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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

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.e.,
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 (A. otus) (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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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-

242 S P A T I A L  T R A C K I N G

B. Satellite Tracking



S P A T I A L  T R A C K I N G 243

Annual MMovements • 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 (Hedenström 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 oor AAustral SSummer • 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 SSeason • 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 dduring IImmature SStage • Return to breeding area or remain on the “wintering grounds” (Meyburg et al. 2004a)
• Ranging behavior (Meyburg et al. 2004a) 

Survival, MMortality, TThreats • 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)

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.



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
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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 [A. 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 (A. 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 tracked as far as Israel on its way back to the breed-
ing grounds almost 6 years after having been marked.
When it arrived one month later in Germany we
observed the bird with its PTT without an antenna. An

Osprey also lost or removed the antenna after only a few
months. It is much easier to find the reasons for tag fail-
ure in breeding adults that return to their nest site year
after year. There are methods for locating PTTs that are
transmitting from a dead bird or detached from the bird
(Howey 2002, Bates et al. 2003, Peske and McGrady
2005). Finding the PTT can provide valuable biological
information and be cost-effective because most units can
be refurbished for about $300 to $500, and used again.

Tracking Options

Finally, satellite telemetry is one of many options for
marking raptors. Before deciding to use telemetry we
encourage persons to consider carefully (1) their objec-
tives and (2) the possible effects of marking on the birds
and their implications for the results. The literature pro-
vides many examples of studies in which satellite
telemetry has provided valuable information (Table 1).
Consultation with manufacturers about options can be
very useful, and is especially important for program-
ming the function of transmitters and receivers to max-
imize performance.
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INTRODUCTION

In earlier years (1947–1985), many contaminant-related
problems concerning raptors were related to chlorinated
hydrocarbon (CH) insecticides, such as DDT, dieldrin,
heptachlor, and chlordane, most of which now have
been banned in the U.S. and elsewhere. Other contami-
nants mentioned in the first edition of this manual
(Peakall 1987) included mercury, lead, polychlorinated
biphenyls (PCBs), and acid deposition, the latter
impacting fish populations in poorly buffered lakes and,
therefore, adversely affecting Ospreys (Pandion haliae-
tus) and Bald Eagles (Haliaeetus leucocephalus). Sec-
ondary poisoning of raptors by anticoagulant rodenti-
cides and organophosphorus (OP) pesticides was begin-
ning to be evaluated. The extirpation of the Peregrine
Falcon (Falco peregrinus) from the eastern U.S. by
1964, and major reductions in numbers elsewhere
around the world, was due primarily to DDT, and, per-
haps, other CHs. The recovery of the peregrine in the
U.S., following the 1972 ban on the widespread use of
DDT and much effort in reintroducing the species, and
its eventual delisting in 1999 from being an Endangered

Species, was recently told in Return of the Peregrine
(Cade and Burnham 2003).

Overall, the relative importance of specific contam-
inant issues today is not the same as discussed in the
first edition of this manual, and new issues have
emerged. That said persistent CHs still adversely influ-
ence some species at selected locations (e.g., DDE-
reduced nesting success and significantly thinned the
eggshells of some Ospreys breeding along the lower
Columbia River in 1997–98, even though the popula-
tion was increasing at the time [Henny et al. 2004]).

This chapter is subdivided into different classes of
environmental contaminants that may adversely affect
raptor populations. For each class of contaminants, we
present: (1) structure and chemistry (what they are), (2)
sources and use patterns (where and how they are used),
(3) fate and transport (how mobile they are in the envi-
ronment), (4) toxicology (what their basic mode[s] of
action are), (5) effects criteria (what residue concentra-
tion and biochemical response in which tissues should
be investigated; Table 1), and (6) techniques for study-
ing field exposure and effects (Table 2).

As a note of caution, residue concentrations in the
literature may be presented in several ways, which can
be confusing (e.g., wet weight [ww], dry weight [dw],
lipid weight [lw]). Sometimes the methods section of a
paper must be read carefully to determine which value
was used; it is critical to understand this terminology
because reported concentrations vary tremendously
depending upon how data are presented, as well as with
the percent moisture and percent lipid in the tissue
examined. Concentrations (C) readily can be converted
(e.g., Cdry = Cwet 100/100 - % moisture). 
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Species Chemical b Tissue Effect c Value ww.w. ((units) Ref. d

Bald Eagle (Haliaeetus leucocephalus) DDE Egg 15% reduction in shell thickness 16 mg/kg 1

Egg Corresponds to 0.7 young/occupied territory 5.9 mg/kg 2

Egg Significant reduction in productivity 12 mg/kg 3

Egg Embryo lethality 5.5 mg/kg 2

Plasma Corresponds to 5.9 mg/kg in eggs 41 µg/kg 2

Brain Lowest value poisoned adult 212 mg/kg 4

Dieldrin Brain Lowest value poisoned adult 3.6 mg/kg 5

ΣPCBs Egg Reduced probability of producing young 20 mg/kg 2

Plasma Corresponds to 20 mg/kg in eggs 189 µg/kg 2

TCDD TEQs Egg NOAEL hatching 303 ng/kg 2

Egg NOAEL CYP1A induction 135 ng/kg 2

Egg LOAEL CYP1A induction 400 ng/kg 2

White-tailed Eagle (H. albicilla) DDE Egg LOAEL productivity 6.0 mg/kg 6

Egg Strong reduction in desiccation index 8.5 mg/kg 6

Egg Corresponds to 0.7 young/occupied territory 10.5 mg/kg 6

ΣPCBs Egg LOAEL for productivity 25 mg/kg 6

TCDD TEQs Egg LOAEL for embryo mortality 320 ng/kg 6

Osprey (Pandion haliaetus) DDE Egg Corresponds to 0.8 young/occupied nest 4.2 mg/kg 7

TCDD TEQs Egg NOAEL for productivity 162 ng/kg 8

Egg NOAEL for hatching 136 ng/kg 9

Egg NOAEL for CYP1A induction 36 ng/kg 9

Egg LOAEL for CYP1A induction 130 ng/kg 9

American Kestrel (Falco sparverius) PCB 126 Egg Embryonic LD50 65 µg/kg 10

Egg Significant increase in malformations and edema 2.3 µg/kg 10

PCB 77 Egg Embryonic LD50 688 µg/kg 10

ΣPCBs Egg Effects on reproductive and endocrine endpoints 34 mg/kg 11,12

HE Egg Reduced productivity 1.5 mg/kg 13

Peregrine Falcon (F. peregrinus) DDE Egg Reduced productivity 15–20 mg/kg 14

ΣPCBs Egg Reduced productivity 40 mg/kg 14

Common Kestrel (F. tinnunculus) MeHg Brain Mortality 25–33 mg/kg 15

MeHg Liver Mortality 50–120 mg/kg 15

Red-tailed Hawk (Buteo jamaicensis) MeHg Liver Mortality 20 mg/kg 16

Table 1. Selection of estimated toxicity threshold values for contaminants in raptor speciesa.

a Sensitivity to most contaminants is species-specific. Much additional information on non-raptorial species is available (see Beyer et al. [1996]). 
b DDE = p,p’-dichlorodiphenyl-dichloroethylene; ΣPCBs = sum polychlorinated biphenyl congeners; TCDD TEQs = 2,3,7,8-tetrachlorodibenzo-p-dioxin toxic equivalents; PCB 126 = 3,3’,4,4’,5-penta-CB (one of

the most toxic PCB congeners); PCB 77 = 3,3’,4,4’-tetra-CB (one of the most toxic PCB congeners); HE = heptachlor epoxide; MeHg = methylmercury.
c NOAEL = no-observed-adverse-effect-level; LOAEL = lowest-observed-adverse-effect-level; LD50 = acute oral median lethal dosage.
d References: 1, Wiemeyer et al. 1993; 2, Elliott and Harris 2002; 3, Nisbet and Risebrough 1994; 4, Garcelon and Thomas 1997; 5, Prouty et al. 1977; 6, Helander et al. 2002; 7, Wiemeyer et al. 1988; 8, Woodford

et al. 1998; 9, Elliott et al. 2001; 10, Hoffman et al. 1998; 11, Fernie et al. 2001; 12, Smits et al. 2002; 13, Henny et al. 1983; 14, Peakall et al. 1990; 15, Koeman et al. 1971; 16, Fimreite and Karstad 1971.
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Chemical(s) oof cconcern Sampling mmatrix Technique(s) Referencea

Persistent organic pollutants Egg Salvage unhatched eggs or fragments for chemistry (combined with 
productivity and other measurements)

1,2,3

Egg Sample egg technique (collection of eggs for chemistry) (combined with 
productivity and other measurements)

4,5,6

Egg Laboratory incubation of fresh eggs (chemical analysis of the yolk sacs or 
of a sibling egg; morphology, histology, biochemistry of organs)

7,8

Egg Egg swap experiments (can be combined with collection of eggs and behavioral
observations; always combined with productivity, and potentially, other measurements)

9,10

Major organs: 
liver, kidney, brain

Mortality monitoring: collection of dead and moribund birds for necropsy and
chemistry, biochemistry, and histology

3,11

Blood Capture: migrant or breeding birds, residues 12,13

Mercury Egg Sample egg technique (see above) 14

Blood Nestlings: residues 14

Feathers Adults and nestlings: residues 14

Liver, kidney, brain Nestlings: residues 14

Lead Blood Nestlings, adults: residues, ALAD, protoporphyrin, hemoglobin 15,16

Anti-cholinesterase insecticides Brain Cholinesterase activity: dead or moribund birds 17,18

Blood Cholinesterase activity: dead or moribund birds 19

Blood Cholinesterase activity: captured birds 20

Crop contents Chemical residues: dead birds or surgically removed from live,9 poisoned birds 18,21

Table 2. Examples of studies using recommended techniques in raptor field ecotoxicology. 

Note: ALAD = delta-aminolevulinic acid dehydratase.
a References: 1, Ratcliffe 1970; 2, Newton and Galbraith 1991; 3, Newton 1988; 4, Blus 1984; 5, Henny et al. 1983; 6, Henny et al. 2004; 7, Elliott et al. 1996a; 8, Elliott et al. 2001;

9, Wiemeyer et al. 1975; 10, Woodford et al. 1998; 11, Prouty et al. 1977; 12, Henny et al. 1996; 13, Court et al. 1990; 14, DesGranges et al. 1998; 15, Henny et al. 1991; 16,
Henny et al. 1994; 17, Henny et al. 1987; 18, Elliott et al. 1996b; 19, Elliott et al. 1997b; 20, Hooper et al. 1989; 21, Henny et al. 1985.



CHLORINATED HYDROCARBON (CH)
INSECTICIDES

Chemistry and Toxicology

Matsumura (1985) characterized these synthetic organ-
ic insecticides by (1) the presence of carbon, chlorine,
hydrogen and sometimes oxygen atoms, including C-Cl
bonds, (2) the presence of cyclic carbon chains (includ-
ing benzene rings), (3) whether or not they were prefer-
entially lipid-soluble, and (4) their stability in the envi-
ronment. These compounds generally persist in the
environment and biomagnify in food chains (some more
than others), with raptors at the top of food chains and,
especially bird-eating and fish-eating species, being
particularly vulnerable. Generally, there are three kinds
of CH insecticides: (1) DDT and its analogs (including
methoxychlor and dicofol [kelthane]), (2) benzene
hexachloride (BHC) isomers including lindane, and (3)
cyclodiene compounds (including chlordane, hep-
tachlor, aldrin, dieldrin (HEOD), endrin, toxaphene,
mirex, kepone, endosulfan and telodrin. All are neu-
roactive agents whose modes of action include effects
on ion permeability (DDT group) or effects as agents
for nerve receptors (BHC and cyclodienes).

These compounds were first introduced in the late
1940s and early 1950s, and, with few exceptions, were
banned in most industrialized countries during the
1970s or shortly thereafter. Their principal uses were in
agriculture and for disease-vector control. Effects of
persistent CH insecticides on raptor populations were
widely documented and were catastrophic for some
species. Continuing concern reflects their persistence,
biomagnification and continued public health use for
mosquito control in some countries. In theory, raptors
may become exposed to CHs at great distances from
application sites due to: (1) atmospheric transport (e.g.,
elevated concentrations in the Canadian arctic [Barrie et
al. 1992]), (2) migratory prey species transporting mate-
rial from distant sources, or (3) migratory raptors them-
selves transporting material from distant sources
(Henny et al. 1982).

Criteria and Techniques

DDT (and its breakdown product DDE), heptachlor,
dieldrin, and perhaps other CH insecticides can cause
reduced productivity (Lockie et al. 1969, Ratcliffe
1970, Henny et al. 1983). Unhatched (failed) eggs have
been and continue to be analyzed to determine the con-

taminants causing reduced reproductive success (e.g.,
Wegner et al. 2005). A nonviable Peregrine Falcon egg
analyzed in 1960 represents the earliest study of pollu-
tant-related effects on raptors (Moore and Ratcliffe
1962). As Peakall (1987) pointed out, examining eggs
is advantageous because it directly examines the target
(i.e., the nonviable egg). CH residue concentrations in
the egg are directly related to levels in the adult female
(Norstrom et al. 1985), which is not necessarily true for
other classes of pollutants. CH concentrations reported
from nonviable eggs remaining in the nest, after the
expected hatch date (a non-random sample), are usual-
ly biased towards higher values, if CHs adversely
influenced hatchability. Scientists prefer residues from
a randomly collected single “sample egg” (Blus 1984)
(1 to 2 weeks into incubation) from a series of nests to
evaluate possible effects of CHs on success of eggs
remaining in the clutch and to document contaminant
levels in populations. Collecting a sample egg can
cause nest abandonment for some raptor species, such
as Bald Eagles (Grier 1969), which negatively influ-
ences productivity, whereas for other species, including
Ospreys, nests are rarely abandoned after a short visit
for egg collection. The reduction for each Osprey egg
collected (usually from a three-egg clutch), for exam-
ple, was only 0.28 young fledged per active nest
(Henny et al. 2004; Fig. 1). The sensitivity of eggs to
this group of insecticides is species-specific, and as
such, no single diagnostic egg concentration can be
used for all species, e.g., DDE adversely influences
Osprey reproductive success above 4.2 mg/kg (ww)
(Wiemeyer et al. 1988), Bald Eagle above 5.9 mg/kg
(ww) (Elliott and Harris 2002), and Peregrine Falcon
above 15–20 mg/kg (ww) (Peakall et al. 1990). As
expected, the degree of eggshell thinning caused by a
given egg concentration of DDE, the only CH insecti-
cide known to thin eggshells except for the structurally
similar dicofol (Bennett et al. 1990), also varies among
families of raptors and even among species within the
same family (Peakall 1975). Usually, shell thickness is
compared to pre-DDT era norms based upon eggshells
in museums.

CH insecticides, especially the cyclodienes, also
kill birds, and when dead raptors are found and these
insecticides suspected, the brain should be analyzed and
residues compared to diagnostic concentrations based
on laboratory studies (see criteria in Beyer et al. 1996).
Peakall (1996) reviewed the causes of death of Bald
Eagles found dead in the U.S. by a network of federal,
state, and private investigators from 1966 to 1983. The
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percentage of deaths attributed to dieldrin decreased
following a ban on its use (i.e., 13% in 1966–70, 6.5%
in 1971–74, 3.0% in 1975–77, and 1.7% in 1978–83).
Decreases in mortality and increases in natality in the
late 1970s and 1980s were followed by population
increases in those species adversely affected in earlier
years. The best evidence of the impact of dieldrin poi-
soning is the long-term study of Eurasian Spar-
rowhawks (Accipiter nisus) in Britain (Newton et al.
1986). A recent re-analysis of these data shows that at
least 29% of the sparrowhawks in the area of high
cyclodiene use died directly from dieldrin poisoning,
which led to a population decline (Sibley et al. 2000).
Comparison of temporal trends in populations of Sharp-
shinned Hawks (A. striatus) with both egg residues and
usage patterns of dieldrin and DDT in North America
support the possibility that dieldrin poisoning also may
have impacted North American accipiters (Elliott and
Martin 1994). Chlordane, persisting from earlier efforts
to control turf pests in parks and gardens, recently poi-
soned songbirds and raptors, particularly Cooper’s
Hawks (A. cooperii) (Stansley and Roscoe 1999).

Blood plasma can be used to monitor long-term CH
residue trends in raptor populations and to evaluate
local exposure (Henny and Meeker 1981, Court et al.
1990, Elliott and Shutt 1993, Jarman et al. 1994).
Migratory species (both raptors and their prey) often are
exposed elsewhere during their travels. Based upon
DDE measured in blood plasma of migratory Peregrine
Falcons captured on the Texas coast as they departed
and returned to the U.S. during migration, Henny et al.
(1982) concluded DDE at that time was largely accu-

mulated during winter in Latin America. This study
continued for long-term monitoring purposes and, with
the use of satellite telemetry to locate breeding and win-
tering localities, documented the decrease of DDE in
arctic-breeding peregrines from the late 1970s to 1994
(Henny et al. 1996).

Two general types of CH studies continue: (1) long-
term monitoring of the productivity and population
sizes of species previously in trouble, often with egg or
blood-plasma collections for residue analyses, and (2)
evaluations of potentially sensitive species based upon
diet (i.e., fish or bird-eaters) or at locations with limited
information.

POLYCHLORINATED BIPHENYLS (PCBS),
POLYCHLORINATED DIBENZO-P-DIOXINS
(PCDDS), AND POLYCHLORINATED
DIBENZOFURANS (PCDFS)

Chemistry and Toxicology

These related chemicals are released to the environment
mainly from industrial and commercial chemical
sources. Being relatively persistent and volatile, they
have dispersed throughout the global environment
where they biomagnify, particularly in aquatic food
chains. Some of the highest PCB concentrations in biota
have been reported in eagle and falcon species, and thus
have been investigated as potential factors in popula-
tions of raptors with chronic low productivity. Exposure
and effects on wildlife, including raptors, have been

Figure 1. Increasing Osprey (Pandion
haliaetus) populations have pioneered
back into some potentially contami-
nated industrial sites, e.g., Seattle Har-
bor, U.S.A., where they are again
being used as an indicator species to
evaluate numerous contaminants.
Note Opsrey nest with two eggs in the
foreground (Photo by J. Kaiser, USGS).



reviewed by Hoffman et al. (1996) and Rice et al.
(2003).

PCBs were used for a variety of purposes including
manufacture of electrical transformers, and formulation
of lubricating and cutting oils, pesticides, plastics,
paints, etc. More than a billion kilograms were pro-
duced worldwide, with a third having been released into
the environment (Tanabe 1988). PCB use has been
banned or heavily restricted in most countries since the
late 1970s.

Neither PCDDs nor PCDFs are deliberately pro-
duced commercially, but they are formed either as by-
products during synthesis of other chemicals, such as
chlorophenolic herbicides, or during combustion of
chlorine-containing materials. Incineration of municipal
and industrial wastes is the major global source of diox-
ins, which can be transported long distances and
deposited in soils and sediments (Czuczwa et al. 1984).

The number and position of chlorine atoms deter-
mines the chemical and biological attributes of each
dioxin, furan, or PCB isomer (Fig. 2). More chlorine
atoms generally lead to greater fat solubility and resist-
ance to degradation. The most toxic isomers have chlo-
rines at the 2,3,7,8 (PCDD/Ds) or 3, 3’,4,4’ (PCBs)
positions. Those congeners are more planar in shape
and readily bind a cellular protein known as the Ah or
arylhydrocarbon receptor, which leads to a variety of
biological responses.

Toxicity relative to 2,3,7,8-TCDD can be compared
using TCDD Toxic Equivalents (TEQs) (Van den Berg
et al. 1998). Embryos and growing nestlings are at most
risk to TCDD toxicity (Peterson et al. 1993). In labora-
tory studies, birds of prey including kestrels were less
sensitive to PCBs than were quail and chickens (Elliott
et al. 1990, 1991, 1997a), but more sensitive than Com-
mon Terns (Sterna hirundo) (Hoffman et al. 1998).
Feeding an environmentally relevant concentration of
PCBs to American Kestrels (F. sparverius) caused
reproductive effects, as well as altered immune and
endocrine endpoints (Fernie et al. 2001, Smits et al.
2002). Less persistent congeners, which were less like-
ly encountered in the field, appeared more toxic than the
persistent ones.

Toxic effects have been well studied in wild Great
Lakes colonial waterbirds. A set of toxic symptoms
referred to as GLEMEDS (Great Lakes embryo mortal-
ity, edema, and deformities syndrome) has been attrib-
uted to exposure to dioxin-like chemicals in gull, tern
and cormorant populations (Gilbertson et al. 1991).
Bowerman et al. (1994) reported bill deformities in
Bald Eagles, but no quantitative relationship between
incidence and contaminant exposure. However, kestrel
embryos exhibited malformations and edema when
eggs were injected with concentrations of PCB-126 at
considerably lower levels than measured in Great Lakes
Bald Eagles, supporting the contention for dioxin-like
chemicals as the cause of observed defects in Bald
Eagle chicks (Hoffman et al. 1998).

Despite high concentrations in eggs, it has proved
difficult to link PCB concentrations with significant
reproductive effects in raptor populations, including
peregrines, Ospreys, and accipiters (Newton et al. 1986,
Wiemeyer et al. 1988, Peakall et al.1990, Elliott et al.
2001). Statistical associations between productivity and
concentrations of PCBs in eggs were found for Bald
Eagles. However, the strong intercorrelation with DDE,
which showed a greater effect on productivity
(Wiemeyer et al. 1984, 1993), was a confounding factor
in that and other studies. A more recent analysis of
available data for Bald Eagles showed significant asso-
ciations between productivity and DDE, but not PCBs
(Elliott and Harris 2002). In a long-term study of White-
tailed Eagles (H. albicilla) in Sweden, Helander et al.
(2002) found a correlation for PCBs and the incidence
of embryo mortality, but not with productivity. Data
from Helander et al. (2002), supported by laboratory
evidence (Hoffman et al. 1998, Fernie et al. 2001), indi-
cate that PCBs have affected Haliaeetus populations in
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areas of high exposure; however, effects are difficult to
separate not only from DDE, but also from ecological
factors such as food supply (Dykstra et al. 1998, Elliott
and Norstrom 1998, Elliott et al. 1998, Gill and Elliott
2003, Elliott et al. 2005a).

Sublethal effects of dioxin-like chemicals have
been reported in some raptors. In a study of Ospreys
breeding on a river in Wisconsin, nestlings grew more
slowly at a site contaminated with 2,3,7,8-TCDD from
a pulp mill than at uncontaminated sites (Woodford et
al. 1998; Fig. 3). Induction of cytochrome P450 liver
enzymes (CYP1A) of a type responsive to exposure to
2,3,7,8-TCDD toxic equivalents has been reported in
embryos of both Ospreys and Bald Eagles breeding near
bleached kraft pulp mills (Elliott et al. 1996a, 2001).

Criteria and Techniques

Collection and analysis of eggs is still the preferred
method for investigating exposure of raptors to PCBs
and related chemicals. The pros and cons of collecting
fresh versus unviable eggs, and the use of the sample
egg technique discussed in the section on chlorinated
hydrocarbon pesticides apply equally here. Concentra-
tions of PCBs in eggs and related compounds diagnos-
tic of effects, such as embryo survival or overall nest
success, have not been defined clearly for most species.

Threshold levels for PCBs in eggs were estimated using
older analytical methods, such as 40 mg/kg (ww) for
peregrines (Peakall et al. 1990). Based on a review and
re-analysis of existing data for Bald Eagles, Elliott and
Harris (2002) suggested that the reproductive effect
threshold was at least 20 mg/kg (ww) total PCBs for
Bald Eagles. Helander et al. (2002) determined the low-
est observable effect level of 25 mg/kg (ww) (500
mg/kg [lw]) for PCB effects on productivity of White-
tailed Eagles. Combining an egg swap design (for more
details see Peakall [1987:325] and the discussion
below) with regular measurements of chick growth
rates, Woodford et al. (1998) suggested a no-observ-
able-adverse-effect-level (NOAEL) of at least 136
ng/kg (ww) for 2,3,7,8-TCCD for the hatchability of
Osprey eggs.

Effects of dioxin-like chemicals in birds also can be
studied using the technique of laboratory incubation of
wild eggs. This approach separates egg-intrinsic effects
from adult behavior (egg-extrinsic) and also permits
measurement of biomarkers in hatchlings. Using this
approach, Elliott et al. (2001) determined a no-effect
level for TEQs in Osprey nestlings and a lowest-observ-
able-adverse-effect level of 130 ng/kg (ww) TEQs for
hepatic CYP1A induction. Effects of dioxin-like chem-
icals were studied in laboratory-incubated Bald Eagle
eggs (Elliott et al. 1996a) and critical values subse-
quently recalculated using updated toxic equivalence
factors (Elliott and Harris 2002). The results indicate a
NOAEL of 135 ng/kg (ww) and lowest-observed-effect-
level (LOAEL) of 400 ng/kg for CYP1A induction, and,
for embryo toxicity, a NOAEL of 303 ng/kg.

The possible role of dioxin-like chemicals in
instances of chronic low reproductive success can be
investigated by experimental manipulation of eggs in
the field. The logistics of such experiments are com-
plex, given factors such as potential nest abandonment,
and the lack of synchronicity in timing of breeding.
Embryonic mortality can be caused not only by toxi-
cants within the egg (an intrinsic factor), but also by
inadequate parental care caused by the pollutant load
(an extrinsic factor), or by a combination of both. These
factors can be separated by an egg-exchange experi-
ment between clean and contaminated sites. Adult:Egg
combinations in such an experiment (and expected
results) include: clean, clean (normal reproduction);
clean, contaminated (intrinsic only); contaminated,
clean (extrinsic only); and contaminated, contaminated
(both intrinsic and extrinsic). For this type of research
to be successful, clean and contaminated sites must be
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Figure 3. Osprey (Pandion haliaetus) nest on an easily accessible
(with U.S. Coast Guard approval) channel marker near a paper mill
on lower Columbia River (River Mile 44) downstream of Portland,
Oregon. Ospreys nest at regular intervals along some major river sys-
tems and bays which can result in strategic or random sampling of
eggs or blood for contaminant evaluation (Photo by J. Kaiser, USGS).



near identical from an ecological perspective, including
food availability. Swapping of eggs between treatment
and reference sites has provided valuable information in
contaminant studies of Ospreys (Wiemeyer et al. 1975),
particularly when combined with intensive observation
of nesting behavior (Woodford et al. 1998). Nest sur-
veillance, whether directly by an observer or by use of
video recording technology, has proved useful in factor-
ing contaminant and ecological variables (Dykstra et al.
1998, Elliott et al. 1998, Gill and Elliott 2003).

Measurement of contaminant levels in blood sam-
ples of nestling raptors provides a non-destructive
approach, particularly for threatened populations
(Elliott and Norstrom 1998, Olsson et al. 2000, Bower-
man et al. 2003). Adults also can be trapped either at the
nest (Court et al. 1990, Newson et al. 2000), or during
migration (Elliott and Shutt 1993), and their blood sam-
pled to assess exposure to PCBs. Diagnostic values for
plasma generally are not available, but a value of 189
µg/kg (ww) total PCBs in nestling plasma was suggest-
ed as being correlated with 20 mg/kg (ww) in eggs of
Bald Eagles (Elliott and Harris 2002).

LEAD

Chemistry and Toxicology

Sources of lead include lead mining, smelting and refin-
ing activities, battery-recycling plants, areas of high
vehicular traffic, urban and industrial areas, sewage and
spoil-disposal areas, dredging sites, and areas with
heavy hunting pressure (Eisler 2000). Most of these
sources are local, but until recently, lead exposure from
spent shotgun pellets and vehicular traffic were much
more widespread. Amounts of lead in roadside soils
increased as a direct result of the combustion of gaso-
line containing organo-lead additives. After about a
two-decade phase-out, lead additives in gasoline were
totally banned in 1996 for on-road vehicles in the U.S.
Since 1998, similar regulations were approved in the
European Union, progressively restricting and finally
banning the use of leaded gasoline in vehicles.

Lead concentrations in livers of Common Kestrels
(F. tinnunculus) from both rural and city regions of
southeastern Spain decreased significantly between
1995–97 and 2001 (Garcia-Fernandez et al. 2005). The
U.S. banned the use of lead shot to hunt waterbirds in
1991. Lead shot was similarly banned in the 1990s in
Canada, Denmark, Finland, The Netherlands, and Nor-

way, and in portions of Australia and Sweden (see coun-
try policies in Miller et al. [2002]). Thus, two wide-
spread sources of lead were eliminated or were in the
process of being reduced in many countries, although
lead from the earlier use remains in the environment,
and lead shot and bullet use continue for other types of
hunting in most countries.

Lead modifies the function and structure of kidney,
bone, the central nervous system, and the hematopoiet-
ic system, and produces adverse biochemical,
histopathological, neuropsychological, fetotoxic, terato-
genic, and reproductive effects (Eisler 2000). Lead poi-
soning in raptors has been fairly well documented since
the 1970s. Secondary poisoning from consumption of
lead-poisoned or shot waterfowl is believed to be the
predominant source of lead exposure for wintering Bald
Eagles and Golden Eagles (Aquila chrysaetos) (Feier-
abend and Myers 1984). Upland-foraging raptors and
scavengers that typically include game birds and mam-
mals in their diet are also at risk for lead poisoning
(Kim et al. 1999, Clark and Scheuhammer 2003, Fry
2003, Wayland et al. 2003).

Criteria and Techniques

Depending on its severity, lead poisoning causes specif-
ic clinical signs including depression, foul-smelling
breath, lime green feces, nonregenerative anemia, vom-
iting, diarrhea, ataxia, blindness, and epileptiform
seizures (Gilsleider and Oehme 1982). Subclinical or
chronic lead exposure usually decreases the ability to
hunt and predisposes raptors to injury from environ-
mental hazards such as vehicles, power lines, etc.,
which could partially explain why many raptors were
admitted to rehabilitation centers with miscellaneous
trauma (Kramer and Redig 1997). Blood-lead concen-
trations between 0.2–0.6 mg/kg (ww) were classified as
subclinical lead exposure and birds with concentrations
between 0.61–1.2 mg/kg classified as clinical (treat-
able) lead poisoning. Blood-lead concentrations >1.2
mg/kg were invariably associated with death (Kramer
and Redig 1997). Blood parameters (g-aminolevulinic
acid dehydrase [ALAD], hematocrit, proporphyrin,
hemoglobin) have been used in field studies. ALAD
inhibition of 80% is often associated with decreased
hemoglobin and hematocrits (see references in Henny
2003). Lead-poisoning categories in livers based upon
Pain (1996) include: <2 mg/kg (ww) (background),
2–5.9 mg/kg (subclinical), 6–15 mg/kg (clinical) and
>15 mg/kg (severe clinical).
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Lead poisoning has been documented in at least 14
species of raptors that eat or scavenge prey containing
lead shot or bullets (including hunter-wounded birds
and mammals). These include California Condor
(Gymnogyps californianus), Andean Condor (Vultur
gryphus), King Vulture (Sarcoramphus papa), Euro-
pean Honey Buzzard (Pernis apivorus), Bald Eagle,
White-tailed Eagle, Steller’s Sea Eagle (H. pelagicus),
Western Marsh Harrier (Circus aeruginosus), Red-
tailed Hawk (Buteo jamaicensis), Roughleg (B. lago-
pus), Golden Eagle, Prairie Falcon (F. mexicanus),
Peregrine Falcon and Great Horned Owl (Bubo virgini-
anus) (Locke and Friend 1992, Pain et al. 1994, Kim et
al. 1999, Eisler 2000, Clark and Scheuhammer 2003).
Most available information was reported from U.S.,
Canada, Europe and Japan. That most raptors regurgi-
tate pellets (i.e., undigested bones, fur, feathers, and
often lead shot) definitely reduces their exposure to
lead. Shot has been reported in field-collected pellets,
and a laboratory study with five Bald Eagles showed
that of 196 shot ingested, only 18 were retained at
death, with a median retention time of 2 days (Pattee et
al. 1981). Based on these and other findings, Henny
(1990) concluded that without pellet casting, the Bald
Eagle probably would have become extirpated because
of lead poisoning in portions of its range a hundred
years ago, long before the lead problem was under-
stood. Thus, lead poisoning could have been much more
serious for raptors than it has been.

To avoid various threats, particularly lead poison-
ing, all remaining California Condors were brought into
captivity in 1987. Release of captive-propagated con-
dors began in 1992 and, despite extensive efforts to
reduce incidental exposure of condors to lead ammuni-
tion fragments, they continue to suffer from acute lead
poisoning (Meretsky et al. 2000, Fry 2003). California
Condors feed mainly on soft tissues, rarely ingesting
bones, hair or feathers (Snyder and Snyder 2000), and
thus not only reduced the need to cast pellets, but also
increased exposure to ingested lead fragments. Lead is
a problem not only in the U.S., but also worldwide.
During the winter of 1998–1999 in Hokkaido, Japan, 16
Steller’s Sea Eagles and 9 White-tailed Eagles died of
lead poisoning after consuming sika deer (Cervus nip-
pon) remains containing lead-bullet fragments (Kuro-
sawa 2000).

Lead poisoning of raptors from mining sources has
been studied at the Coeur d’Alene (CDA) lead mining
and smelting complex in northern Idaho, U.S.A. (Henny
et al. 1991, 1994; Henny 2003). Waterfowl were most

affected, due to their consumption of sediment (Beyer et
al. 2000). Raptors do not ingest sediment, and most rap-
tors do not digest bones of prey species (a major storage
area in vertebrates for lead), thus it became clear why
Ospreys, hawks and owls in the CDA basin were less
contaminated with lead from mining sources than were
waterfowl.

MERCURY 

Chemistry and Toxicology

Toxicity of mercury to birds was reviewed by
Scheuhammer (1987). Toxicity depends on whether
mercury is in the organic or inorganic form. Only a
small percentage of inorganic mercury is absorbed, but
almost all organic mercury is absorbed by the intestine.
Biotic and abiotic methylation in nature of inorganic
mercury produces methylmercury (MeHg), which fish
accumulate from water and their diet; nearly all mercu-
ry in fish flesh is MeHg. MeHg can adversely affect
developing neural tissue in birds, with fish-eating birds
being especially vulnerable.

Historically, mercury was used extensively in gold
and silver extraction, in the chlor-alkali industry, in the
manufacture of electrical instruments, in pharmaceuti-
cals, in agricultural fungicides, in the pulp and paper
industry as a slimicide, and in the production of plastics
(Eisler 2000). Other activities that contribute signifi-
cantly to the global input of environmentally available
mercury include the combustion of fossil fuels; mining
and reprocessing of copper and lead, runoff from aban-
doned cinnabar mines; wastes from nuclear reactors,
pharmaceutical plants, and military ordinance facilities;
incineration of municipal solid wastes and medical
wastes; and disposal of batteries and fluorescent lamps
(Eisler 2000). Long-range atmospheric transport of
mercury has resulted in elevated mercury loadings great
distances from source sites, including remote lakes in
Canada (Lucotte et al. 1995). Since 1985, mercury has
accumulated in flooded soils of the Florida Everglades
at a much higher rate than decades earlier. The increase
was attributed to increased global and regional deposi-
tion, and is similar to increases reported in Sweden and
the northern U.S. (Rood et al. 1995). Elevated mercury
concentrations have resulted in closing many lakes and
rivers to fishing because of human health concerns. In
general, the number of mercury-contaminated fish and
wildlife habitats has increased progressively. Increased
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mercury concentrations in lakes are attributed to
increased atmospheric emissions and to acid rain in
poorly buffered systems.

Concerns about mercury exposure of raptors were
especially high in Europe and North America during the
1960s and 1970s and are again reaching high levels in
more recent years. The earlier interest was associated
with the agricultural use of alkyl mercury as a fungicide
applied as a seed dressing. This killed many seed-eating
birds and secondarily poisoned many raptors (Berg et
al. 1966, Jenson et al. 1972). Alkyl mercury was intro-
duced around 1940 and was banned as a seed dressing
in Sweden in 1966 (Johnels et al. 1979). Most mercury
issues have been associated with aquatic systems and
species, but the fungicide use resulted in exposure of
upland species, including Eurasian Sparrowhawk,
Common Buzzard (B. buteo), Merlin (F. columbarius),
and Common Kestrel.

Contemporary interest in mercury includes: (1)
atmospheric deposition from coal-fired power plants
worldwide, especially the Arctic and the northeastern
U.S. and adjacent Canada, which contaminates fish
stocks and exposes fish-eating wildlife, (2) the Amazon
Basin where mining operations annually discharge
90–120 tons of mercury into local ecosystems (Nriagu
et al. 1992) affecting local breeding populations of
birds, including raptors, and perhaps neotropical
migrants (e.g., fish-eating Ospreys that nest in eastern
North America), and (3) in many parts of the world,
localized historic mining sites for mercury, or where
mercury was used to extract gold or silver.

Criteria and Techniques

Mercury monitoring procedures have included eggs,
liver, kidneys, whole blood and feathers (we recom-
mend that personnel at the analytical chemistry labora-
tory wash feathers with a metal-free alkaline detergent
to remove adhering particulate matter). Shunting MeHg
into growing feathers is an important sequestering
process in birds. And indeed, essentially all mercury in
blood, eggs, and feathers is MeHg. Feathers from muse-
um specimens have been used to provide a long-term
evaluation of mercury exposure, although care needs to
be taken about consistency in the specific feathers ana-
lyzed. Livers and kidneys of many raptors found dead
were routinely analyzed only for total mercury (THg).
THg concentrations reported in birds “dying of mercu-
ry poisoning” showed considerable variation, e.g.,
White-tailed Eagles (all mg/kg ww): Finland, liver 4.6

to 27.1, kidney 48.6 to 123.1; Germany, liver 48.2, 91,
kidney 120; Baltic Sea, liver 30, 11, 33 (see Thompson
1996). This variability may be associated with the pres-
ence of differing ratios of inorganic mercury and the
more toxic MeHg. It has been known for some time that
birds (especially seabirds) demethylate MeHg (the form
readily absorbed and usually ingested) and sequester it
in the liver and kidneys in the less toxic inorganic form.
Forms of mercury present in the liver and kidneys have
been analyzed in recent years and provide better insight
into mercury toxicity and sequestration. Recent studies
of waterbirds along the Carson River in Nevada (a high-
ly-contaminated historic mining site) revealed interest-
ing aspects of mercury toxico-dynamics in birds and
evidence of some histologic effects (Henny et al. 2002).
The theoretical “effect criterion” of mercury in eggs is
~ 0.80 mg/kg (ww) (Heinz 1979, Newton and Haas
1988), but see Oehme (2003). Thompson (1996) right-
fully implies that no single mercury criterion in eggs
applies to all species, which is similar to the species-
specific findings reported earlier for CHs.

Perhaps the best approach to monitoring mercury in
raptors is to sample whole blood (highly correlated and
1:1 ratio with MeHg in the liver [Henny et al. 2002]), or
to sample newly grown feathers of young (all grown
about the same time), which are highly correlated with
blood concentrations in young at the time of feather
growth. Feathers from adults are more complicated and
reflect blood concentrations when the feather was
grown (which may represent mercury exposure at dif-
ferent locations for a migratory species), or different
degrees of depuration (via feathers) depending upon
when in the molt cycle the collected feather was grown.
Heinz and Hoffman (2003) reported that once a bird
begins ingesting elevated levels of mercury in the diet,
it only takes a few days before depositing high levels of
mercury in its eggs. High levels of mercury also should
appear rapidly in both blood and growing feathers.

ORGANOPHOSPHORUS (OP) AND
CARBAMATE (CB) INSECTICIDES

Chemistry and Toxicology

When many of the CH insecticides were banned, they
were largely replaced by shorter-lived but more toxic
cholinesterase(ChE)-inhibiting OP and CB insecticides.
The agents comprising this type of insecticide, which
have a common mechanism of action, arise from two
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different chemical classes, the esters of phosphoric or
phosphorothioic acid (OP) and those of carbonic acid
(CB) (Ecobichon 1996). These insecticide classes, pri-
marily developed in the 1950s and 1960s, were general-
ly considered non-persistent and non-bioaccumulative,
and, therefore, at low risk for raptor secondary poison-
ing, occurring through eating intoxicated prey. Many
OP and CB compounds have high acute toxicity (low
amounts kill vertebrates), especially when compared
with the CHs, but they do not bioaccumulate or biomag-
nify up food chains. Their high acute toxicity results in
numerous raptor poisonings and deaths. Secondary poi-
soning of raptors from these acutely toxic chemicals is
most likely from exposure to the unabsorbed compound
remaining in the gastro-intestinal tract of the prey (Hill
and Mendenhall 1980, Hill 1999), which is in contrast
to the importance of residual metabolites accumulated
in post-absorptive tissues and fat for CHs. Early reports
of OP secondary poisoning involving raptors involved
Swamp Harriers (C. approximans) in New Zealand
killed by parathion and fensulfothion (Mills 1973), and
about 400 raptors killed in Israel after eating voles and
birds poisoned with monocrotophos (azodrin)
(Mendelssohn and Paz 1977).

The principal toxicity of OP and CB pesticides is
based on disruption of the nervous system by inhibition
of ChE activity in the central nervous system and at neu-
romuscular junctions with death generally attributed to
acute respiratory failure (O’Brien 1967). When an OP or
CB binds to ChE, a relatively stable bond is formed and
prevents the ChE from deactivating the neurotransmitter,
acetylcholine. The clinical signs following an acute
exposure include lethargy, labored breathing, excessive
bronchial secretion (salivation), vomiting, diarrhea,
tremors, and convulsions. These toxic indicators are use-
ful when sick animals are found near an area of recent
applications, but the signs are not uniquely different
from poisoning by other neurotoxins (Hill 2003).

Criteria and Techniques

OP and CB pesticides have resulted in hundreds of inci-
dents of wildlife mortality from disease vector control
and agriculture (including forest and range manage-
ment). When many dead and moribund animals of
mixed species are found in an area of known OP or CB
treatment, the casual association may be evident but is
not conclusive without biochemical and chemical con-
firmation (Hill 2003). Proper diagnosis depends upon
demonstration of brain ChE inhibition consistent with

levels indicative of toxicity or exposure and chemical
detection of residues of the causative agent. Hill (2003)
pointed out that the last step is sometimes difficult
because neither OP nor CB residues tend to accumulate
in tissues, but that a strong inferential diagnosis is pos-
sible by demonstrating inhibited brain ChE activity and
“detection” of the anti-ChE agent in either ingesta or
tissues.

Normal brain ChE values are obtained from raptors
(same species, because normal values are species-spe-
cific) not exposed to OPs or CBs and used as a basis for
comparison. Some published normal values for North
American raptors (10 species of vultures, hawks,
eagles, falcons, and owls) are available (Hill 1988), but
before using them for comparative purposes, it is criti-
cal that observed values be based upon the same
methodology. The concurrent running of “controls” for
normal values on the same instrument is preferred.
Another alternative is to use a suitable reactivation tech-
nique to determine the degree of inhibition. In cases of
OP poisoning, ChE activity can be reactivated in vitro
by the oxime 2-PAM (Fairbrother 1996), and for carba-
malated ChE (which is less stable) simple in vitro heat
will serve as a rapid indicator of CB exposure (Hill and
Fleming 1982).

A conservative threshold of 50% inhibition in
whole brain ChE activity of a bird found dead is gener-
ally considered diagnostic of death from anti-ChE poi-
soning. Even so, 70–95% is commonly reported for
birds killed in nature by OP insecticides (Hill 2003). In
contrast, when birds are killed by CB pesticides, whole
brain ChE activity often is not nearly as inhibited (ChE
levels may vary from near normal to only 70% inhibi-
tion). Lesser degrees of ChE inhibition may reflect
spontaneous postmortem reactivation of the enzyme
(Hill 1989), or that death occurred as a result of initial
inhibition of the peripheral nervous system and its con-
trol of vital functions prior to the brain being complete-
ly inhibited. If immediate analysis is not available, store
carcasses frozen (preferably at –80ºC) prior to ChE
analyses, especially if CBs are suspected. Freezing,
however, will hinder the ability to detect other causes of
death (e.g., deaths from infectious diseases).

Toxic consequences to raptors from OP and CB
applications usually last only a few days, but exceptions
do occur. Treatment of cattle with the OP, famphur
(poured directly on back of cattle with ladle), kills war-
ble larvae in the blood stream. Black-billed Magpies
(Pica pica) died several months following application
of famphur, and hawks and owls also died from second-

T O X I C O L O G Y 339



ary exposure (Henny et al. 1985). Unabsorbed famphur
persisted on cattle hair (sampled at weekly intervals)
under field conditions for at least 3 months, and mag-
pies that ingested cattle hair died. One Red-tailed Hawk
that consumed a magpie died from secondary poisoning
10 days after cattle treatment and another was found
incapacitated about 13 days after treatment with blood
plasma ChE inhibited 82%.

Plasma ChE, which is more variable than brain
ChE, can be used to measure exposure by comparing
the observed value to a norm for the species. Caution is
indicated for diagnostic use of plasma ChE, because
this source of non-specific ChE is more labile and
prone to dissociation from inhibitor than is brain ChE
(Hill and Fleming 1982). However, acute exposure to
potentially lethal levels, at least of OPs, resulted in
complete inhibition of plasma ChE activity in many
Bald Eagles and other raptors (Elliott et al. 1997b, J. E.
Elliott, unpubl. data).

Prior to the famphur study in 1982–83, raptors were
not routinely evaluated for OP or CB poisoning. When
testing was initiated between March 1984 and March
1985, eight Bald Eagles, two Red-tailed Hawks, and
one Great Horned Owl were identified as killed by OP
pesticides including fenthion and famphur (Henny et al.
1987). In 1989 and 1990, secondary poisoning of Bald
Eagles and Red-tailed Hawks was documented in the
Fraser River delta in British Columbia, Canada (Elliott
et al. 1996b). Crop contents of the dead raptors, which
contained mainly duck parts, included the granular
insecticides, carbofuran and fensulfothion (Fig. 4).
Elliott et al. (1996b) concluded that enough granular
insecticide persists in the low pH conditions of the delta
to cause waterfowl kills and secondary poisoning of
raptors several months after application, which was
supported by subsequent research (Wilson et al. 2002).
In 1992–94 additional Bald Eagles and a Red-tailed
Hawk in the same area died from phorate, another gran-
ular OP insecticide (Elliott et al. 1997b; Fig. 5). Dead
eagles usually were found at roost sites rather than in
agricultural fields. Persistence of granular formulations
causing secondary poisoning is likely not confined to
the Fraser River delta, as a similar scenario involving
carbofuran poisoning of several hundred waterfowl and
some raptors was reported from California (Littrell
1988). 

Under laboratory conditions, 14 American Kestrels
were presented with House Sparrows (Passer domesti-
cus) dermally exposed to Rid-A-Bird (11% fenthion
active ingredient). All kestrels died within 3 days (Hunt
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Figure 4. Bald Eagle (Haliaeetus leucocephalus) feeding on duck car-
cass in the Fraser River Delta of British Columbia, Canada. A single
duck carcass can attract many Bald Eagles and other raptors, and is a
prime vector of insecticides to birds of prey in that environment
(Photo by S. Lee, CWS). 

Figure 5. Juvenile Bald Eagle (Haliaeetus leucocephalus) from Fraser
River Delta, British Columbia, Canada, with symptoms of anti-
cholinesterase poisoning. Note dilated pupils, clenched talons and
the inability to stand. The bird died 2 days later of phorate poisoning
(Photo by J. Elliott, CWS).



et al. 1991). In another scenario, Red-tailed Hawks win-
tering in orchards in central California were dermally
exposed to several dormant-season OP sprays (Hooper
et al. 1989, Wilson et al. 1991).

Consumption of freshly sprayed insects by raptors
can lead to mortality as well. Large numbers of Swain-
son’s Hawks (B. swainsoni) from North America died
following grasshopper control in Argentina (Wood-
bridge et al. 1995). During the 1995–96 austral summer,
as many as 3,000 individuals were killed in a single
incident and at least 18 different incidents were wit-
nessed totaling about 5,000 Swainson’s Hawks
(Canavelli and Zacagnini 1996). The OP monocro-
tophos (first associated with raptor deaths in Israel
[Mendelssohn and Paz 1977]) was responsible for the
Swainson’s Hawk deaths. For additional incidents, see
the overall compilation of raptor poisonings by OPs and
CBs with emphasis on Canada, U.S., and the U.K.
(Mineau et al. 1999), and from the U.S. in 1985–94
(Henny et al. 1999). Raptor poisonings have been fre-
quent under current OP and CB use practices (Henny et
al. 1999), although only a few products and formula-
tions have been responsible for most of the incidents.

A high proportion of raptor-poisoning cases in the
U.K. resulted from deliberate misuse or abuse of OPs
and CBs, whereas the proportion of deliberate poison-
ings was smaller in North America where problems
with labeled uses were as frequent as abuse cases
(Mineau et al. 1999).

VERTEBRATE-CONTROL CHEMICALS

Chemistry and Toxicology

A variety of chemicals has been used to control mam-
mal, particularly rodent, and bird populations in urban
and agricultural situations. The risk of secondary poi-
soning of raptors can be high, as many raptor species
prey on rodents or other targeted small mammals such
as ground squirrels, whereas other species are drawn to
scavenge carcasses. Secondary poisoning of raptors has
been reported for strychnine (Reidinger and Crabtree
1974) and anti-coagulants (Hegdal and Colvin 1988,
Newton et al. 1990, Stone et al. 1999). Chemicals such
as sodium monofluoroacetate (Compound 1080) are
registered in some jurisdictions for control of livestock
predators, whereas CH and anticholinesterase insecti-
cides in particular have seen widespread illegal use for
predator control in many countries, and have poisoned

many raptors directly or secondarily (Mineau et al.
1999).

Strychnine is a convulsant that works by lowering
the stimulation threshold of spinal reflexes. It is toxic to
birds at low concentrations, with LD50s ranging from
2.0 to 24.0 mg/kg (ww). The Golden Eagle LD50 is 4.8
to 8.1 mg/kg (Hudson et al. 1984). Strychnine was
widely used in North America in grain baits to control
small mammals, including prairie dogs that were con-
sidered pests in range and forestlands. Aboveground use
was banned in 1983 by the EPA based on secondary poi-
soning concerns for listed species.

Anti-coagulants now dominate rodent control
worldwide. They function by interfering with the action
of Vitamin K-dependent clotting factors in the liver,
killing the animal via fatal hemorrhaging. The first gen-
eration of 4-hydroxy coumarin-based anticoagulants is
typified by warfarin, widely used since the 1940s, but to
which rodents became resistant in many areas. Second-
generation products, such as difenacoum, bromadi-
alone, and brodifacoum, were subsequently developed.
These chemicals are used widely around farm build-
ings, food storage facilities and in urban settings to con-
trol commensal rodents. They have greater potency than
the first-generation versions, and also are more persist-
ent and toxic to non-target species. Field and forestry
use of second-generation anticoagulants has increased
and replaced other poisons such as 1080 and zinc phos-
phide (Eason et al. 2002).

The hazard to wildlife posed by anticoagulants has
been known for some time (Mendenhall and Pank 1980,
Townsend et al. 1981). Duckett (1984), for example,
reported anticoagulants causing a population collapse of
Barn Owls (Tyto alba) in Malaysia. A field study in Vir-
ginia found that attempts to control orchard voles with
brodifacoum resulted in the death of at least five radio-
tagged Eastern Screech-Owls (Megascops asio) (Heg-
dal and Colvin 1988). Newton et al. (1990) found that
10% of Barn Owls found dead in Britain contained
residues of difenacoum or brodifacoum in their livers,
and that exposure to those compounds posed a potential
threat to populations. Stone et al. (1999) reported 26
raptors that died from hemorrhage with hepatic residues
of anticoagulants, principally brodifacoum, but includ-
ing warfarin, diphacinone and bromadialone. Sec-
ondary ingestion was the presumed source, and Great
Horned Owls (13 cases) and Red-tailed Hawks (seven
cases) were the most often poisoned species, although a
variety of other raptor species were affected.

Brodifacoum, in particular, has been used to
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remove rats from island seabird colonies in various
locations, and thus posed a risk to raptors and scav-
engers. Bald Eagles were exposed to brodifacoum, but
with no evidence of adverse effects during a successful
rat-eradication program on Langara Island, British
Columbia (Howald et al. 1999). Swamp Harriers were
among the wildlife poisoned by secondary ingestion of
brodifacoum during rat-control projects on islands in
New Zealand (Eason et al. 2002).

Techniques

Programs to routinely monitor raptor debilitation and
mortality following “vertebrate-control operations” can
provide valuable information on incidence of exposure
and poisoning (Newton et al. 1990, Stone et al. 1999).
Considerable variation exists in avian sensitivity to dif-
ferent anticoagulants and among species to each chem-
ical, which makes it difficult to determine diagnostic
liver residue concentrations. Brodifacoum appears to
pose a particular risk to raptors not only due to its
greater toxicity in general, and to some owls in particu-
lar (Newton et al. 1990), but also because of its greater
persistence and widespread use. Finding of any residues
of brodifacoum in livers of raptors is cause for concern
and an indication of potentially lethal exposure of local
populations. More intensive monitoring methods,
including live-capture for blood sampling of residues
and clotting times, and telemetry of raptor populations
at risk may be indicated in specific circumstances
(Colvin and Hegdal 1988, Howald et al. 1999).

ROTENONE AND OTHER PISCICIDES

As many as 30 piscicides have been used extensively in
fisheries management in the U.S. and Canada since the
1930s. Today, only four are registered for general or
selective fish control or sampling (Finlayson et al.
2000). The general piscicides include antimycin and
rotenone (most extensively used in the U.S.). Lampri-
cides include lamprecid and bayluscide. Rotenone is a
naturally occurring substance derived from the roots of
tropical plants in the bean family (Leguminosae). It has
been used for centuries to capture fish in areas where
these plants are found naturally. Rotenone inhibits a
biochemical process at the cellular level, making it
impossible for fish to use the oxygen absorbed in the
blood and needed for respiration (Oberg 1967).

Fisheries managers in North America began to use

rotenone for fisheries management in the 1930s. By
1949, 34 states and several Canadian provinces used
rotenone to manage fish populations. The piscicide was
applied first to ponds and lakes, and then to streams in
the early 1960s (Schnick 1974). Finlayson et al. (2000)
reported that rotenone residues in dead fish are general-
ly very low (< 0.1 mg/kg [ww]) and not readily absorbed
through the gut of the animal eating the fish. While sec-
ondary toxicity of rotenone by a fish-eating bird or
mammal does not appear to be an issue, the loss of food
supply following rotenone treatment of a lake has been
shown to reduce reproductive success of fish-eating rap-
tors and loons. Bowerman (1991) reported significantly
lower Bald Eagle production rates in Michigan at inland
breeding areas treated within 3.2 km of nests for rough
fish removal during the treatment year and 2 years fol-
lowing compared to the same sites in non-treatment
years (0.57 vs. 1.30 young per occupied nest). Produc-
tion was even more reduced when treatment locations
were within one km of nesting sites (0.39 vs. 1.31). At
most lakes in Michigan, fish were manually removed
and not killed with rotenone. California mitigated an
impact to nesting Bald Eagles by transferring eggs from
a nest to an approved eagle recovery program (Califor-
nia Department of Fish and Game 1991). Similarly, Ore-
gon provided supplemental salmon for a pair of Bald
Eagles nesting at Hyatt Reservoir in 1990 following
rotenone treatment in the fall of 1989; the pair produced
one young (J. L. Kaiser, pers. comm.). Michigan mitigat-
ed impacts on loons by delaying treatments until chicks
fledged (Finlayson et al. 2000).

Ospreys were studied in Oregon associated with an
operational use of rotenone. Nesting populations at
Hyatt Reservoir (the treatment) and Howard Prairie
Reservoir (the control) were studied for two years
before application (Henny and Kaiser 1995). Produc-
tion rates (young/occupied nest) in 1988 and 1989 were
similar at both Hyatt (1.48 and 1.44) and Howard
Prairie (1.50 and 1.50). Rotenone was applied in
autumn 1989 (after Osprey departure) and nesting num-
bers did not change appreciably in 1990 at Hyatt (11
nests) with no fish present (not yet restocked) or at
Howard Prairie (29 nests). Productivity in 1990 was
higher at the control reservoir (2.07), and lower at the
treatment reservoir (1.00) (C. J. Henny and J. L.Kaiser,
unpubl. data), and correlated with low prey delivery
rates at Hyatt. Several young died shortly before fledg-
ing at Hyatt in 1990, and more days were required to
fledge at Hyatt in 1990, which implies food shortages
and a slower growth rate. As in the Michigan Bald
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Eagle study, production rates at Hyatt Reservoir were
depressed in the second and third years after fish
removal (0.55 and 1.09 young/occupied nest in 1991
and 1992).

Magnitude of the rotenone effect seems to be relat-
ed to two factors: (1) the distance to alternative sources
of fish, and (2) the timing of the restocking program.
After treatment and restocking with game fish, foraging
must change to a different cohort of fish (e.g., trout or
bass) that are likely less abundant, and more difficult to
capture. Bullheads, suckers and chubs, the usual target
species of rotenone operations, are usually abundant,
prefer shallow water and are slow-moving (i.e., fish
characteristics preferred by Ospreys).

EMERGING CONTAMINANTS

Polybrominated Diphenyl Ethers (PBDEs)

The group of chemicals termed persistent organic pollu-
tants (POPs), which includes “legacy” contaminants
such as CH pesticides and PCBs, have certainly posed
the most serious threat to raptors, including global pop-
ulation declines. Many POPs-type chemicals are con-
sidered important in a variety of commercial applica-
tions with large quantities of some compounds continu-
ing to be produced. Polybrominated diphenyl ethers
(PBDEs) are widely used as flame-retardants in plastic
and textile products. PBDEs can affect thyroid hormone
and neuronal systems in laboratory animals (Danerud et
al. 2001, Danerud 2003) and persist, bioaccumulate and
biomagnify in predatory fish, mammals and birds in
many ecosystems (de Wit 2002). PBDE residues were
reported in Swedish raptors (Jansson et al. 1993), and a
variety of isomers (including supposedly non-accumu-
lative types) have been reported in eggs of Peregrine
Falcons from Sweden (Lindberg et al. 2004). The eggs
of Little Owls (Athene noctua) in Belgium collected in
1998–2000 contained PBDEs (Jespers et al. 2005).
PBDEs also were found in Osprey eggs from Maryland
and Virginia in 2000 and 2001 (Rattner et al. 2004), and
from Washington and Oregon in 2002–2004 (C. J.
Henny, unpubl. data). Osprey eggs collected between
1991 and 1997 along major rivers in British Columbia
had PBDE concentrations that increased 10-fold over
that time period, raising concerns over possible health
effects if increases continued (Elliott et al. 2005b).
Hydroxylated PBDE metabolites, including known thy-
roxine mimics, recently were reported in blood samples

of Bald Eagle nestlings from British Columbia and Cal-
ifornia (McKinney et al. 2006; Fig. 6). 

Kestrels hatched from eggs injected during incuba-
tion with a mixture of PBDEs at a concentration of 1500
ng/g (ww) intended to simulate exposure of Great Lakes
Herring Gulls (Larus argentatus) exhibited some effects
on retinol, thyroid, and oxidative stress parameters (Fer-
nie et al. 2005).

Sulfonated Perfluorochemicals

Perfluoroactane sulfonate (PFOS) was the active ingre-
dient in Scotchguard™ stain and water repellents; per-
fluoroactanoic acid was used in manufacture of Teflon®

and related coatings. In 2000, 3M Corporation commit-
ted to eliminate all PFOS use in Scotchguard™ by 2002,
while the use of related compounds is undergoing EPA
review. These compounds are present as complex mix-
tures of fluorine atoms substituted on carbon-carbon
bonds, which have presented a challenge to the analyti-
cal chemist. They have been shown to be persistent and
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Figure 6. Juvenile Bald Eagles (Haliaeetus leucocephalus) at a nest in
the Fraser Valley of British Columbia, Canada. Pre-fledging birds
weigh about 4 kg and can provide a large quantity of blood for
measurement of contaminants and biomarkers without any adverse
effects. Sampling should be scheduled when young are about 6
weeks of age (Photo D. Haycock, CWS).



widely transportable in the environment. There is evi-
dence that structurally similar chemicals affect a variety
of biological processes including endocrine function.
Blood samples of Bald Eagles from various locations in
the U.S. had substantial amounts of PFOS, as did livers
of White-tailed Eagles from Poland and Germany (Kan-
nan et al. 2001, 2002). PFOS also were found in Osprey
eggs from Chesapeake Bay (Rattner et al. 2004). No
data are available to determine whether these chemicals
are having a significant effect on wild birds.

Diclofenac

In addition to vultures, which do so regularly, many rap-
tor species scavenge dead prey during periods of
inclement weather or when normal prey are scarce.
Eagles and buteos, in particular, have been lethally
exposed to a wide array of contaminants, particularly
lead and various pesticides, from scavenging, as docu-
mented elsewhere in this report. As obligate scavengers,
vultures are at particular risk of exposure to many
chemicals. During the 1990s, catastrophic declines in
populations of Gyps vulture species took place on the
Indian subcontinent (Prakesh et al. 2003). A compre-
hensive investigation of the causes of mortality in the
White-rumped Vulture (Gyps bengalensis) in Pakistan
identified the main factor as renal failure caused by
exposure to diclofenac, a non-steroidal anti-inflamma-
tory drug (Oaks et al. 2004). Diclofenac was readily
available in the region and widely used to treat hoofed
livestock. Vultures appear to consume the drug while
feeding on treated livestock, the carcasses of which are
typically left for scavengers. There is further evidence
that diclofenac also is the major cause of vulture decline
in India and probably across the range of the impacted
species (Green et al. 2004). Efforts to restrict or alter the
use of diclofenac and similar drugs are presently under-
way, but may be too late to save the white-rumped and
possibly the other vulture species in the wild (Green et
al. 2004). In May 2006, a letter from the Drug Con-
troller General (India) indicated that diclofenac formu-
lations for veterinary use in India were to be phased out
within three months.

Toxins of Biological Origin

We found no reports of raptors poisoned from toxins in
algal blooms although sea eagles and Ospreys in partic-
ular, could be at risk. Threats from plant toxins are not
confined to marine ecosystems. Beginning in the early

1990s in the southeastern U.S., Bald Eagles were found
dying from a nervous system condition referred to as
avian vacuolar myelinopathy (AVM), thought to origi-
nate from feeding on similarly afflicted American Coots
(Fulica americana) (Thomas et al. 1998). Recent find-
ings point to a toxin present in cyanobacteria, which
grow on the common invasive water plant hydrilla, as
the cause of AVM (Birrenkott et al. 2004, Wiley et al.
2004). 

Such toxic hazards may occur naturally. Halogenat-
ed dimethyl bipyrroles, believed to be of natural origin
and structurally similar to products of marine chro-
mobacterium, were found to accumulate in tissues of
Bald Eagles and seabirds (Tittlemier et al. 1999). A lab-
oratory dosing study with kestrels found evidence of
clinical effects, but concluded that those chemicals did
not pose an acute reproductive threat to avian popula-
tions (Tittlemier et al. 2003). The increasing perturba-
tion and pollution of ecosystems by exotic species,
nutrients and contaminants, along with climatic fluctu-
ations, may increase the future likelihood of similar
phenomena.

Newly Registered Chemicals

In addition to the thousands of commercial chemicals
presently in use, new products are introduced each year.
Many jurisdictions require that all pesticides and phar-
maceuticals undergo extensive evaluation for toxicity
and environmental fate prior to registration for use
(www.epa.gov/opptintr/newchems/pubs/expbased.htm).
Concern about the development and use of compounds
with endocrine-disrupting properties has prompted
extensive new screening requirements and requirements
to test other types of commercial chemicals (Huet 2000,
Gross et al. 2003). Despite those stringent testing proto-
cols, the increased volume and chemical diversity of
new products combined with increasing human popula-
tions and economic activity almost guarantees that new
chemicals or new usage patterns will pose future envi-
ronmental threats.

Raptors, and, in particular, scavenging species, face
increasing and unexpected threats to their survival from
the introduction of new commercial chemicals, despite
pre-market testing requirements. From the unpredicted
effects of DDE on development of eggshells to the
exposure and sensitivity of vultures to diclofenac, most
of the ecological consequences of those chemicals
would not have been identified even by the current rel-
atively rigorous testing procedures.
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CONCLUSIONS

With more chemicals registered each year, raptors are
exposed to a seemingly endless number of contaminants.
At about the time adverse effects of one contaminant or
a group of contaminants diminish (usually following
much research and a ban or limitation on its use), other
contaminants emerge as problems, and the cycle contin-
ues. The diversity of raptors inhabiting the planet, with
their many feeding strategies and characteristics, place
some species in perilous situations. Some traits help rap-
tors cope with selected contaminants. They include pel-
let-casting by owls and many other raptors which elimi-
nates much ingested lead shot, and demethylation (by
many species, especially adults) of toxic MeHg to a less
toxic form. However, other traits make entire species or
individual populations exceedingly vulnerable to certain
contaminants (e.g., flocking behavior of Swainson’s
Hawks on wintering grounds in Argentina). Scavenging
species, including vultures, and many eagles and buteos,
particularly are vulnerable to secondary poisoning by
feeding on carcasses contaminated by lead shot, pesti-
cides, and veterinary pharmaceuticals. Populations of
some species have recovered from DDT. These include
the Osprey, which tolerates humans and is now begin-
ning to nest again in many polluted areas, and is being
promoted as an indicator species to monitor the health of
large rivers, bays, and estuaries, a role the species initial-
ly played many years ago. There is an ongoing need to
monitor raptor populations, and to investigate reports of
poor productivity or unusual mortality and to report it to
appropriate authorities. 

Readers of this chapter are on the frontline. Many
times initial reports of contaminant issues come from
field workers who are studying other aspects of raptor
biology. We could cite many examples, but space does
not permit. The bottom line is that raptor biologists need
to remain vigilant.
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