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SUMMARY 

During decades, the Swedish white-tailed eagle population has been exposed to high levels of 
endocrine disrupting chemicals, mainly polychlorinated biphenyls (PCBs) and the pesticide 
dichloro diphenyl trichloroethane (DDT) and its metabolites. These chemicals have had a 
devastating effect on the white-tailed eagles’ reproduction. The Swedish goshawk population 
has not been affected by environmental pollutants to the same extent as the white-tailed eagle 
population. In Sweden, alkyl mercury was responsible for poisoning goshawks and causing a 
relatively small decline in the population. The aim of this study was to investigate whether 
the bone characteristics of white-tailed eagle and goshawk have changed over time and if a 
possible alteration could be linked to exposure to environmental pollutants. The material, 
consisting of femoral bones, was collected from the Swedish Museum of Natural History in 
Stockholm. In total, bones from 63 white-tailed eagles and 211 goshawks were analyzed at 
the mid-diaphysis by peripheral computed tomography (pQCT). The coefficients of variation 
(CV) from the reproducibility tests were low (0.25 to 0.81 % for white-tailed eagle and 0.14 
to 1.69 % for goshawk). Comparisons within species between young and adult individuals 
showed a big difference in bone composition, with higher cortical density and cortical content 
in older individuals. The result indicates the importance of comparing age homogenous 
groups in order to detect changes in bone characteristics over time. Unfortunately, the 
material was not large enough to enable such comparisons. The bone length and 
circumference (variables that were not age dependent) did not differ between the two 
differently polluted Swedish white-tailed eagle subpopulations (Baltic coast and Lapland 
populations) or between two groups (1956-68 and 1991-06) within the former heavily 
polluted Baltic coast population. The other variables concerning the cortical bone did not 
differ either, but possible differences could be concealed by the age differences within the 
groups. The material from the most polluted period during the 1970-80s was too small to be 
included in the analysis. A good comparison between goshawk juveniles divided into three 
groups (1964-74, 1977-87 and 1991-98) did not show any differences in the bone 
characteristics. When the whole material, from 1848 to 2005, was divided into seven groups 
and compared, the length differed significantly only between the oldest and the youngest 
groups. The two groups that differed the most from each other (<1932 and 2005-05) were 
relatively small and the differences may be coincidental. The cortical thickness was 
significantly higher in the goshawks collected 1972-3 when goshawks from the same area (the 
province of Uppland) collected during the specific years 1954 and 1972-3 were compared. 
The cause for this is unknown but is probably not due to age differences between the 
individuals from the two groups. 
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ABBREVIATIONS 
 

BMD Bone Mineral Density 

CHL Chlordanes 

CV Coefficient of Variation (standard deviation/mean) 

DDD Dichloro Diphenyl Dichloroethane 

DDE Dichloro Diphenyl Dichloroethylene 

DDT Dichloro Diphenyl Trichloroethane 

EDC Endocrine Disrupting Compound 

HCB HexaChloroBenzene 

HCH HexaCycloHexane 

LOEL Lowest Observed Effect Level 

OC OrganoChlorine 

PBDE PolyBrominated Diphenyl Ethers 

PCB Polychlorinated Biphenyl 

PCDD PolyChlorinated DibenzoDioxin 

pQCT peripheral Quantitative Computed Tomography 

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin 
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1. INTRODUCTION 
 

1.1. BONE 

Bone is a hard connective tissue in vertebrates whose main functions are to give support to the 

muscles and to protect the internal organs and soft tissues. The bone tissue also serves as a 

reservoir for minerals, i.e. calcium phosphate. In the bone marrow, present in some bones, red 

blood cells are produced. 

 

The bone is not all compact, but contains cavities of different sizes. Some of these cavities 

form canals for blood vessels and other contain bone marrow. Depending on the size of these 

cavities the bone can be divided into two groups: cortical (compact) bone and trabecular 

(spongy) bone. The long or tubular bones have a shaft of cortical bone surrounding a central 

cavity which contains trabecular bone together with bone marrow and fat. The trabecular bone 

has a large surface area and a fairly high metabolic activity and is the site where pathological 

changes frequently occur (Revell, 1986). The trabecular bone is light and gives the bone extra 

mechanical strength. The skeleton consists of about 80 % cortical and 20 % trabecular bone, 

based on weight. 

 

1.1.1. Bone cells 

Four types of bone cells are identified: osteogenic cells, osteoblasts, osteocytes and 

osteoclasts.  

 

Osteogenic cells are primitive stem cells capable of developing into osteoblasts and 

osteocytes. They are found mainly in the periosteum, but also in the endosteum, which both 

consist of thin layers of connective tissue. The periosteum covers the entire outer surface of 

bones except at joints and the endosteum lines the surface of the medullary cavity of long 

bones (Telford & Bridgman, 1995). 

 

Osteoblasts are involved in the formation of new bone by synthesizing collagen, 

proteoglycans and glycoproteins. They are found on the surface of existing bone and produce 

new bone matrix, which later mineralize and turn into new bone (Telford & Bridgman, 1995). 
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Osteocytes are most likely derived from osteoblasts which become buried inside the matrix 

(Rodan & Rodan, 1995). They are interconnected by canaliculi which provide the cells with 

nutrients and oxygen. This is necessary because it is impossible for nutrients and oxygen to 

diffuse through the mineralized bone matrix. Osteocytes resemble osteoblasts to some extent 

but have a lower level of metabolic activity and are responsible for the maintenance of bone 

tissue and perhaps for storing minerals (Telford & Bridgman, 1995). 

 

Osteoclasts are giant, multinucleated cells and are believed to have their origin from 

phagocytic monocytes of the circulating blood. Their function is to resorb bone during bone 

remodeling (see below) and they are present on the external and internal bone surfaces where 

the remodeling takes place. Osteoclasts produce collagenase, other proteinases, lactic acid and 

citrate, which dissolve the bone matrix (Telford & Bridgman, 1995). 

 

1.1.2. Bone remodeling 

Bone is constantly remodeled. Roughly 25 % of the trabecular bone and 3 % of the cortical 

bone in humans are renewed every year (Dempster, 1995). The main events of the bone 

remodeling cycle have been identified as: activation  resorption  reversal  formation. 

 

The initial activation starts when the bone surface is converted from a resting state, 

characterized by the presence of a thin layer of lining cells, to a state in which circulating 

monocytes of hematopoietic origin start to fuse together and form differentiated osteoclasts. 

 

During the resorption stage, osteoclasts dissolve the mineral components of the bone and 

hydrolyse the organic matrix. Resorption is followed by a reversal period, during which 

preosteoblasts appear in the resorption cavities. The reversal is a transition period during 

which resorption is replaced by formation. An important event that occurs during the reversal 

period is the formation of a cement line, which can be described as the glue that will attach 

the new bone to the old. 

 

Formation is the last phase of the remodeling cycle. Osteoblasts differentiate and start to form 

new osteons by providing the bone with unmineralized organic matrix (osteoid). After about a 

month, the osteoid begins to be mineralized (Dempster, 1995). 
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1.1.3. Bone tissue homeostasis 

Sex steroids play a key role in skeletal homeostasis, probably by regulating the frequency by 

which remodeling cycles are initiated, and perhaps also by regulating the balance between 

bone resorption and formation within each remodeling cycle. As a consequence sex hormone 

deficiency can cause loss of bone mass and lead to osteoporosis (see below) (Lindsay, 1995). 

 

The role of estrogens in preventing bone loss is due to its ability to block bone resorption, and 

probably also by stimulating bone formation. The inhibition of osteoclast formation is 

considered to be the main mechanism by which estrogen prevents bone loss (Pacifici, 2002). 

 

Women lose bone mass during menopause because of decreasing estrogen levels. Therefore a 

lot of research has been focused on estrogen and its effects on bone. It is probable that 

estrogens together with androgens have important roles during bone formation and 

subsequent maintenance of skeletal homeostasis (Wiren & Orwoll, 2002). 

 

1.1.4. Osteoporosis 

Osteoporosis is a condition in which the bone mineral density is reduced (Crandall, 2006). 

This disorder weakens the bone and makes it more susceptible to fracture. 

 

200 million people worldwide and about 30 % of the postmenopausal women in the EU-

region have osteoporosis. The risk of a fragility fracture is approximately twice as big for 

women as for men. In the EU-region the highest incidence of osteoporosis related hip 

fractures is found in Scandinavia, although recent studies have reported a stable or decreasing 

frequency (Löfman, 2006). 

 

Several studies have investigated risk factors for osteoporosis. High risk factors include low 

body weight, loss of weight, physical inactivity, consumption of corticosteroids or 

anticonvulsants, diabetes type I, and high age (Espallargues et al., 2001). 

 

1.1.5. Avian bone 

Almost every part of a bird is adopted in a way that enhances flight. The bird bones are 

hollow with a honeycomb structure making them strong but light, an adaptation for flight. 
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Birds and reptiles differ from other vertebrates by their ability to lay eggs with calcified 

shells. Birds, however, are unique to have a reservoir of minerals required for shell 

calcification in the marrow cavity of the long bones (Dacke et al., 1993). 

 

During bone growth, osteoblasts form a network of trabecular bone (Whitehead, 2004). As the 

bone lengthens, the trabecular bone is gradually resorbed by osteoclasts to form the marrow 

cavity. The growth of trabecular and cortical bone continues until sexual maturity. At this 

point, the rise in estrogen levels changes the function of osteoblasts in females to forming 

medullary bone (Whitehead, 2004). The medullary bone forms in egg-laying birds during the 

egg laying period and is the most estrogen-dependent bone type (Dacke et al., 1993). The 

medullary bone is a non-structural type of bone that acts as a reservoir for the minerals 

required for shell calcification. In adult male birds, medullary bone can be induced by 

administration sex hormones (Ohashi et al., 1987). 

 

1.2. ORGANOCHLORINES AND BONE TOXICITY 

 

1.2.1. Baltic grey seal 

During the period 1960-1985, when polychlorinated biphenyls (PCBs) and dichloro diphenyl 

trichloroethane (DDT) were present in high concentrations in the Baltic region, many grey 

seals (Halichoerus grypus) from the Baltic Sea suffered from jaw lesions and tooth loss 

(Bergman et al., 1992). Grey seal skulls have been collected since the 19th century, and 

therefore it has been possible to study how the prevalence of skull-bone lesions has changed 

over time. In the Baltic Sea, less than 10 percent of the grey seals had jaw injuries before the 

1950s. Thereafter the frequency increased rapidly to more than 50 percent during the period 

1971-1985. There was a significant increase of skull-bone lesions in seals collected after 

1960. In mild cases the sockets of the teeth were widened leading to tooth loss. In severe 

cases extensive tooth loss was common, sometimes combined with local bone apposition and 

deformation in all parts of the jaw bones. The increased frequency of bone lesions in Baltic 

grey seals coincides well with the increased levels of PCB and DDT and its metabolites in 

Baltic biota after 1960. It is likely that these effects were due to high exposure to 

organochlorines (OCs), and especially PCB is suggested to be responsible for the bone lesions 

found in Baltic grey seals (Bergman et al., 1992). 
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Bone mineral density (BMD) in mandibular bones and radius bones has been examined in 

male Baltic grey seals (Lind et al., 2003). Bone material from 43 individuals (43 mandibular 

and 15 radius bones) 4-23 years of age, were analyzed with pQCT (peripheral Quantitative 

Computed Tomography). The material was divided into three groups according to year of 

collection; 1850-1955 (no or low levels of OCs in the Baltic Sea), 1965-1985 (very high 

levels of OCs in the Baltic Sea) and 1986-1997 (decreasing concentrations of OCs in the 

Baltic Sea). It was found that trabecular BMD of the radius was significantly higher in 

specimens collected 1986-1997 than in those collected 1965-1985. Cortical BMD of the 

mandible was lower in specimens collected in 1986-1997 compared with those collected 

earlier. The cause for this is unknown, but it is assumed that OCs can be involved (Lind et al., 

2003). 

 

1.2.2. Harbor seal 

Harbor seals (Phoca vitulina) inhabiting Swedish and Danish waters also suffered from skull 

lesions, although to a lesser extent compared with grey seals (Mortensen et al., 1992). 

Museum material from 1835-1988, with a majority of the material collected 1970-1988, was 

examined. In total, skulls from 491 harbor seals were studied. Tooth loss and jaw lesions 

similar to those present in Baltic grey seals also occurred in harbor seals from the Baltic Sea 

and along the west coast of Sweden. However, the lesions were less pronounced in harbor 

seals. A lesion not earlier described in seals, characterized by deposition of bone tissue, 

particularly around the teeth of the mandible, was found in the harbor seals. The prevalence of 

this disorder has increased during the 20th century. The results indicate that Swedish harbor 

seals have been affected by environmental pollutants (Mortensen et al., 1992). 

 

1.2.3. Double-crested cormorant 

In the late 1960s, eggs from double-crested cormorants (Phalacrocorax Auritus) inhabiting 

the Great Lakes region in Canada were found to be heavily contaminated with dichloro 

diphenyl dichloroethylene (DDE), PCB and mercury. Trends in OC concentrations in 

cormorant eggs from the Great Lakes region have been investigated between 1970 and 1995 

(Ryckman et al., 1998). The OCs found at the highest concentrations were PCB and the DDE 

congener para,para’-DDE (p,p’-DDE). Significant declines in OC concentrations have been 
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observed since 1970 in cormorant eggs from four of the five lakes in the region. Among other 

fish-eating birds from this region, the cormorant has been most susceptible to bill deformities. 

The occurrence of bill defects in young double-crested cormorants in the Great Lakes was 

documented between 1979 and 1987 (Fox et al., 1991). Out of 31 168 examined chicks, 70 

had a crossed or bent bill, or bills whose mandibles differed in length. Only two out of 20 962 

chicks examined in reference areas had such deformities. During the period 1988-1996, 31 

cormorant chicks at 16 different colonies from the Great Lakes had bill deformities (Ryckman 

et al., 1998). No bill deformities were observed at reference sites in northwestern Ontario. 

Georgian Bay was the only region to show a significant decrease in the frequency of bill 

deformities between the periods 1979-1987 and 1988-1996 (Ryckman et al., 1998). 

 

1.2.4. American alligator 

Reproductive and developmental disorders have been found in American alligators (Alligator 

mississippiensis) from contaminated lakes in Florida (e.g. Lake Apopka), USA (Guillette et 

al., 2000). Lake Apopka is a large, hypereutrophic and heavily polluted lake. In 1980, it was 

the site of a large spill of the pesticide dicofol (a DDT-like insecticide), and it has also 

received extensive agricultural pesticide and nutrient runoff during many years. In the years 

directly after the pesticide spill, juvenile recruitment collapsed due to decreased clutch 

viability and increased juvenile mortality. The juvenile population remained depressed until 

the early 1990s when the juvenile recruitment increased (Guillette et al., 2000). 

 

Juvenile alligators living in contaminated lakes had altered plasma concentrations of steroid 

hormones, changed reproductive tract anatomy and impaired hepatic function (Guillette et al., 

2000). These effects are thought to be caused by exposure to endocrine disrupting compounds 

(EDCs). Several contaminants identified in alligator eggs and in serum exhibit an affinity for 

estrogen (e.g. the DDT-metabolites DDE and DDD) and/or progesterone receptors, indicating 

that these compounds have potential to be EDCs. Further, eggs and juveniles from heavily 

polluted Lake Apopka had higher concentrations of EDCs compared with eggs and juveniles 

from the less contaminated Lake Woodruff (Guillette et al., 2000). 

 

A study of long bones (tibia and femur) from female juvenile American alligators showed 

significant differences in bone composition between individuals from the heavily polluted 

Lake Apopka and individuals from the less contaminated Lake Woodruff (Lind et al., 2004). 
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Alligators from the more contaminated lake had increased trabecular and total BMD, and 

increased trabecular mineral content compared with individuals from the control lake. 

Increased trabecular and total BMD indicate that the alligators from Lake Apopka are living 

in a more estrogenic environment than normal, caused by either natural or anthropogenic 

compounds or both. It is hypothesized that EDCs in Lake Apopka inhibit the natural and 

continuous resorption of bone tissue, resulting in increased BMD (Lind et al., 2004). 

 

1.2.5. Polar bear 

Polar bears (Ursus maritimus) from East Greenland and Svalbard carry higher burdens of 

OCs than polar bears elsewhere in the Arctic (Sonne et al., 2004). The OCs accumulate in the 

adipose tissue of the polar bears primary food, ringed seal and bearded seal, and continue to 

accumulate to higher concentrations in the polar bears. In a study the BMD was analyzed in 

skulls of polar bears from East Greenland sampled during the period 1892-2002 (Sonne et al., 

2004). For the analysis the individuals were categorized into adult males (≥ 6 years of age), 

adult females (≥ 5 years of age) and sub-adults (others). In total, skulls of 139 individuals 

were analyzed; 41 skulls collected during the pre-polluted period (1892-1932) and 98 skulls 

collected during the polluted period (1966-2002). The BMD in skulls from the pre-polluted 

period was significantly higher than the BMD in skulls from the polluted period in sub-adult 

females, sub-adult males and adult males, but not in adult females. 

 

In the same study a complementary contaminant analysis was carried out on 58 polar bears. 

Adipose tissue samples were analyzed for PCBs, DDT and its metabolites, hexacyclohexanes 

(HCHs), chlordanes (CHLs), hexachlorobenzene (HCB), dieldrin and polybrominated 

diphenyl ethers (PBDEs). Negative correlations between OCs and skull BMD for ∑PCB and 

∑CHL in sub-adults, and for dieldrin and ∑DDT in adult males were found. The correlative 

relationships suggest that disruption of BMD in East Greenland polar bears may have been 

caused by exposure to OCs (Sonne et al., 2004). 

 

1.2.6. Beluga whale 

An epidemiologic study was carried out on an isolated population of beluga whales 

(Delphinapterus leucas) from the St. Lawrence estuary in Québec, Canada (Béland et al., 

1993). St. Lawrence belugas had higher or much higher concentrations of PCBs, DDT, 
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mercury, lead and benzo[a]pyrene metabolites compared with Arctic belugas. The levels of 

toxic compounds increased with age in both sexes, although females had all over lower levels 

because of unloading through the placenta and during lactation. As a consequence some 

calves had very high concentrations of toxic compounds. Effects seen on the skeleton were 

frequent tooth loss and some cases of conspicuous spinal deformations. The cause for those 

effects is unknown, but can be due to developmental problems induced by chemicals as well 

as genetic expression of rare traits in a relatively small population (Béland et al., 1993). 

 

1.2.7. Humans 

Epidemiological studies that have investigated the connection between organochlorines and 

bone effects in humans are few. It is difficult to prove that environmental chemicals do or do 

not cause health effects in humans since many different factors associated with for instance 

dietary and lifestyle are of importance for the condition of the bone. On a few occasions, there 

have been accidental poisonings of groups of people with abnormally high concentrations of 

certain chemicals. In these cases, with an exposure to high concentrations of a chemical, it is 

easier to study effects compared with the possible influence during normal background 

exposure. 

 

An increased incidence of orthopedic abnormalities was observed in a follow-up study after 

an accidental hexachlorobenzene (HCB) poisoning, where people in south-east Turkey had 

been ingesting HCB-contaminated wheat (Cripps, et al., 1984). In Japan, ingestion of PCB-

contaminated rice oil resulted in skull abnormalities with natal teeth appearing in children 

whose mothers were poisoned (Miller, 1985). The mandible became easily penetrated, maybe 

because of irregular calcification. 

 

A possible connection between serum levels of DDE and reduced BMD was found in a study 

of middle-aged women with an adequate intake of calcium (Beard et al., 2000). In another 

study, a weak connection between increased serum concentrations of p,p’-DDE and decreased 

BMD in men was indicated (Glynn et al., 2000). 

 

Fish from the Baltic Sea have been much more contaminated with OCs compared with fish 

from the Swedish west coast. In two similar studies (Alveblom et al., 2003; Wallin et al., 

2004) the incidence of osteoporotic fractures was investigated in fishermen and their wives 
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from the Swedish Baltic coast and from the west coast. Alveblom’s study showed a 

significantly higher frequency of vertebral fractures among women from the Baltic coast 

compared with women from the west coast. The results give some indirect support for the 

hypothesis that a high dietary intake of OCs through fatty fish from the Baltic Sea might be a 

risk factor for vertebral fractures, but it can not be excluded that differences in living patterns 

might explain part of the observed effects. Wallin’s study only weakly supports Aleblom’s 

hypothesis. 

 

1.3. ORGANIC POLLUTANTS 

 

DDT, its metabolite DDE and several metabolites of PCB belong to a group of persistent 

EDCs that have estrogenic effects (Bernes, 1998). Many estrogenic pollutants resemble the 

natural estrogens by having a hydroxyl group bond to a benzene ring. Estrogenic and 

androgenic effects are not necessarily due to a resemblance to the natural hormones. The 

EDCs can affect the production, release, transport and degradation of hormones or hormone 

receptors.  

1.3.1. DDT 

DDT (see figure 1) was discovered to be an insecticide in 1939 by the Swiss chemist Paul 

Müller. In 1948 he received the Nobel Prize in medicine and physiology for his discovery. 

Many civilian lives were saved due to its use against mosquitoes carrying malaria during 

World War II (Baird, 2001). 

  
Figure 1. Chemical structure of DDT (left) and its metabolite DDE (right). 

 

DDT is very persistent in the environment and it bioaccumulates in living systems. Its 

neurotoxicity together with its persistence is what made it an effective pesticide. A single 

spray treatment can give protection from insects for weeks to years (Baird, 2001). In most 

animal species DDT is metabolized to DDE (see figure 1), another persistent molecule which 

has been devastating for the reproduction in some birds (Baird, 2001). 
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DDT is banned from use in most Western industrialized countries, and its use today is limited 

since resistant insect populations metabolize DDT to the noninsecticidal DDE (Baird, 2001). 

However, DDT is still in use to control malaria and typhus in some developing countries. The 

environmental concentrations of DDT and DDE have decreased substantially since the 1970s 

in both industrial and developing countries. Because of the long-range air transport, DDT and 

DDE enter the environment everywhere, not only near the site of use (Baird, 2001). 

 

1.3.2. PCBs 

Industrial production of PCBs started in 1929. Because of their insulating and heatproof 

properties they have primarily been used as insulating fluid in electrical equipment such as 

capacitors and transformers. Other applications have been as heat transfer fluids in heat 

exchangers, component in PVC plastics, paints, adhesives, lubricants, sealants and carbonless 

pressure sensitive paper (Bernes, 1998). PCBs have in contrast to DDT not been released 

deliberately to the environment. Instead the PCBs have entered the environment through a 

gradual leakage from PCB containing products (Bernes, 1998). 

 

Like many other OCs, PCBs are very persistent in the environment and they bioaccumulate in 

living systems (Baird, 2001). PCBs have become a concern because of its potential effects on 

growth and development in animals. There are 209 congeners of PCBs with different numbers 

and positions of chlorine atoms bond to biphenyl. The toxicity of PCBs depends on the extent 

and pattern of chlorine substitution. 

 

The most toxic PCB congener, 3,3’,4,4’,5’-pentachlorobiphenyl (see figure 2), adopts an 

almost coplanar configuration and resembles the even more toxic dioxin, 2,3,7,8-TCDD 

(Baird, 2001). Only a small fraction of the commercially produced PCB mixtures is coplanar 

PCBs. The less toxic PCBs contribute more to the overall toxicity than coplanar PCBs since 

they are more prevalent. 

 
Figure 2. Chemical structure of the PCB congener 3,3’,4,4’,5-pentachlorobiphenyl. 
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In Sweden, PCBs were banned from use in some new products (plastics, paint and lubricants 

etc.) in 1972 (Bernes, 1998). In 1978, the use in new closed systems (capacitors and 

transformers) was stopped. A total ban from use of PCBs in Sweden was made in 1995. In 

North America the production of PCBs was stopped in 1977, but the substances remain in use 

in many electrical transformers (Baird, 2001). The production and use of PCB has also been 

restricted or stopped in the rest of the world (Bernes, 1998). Furthermore, the handling of 

PCB-containing wastes has improved. 

 

In 1966, 37 years after their introduction, PCBs were identified in a wild animal for the first 

time (Jensen, 1969). It was a white-tailed eagle found dead in the archipelago of Stockholm 

which contained large amounts of DDT and a couple of unknown substances. The 

concentration in the fatty tissues was sufficiently high to permit analysis with mass 

spectrometry, which revealed that they contained PCBs. In the following years researchers 

investigated the distribution of PCBs in the Swedish environment and found high 

concentrations especially in the Baltic Sea fauna. Shortly afterwards scientists all over the 

world searched for PCBs in different animal species and at different sites, and they found 

them practically everywhere (Bernes, 1998). 

 

1.3.3. Time trends of residue levels of DDT and PCB in the Baltic Sea 

Results based on annual chemical analysis of biota samples (muscle and liver tissue from 

herring and cod, and homogenized egg content from black guillemot) show that the levels of 

OCs (DDT, PCBs, HCHs and HCB) have decreased continuously since the 1970s (Bignert et 

al., 1998). The contaminant situation in the Baltic Sea has improved, but the concentrations of 

OCs are still unacceptably high and especially PCB is a subject of concern. PCB has a lower 

decreasing rate than the other studied OCs, indicating that there is an ongoing PCB pollution. 

Comparisons between OC concentrations in demersal and pelagic fish show that the levels in 

demersal fish have decreased faster than those in pelagic fish. This indicates that the 

sediments of the Baltic still accumulates rather than acts as a source of contamination (Bignert 

et al., 1998). 

 

The concentrations of OCs in white-tailed eagle eggs have been monitored in three differently 

polluted Swedish sub-populations: Baltic coast, Lapland and Interior (central inland of 
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Sweden) since 1964 (Helander et al., 2002). The temporal trends of DDE and ∑PCB in white-

tailed eagle eggs from two of these populations (Baltic coast and Lapland) are presented in 

figure 3 and 4. In the highly contaminated Baltic coast population, the p,p´-DDE 

concentration in the egg sample has decreased continuously during the whole study period, 

1964-1997. The ∑PCB concentration in the Baltic coast egg sample remained relatively 

constant throughout the 1970s. Thereafter it has decreased continuously. The average annual 

decrease in DDE concentrations during 1977-1997 was 8.6 % in the Baltic egg sample and 10 

% in the Lapland egg sample. The average annual decrease in PCB concentrations during 

1977-1997 was 5.5 % in the Baltic egg sample and 8.6 % in the Lapland egg sample 

(Helander et al., 2002). 

 

A retrospective study of white-tailed eagle eggs back to 1934 found the first significant 

presence of PCB in 1941 and of DDE in 1954 (Jensen & Helander, unpublished). 
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Figure 3. Concentration of DDE (µg g-1 lipid weight) over time in eggs from two white-tailed eagle populations 

(Baltic coast and Lapland) in Sweden. Large dots = annual means, small dots = individual clutches, vertical lines 

= 95 % confidence limits (for sample sizes > 3). n = sample size (Helander et al., 2002). 
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Figure 4. Concentration of ∑PCB (µg g-1 lipid weight) over time in eggs from two white-tailed eagle 

populations (Baltic coast and Lapland) in Sweden. Large dots = annual means, small dots = individual clutches, 

vertical lines = 95 % confidence limits (for sample sizes > 3). n = sample size (Helander et al., 2002). 

 

1.4. EXAMINED SPECIES 

 

1.4.1. White-tailed eagle (Haliaeetus albicilla) 

The white-tailed eagle is a very large bird with long and broad wings, quite short wedge 

shaped tail, long neck and a powerful bill (Svensson, 1999). It breeds along coasts and in 

forests by lakes or rivers. The nest is very large and built in the crown of an old tree or on a 

cliff shelf. Most old individuals from the Swedish population stay the whole year in their 

breeding areas, while young birds migrate mainly to southern Baltic and Central Europe 

(Svensson, 1999). The white-tailed eagle’s food varies with availability at the current site and 

with season. A study of prey remains from the Baltic Sea population has shown the following 

distribution during winter: 11 % fish, 73 % birds, and 16 % mammals. During the summer the 

distribution was: 60 % fish, 38 % birds and 2 % mammals (Génsbøl, 1995). 
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Figure 5. 19 year old white-tailed eagle. Photo: Thomas Frunck. 

 

During the 19th century the white-tailed eagle was widespread in Europe, but it became 

extinct at many sites due to hunting, intentional poisoning and a radical change at the 

breeding sites much because of an intense forestry. Environmental pollutants were another 

xenobiotic threat that became evident during the 1950s. The already reduced populations 

decreased even more and the white-tailed eagle became endangered in many places in Europe. 

Nowadays the worst pollutants are banned, and that together with intense preservation 

programs have changed the negative trend in most countries. Today the white-tailed eagle is 

not endangered in Europe anymore, but the populations in the Balkans are still weak and 

threatened of extinction because of hunting and poisoned carrions put out against noxious 

animals (Génsbøl, 1995). Much attention has been brought to the Baltic Sea population 

internationally. As mentioned earlier it was in a white-tailed eagle from this population that 

PCBs first were identified in 1966 (Jensen, 1969).  

 

In a study from 2002 the connection between DDE and PCB concentrations in eggs, eggshell 

variables and reproduction in the white-tailed eagle was investigated. The study was based on 
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annual nest surveys between 1964 and 1999. A highly significant negative correlation was 

found between productivity and DDE concentration in white-tailed eagle eggs (Helander et 

al., 2002). Eggshell thickness was negatively correlated with DDE concentration but not with 

productivity suggesting that eggshell thinning might be a parallel symptom of DDE poisoning 

rather than a mechanism of impaired reproduction. Suggested lowest observed effect level 

(LOEL) for embryo mortality indicate that PCB also had an effect on reproduction during the 

study period, but it is largely concealed by DDE. The productivity is almost back to normal 

and the present DDE and PCB levels seem to have little effect on reproduction, based on the 

concentrations measured in eggs.  

 

Annual mean productivity (defined as mean number of young produced per couple and year) 

for the Baltic coast and Lapland populations are presented in figure 6. In the Baltic coast 

population, productivity reached a bottom level 1965-1985 with a mean productivity of only 

0.3 young produced per couple and year (Helander et al., 2002). A significant and continuous 

increase in productivity occurred during the 1980s and 1990s, coinciding well with the 

decrease in DDE and PCB concentrations in the egg samples (se figure 3). In the Lapland 

population the between-year variation is considerably larger than that in the Baltic coast 

population, with no significant change over time (Helander et al., 2002). 
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Figure 6. Annual mean productivity (mean number of young produced per couple and year) over time in two 

white-tailed eagle populations (Baltic coast and Lapland) in Sweden. n = sample size (Helander et al., 2002). 
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1.4.2. Goshawk (Accipiter gentilis) 

The goshawk is a medium sized, robust built bird of prey. The female is noticeably bigger 

than the male (Svensson, 1999). It breeds preferably in coniferous forests, and builds its nest 

in a large tree (Svensson, 1999). Swedish goshawks remain within the country the whole year. 

In the north of Sweden, the goshawk is partly a migrant to the south of Sweden. The food 

mainly consists of birds. The locally most numerous bird species of appropriate size is the 

most common prey. In Sweden grouse and crows dominates, but there are big local variations 

(Génsbøl, 1995). 

 

 
Figure 7. Adult female goshawk. Photo: Niclas Lignell. 

 

From the mid-1950s until about 1970 the Dutch goshawk population declined rapidly due to 

extensive usage of pesticides (Génsbøl, 1995). Around 1970 a number of pollutants were 

banned and the population recovered quickly. The populations declined in large parts of the 

mid-European countries during the 1960s due to extensive use of biocides (Marcström, 1990). 

The situation was worst in countries where the chlorinated hydrocarbons dieldrin and aldrin 

(see fact box below) were used as biocides in the agriculture. The goshawk probably 

accumulated the toxicants by feeding on pigeons and other seed-eating birds, who had in turn 

been feeding on the contaminated seed. When dieldrin and aldrin were banned the affected 
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goshawk populations recovered relatively quickly. Also Swedish goshawks were poisoned in 

a similar way as described above, but in this case alkyl mercury was the responsible biocide 

and the decline was comparatively small (Marcström, 1990). The symptoms of the alkyl 

mercury poisoning were lack of appetite and paralysis of the extremities. Generally the 

European populations are now stable, except for some south European countries, where the 

hunting pressure is heavy and the environment is strongly polluted (Génsbøl, 1995). 

 

Goshawk eggs, collected in the Canadian province Ontario between 1986 and 1989, contained 

detectable levels of DDT, DDE, DDD, dieldrin, HBC and PCB among others (Elliot & 

Martin, 1994). The PCB levels were below those affecting reproduction in other studied 

species. Also dieldrin concentrations in all sampled goshawks were below critical levels. 

Comparisons of shell thickness between eggs from 1986-1989 and eggs from the pre-DDT 

period (before 1947) showed no significant difference. Goshawks had lower levels of 

pollutants compared with other Accipiter species which can be linked to different food 

preferences between the species (Elliot & Martin, 1994). 

 

1.5. AIM 
 

The aim of this study is to investigate whether the bone characteristics of two birds of prey, 

white-tailed eagle and goshawk, has changed over time. If so, can it be linked to exposure to 

environmental pollutants? 

 

Fact box: 

Aldrin and dieldrin are chlorinated insecticides that came into use during the post-war 

period. They are very toxic to vertebrates as well as insects. In Sweden their use was 

banned in 1970, but in some countries these substances were used even afterwards. Aldrin 

is metabolized to dieldrin quite quickly in most animal species. Dieldrin is by far more 

persistent than aldrin and appears in detectable concentrations in the Swedish fauna 

(Bernes, 1999). 
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2. MATERIAL AND METHODS 
 

2.1. MATERIAL 

 

2.1.1. White-tailed eagle 

Femoral bones from male white-tailed eagle (Haliaeetus albicilla), belonging to the Section 

of Vertebrate Zoology at the Swedish Museum of Natural History in Stockholm, were used to 

determine bone characteristics. In total, bones from 63 white-tailed eagles collected in 

Sweden between 1956 and 2006 (1-25 years of age) were analyzed. Age was determined in 32 

out of 63 individuals. 

 

With the help of ringing data or location of the white-tailed eagle cadaver, the material was 

divided into two sub-populations: Baltic coast and Lapland. No white-tailed eagle belonged to 

the Interior population. White-tailed eagles without ring, found or reported during winter in 

the region of the Baltic coast were excluded, because of the migration in the Lapland 

population. The femoral bones from these two differently contaminated sub-populations were 

compared (table 1). 
 

Table 1. Division of the white-tailed eagle sample according to origin (Baltic coast or Lapland population). 
Group Number of individuals 
Baltic coast  1991-2006 18 
Lapland        1987-2005 8 
 

The material from the Baltic coast population was divided into two groups according to year 

of collection (table 2) and to the age of the individuals (table 3). 

 
Table 2. Division of the white-tailed eagle sample from the Baltic coast population according to year of 

collection.  

Group Number of individuals 
1956-1968 10 
1991-2006 19 
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Table 3. Division of the white-tailed eagle sample from the Baltic coast population according to age. 
Group Number of individuals 
Sub-adults (1-3 years old) 6 
Adults (≥ 5 years old) 9 
 

2.1.2. Goshawk 

Femoral bones from male goshawk (Accipiter gentilis), belonging to the Section of Vertebrate 

Zoology at the Swedish Museum of Natural History in Stockholm, were used to determine 

bone characteristics. In total, bones from 211 goshawks collected in Sweden between 1848 

and 2005 (1-14 years of age) were analyzed. Age was determined in 75 out of 211 goshawks. 

 

Juvenile goshawks collected during three different time-periods were compared (table 4). 

 
Table 4. Division of the juvenile goshawk sample according to year of collection. 

Group Number of individuals 
1964-74 13 
1977-87 12 
1991-98 16 
 

The whole material, consisting of 211 bones, was divided into 7 groups according to year of 

collection (table 5). 
 

Table 5. Division of the goshawk sample according to year of collection.  

Group Number of individuals 
<1932 8 
1950-55 22 
1958-66 8 
1971-79 26 
1980-89 77 
1990-99 55 
2000-05 15 
 

To study goshawks from a specific area, individuals from the province of Uppland collected 

in 1954 and 1972-1973 were used (table 6). 8 out of 9 birds from 1972-1973 were juveniles. 

The age of the other birds was unknown.  Most of the birds, all from 1954 and 6 out of 9 from 

1972-1973, came from the same location in Uppland, about 50 km north of Stockholm.  
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Table 6. Division of the goshawk sample from a specific area (Uppland) according to year of collection. 

Group Number of individuals 
1954 14 
1972-73 9 
 

Juvenile and adult individuals, collected between 1987 and 2005, were compared (table 7). 

 
Table 7. Division of the goshawk sample according to age. 
Group Number of individuals 
Juveniles 18 
Adults (> 3 years old) 10 
 

2.2. BONE MEASUREMENTS 

 

2.2.1. Bone length 

The length of the femur was defined as shown in figure 8 and measured using an electronic 

sliding caliper with an accuracy of 0.1 mm. 

 

    
Figure 8. Femur from white-tailed eagle showing the mid-diaphyseal measure point of the pQCT analysis. 
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2.2.1. pQCT-measurement 

The composition and dimensions of the bones were determined by peripheral quantitative 

computed tomography (pQCT) using a bone scanner (Stratec XCT 960A with software 

version 5.20), (figure 9). The equipment was placed at Uppsala University hospital, Sweden. 

 

 
Figure 9. Stratec XCT 960A bone scanner. 

 

The bones were placed horizontally on a special support made of plexiglass® (figure 10) and 

scanned using voxel size 0.148 mm and 0.197 mm for goshawk and white-tailed eagle, 

respectively. For the analysis peel mode 2, contour mode 1, threshold 0.267 cm-1 and inner 

threshold 0.500 cm-1 were used as limits to define the cortical bone region. 

 
Figure 10. Femur from white-tailed eagle placed on a special support made of plexiglass® for the pQCT 

measurement.   
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2.2.1.1. Reproducibility 

The reproducibility of the pQCT measurements was determined by calculating the coefficient 

of variation (standard deviation/mean) after measuring the same bone 10 times. Before each 

measurement the bone length was measured and the bone was repositioned in the pQCT-

instrument. 

 

2.2.1.2. Diaphyseal measurement 

The diaphyseal measure point was located at the middle of the diaphysis (figure 7). Ten 

parameters from the pQCT analysis were used in this study (table 8). 

 
Table 8. Parameters provided by the peripheral quantitative computed tomography (pQCT) analysis that were 

used in this study. 

Parameter Meaning 
Cortical content (mg/mm) The mineral content of the pure cortical bone within a 1 

mm slice. 
Cortical density (mg/cm3) The mean density of the pure cortical bone. 
Cortical area (mm2) The area that is assigned to be pure cortical. 
Cortical thickness (mm) Mean cortical thickness, defined as the distance between 

outer and inner edge of the cortical shell. 
Periosteal circumference (mm) Periosteal circumference in the “circular ring model”, in 

which a circle with equivalent area as the bone is first 
calculated. After subtraction of cortical area, parameters 
like periosteal and endosteal circumference can be 
calculated. 

Endosteal circumference (mm) Endosteal circumference in the “circular ring model”. 
Polar moment of inertia (mm4) A measure of an object’s ability to resist torsion. The 

larger the polar moment of inertia, the more resistant the 
bone will be. 

Moment of resistance (mm3) The axial moment of inertia of the cortical bone area 
divided by the maximum distance to the y-axis. 

Total area (mm2) Total cross sectional area of the bone 
Marrow cavity (mm2) Area of the marrow cavity 
 

2.3. STATISTICS 

The results were evaluated with t-test or one-way ANOVA when the data displayed normal 

distribution. Otherwise, the nonparametric Mann-Whitney or Kruskal-Wallis was used. 

Differences were considered significant at p < 0.05. 
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3. RESULTS 
 

3.1. REPRODUCIBILITY 

 

3.1.1. White-tailed eagle 

Mean values with standard deviation (SD) and coefficient of variation (CV), presented in 

table 9, were calculated from 10 repeated measurements of the same bone. The CV ranged 

from 0.25 to 0.81 %. 

 
Table 9. The reproducibility (mean value ± SD and CV) calculated from 10 repeated measurements of a single 

femur from a white-tailed eagle (Haliaeetus albicilla), analyzed with peripheral quantitative computed 

tomography (pQCT). The analysis was performed at the mid-diaphysis. 

 Mean ± SD CV 
Bone length (mm) 110.2 ± 0.02 0.02 % 
Cortical content (mg/mm) 39.5 ± 0.2 0.39 % 
Cortical density (mg/cm3) 1342.7 ± 3.3 0.25 % 
Cortical area (mm2) 29.4 ± 0.1 0.49 % 
Cortical thickness (mm) 1.0 ± 0.005 0.51 % 
Periosteal circumference (mm) 36.2 ± 0.2 0.48 % 
Endosteal circumference (mm)                     30.8 ± 0.2 0.75 % 
Polar moment of inertia (mm4)                     1141.8 ± 4.7 0.42 % 
Moment of resistance (mm3)                     165.7 ± 1.3 0.81 % 
Total area (mm2) 127.2 ± 0.2 0.15 % 
Marrow cavity (mm2) 97.8 ± 0.2 0.22 % 
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3.1.2. Goshawk 

Mean values ± SD and CV, presented in table 10, were calculated from 10 repeated 

measurements of the same bone. The CV ranged from 0.14 to 1.69 %. 

 
Table 10. The reproducibility (mean value ± SD and CV) calculated from 10 repeated measurements of a single 

femur from a goshawk (Accipiter gentilis), analyzed with peripheral quantitative computed tomography (pQCT). 

The analysis was performed at the mid-diaphysis. 

 Mean ± SD CV 
Bone length (mm) 74.6 ± 1.0 1.34 % 
Cortical content (mg/mm) 11.4 ± 0.1 1.12 % 
Cortical density (mg/cm3) 1165 ± 6.5 0.56 % 
Cortical area (mm2) 9.8 ± 0.1 1.45 % 
Cortical thickness (mm) 0.6 ± 0.01 1.69 % 
Periosteal circumference (mm) 22.4 ± 0.03 0.14 % 
Endosteal circumference (mm) 19.4 ± 0.07 0.34 % 
Polar moment of inertia (mm4) 100.7 ± 1.0 1.04 % 
Moment of resistance (mm3) 27.1 ± 0.4 1.45 % 
Total area (mm2) 39.9 ± 0.1 0.28 % 
Marrow cavity (mm2) 30.0 ± 0.2 0.69 % 
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3.2. DIAPHYSEAL MEASUREMENT 

 

3.2.1. White-tailed eagle 

The results, mean value ± SD, from pQCT-analysis of femoral white-tailed eagle bones are 

presented in tables 11 to 13. 

 

Femoral bones from white-tailed eagles belonging to the Baltic coast population were 

compared (table 11). There were no significant differences in the variables between white-

tailed eagles collected between 1956-1968 and 1991-2006.  

 
Table 11. Results (mean value ±  SD) from peripheral quantitative computed tomography (pQCT) analysis at the 

mid-diaphysis of femoral bones from white-tailed eagles belonging to the Baltic coast population. The 

individuals were collected between 1956-1968 and 1991-2006. 

  1956-1968 (n = 10) 1991-2006 (n = 19) 
Bone length (mm) 115.8 ± 4.7 115.2 ± 4.0 
Cortical content (mg/mm) 42.9 ± 6.4 40.8 ± 4.6 
Cortical density (mg/cm3) 1342.0 ± 57.0 1308.0 ± 51.8 
Cortical area (mm2) 31.9 ± 3.7 31.2 ± 2.7 
Cortical thickness (mm) 1.04 ± 0.08 1.02 ± 0.07 
Periosteal circumference (mm) 40.0 ± 1.7 40.0 ± 1.5 
Endosteal circumference (mm) 34.6 ± 1.6 34.8 ± 1.6 
Polar moment of inertia (mm4) 1241.0 ± 262.3 1177.0 ± 175.1 
Moment of resistance (mm3) 181.4 ± 31.7 170.6 ± 21.1 
Total area (mm2) 127.5 ± 11.1 127.7 ± 9.4 
Marrow cavity (mm2) 95.6 ± 9.0 96.5 ± 8.6 
 

Femoral bones from the Baltic coast population were compared with bones from the Lapland 

population (table 12). There were no significant differences in the variables between those 

populations. 
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Table 12. Results (mean value ±  SD) from peripheral quantitative computed tomography (pQCT) analysis at the 

mid-diaphysis of femoral bones from white-tailed eagles belonging to the Baltic coast population (collected 

between 1991 and 2006) and the Lapland population (collected between 1987 and 2005). 

  Baltic coast 1991-2006 (n = 18) Lapland 1987-2005 (n = 8) 
Bone length (mm) 115.3 ± 4.0 116.1 ± 5.0 
Cortical content (mg/mm) 40.6 ± 4.7 42.4 ± 5.0 
Cortical density (mg/cm3) 1304.0 ± 50.6 1309.0 ± 52.4 
Cortical area (mm2) 31.1 ± 2.7 32.3 ± 3.1 
Cortical thickness (mm) 1.0 ± 0.07 1.0 ± 0.06 
Periosteal circumference (mm) 40.1 ± 1.5 40.4 ± 2.0 
Endosteal circumference (mm) 34.9 ± 1.6 35.0 ± 2.0 
Polar moment of inertia (mm4) 1178 ± 180.2 1247 ± 233.7 
Moment of resistance (mm3) 170.4 ± 21.7 178.1 ± 26.0 
Total area (mm2) 128.2 ± 9.5 130.3 ± 13.2 
Marrow cavity (mm2) 97.1 ± 8.5 97.9 ± 11.3 
 

Bones from sub-adults were compared with bones from adults (table 13). The comparison 

showed significantly higher cortical density (p < 0.001), cortical content (p < 0.05) and 

moment of resistance (p < 0.05) in adult individuals.  

 
Table 13. Results (mean value ±  SD) from peripheral quantitative computed tomography (pQCT) analysis at the 

mid-diaphysis of femoral bones from sub-adult (1-3 years old) and adult (≥ 5 years old) white-tailed eagles 

belonging to the Baltic coast population. All individuals were collected between 1992 and 2006. 
  Sub-adults (n = 7) Adults (n = 12) 
Bone length (mm) 114.5 ± 5.2 116.5 ± 4.0 
Cortical content (mg/mm) 39.9 ± 8.4 43.5 ± 3.1* 
Cortical density (mg/cm3) 1280.0 ± 65.9 1349.0 ± 25.1** 
Cortical area (mm2) 31.0 ± 5.0 32.3 ± 2.0 
Cortical thickness (mm) 1.02 ± 0.11 1.05 ± 0.06 
Periosteal circumference (mm) 40.0 ± 2.3 39.9 ± 1.2 
Endosteal circumference (mm 34.8 ± 2.1 34.4 ± 1.3 
Polar moment of inertia (mm4) 1165.0 ± 351.2 1238.0 ± 132.5 
Moment of resistance (mm3) 167.3 ± 42.0 181.9 ± 15.5* 
Total area (mm2) 127.9 ± 14.5 126.7 ± 7.7 
Marrow cavity (mm2) 96.9 ± 11.5 94.5 ± 7.1 

* Significantly higher compared with sub-adult individuals (p < 0.05). 

** Significantly higher compared with sub-adult individuals (p < 0.001). 
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3.2.2. Goshawk 

The results, mean value ± SD, from pQCT-analysis of femoral goshawk bones are presented 

in tables 14 to 17. 

 

Femoral bones from juvenile goshawks were compared (table 14). There were no significant 

differences in the variables between goshawks collected between 1964-1974, 1977-1987 and 

1991-1998.  

 
Table 14. Results (mean value ±  SD) from peripheral quantitative computed tomography (pQCT) analysis 

(Stratec XCT 960A with software version 5.20; Norland Stratec Medizinteknik, Pforzheim, Germany) at the mid-

diaphysis of femoral bones from juvenile goshawks collected between 1964-74,1977-87 and 1991-98, 

respectively. 

  1964-74 (n = 13) 1977-87 (n = 12) 1991-98 (n = 16) 
Bone length (mm) 76.7 ± 2.2 76.8 ± 2.7 76.8 ± 1.9 
Cortical content (mg/mm) 13.5 ± 1.9 13.3 ± 2.2 12.7 ± 1.9 
Cortical density (mg/cm3) 1233.0 ± 39.3 1232.0 ± 60.5 1207.0 ± 52.0 
Cortical area (mm2) 10.9 ± 1.4 10.7 ± 1.3 10.5 ± 1.2 
Cortical thickness (mm) 0.68 ± 0.05 0.68 ± 0.05 0.67 ± 0.05 
Periosteal circumference (mm) 22.4 ± 1.3 22.1 ± 1.3 22.1 ± 0.9 
Endosteal circumference (mm) 19.2 ± 1.2 18.8 ± 1.3 19.0 ± 0.8 
Polar moment of inertia (mm4) 119.3 ± 30.8 113.8 ± 28.8 108.6 ± 21.5 
Moment of resistance (mm3) 31.1 ± 6.2 29.8 ± 5.9 28.5 ± 4.8 
Total area (mm2) 40.2 ± 4.9 38.9 ± 4.7 39.1 ± 3.2 
Marrow cavity (mm2) 29.3 ± 3.9 28.2 ± 3.9 28.6 ± 2.4 
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The whole material, consisting of 211 bones, was analyzed (table 15). The length differed significantly between two groups (<1932 and 2000-5). 

Otherwise, there were no significant differences in the variables between any of the 7 groups analyzed.  

 
Table 15. Results (mean value ±  SD) from peripheral quantitative computed tomography (pQCT) analysis at the mid-diaphysis of femoral bones from goshawks collected 

<1932, 1950-55, 1958-66, 1971-79, 1980-89, 1990-99 and 2000-2005, respectively. 

  <1932 (n = 8) 1950-55 (n = 22) 1958-66 (n = 8) 1971-79 (n = 26) 1980-89 (n = 77) 1990-99 (n = 55) 2000-05 (n = 15) 
Bone length (mm) 78.9 ± 3.8 76.5 ± 2.0 78.6 ± 3.9 76.7 ± 1.7 77.0 ± 2.2 76.8 ± 2.3 75.7 ± 1.7* 
Cortical content (mg/mm) 15.2 ± 2.4 13.2 ± 1.8 13.6 ± 1.8 13.6 ± 1.9 13.5 ± 1.9 13.5 ± 2.2 13.2 ± 2.2 
Cortical density (mg/cm3) 1282.0 ± 35.2 1224.0 ± 47.8 1224.0 ± 61.2 1242.0 ± 48.5 1238.0 ± 60.2 1237.0 ± 59.7 1235.0 ± 69.7 
Cortical area (mm2) 11.9 ± 1.7 10.7 ± 1.1 11.1 ± 1.1 10.9 ± 1.2 10.8 ± 1.1 10.9 ± 1.4 10.6 ± 1.3 
Cortical thickness (mm) 0.72 ± 0.06 0.68 ± 0.05 0.68 ± 0.05 0.69 ± 0.05 0.67 ± 0.09 0.69 ± 0.06 0.69 ± 0.06 
Periosteal circumference (mm) 23.2 ± 1.4 22.3 ± 0.6 22.9 ± 1.2 22.2 ± 1.0 22.2 ± 0.9 22.3 ± 1.1 21.9 ± 0.7 
Endosteal circumference (mm)  19.7 ± 1.2 19.0 ± 0.6 19.7 ± 1.2 18.9 ± 0.9 18.9 ± 0.9 18.9 ± 1.0 18.6 ± 0.8 
Polar moment of inertia (mm4) 142.9 ± 37.6 113.1 ± 17.4 125.4 ± 25.2 116.9 ± 24.0 115.5 ± 22.8 116.6 ± 28.1 109.1 ± 18.9 
Moment of resistance (mm3) 36.2 ± 7.9 29.6 ± 4.4 31.9 ± 5.2 30.6 ± 5.1 30.2 ± 4.9 30.5 ± 5.9 29.2 ± 4.7 
Total area (mm2) 42.8 ± 5.1 39.4 ± 2.0 42.0 ± 4.2 39.4 ± 3.5 39.3 ± 3.3 39.5 ± 4.0 38.3 ± 2.4 
Marrow cavity (mm2) 30.9 ± 3.9 28.7 ± 1.7 30.8 ± 3.6 28.5 ± 2.9 28.5 ± 2.9 28.6 ± 3.2 27.7 ± 2.6 

 * Significantly shorter compared with individuals collected before 1932 (p ≤ 0.05).
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Femoral bones from goshawks collected in Uppland were compared (table 16). Cortical 

thickness was significantly higher in bones collected in 1972-3 compared with bones from 

1954. 

 
Table 16. Results (mean value ±  SD) from peripheral quantitative computed tomography (pQCT) analysis at the 

mid-diaphysis of femoral bones from goshawks collected in Uppland 1954 and 1972-3, respectively. 

  1954 (n = 14) 1972-1973 (n = 9) 
Bone length (mm) 75.9 ± 1.5 77.1 ± 2.2 
Cortical content (mg/mm) 12.8 ± 1.9 14.0 ± 1.2 
Cortical density (mg/cm3) 1219.0 ± 53.8 1254.0 ± 19.7 
Cortical area (mm2) 10.4 ± 1.1 11.2 ± 0.9 
Cortical thickness (mm) 0.67 ± 0.05 0.70 ± 0.02* 
Periosteal circumference (mm) 22.1 ± 0.5 22.4 ± 1.3 
Endosteal circumference (mm)    18.9 ± 0.5 19.0 ± 1.2 
Polar moment of inertia (mm4) 107.9 ± 17.8 122.4 ± 26.3 
Moment of resistance (mm3) 28.4 ± 4.4 31.9 ± 4.8 
Total area (mm2) 38.8 ± 1.8 40.1 ± 4.6 
Marrow cavity (mm2) 28.4 ± 1.5 28.9 ± 3.8 

 * Significantly higher compared with 1954 (p ≤ 0.05). 

 

Bones from juveniles were compared with bones from adults (table 17). The comparison 

showed significantly higher cortical density (p < 0.0001), cortical content (p < 0.01), cortical 

area (p < 0.05), cortical thickness (p < 0.05), polar moment of inertia (p < 0.05) and moment 

of resistance (p < 0.05) in adult individuals. 

 
Table 17. Results (mean value ±  SD) from peripheral quantitative computed tomography (pQCT) analysis at the 

mid-diaphysis of femoral bones from juvenile and adult (≥ 3 years old) goshawks. All individuals were collected 

between 1987 and 2005.. 
  Juveniles (n = 18) Adults (n = 10) 
Bone length (mm) 76.4 ± 2.2 76.1 ± 1.4 
Cortical content (mg/mm) 12.6 ± 1.8 14.6 ± 1.2* 
Cortical density (mg/cm3) 1206.0 ± 49.1 1290.0 ± 30.2** 
Cortical area (mm2) 10.4 ± 1.1 11.3 ± 0.7* 
Cortical thickness (mm) 0.67 ± 0.05 0.71 ± 0.05* 
Periosteal circumference (mm) 22.0 ± 1.0 22.1 ± 0.6 
Endosteal circumference (mm 18.8 ± 0.9 18.6 ± 0.8 
Polar moment of inertia (mm4) 106.8 ± 21.0 122.2 ± 9.8*** 
Moment of resistance (mm3) 28.2 ± 4.6 32.5 ± 2.3*** 
Total area (mm2) 38.7 ± 3.3 39.0 ± 2.0 
Marrow cavity (mm2) 28.3 ± 2.6 27.7 ± 2.3 

* Significantly higher compared with juveniles (p < 0.01). 
** Significantly higher compared with juveniles (p < 0.001). 
*** Significantly higher compared with juveniles (p < 0.05). 
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4. DISCUSSION 
This study has presented a method for analysis of femur from white-tailed eagle and goshawk. 

The reproducibility test showed low CV values, which means that the method is usable and 

produces reliable data. 

 

The comparison between sub-adult and adult white-tailed eagles showed significantly higher 

cortical density, cortical content and moment of resistance in the adult individuals. This 

indicates that the femoral bones of sub-adults are not fully grown but continue to develop 

until the bird becomes adult. Considering this, it is only meaningful to compare individuals of 

about the same age to be able to detect possible changes of the bone characteristics over time. 

However, the length and circumference did not differ between young and adult individuals of 

either white-tailed eagle or goshawk. In the present study, comparisons containing age 

heterogeneous groups were made because there were not enough individuals of the same age. 

 

Since there is a large difference in residue concentrations of PCB and DDT in white-tailed 

eagles from the Baltic coast and Lapland populations (individuals from the Baltic coast 

contain about five-fold the amount compared with individuals from the Lapland population 

(Helander et al., 2002)), these populations were compared with each other. No significant 

differences were found between the two populations, but the mean values of all investigated 

variables were lower in the Baltic coast material compared with the Lapland material. 

 

Femoral bones from white-tailed eagles belonging to the Baltic coast population were 

compared. There were no significant differences in the variables between white-tailed eagles 

collected during 1956-1968 and 1991-2006 (table 11). Unfortunately, the material from the 

worst polluted period during the 1970-80s was too small to be included in the comparison. 

During that period, the Baltic coast population was small, and deceased individuals in good 

condition were often included in a skin collection at the museum and were therefore not 

available for the bone analysis in this study. 

 

As for white-tailed eagle, several variables differed between young and adult goshawks. The 

comparison between juvenile and adult goshawks showed significantly higher cortical 

density, cortical content, moment of resistance, cortical area, cortical thickness and polar 

moment of inertia in adult individuals (table 13). In general there were more pronounced age 
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related differences within the goshawk material than within the white-tailed eagle material. 

This may be due to differences in age between the compared groups. Goshawk juveniles (~ 1 

year) were compared with goshawks older than 3 years, while sub-adult white-tailed eagles 

(1-3 years old) were compared with white-tailed eagles older than 5 years. 

 

Juvenile goshawks collected in Sweden during three different time-periods (1964-74, 1977-87 

and 1991-98) were compared (table 14). There were not enough individuals to form a group 

before year 1964, but the groups included in the analysis were sufficiently large for a good 

comparison with 12-16 individuals in each group. No differences could be detected between 

the three groups.  

 

The whole goshawk material was divided into 7 groups and analyzed. The bone length 

differed significantly (table 15). The two groups that differed the most from each other 

(<1932 and 2005-05) were relatively small and the differences may be coincidental. No direct 

trend over time could be seen in the material. 

 

To compare goshawks from a specific area, goshawks from the province of Uppland were 

analyzed. The goshawks collected in 1972-73 had significantly higher cortical thickness 

compared with those collected in 1954 (table 16). 8 out of 9 individuals from 1972-73 were 

juveniles, while the age of the other birds were unknown. Most of the goshawks were 

reported from the same location and were probably caught in an area with pheasant breeding. 

In a study, 82 % of the goshawks caught near to a pheasant breeding were juveniles, 

compared with 74 % in areas without pheasant breeding (Marcström, 1990). Considering this, 

it is likely that most of the birds included in this analysis were juveniles. The difference 

between the groups was probably not due to different age-structures. Goshawks from 1972-3 

had high cortical thickness, a characteristic of adult individuals (table 17), in spite of the fact 

that 8 out of 9 were juveniles. Furthermore, one would expect to detect a difference in cortical 

density if the cause were due to age differences between the groups (see table 17). The reason 

for this difference is not known but might be coincidental. The study of juvenile goshawks 

(table 14) did not reveal any changes over time, but that analysis did not include goshawks 

from the 1950s. It may not be important that the birds came from the same area considering 

that the goshawks are quite mobile and not divided into distinct sub-populations. But of 

course the contaminant and nutrition situation might differ noticeably within the country and 

therefore it may be an advantage to limit the study to a specific location. 
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Previous studies have shown that the effects of environmental pollutants on bone tissue can be 

different depending on the location of the diaphyseal measure point (Lind et al., 2004). The 

area near the end of the bone, the metaphysis, contains the main part of the trabecular bone 

and is suggested to be more susceptible to EDCs. However bird femur has very little 

trabecular bone and therefore it is not meaningful to make any measurement at the 

metaphyseal part of bones from birds. 

It is important to minimize as many factors (e.g. sex, age and location) as possible that could 

have an influence on the investigated variables. In this study only males were studied because 

of the possible function of the females cortical bone as a reservoir of minerals required for 

shell calcification. The difficulty with wildlife studies, like the present one, is to collect 

sufficiently large number of individuals from a specific area and time-period with about the 

same age. 

 

In conclusion, the comparison between sub-adults and adults showed how important it is to 

have age-homogenous groups to be able to detect changes over time. Unfortunately the 

material that was age-determined was not large enough to form age-homogenous groups. It 

must be taken into account that the result presented in table 11 and 12 include white-tailed 

eagles of different ages. Possible changes over time might be concealed by the great variation 

when mixing white-tailed eagles of different age. The bone length and circumference 

(variables that were not age dependent) did not differ between the two differently polluted 

Swedish subpopulations (Baltic coast and Lapland populations) or between two groups (1956-

68 and 1991-06) within the former heavily polluted Baltic coast population. Unfortunately, 

individuals from the worst polluted years, during the 1970-80s, were not included in these 

analyses because of lack of material. It can not be excluded that EDCs have affected the 

femoral bones of white-tailed eagles. 

 

The goshawk material was large enough to permit a good comparison of juvenile individuals 

collected after year 1964. The three groups did not differ significantly. However, the two 

groups from Uppland, collected in 1954 and 1972-72, differed and the cortical thickness was 

significantly higher in the goshawks colleted in the 1970s. The cause for this is unknown but 

is probably not due to age differences. When the whole material, from 1848 to 2005, was 

divided into seven groups and compared, the length differed significantly only between the 

oldest and the youngest groups and it is likely that the difference is coincidental. 
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