ideally
around the time of egg-laying) and a second in the late
nestling period (ideally just before young fledge).
Because not all pairs start nesting at the same time, and,
therefore, are out of phase with one another, the ideal
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time for a survey is a compromise. When surveys of
nesting raptors are conducted from aircraft, all pairs can
be checked in a short period, but with ground-based sur-
veys, nest checking may have to occur throughout much
of the breeding season. The objective of the first series
of checks is to count the number of pairs associated
with nesting territories and (if conducted after laying)
the number of pairs with eggs. Some researchers have
made these checks after the last clutch has been laid, but
before the first brood hatches (Fraser et al. 1983) and
before many failures have occurred. In deciduous
woodlands, initial surveys made before leaf-out allow
nests to be seen more easily (Fuller and Mosher 1981).

The goal of the second set of observations is to
count the number of successful pairs and the number of
well-grown young. Timing is again a compromise — in
this case, between the date that the last brood reaches
the minimum acceptable age for success and the date
that the earliest brood leaves the nest. In checks that
involve close-range observation, care is needed so that
frightened young do not leave the nest prematurely.
Checks from aircraft or distant vantage points should be
scheduled just prior to fledging so that young are large
enough to be counted accurately.

Information on the nesting chronology of local rap-
tor populations must be considered when scheduling all
nest checks. Some species show wide variations in lay-
ing dates within populations, particularly in regions
with warmer climates and extended breeding seasons.
When there is considerable variation in nesting chronol-
ogy, more than two surveys may be necessary (Postu-
palsky 1974). Similarly, when several species are being
inventoried, more than two surveys may be needed to
accommodate their separate chronologies. When nest-
ing chronology is unknown or highly variable within a
species, an intermediate survey after the young hatch,
but before they leave the nest, may be necessary to age
nestlings and determine when to schedule the final sur-
vey.

ANALYTICAL TECHNIQUES TO AVOID
BIASED ESTIMATES

In many studies, estimates of nesting success and pro-
ductivity are based on a sample of pairs rather than the
entire nesting population in a defined area. Sampling
error is the error that occurs when the pairs observed
are not representative of the entire population. Obtain-
ing a sample large enough to yield an unbiased estimate

of the parameters of interest is the researcher’s greatest
challenge. Because nests of most raptor species are rel-
atively inaccessible and widely spaced, there has been a
tendency to base productivity estimates on all pairs
detected regardless of when or how they were found.
The problem with this approach is that the probability
of finding a pair is often related, directly or indirectly,
to its position or reproductive status. For example, nests
low in trees or near roads and openings may be easier to
find (Titus and Mosher 1981), but their productivity
may be affected by factors related to nest height (e.g.,
accessibility to predators) or proximity to roads (e.g.,
availability of road-killed prey).

A more serious problem, common to all studies
designed to assess avian reproduction, is that non-lay-
ing or early-failing pairs are less likely to be detected
than successful pairs (Newton 1979, p. 129). Non-lay-
ers spend less time near their nest sites than laying pairs,
and unsuccessful pairs spend less time near their nests
as the breeding season progresses (Fraser 1978). Non-
nesters and unsuccessful pairs have larger home ranges
(Marzluff et al. 1997), and unsuccessful pairs may even
leave the area altogether soon after failure, especially in
migratory populations. Nests with young are usually
easier to locate because of audible vocalizations from
the young and defending adults, or because of conspic-
uous “whitewash” or fecal matter around the nest.
Because surveys that begin late in the nesting season
tend to miss pairs that fail early, they may overestimate
nesting success and productivity. Similarly, surveys that
simply pool data from nests found at any stage through-
out the nesting season also overestimate nest success
(Mayfield 1961, 1975; Miller and Johnson 1978). In
these situations, the ratio of the number of successful
pairs to the total number of all pairs found is clearly of
limited value and is equivalent to apparent nest suc-
cess (Jehle et al. 2004).

One approach to minimize bias is to restrict analy-
sis to pairs found prior to the nesting season, or if
enough background data are available, to a set of pairs
randomly selected prior to the nesting season (Steenhof
and Kochert 1982). This approach requires that the suc-
cess of all selected pairs be determined, but it is not nec-
essary to distinguish non-laying pairs from unsuccessful
laying pairs. It is practical only in situations where there
is enough historical information on a species that tends
to re-use traditional nesting territories (e.g., Golden
Eagles). It is inappropriate for many other species of
raptors and for most short-term investigations that lack
previous information on territories. Some investigators
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have tried to minimize bias by estimating nesting suc-
cess only from laying pairs found early in the nesting
season (Steenhof and Kochert 1982). However, this
approach may greatly reduce sample size. When it is not
possible to find all pairs before laying, researchers
should consider using nest survival models to estimate
the success of laying pairs.

Mayfield (1961) developed an approach to estimate
nest success that incorporates data from nests found at
various (and sometimes unknown) stages of the nesting
cycle. By calculating daily nest survival during the
time that a nest is under observation and by assuming a
constant daily survival rate for all nests, Mayfield’s
model estimates the probability that all nests will sur-
vive over an entire nesting period. Several raptor stud-
ies have incorporated the Mayfield approach into their
assessments of nesting success (e.g., Percival 1992,
Bennetts and Kitchens 1997, Barber et al. 1998, Griffin
et al. 1998, Lehman et al. 1998). Recently, more sophis-
ticated models of nest survival have been developed
that do not require Mayfield’s assumption of constant
daily survival throughout the nesting period (Dinsmore
et al. 2002, Rotella et al. 2004, Shaffer 2004). Unlike
Mayfield’s original model, the newer models can
include many categorical and continuous covariates that
allow researchers to evaluate the importance of a vari-
ety of spatial and temporal factors that might affect nest
survival. The new methods also allow competing mod-
els to be assessed via likelihood-based information-the-
oretic methods (Akaike 1973, Burnham and Anderson
2002). Nest survival models can be implemented in
Program MARK (White and Burnham 1999) and in
SAS (Rotella et al. 2004).

Nest-survival models allow data to be used from
nests found at various times during the nesting season
so long as the status of the nest was determined on at
least two separate dates within the nesting period. If
possible, nest checks should collectively span all stages
of the nesting cycle. To use nest survival models, inves-
tigators need at least the following information: (1) the
date the nest was found and its status on that date, (2)
the last date the nest was checked and its status on that
date, and, (3) the date the nest was last known to be
viable if it had failed by the last check. Investigators
also need to know the duration of the “nesting period”
for their study species, which can be defined as the time
from the laying of the first egg until the first young
reaches the minimum acceptable age for assessing
success. To calculate an appropriate nesting period for a
given species, researchers should consider the length of

the laying and incubation periods in addition to the
average age at first fledging. Information on each of
these parameters is available in Newton (1979; Table
18), Cramp et al. (1980), and Poole (2004). The newer
nest survival models have been used mainly for water-
fowl, shorebirds, and passerines that nest on or near the
ground (Dinsmore et al. 2002, Jehle et al. 2004, Rotella
et al. 2004, Shaffer 2004). Raptor studies involving tree
and cliff-nesting species differ from studies of ground-
nesting birds in that many nests are observed remotely.
Nest contents are not always inspected and there often
is no way to estimate the age of nests that fail during
incubation. In addition, many raptors have a longer
nesting season, and many offspring continue to stay at
or near the nest after they have made their first flight.
Typically, investigators check raptor nests less often
(sometimes only 2-3 times each season), and intervals
between nest checks are usually longer than in studies
of passerines, shorebirds, and waterfowl. For these rea-
sons, adapting the new nest-survival models to raptors
can be challenging, and nest survival models that
require investigators to know the age of the nest when it
is first found (e.g., Dinsmore et al. 2002) may not be
useful for raptors. Moreover, studies with long intervals
between nest checks may be limited in their ability to
evaluate the effects of time-specific variables, including
weather. Finally, nest survival models should only be
used to estimate nesting success of laying pairs, because
it is difficult to define when the nesting period begins
for non-laying pairs.

Nest survival models currently available do not
estimate survival of individual eggs or young. There-
fore, estimates of productivity must be calculated differ-
ently. To estimate productivity, the estimate of nesting
success must be combined with average brood size at
fledging. To estimate productivity per territorial pair,
this result must be combined with an independent esti-
mate of the percentage of pairs laying eggs (Steenhof
and Kochert 1982). Variances of productivity estimates
obtained as products can be calculated using formulas
available in Goodman (1960).
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Appendix 1. Glossary of terms frequently used in assessing nesting success.*

Active. An ambiguous term, originally defined by Postupalsky (1974) to
describe nests where pairs laid eggs, but used subsequently in many
different ways by other authors. The term is now best avoided (S.
Postupalsky, pers. comm.), unless clearly defined.

Apparent Nest Success. The ratio of number of successful pairs to the
total number of known pairs in a population.

Breeding Season. The period from the start of nest building
(refurbishment) or courtship to independence of young.

Brood Size at Fledging. The number of young produced by successful
pairs.

Clutch Size. The number of eggs laid in a nest.

Daily Nest Survival. The probability that at least one young or egg in a
nest will survive a single day.

Fecundity. The number of female young produced per female.
Equivalent to number of young produced per pair, assuming a 1:1 sex
ratio among offspring.

Fledging. A fully-feathered young voluntarily leaving the nest for the
first time.

Floaters. Birds in either subadult or adult plumage that are not
associated with specific nesting territories and do not reproduce. Floaters
may be physiologically capable of breeding, but are prevented from doing
so by lack of a territory or nesting site. They are usually unpaired.

Incubation Period. The time between the start of incubation and the
hatching of an egg, during which the egg is kept at or near body
temperature by the parent.

Irregular Territory. Known nesting location occupied only in certain
years out of many.

Measurement Error. Misclassification of the status of a particular pair
or nesting territory or an inaccurate count of the number of eggs or
young.

Minimum Acceptable Age for Assessing Success. A standard
nestling age at which a nest can be considered successful. An age when
young are well grown but not old enough to fly and at a stage when nests
can be entered safely and after which mortality is minimal until actual
fledging: 80% of the age that young of a species normally leave the nest
of their own volition for many species, but lower (65-75%) for species in
which age at fledging varies considerably or for species that are more
likely to leave the nest prematurely when checked. Often the same as age
at banding.

Nest. The structure made or the place used by birds for laying their eggs
and sheltering their young.

Nesting Period. The time from laying of the first egg to the time when
at least one young reaches the minimum acceptable age for evaluating
success in a given species. This interval can be used to calculate nesting
success from estimates of daily survival rates. It can be calculated as the
sum of the minimum acceptable age for assessing success, the mean
incubation period, and the mean time between laying of the first egg and
the onset of incubation.

Nestling Period. The time between hatching of the first egg and the
time the first young leaves the nest of its own accord.

Nesting Success. The proportion of pairs that raise at least one young
to the minimum acceptable age for assessing success (see above) in a
given season, even if it takes >1 attempt. Usually reported per territorial
pair or per laying pair.

Nesting Territory. An area that contains, or historically contained, one
or more nests (or scrapes) within the home range of a mated pair: a
confined locality where nests are found, usually in successive years, and
where no more than one pair is known to have bred at one time.

Nest Survival. The probability that a nesting attempt survives from
initiation (laying of the first egg) to completion and has at least one
offspring that reaches the minimum acceptable age for assessing success.

Nonbreeders. A collective term to describe both floaters and territorial
pairs that do not produce eggs.

Post-fledging Period. The time between when young leave the nest
(i.e., fledge) and their becoming independent of parental care. Sometimes
measured from the time young are banded or are old enough for nests to
be considered successful.

Pre-incubation Period. The time between laying of the first egg and
onset of incubation.

Productivity. The number of young that reach the minimum acceptable
age for assessing success; usually reported as the number of young
produced per territorial pair or per occupied territory in a particular year.

Regular Territory. Known nesting territory, in use every, or almost
every, year.

Sampling Error. Error that occurs when the pairs observed are not
representative of the entire population.

Scrape. A site where falcons, owls, and New World vultures (species that
do not construct nests) lay eggs; the depression in substrate (rotting wood
chips, old pellets, dust, sand, or gravel) where eggs are deposited.

Successful (nest or pair). One in which at least one young reaches
minimum acceptable age for assessing success.

* Although definitions in this Glossary are widely accepted among raptor
researchers, not everyone uses particular terms in exactly the same way.
Therefore, care is needed in making comparisons among studies. It is
important to avoid using a familiar term in a different context, and it is
equally important to define your terms carefully in your methods section.
Doing so will make it easier for others to assess your findings, and to
compare them with those of other researchers.
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INTRODUCTION

Satellite telemetry has revolutionized the study of rap-
tor migration and life histories and will continue to do
so in the future (Table 1). This is because tracking sys-
tems used in satellite telemetry can regularly estimate
and record an individual’s location worldwide for sev-
eral years. Satellite telemetry with birds started in the
1980s (Strikwerda et al. 1986). Since then, satellite
telemetry has been based on Ultra High Frequency
(UHF) technologies such as the Argos system, that
includes the Collecte Localisation Satellites (CLS).
More recently, transmitters and Global Positioning Sys-
tems (GPS) receivers have become small enough to use
on birds. In some cases GPS satellite telemetry will
soon supersede land-based VHF tracking.

The Argos System
Satellite telemetry for raptor studies has used the Argos

system. Individual birds must be able to carry transmit-
ters, called Platform Transmitter Terminals (PTTs),
weighing about 5 g or more. The Argos system provides
location estimates and sensor data (e.g., battery voltage,
activity, temperature, pressure) from PTTs anywhere
around the world. The basics of operation are described
in the Argos User Manual (www.argosinc .com/sys-
tem_overview.htm). Additional recent information is
available in the Proceedings of the Argos Animal Track-
ing Symposium, 24-26 March 2003 (CLS America
2003), which is available on CD from CLS America,
1441 McCormick Drive, Suite 1050, Largo MD 20774.

Location Estimates of Transmitters by
Argos

PTTs are located using the Doppler phenomenon. Polar-
orbiting satellites carry Argos receivers. As a satellite
approaches the PTT, the frequency received will be
higher than the nominal transmitted frequency (401.650
MHz), whereas frequencies lower than 401.650 MHz
will be received at the satellite as it moves away from
the PTT. At the point of inflection of the Doppler curve,
that is, when the received and transmitted frequencies
are equal, the position of the transmitter will be perpen-
dicular to the satellite ground track. The system esti-
mates two possible PTT locations, which are symmetri-
cal on each side of the satellite ground track. Argos
selects one of these as plausible, but biologists should
confirm the validity of the location selected by Argos.
Location estimates based on PTT transmissions and
the Argos satellite system are assigned to location class-
es (LC). “Location accuracy varies with the geometri-
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Table 1. Topics and questions regarding raptors for which data from satellite telemetry have or are expected to provide
information. Some references are provided, and more can be found at the U.S. Geological Survey Raptor Information System
(http:/ris.wr.usgs.gov/). The keywords below and others can be used to find citations to publications listed in the Raptor

Information System.

Annual Movements

Annual movements (Brodeur et al. 1996, Fuller et al. 2003, Meyburg et al. 2004b, Laing et al. 2005,
Steenhof et al. 2005)
Differences among years (Alerstam et al. 2006)

Migration

Mapping routes of migrating raptors (Meyburg et al. 1995a, 1995b; Brodeur et al. 1996, Fuller et al. 1998,
Ellis et al. 2001)

Individual variation (Alerstam et al. 2006)

Ecological barriers, leading lines (sea, mountains, deserts) (Meyburg et al. 2002, 2003)

Bottlenecks; do all individuals pass a narrow area, at what time? (Fuller et al. 1998)

Navigation and orientation (Hake et al. 2001, Thorup et al. 2003a, 2003b, 2006b)

Migration period and timing (Schmutz et al. 1996, Kjellen et al. 2001, Meyburg et al. 2004b)

Age and sex differences, breeding status (Ueta et al. 2000, Ueta and Higuchi 2002, Hake et al. 2003,
McGrady et al. 2003, Meyburg et al. 2005, 2006, Soutullo et al. 2006b)

Speed and altitude of migration (Hedenstrom 1997, Kjellen et al. 2001)

Variation throughout migration (Meyburg et al. 2006)

Daily distances, travel rates (Fuller et al. 1998, Meyburg et al. 1998, Soutullo et al. 2006a)

Daily behavior, stopovers (time of starting and stopping), hunting (Meyburg et al. 1998)

Weather conditions (Meyburg et al. 1998, Thorup et al. 2003b, 2006a)

Ecological conditions along migration routes

Winter or Austral Summer

Geographical situations of wintering grounds (Woodbridge et al. 1995, Martell et al. 2001, Haines et al. 2003,
Higuchi et al. 2005, Steenhof et al. 2005)

Discovery of unknown wintering grounds (Meyburg et al. 1998)

Ranges on wintering grounds (McGrady et al. 2002)

Fidelity to the same area in successive years (Fuller et al. 2003)

Nesting Season

Home range size, habitat use, and territorial behavior (Meyburg et al. 2006)

Dispersal, philopatry (Rafanomezantsoa et al. 2002, Steenhof et al. 2005)

What accounts for later or earlier arrival in spring at the nest site (influence of weather during migration,
later or earlier departure to wintering grounds) (Meyburg et al. 2007b)

Pair continuity over a number of years (Meyburg 2007a)

Behavior of nonbreeding adults, floaters (arrival, fidelity to nest site after failed nesting attempt,
possible nomadism) (Meyburg 2007b)

Movements during Immature Stage

Return to breeding area or remain on the “wintering grounds” (Meyburg et al. 2004a)
Ranging behavior (Meyburg et al. 2004a)

Survival, Mortality, Threats

Human activity (Eastham et al. 2000)
Other causes (Goldstein et al. 1999, Hooper et al. 1999, Henny et al. 2000, Millsap et al. 2004, Steenhof et al. 2006)
Fate of release birds (Rose et al. 1993, Launay and Muller 2003, Dooley et al. 2004)
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cal conditions of the satellite passes, the stability of the
transmitter oscillator, the number of messages collected
and their distribution in the pass. This means in partic-
ular that a given transmitter can have locations distrib-
uted over several classes during its lifetime. Classes for
which accuracy is estimated and their related values:
Class 3: better than 150 m on both axes, 250 m radius,
Class 2: better than 350 m, 500 m radius, Class 1: bet-
ter than 1000 m, 1500 m radius, Class 0: over 1000 m,
1500 m radius. These are estimations at one sigma.”
(www.cls.fr/html/argos/general/faq_en.html).

Argos location methods are based on three major
assumptions: (1) transmission frequency is stable dur-
ing the satellite pass, (2) the PTT is motionless during
the satellite pass, and (3) the altitude of the PTT is
known. The LC assigned by Argos usually underesti-
mates the error associated with wildlife applications
largely because these assumptions often are violated to
some extent when the PTT is on an animal (e.g., Britten
et al. 1999, Craighead and Smith 2003). Usually, the
accuracy given by Argos is better for the latitude than
for the longitude. The given accuracy (e.g., 1 km for LC
1) does not mean that all of the calculated locations (and
attributed to LC 1) fall within 1 km, but that about one
sigma (one standard deviation) of all estimates are in
the nominal accuracy range.

It is important to remember that the best two LCs
(LC 2 and LC 3) usually are achieved only 10% to 15%
of the time from birds. This occurs for numerous rea-
sons, not the least of which is that many wildlife PTTs
do not transmit 1 W of power, upon which the Argos
system was designed. Power often is programmed to
0.15 to 0.25 W to conserve energy for prolonged PTT
operation. Power output in solar-powered PTTs is
adjustable (e.g., from 0.1 to 0.5 W). Reduced radiated
power can result in fewer location estimates, and conse-
quently fewer data with which Argos can estimate loca-
tions most accurately.

Argos routinely provides Standard LCs (LC 3, LC
2, LC 1, see above), but also can provide Auxiliary LCs
(LC 0>1000 m, LC A and LC B = no estimate of loca-
tion accuracy, and LC Z = invalid locations). The Aux-
iliary LCs are especially important because often there
are few Standard LCs from wildlife tracking. Further-
more, the best LC classes do not always include the
most accurate location estimates. Thus, wildlife
researchers, especially those tracking birds, will want as
many location estimates as possible from which to
select appropriate data.

Location-estimate error from a given project can

vary dramatically depending on the speed of the animal
and its behavior, including changes in elevation or alti-
tude (www.cls.fr/manual/; see Appendix 2, Argos loca-
tion), environmental variables (topography, vegetative
cover, marine, atmospheric conditions), and data acqui-
sition and analysis options. Users may specify to Argos
values for some factors (e.g., PTT velocity, altitude) and
discuss options (e.g., use of digital elevation model,
multi-satellite service), and Argos will incorporate these
in the estimation procedures. Users also should consult
with equipment manufacturers to maximize perform-
ance (e.g., PTT power, transmission repetition rate) for
the circumstances and objectives of the study. Biolo-
gists must determine if the Argos system is appropriate
for their objectives, especially if they require regular
location accuracy of less than 1 km.

Reduced Argos Performance

A significant difference in actual receptions of PTT
transmissions exists in the European region and in Asia
(Mongolia, China, Japan), and thus can reduce recep-
tions to less than 10% of the expected data. The affect-
ed area is about the size of the satellite footprint (5,000
km in diameter) and seems to be centered in the region
of southern Italy (Howey 2005). The cause is ambient
broadband noise of significant amplitude around the
Argos operating frequencies, which causes interference
and affects all PTTs, including GPS models. It essen-
tially limits the number of signals that are received by
the satellite (Gros and Malardé 2006). We recommend
that users contact CLS to discuss their specific require-
ments and take advantage of ways to optimize Argos
system performance.

Argos Data-validation Procedures

Researchers should examine and carefully filter loca-
tion estimates before selecting those for analyses. Fil-
tering or data validation procedures usually involve
establishing criteria based on animal movement capa-
bilities and behavior (e.g., maximum speed, local versus
migration movement; Hays et al. 2001) and inspecting
the Argos data for time and distance relationships
among location estimates. Many LC 0, LC A, and LC B
class points might need to be discarded by filtering, but
so might some LC 1, LC 2, and even LC 3 class points.
Careful screening also might reveal that some LC 0, LC
A, and LC B locations are well within the distance that
an animal could have traveled during the period
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between location estimates, and within a direction that
is logical.

Raptor researchers must remember that locations
from Argos are estimates and that accuracy and preci-
sion vary with animal and environmental factors that
are largely unknown. In our experience, the proportion
of higher quality LCs (LC 2 and LC 3) varies among
PTT-marked animals. Therefore, we recommend that
each person establish criteria for the study objectives,
species, and environment and then apply those criteria
when selecting the location estimates to be used in
analyses.

Data Transmission through the Argos
System

PTTs transmit a coded identification and data from up
to 32 sensors. The signals are digitally encoded on a
pulse width of ~ 0.36 seconds and a pulse interval usu-
ally between 40 and 90 seconds. The transmitting
schedule (i.e., the duty cycle) can be programmed for
more transmissions during different periods (e.g., sea-
sons), which can prolong the operational life of battery-
powered PTTs.

Transmissions from PTTs are received on polar
orbiting satellites and are relayed to processing centers
in France and the United States. Records of processed
data can be distributed to users in a variety of formats,
including Internet access to data received about four
hours previously. The cost of data acquisition from
Argos varies according to the different agreements
between countries and Argos. Costs are assessed as a
fee for use of each active platform, for hours of use per
day, automatic data distribution service (data via email),
fax, telnet, data acquired from the Argos website, and
monthly compact discs (CD).

GPS Location of Transmitters

The GPS provides location accuracy to within a few
meters. A GPS receiver can be integrated with an Argos
PTT. A GPS receiver collects transmissions from at
least four satellites, enabling computing of position (in
three dimensions), velocity, and time. GPS units can be
programmed to collect data at pre-set intervals. Data
can be logged in memory and downloaded from the unit
(usually requiring recapture), or they can be coded in
PTT messages and relayed to users via the Argos sys-
tem. The GPS estimates are transmitted to Argos during
the “on time” of a PTT duty cycle.

The GPS receiver requires considerable energy.
Thus, there are radio-tag size and longevity constraints
that come into play when using battery power for bird
studies. Alternatively, solar-powered GPS-PTTs weigh
as little as 22 g. These units include sensors and a 12-
channel GPS receiver.

Selection of the PTT

A crucial consideration when choosing a unit is how the
PTT size, weight, and attachment might affect the bird
(Murray and Fuller 2000). The energy requirements for
satellite telemetry limit the minimum mass of units to
about 5 g. The mass of the transmitter increases the
energy the bird must expend for locomotion. Battery
mass and surface areas of solar arrays also are limiting
factors for unit size.

Deciding whether to use battery- or solar-powered
tags must be made early in study planning. Battery-
powered PTTs offer generally reliable performance, but
have the disadvantage of a rather short operating life,
thus long-term studies (more than three years) normally
are not possible. Using 30- to 90-g battery-powered
PTTs we regularly received locations from 6 to 18
months, depending on radiated power and duty cycle.
Solar-powered transmitters can provide locations for up
to several years, and the regularity of data is dependent
on enough light on the solar array to charge a battery or
capacitor with energy for transmission of the radio sig-
nal. Solar-powered GPS-PTT tags need more energy
than PTTs. Thus, the problem of recharging these tags is
even more acute. One must be sure the feathers do not
occlude the solar array to the extent that there is insuf-
ficient exposure to light for minimal PTT function. Bird
habitat use, such as under-canopy or cave nesting, also
can affect solar charging.

The decision of whether to use solar or battery-
powered PTTs depends not only on the geography and
expected movements of the species to be studied, but
also on other factors such as budget, lifestyle of the
species, aim of the study (long- versus short-term), etc.
In 2007 the price of a PTT was about $3000 (U.S.), and
that of a GPS-PTT was about $4000. Costs of deliver-
ing data (see above) for several years can be as much or
even more than the tag price, depending on how tags are
programmed and what Argos services are used.

Attachment of Transmitters

Radio tags can be mounted on tail-feathers, legs, and



246 SPATIAL TRACKING

wings, but in most studies they are attached to the bird’s
back using a harness (Fuller et al. 2005). These “back-
packs” have the advantage of being fixed near the cen-
ter of lift which is best for high tag mass. Tags can be
fitted to nestlings just before fledging and can be
tracked for several years. Most researchers use Teflon®
ribbon as harness material, but we found that some rap-
tors (e.g. Asian Imperial Eagles [Aquila heliaca] and
Lesser Spotted Eagles [4. pomarina], Prairie Falcons
[Falco mexicanus]) remove tags by pulling and cutting
through the Teflon® strips with their beaks (Steenhof et
al. 2006). The potential complication of feathers over
the solar panels on backpacks might be overcome by
incorporating a feather guard (Snyder et al. 1989) or
thick neoprene rubber on the bottom of the transmitter
to elevate the solar array. These modifications might
create additional aerodynamic drag and thus, energy
needed for flight.

What Causes Termination of
Transmissions?

Manufacturers can program a unit to stop transmitting,
but most researchers probably would like to receive
transmissions for as long as possible. Battery-powered
units transmit information about battery voltage so that
one can predict depletion of the battery energy. Often
however, failure to receive transmissions occurs earlier
than expected, raising a question as to what has hap-
pened. The causes of failure to receive data are some-
times difficult to determine.

Juvenile and immature birds often die from “natural
causes,” or perish from persecution. Adults also are sub-
ject to heavy persecution in many parts of the world or
are killed by electrocution, collisions, etc. Nevertheless,
based on observing the bird, recapturing it, or finding it
dead much later, we confirmed that several solar-pow-
ered PTTs had failed while the birds were alive. In some
cases we, or the manufacturer, were unable to determine
a reason for the failure. Study planning should account
for death of radio-marked birds and the failure of some
transmitters.

Our record for long-term tracking is an adult female
Greater Spotted Eagle (4. clanga). The bird was fitted
with a PTT in July 1999 that was still transmitting data
in August of 2007. An adult male Lesser Spotted Eagle
was 