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As along-distance migrant which crosses more than 20 African countries, Eleonora’s Falcons might have experienced a substantial
accumulation of contaminants when returning to their breeding grounds. In 2004 and 2005, we collected 21 failed eggs from two
colonies on Sardinia, Italy. We found a high percentage of dead embryos and suspected this was due to a high contaminant load.
Despite this, the overall values for the contaminants analysed were rather low and lay within the range found in other raptor
species. We analysed the eggs for residues of DDT (p,p’-dichlorodiphenyltrichloroethane), PCB (polychlorinated biphenyl), and
heavy metals. Although infertile eggs seem to be correlated with the highest values of >, DDT, we did not find substantial values
of any of the contaminants investigated. Because of the low world population of the species and varying reproduction rates in the
colonies ranging from Cyprus to the Canaries, we highly recommend further censuses of the reproductive success of Eleonora’s

Falcon, including the examination of failed eggs.

1. Introduction

Eleonora’s Falcon (Falco eleonorae) has a restricted breeding
range across the Mediterranean Sea and the adjoining part
of the Atlantic. This rare, colonially breeding falcon has an
estimated world population of only 15,300 breeding pairs
[1]. Censuses have revealed that the breeding population of
Eleonora’s Falcon has undergone a moderate decline of more
than 10% since the 1990s [1]. This rate might be well within
the range of a natural flux, but, regarding the overall small
population, this decline should be carefully monitored in the
coming years.

According to studies in previous years, the reproduction
rate of Eleonora’s Falcon varies substantially across its range.
The highest rate has been measured in Morocco, where each
breeding pair produced on average 2.6 offspring per year [2].
The lowest reproduction rate was documented in a colony on
Cyprus with only 0.8 offspring per breeding pair per year [3].
Interestingly, this rate has remained stable at this low level

over the years (Ristow, personal communication). Without
incoming new breeding pairs, that is, offspring from other
colonies, a reproduction rate as low as that on Cyprus is likely
to further accelerate the present population decline [1].
During fieldwork at the breeding sites of Eleonora’s
Falcon from 2003 to 2005 [4], we found a high number of
dead eggs left in the eyries. Because of the use of pesticides
in African countries [5, 6], the spraying of DDT in the
wintering area of Eleonora’s Falcon in Madagascar between
1997 and 2000 [6] and the enormous locust outbreak in 2003
in North and West Africa, which was fought with the aerial
spraying of pesticides, we suspected that the dead eggs would
show a relatively high pesticide burden. With our study, we
did not intend to find coherence between the contaminant
load of the mother bird and its eggs but rather to find
an answer on whether contaminants lead to the dead eggs
found and whether the high percentage of dead embryos was
related to contaminants at all. We, thus, adopted a correlative
approach and assessed the pesticide burden of failed eggs of



Eleonora’s Falcon and investigated both the most common
pesticides and heavy metals.

2. Material and Methods

2.1. Study Sites and Censuses. Fieldwork was conducted in
two colonies on Sardinia. One colony comprises approx-
imately 120 breeding pairs in rocky cliffs along 6 km of
coastline on San Pietro, an inhabited island (ca. 6,000 inhab-
itants) off the southwest coast of mainland Sardinia. The
second colony is located on the southernmost island of
Sardinia, the uninhabited islet of Toro. Located 20 km west
of Cape Teulada, it comprises approximately 50-70 breeding
pairs over a surface area of about 11 hectares [7].

From 2003 to 2005, we visited only easily accessible nest
sites to count nestlings and eggs and to ring the young.
Because of the high risk of disturbing the colony, independ-
ent sampling could not be executed, so our results might
reflect a bias towards easily accessible nest sites.

We determined locations of nest sites with hand-held
GPS receivers (Garmin eTrex Summit HC). The census on
21-23 September was done by systematically walking hori-
zontal transects, while one licensed ringer switched back and
forth between three groups comprising two people each to
ring and weigh the nestlings.

In 2004, we took two unhatched eggs from two nests on
Toro Island (14.09.04). In 2005, we sampled 18 unhatched
eggs from 17 nests on Toro Island (22.09.05), and one from
San Pietro Island (21.09.05). Most of the eggs (n = 19)
were from nests with nestlings in the same brood, and only
two eggs were taken together from a nest that had been
abandoned. Both samples from this same nest are treated
independently, as our goal was to see whether contaminants
were responsible for the dead embryos at all without
drawing conclusions on the contaminant load of the mother
bird.

After egg collection and transport to Germany, samples
were stored deep frozen at —20°C.

2.2. Chemical Analyses. 20 of the 21 eggs (2004: n = 2;
2005: n = 19) were used for analyses of organochlo-
rines (OC). One egg was completely desiccated because
of a cracked shell and was, therefore, excluded from the
analysis. Fach egg sample was tested for eleven substances
comprising organochlorine pesticides, in particular p,p’-
dichlorodiphenyltrichloroethane (DDT), its degradation
product DDE (p,p’-dichlorodiphenyldichloroethylene), y-
hexachlorocyclohexane (y-HCH), also known as Lindane, as
well as hexachlorobenzene (HCB). Furthermore, we assessed
the seven most frequent PCB congeners PCB 28, PCB 52,
PCB 101, PCB 118, PCB 138, PCB 153, and PCB 180.

Sample preparation and residue analyses were carried out
in the Research Institute of Wildlife Ecology, University of
Veterinary Medicine Vienna. The identification and quantifi-
cation of the OC compounds were performed using capillary
gas chromatography with an electron capture detector after
extraction by hexane and a clean-up using deactivated
aluminium oxide.
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TaBLE 1: Amounts of HCB, y-HCH, as well as the >, DDT per egg
(n =20) in ppm.

Egg no. HCB y-HCH DDE DDT > DDT
1 0.001 0.003 0.066 0.044 0.110
2 0.006 0.005 0.077 0.005 0.082
3 0.004 0.001 0.066 0.000 0.066
4 0.002 0.002 0.083 0.015 0.099
5 0.001 0.012 0.116 0.027 0.143
6 0.001 0.002 0.120 0.003 0.124
7 0.001 0.001 0.037 0.000 0.037
8 0.001 0.001 0.039 0.000 0.039
9 0.001 0.004 0.094 0.001 0.095
10 0.001 0.001 0.029 0.002 0.031
11 0.001 0.003 0.064 0.002 0.066
12 0.000 0.001 0.012 0.000 0.012
13 0.000 0.008 0.040 0.013 0.053
14 0.001 0.002 0.046 0.004 0.050
15 0.001 0.001 0.046 0.008 0.054
16 0.000 0.000 0.006 0.003 0.009
17 0.007 0.001 0.058 0.008 0.065
18 0.001 0.001 0.037 0.008 0.046
19 0.000 0.002 0.033 0.003 0.035
20 0.001 0.001 0.025 0.006 0.031

2.3. Heavy Metals. We tested the content of 14 eggs for lead
(Pb), cadmium (Cd), and mercury (Hg). The analyses were
carried out by CVUA Freiburg, Germany (State Institute for
Chemical and Veterinary Analysis of Food, Dr. O. Frohlich).

2.4. Statistical Analyses. To compare contamination levels
at different developmental stages, we divided the eggs into
groups of infertile eggs, fertile eggs with a small embryo
where no distinct morphological structures were visible (e.g.,
feathers or beak), and fertile eggs with a well-developed
embryo. We compared the differences between groups
with one-way analysis of variance, ANOVA. For post hoc
comparison, we used the Holm-Sidak method.

3. Results

3.1. Egg Analyses. Of all eggs collected (n = 21), more
than half (62%) contained dead embryos (n = 13). This
value could not be compared with the embryo mortality
rate of the whole colony as some nest sites were inaccessible,
and the collection of eggs was not conducted systematically
throughout the study period. In 2004, we sampled only two
eggs, one of them with a dead embryo. In 2005, we collected
19 eggs, of which 12 contained dead embryos.

3.2. DDE, DDT, and HCB. Residue values of all eggs
examined (n = 20, >, DDT) varied substantially and ranged
from 0.14 to 0.01 parts per million (ppm; Table 1). DDT
values of different years could not be compared due to the
small sample size in 2004.
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FIGURE 1: Mean organochlorine values (ppm) in infertile eggs,
fertile eggs with small embryos, and fertile eggs with well-developed
embryos of Eleonora’s Falcon. DDE and DDT are summarised to
> DDT. Groups differed significantly (ANOVA, P = .04).

We tested all eggs for HCB, y-HCH, DDE, and DDT.
HCB and y-HCH were negligible (Table 1), and > DDT
peaked in two eggs from 2005 (Table 1, no. 5 and 6).

To summarise, eggs were slightly contaminated with
DDE and only small amounts of DDT. We also detected
traces of HCB and y-HCH, but only > DDT was slightly ele-
vated in four out of 20 eggs (nos. 1, 2, 5, and 6). We, therefore,
refer hereafter only to > DDT for comparison of the three
groups of eggs (infertile, fertile/small, fertile/developed).

3.3. Polychlorinated Biphenyls (PCB). Concentrations of the
seven most common and ubiquitous PCB congeners in
the environment were determined (Table 2). The values of
> PCB levels were not normally distributed, that is, four eggs
(no. 1,4, 5, and 9) were above 0.2 ppm, five eggs were around
0.1ppm (2, 3, 6, 15, and 20), and all others (n = 11) were
below 0.07 ppm.

Summarising the results of our PCB analysis, we found
a noticeable contamination only with PCB 153 and PCB
180; the values of other PCBs, however, were negligible. The
overall > PCB was low in all eggs.

3.4. Comparison of Eggs at Different Developmental Stages
DDT/DDE, HCB, and y-HCH. For comparison of concen-
trations of OC, we distinguished between three developmen-
tal stages in the eggs, which are described in the method
section.

Of all OC analysed, the highest concentrations of >, DDT
with a mean of 0.09 ppm were found in infertile eggs,
followed by a mean of 0.07 ppm in fertile eggs with small
embryos. Finally, the lowest mean of 0.05 ppm was detected
in fertile eggs with well-developed embryos (Figure 1).

3.5. Polychlorinated Biphenyls (PCB). We also compared the
values of PCB for the three groups (Figure2). As with
> DDT, the > PCB was highest in infertile eggs (median
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FIGURE 2: > PCB values (10%, 90% percentiles, and median)
in infertile eggs, eggs with small embryos, and eggs with well-
developed embryos given in ppm; median values are not statistically
significant.

0.12ppm), followed by fertile eggs with small embryos
(median 0.08 ppm), and by fertile eggs with well-developed
embryos (median 0.07 ppm).

3.6. Heavy Metals (Hg, Cd, Pb) . We analysed only 14 eggs
for heavy metals. Cadmium (Cd) values were below the
detection limit of <0.005 ppm for all eggs. Mercury (Hg) was
present in all of the eggs, but only two had slightly elevated
levels. Lead was found in three eggs which were infertile.

3.7. Statistical Comparison of Compounds between the Three
Groups. To test for differences of OC contamination, we
compared infertile eggs, fertile eggs with small embryos, and
fertile eggs with well-developed embryos. The comparison of
the three groups revealed a significant difference (ANOVA
Fy19 = 3.66, P = .05). Post hoc comparisons supported
significant differences between infertile eggs and eggs with
well-developed embryos (t = 2.6; P = .017).

A normality test failed for PCB contamination values.
Differences between the median values of the treatment
groups were not statistically significant (P = .454; Kruskal—-
Wallis one-way analysis of variance by ranks).

4. Discussion

For Eleonora’s Falcon, an estimated 10% of infertile eggs
and eggs with dead embryos, and a further 8% of egg loss
due to radiation of the sun are considered normal [8]. In a
study of a Moroccan colony of Eleonora’s Falcon [2], dead
embryos were found in 14 of 32 unhatched eggs, leading
to a percentage as high as 44%. As in our study of two
Sardinian colonies, the Moroccan rate lies far beyond the
average of 18% determined for Eleonora’s Falcon [8]. For
other raptor studies, only a few figures are available. A
study of the German Sparrowhawk (Accipiter nisus) showed
a similarly high embryo mortality of 64%, probably due to
the overall amount of toxic substances which an embryo
experiences during its development (as compared to 14.5%
dead embryos in Goshawks [9]). Obviously, the rate of dead
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TaBLE 2: Polychlorinated biphenyls (PCB) and the sum of all PCB (3, PCB) per egg of Eleonora’s falcon in ppm.
Egg no. PCB28 PCB52 PCB101 PCBI153 PCB138 PCB180 PCBI118 > PCB
1 0.017 0.016 0.072 0.014 0.006 0.092 0.050 0.265
2 0.007 0.000 0.001 0.050 0.010 0.027 0.010 0.103
3 0.007 0.004 0.002 0.048 0.004 0.054 0.003 0.120
4 0.001 0.018 0.003 0.092 0.023 0.124 0.007 0.267
5 0.011 0.029 0.025 0.064 0.050 0.031 0.013 0.222
6 0.008 0.002 0.001 0.042 0.010 0.046 0.005 0.114
7 0.009 0.005 0.001 0.016 0.010 0.013 0.002 0.055
8 0.004 0.005 0.002 0.017 0.003 0.011 0.006 0.047
9 0.001 0.002 0.003 0.100 0.033 0.099 0.010 0.247
10 0.002 0.002 0.003 0.029 0.010 0.029 0.003 0.077
11 0.002 0.004 0.002 0.078 0.030 0.069 0.008 0.192
12 0.001 0.003 0.002 0.001 0.002 0.004 not detected 0.014
13 0.004 not detected 0.005 0.054 0.006 0.058 0.003 0.129
14 0.008 0.005 0.001 0.017 0.011 0.018 0.002 0.062
15 0.007 0.013 0.011 0.038 0.010 0.029 0.006 0.113
16 0.002 0.002 0.001 0.001 0.011 0.023 0.001 0.040
17 0.002 0.002 0.001 0.018 0.003 0.011 0.002 0.037
18 0.018 0.005 0.001 0.012 0.002 0.029 0.002 0.070
19 0.001 0.004 0.002 0.023 0.005 0.014 0.006 0.055
20 0.004 0.005 0.001 0.038 0.003 0.049 0.002 0.101

embryos found in our study is above the average level which
is approximately 15-20% for Eleonora’s Falcon [10]. Thus,
factors other than “natural” circumstances are likely to play
the major role in our findings.

Our study of failed eggs differs from most other such
studies by attempting to include the timing of egg failure
before or during embryo development. We found that early
failure is correlated with the highest values of OC. This
supports the results of Prinzinger [11] that contamination
with DDE in birds leads to an increase in unfertilised eggs.
Although comparatively low, the concentrations of DDE
(0.08 ppm) found in infertile Eleonora’s Falcons’ eggs were
twice as high as have been reported in an Italian population
of the nonmigratory Eurasian kestrel with levels around
0.04 ppm [12]. In a study of the Barn Owl (Tyto alba) in
which birds were fed with low levels of DDE and Dieldrin,
DDE was associated with significant embryo mortality and
reduced production per pair. The results suggested that DDE
had a severe effect on reproduction in wild raptors whereas
Dieldrin primarily triggered adult mortality [13].

Our data show an increase in DDE concentrations in
Sardinian colonies, although compared to other Eleonora’s
Falcon colonies in previous years, these values are rela-
tively low, and the different levels of DDE seem to differ
substantially. In 1977, a study in Greece [14] revealed
DDE values ranging between 0.53 and 4.66 ppm wet weight
(corresponding to about 2.64-23.3 ppm dry weight) for 13
eggs, and, in a study of 1990, Wink and colleagues found a
mean of DDE of approximately 1.04 ppm wet weight in 14
eggs (this corresponds to about 5.2 mg/kg dry weight, [15]).
These results were well within the range given in a study for

a Moroccan colony conducted in 1972 and 1973 based on
the residue analysis of 11 eggs [2]: nine eggs showed a DDE
load of 1-3 ppm (~5-15ppm dry weight), and two had a
high content of 20 and 29 ppm wet weight (~100-145ppm
dry weight). An analysis of contamination in three Eleonora’s
Falcon eggs on Sardinia in 1996 and 1998 yielded between
0.01 and 0.02ppm of DDE wet weight (mean 0.02 ppm;
[16]). Thus, our mean value of DDE from 20 eggs (0.05 ppm,
wet weight) shows a seven-fold increase in DDE load for
the same location, although our values are 8-70 times lower
than those of a Greek population investigated 30 years ago
[14]. Although there is an increasing trend in DDE values
for Sardinia, the values found in our study might be too
low to exclusively explain such a high percentage of dead
embryos.

The PCB concentrations of our study were not very
elevated and did not differ significantly between the three
groups of eggs (0.01-0.27 ppm). Because in the study of
Bianchi et al. [16] different congeners than in our study were
investigated, the values cannot be compared. Although, in
our study, some PCB (153 and 180) were found more often
and in slightly higher concentrations than others, the overall
amount of each PCB and the sum of PCB per egg were well
within the range of other raptor species ([17-24]). Although
few studies have been carried out on the effect of PCB on
embryos, we conclude that the overall high percentage of
dead embryos found here is not related to the relatively small
load of polychlorinated biphenyls.

The analyses of heavy metals of Eleonora’s Falcon eggs
showed similar levels of lead (0.31 ppm) as in other resident
and migratory raptors (e.g., lead 0.16-1.88 ppm; [25]) and
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can, therefore, be excluded as the main cause of dead
embryos.

Summarising our results we found an overall low con-
tamination load of OC and heavy metals. Despite this, the
percentage of dead embryos found here is well above the
natural average determined for a colony in Greece [8]. As
the sensitivity to this pollutant is species specific and ranges
widely [26], we cannot exclude the possibility that Eleonora’s
Falcons are highly sensitive to DDE. However, despite this
potential sensitivity, we find it more probable that the factors
that caused the death of the embryos lie outside our analyses.
In our study, we refrained from systematic egg collection,
that is, taking viable eggs from the eyries during incubation,
as the overall population size of Eleonora’s Falcon is already
small. In conclusion, our results might be biased towards
easily accessible nest sites and, therefore, do not mirror the
situation of the whole colony. We accepted this potential
bias as our goal was to see why the eggs did not hatch and
not to define an embryo mortality rate of the Sardinian
colonies.

We suggest further data collection and analyses of
other contaminants, such as organophosphates (malathion,
fenithrotion, etc.) or flame retardants. We also recommend
to regularly examine all eggs that remain in the eyries in
order to provide more data to determine a general natural
rate of dead embryos for the whole population of Eleonora’s
Falcon.
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