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populations under natural conditions. Al
though cases of inbreeding have been re
ported from population studies in birds, 
where nestlings were ringed and parents 
identified on the nest, the numbers in
volved were too small to allow more than 
a qualitative statement on the effect of in
breeding (Richdale, 1957; Bulmer, 1973; 
Greenwood et al., 1978). Yet inbreeding 
avoidance, presumably selected for by in
breeding depression, is used to explain a 
wide variety of phenomena (see for in
stance Bateson, 1978; Bengtsson, 1978). 
There is clearly a need for quantitive data 
on inbreeding in natural populations 
(May, 1979). The data from the long-term 
population studies of the Great Tit (Parus 
major) carried out at the Institute for Eco
logical Research at Arnhem (The N eth
erlands) allow us to give quantitative es
timates of the occurrence and the effects 
of inbreeding. We will compare the oc
currence and the detectability in a main
land and in an island population. Re
duced hatching success will be shown to 
exist both for inbred zygotes and in clutch
es of inbred females. 

The deleterious effects of inbreeding 
may have been recognized since the start 
of civilization, possibly based on experi
ence in breeding livestock and the occur
rence of congenital defects in the offspring 
of relatives in man. The basis of these del
eterious effects could only be understood 
after the rediscovery of Mendel's laws. 
The discovery of recessive lethal genes in 
mice and the realization that inbreeding 
promotes homozygosity followed soon. 
Because the relative difference between 
the proportion of homozygotes produced 
by inbred and by outbred pairs is larger 
when the frequency of the gene involved 
is smaller, the noxious effects of inbreed
ing can be explained by the increase in the 
level of homozygosity of rare recessive del
eterious genes. The data available for 
man, domesticated animals and plants 
show that harmful effects of inbreeding 
are present in all crossbreeding organisms 
(Lerner, 1954; Cavalli Sforza and Bod
mer, 1971; Wright, 1977) and suggest that 
deleterious recessive genes are numerous. 
The general occurrence of deleterious re
cessives was confirmed by studies in Dro
sophila species. With the help of chro-
mosomes marked with dominant genes Population Study of the Great Tit 
and carrying inversions to suppress cross- The Great Tit is a common hole-breed-
jng-over, chromosomes from wild popu- ing passerine that readily accepts nestbox
lations were made homozygous. Up to es and can therefore be studied with rel-
40% were found to carry recessive lethal ative ease. In the study areas nestboxes 
genes (Dobzhansky, 1955). The technique are provided and these are inspected 
which allows such a direct demonstration weekly during the breeding season. Date 
is presently only available in Drosophila. of first egg-laying, clutch size, date of 

Only in humans has inbreeding been hatching, hatching rate and nesting suc
studied in any depth in situations with a cess are observed or deduced from obser
natural partner choice. However, in man vations, using age estimates of the nest
relatives seem to be taken as partners lings and the knowledge that one egg is 
more naturally by some people than by laid every day. Eggs that are still present 
others (Bittles, 1977). Little evidence ex- when there are nestlings at least two days 
ists on inbreeding depression in animal old (in first clutches, four days in later 
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clutches) are scored as eggs that failed to 
hatch. Nestlings are ringed when six to 
twelve days old with a standard numbered 
ring. At the same time the parents are 
trapped in the nestbox by means of a 
spring-operated door. If one of the parents 
is not caught, a second attempt is usually 
made within a few days. In addition, most 
adult birds are color-ringed which allows 
identification of females during incuba
tion. The data used in this study come 
from two areas: 1) Vlieland, an island in 
the Waddensea (see Fig. 1). The tits are 
breeding in all wooded areas, consisting 
of coniferous and mixed coniferous and 
broadleaved trees. The whole island pop
ulation is under observation. 2) Hoge Ve
luwe, a partly coniferous and partly mixed 
wood on poor soil on the mainland. The 
study area is situated in a large wooded 
area and emigration from, and immigra
tion into the study area occur frequently. 

A detailed description of the methods 
used in collecting the data and the study 
areas is given by Van Balen (1973) and 
Kluyver (1971). For several years experi
ments have been carried out in both areas. 
The study of the relatively isolated pop
ulation on Vlieland was started to inves
tigate the density dependent component of 
survival in the Great Tit. During 1960-
1963 and 1967-1968 the reproduction of 
every pair was reduced to about 30% of 
normal, mostly through the removal of 
eggs. The results were that survival of 
both adults and offspring increased, pop
ulation size was not notably affected and 
there was no increase in immigration 
(Kluyver, 1971). With respect to inbreed
ing and effective population size (N e) this 
probably had little effect since the reduc
tion in the variance in the number of off
spring per pair was counteracted by the 
higher survival rate of adults. From 1970 
till 1974 many pairs producing late broods 
were removed from the population. 

METHODS 

We will adhere to the following termi
nology: a clutch is laid by a female and 
her male partner, the pair. If they are re
lated their offspring will be inbred. In 

,------ --~~~~~~--.~ .. -.----------, 

VLlELAND 

o woods 

FIG. 1. The island of Vlieland and the position 
of localities mentioned in the text. 

evaluating the genealogies we start with 
the pair, the laying female and its partner. 
The degree of inbreeding and the relat
edness of pairs is expressed in Wright's 
coefficient of inbreeding, F, the average 
proportion of the genome that is homo
zygous through descent. 

Pedigrees were made for all breeding 
individuals up to and including their 
greatgrandparents, although even on Vlie
land few pedigrees are complete. For all 
clutches where the parents were identi
fied, the pedigrees of female and male 
were checked for common ancestors. Thus 
the lowest degree of inbreeding that could 
be detected is having one greatgrandpar
ent in common (F = 1/128), while the 
highest degree of inbreeding not detected 
in complete pedigrees is the mating of a 
"greatgreatgrandparent" with a "great
greatgrandchild" (F = 1/32). Great Tits 
start breeding when one year old, and 
from then onwards have an annual sur
vival rate of roughly 50%, thus up to 5% 
of the breeding adults is five years or older 
and may have greatgreatgrandchildren as 
potential partners. In fact, we found one 
pair where the male is a grandfather and 
independently a greatgreatgrandfather of 
the female. 

In evaluating the effect of inbreeding, 
we have used three different parameters: 
1) Eggs I, eggs failing to hatch sensu stric
to. These are defined as those eggs that 
were still present in the nest after they 
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TABLE 1. Data on the parentage and the occurrence of inbreeding from the Hoge Veluwe (1955-1978) and 
Vlieland (1958-1978), based on clutches of all types. Autochthonous is ringed as a nestling in the study area. 

Total number of clutches 
Female and male identified (A) 
Female unknown 
Male unknown 
Female and male unknown 

Female and male autochthonous (B) 
Only female autochthonous 
Only male autochthonous 
Neither autochthonous 
All grandparents of both female 

and male known (C) 

Detected inbreeding in C 
Detected inbreeding in B 
Detected inbreeding in A 

Average degree of inbreeding 

Based on A 
Based on B 
Based on C 

should have hatched at the latest. 2) Eggs 
II, eggs that failed to hatch sensu lato. 
These are defined as the difference be
tween clutch size and the observed num
ber of hatched young (both alive and 
dead). Small nestlings that die are often 
removed by the parents, and these will be 
included in this category. Most authors 
assume that eggs failing to hatch will not 
be removed by the parents, unless they 
were accidentally broken (Perrins, 1979). 
However, it seems likely that this broad 
definition is less sensitive to error of ob
servation than the narrow definition. 3) 
Brood reduction, defined as the difference 
between the number of eggs and the num
ber of fledglings, expressed as a proportion 
of clutch size. 

Occurrence of Inbreeding 

Estimates of the average degree of in
breeding depend to a large extent on the 
assumptions made about the origin of im
migrants, i.e., individuals that were not 
ringed as nestlings in the study area and 
whose parents are not known. By for
mulating two extreme assumptions it is 
possible to give a lower and an upper limit 
for the average degree of inbreeding. If all 
immigrants come from a great distance 

Hoge Veluwe Vlieland 

3,642 1,706 
2,601 (71%) 1,297 (76%) 

79 (2%) 23 (1%) 
620 (17%) 275 (16%) 
342 (9%) 111 (7%) 

460 (18% of A) 839 (65% of A) 
371 (14% of A) 117 (9% of A) 
781 (30% of A) 235 (18% of A) 
989 (38% of A) 106 (8% of A) 

20 (4% of B) 280 (33% of B) 

1 132 (47% of C) 
23 (5% of B) 241 (29% of B) 
27 (1% of A) 245 (19% of A) 

0.0011 0.015 
0.0063 0.022 

0.036 

and are therefore not related to each other 
or to autochthonous individuals (Le., 
ringed as nestling in the study area), they 
will not be involved in inbreeding. This 
implies that there is no undetected in
breeding and that the observed inbreeding 
should be related to the total number of 
pairs (estimate A, Table 1). If, on the oth
er hand, immigrants are only distin
guished from autochth9nous individuals 
because they cross an artificial boundary 
of the study area, this may cause unde
tected inbreeding. Although it is less likely 
that they are involved in parent-offspring 
or in full-sib pairs if one parent is autoch
thonous, we should relate the detected in
breeding only to pairs with fully known 
pedigrees, for which it is certain that no 
undetected inbreeding occurred (estimate 
C, Table 1). For the Vlieland populations 
there is some incidental evidence for both 
assumptions. Two breeding adults were 
ringed as nestlings elsewhere, one in Ber
gen some 70 km away and one on the 
neighboring island of Terschelling (Fig. 
1). Up to ten broods have fledged without 
having been ringed during the whole 
study period, mainly from nestboxes in 
private gardens that were detected only 
after the breeding season. The percentages 
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TABLE 2. The occurrence of inbreeding in individual years on Vlieland, based on pairs. The means are 
unweighted means of the annual averages. 

Inbreeding in 
Number pairs with fully 

Total of pairs known grandparents 
number with known 

Years of pairs grandparents F'" 1/16 F < 1/16 

1958-64 172 9 1 3 
1965 67 15 5 3 
1966 58 14 4 3 
1967 49 13 4 6 
1968 50 15 3 6 
1969 39 8 
1970 38 10 3 2 
1971 49 9 3 1 
1972 58 11 6 
1973 59 14 4 3 
1974 58 12 3 3 
1975 54 14 4 5 
1976 59 15 2 4 
1977 94 28 4 11 
1978 68 22 2 3 -
Total 783 209 50 56 

of identified parents are very similar in the 
Hoge Veluwe and the Vlieland popula
tions (Table 1), but the immigration rates 
are very different. The effect of immigra
tion on our knowledge of pedigrees is ev
ident from the relative proportion of 
clutches where all grandparents of both 
the male and the female are known. Thus, 
the large difference in detected inbreeding 
between both populations could be partly 
spurious. 

On Vlieland the geometric mean of the 
annual numbers of breeding individuals 
is about 100. Thus, the minimum estimate 
of the average amount of inbreeding 
(0.015, Table 1) is about three times the 
amount expected in a closed random mat
ing population of the same size (N e = 100, 
1/(2Ne) = 0.005). There are several poten
tial causes. Although fluctuations in pop
ulation size have been taken into account 
in the calculation of N e they may have 
had an unforeseen influence on the age 
structure, especially in combination with 
the effect of the experiments that were 
carried out. However, as is shown in Ta
ble 2, the average amount of inbreeding 
is fairly constant from year to year consid
ering the small numbers involved. The 

Average degree of inbreeding 
Other cases 

of inbreeding Pairs 
with known 

F'" 1/16 F < 1/16 grandparents All pairs 

7 2 .0347 .0097 
5 2 .0615 .0221 
3 4 .0458 .0186 

7 .0361 .0124 
3 2 .0396 .0168 

4 .0553 .0120 
1 .0469 .0142 
2 .0455 .0118 

.1020 .0233 
1 2 .0542 .0141 
4 3 .0209 .0138 

2 .0335 .0091 
3 .0271 .0117 

5 3 .0311 .0181 
2 .0178 .0109 

33 38 
x ~ .0441 x ~ .0149 

SD ~ .0211 SD ~ .0042 
SE ~ .0056 SE ~ .0011 

high value in 1972 is solely the result of 
having four brother-sister pairs in a single 
year. 

There are many cases of inbreeding of 
a more complicated nature. An example 
is shown in Figure 2. It is difficult to for
mulate a precise frame of reference, but 
we suspect that there are more complicat
ed cases than expected. There are several 
indications that some individuals are 
much more likely to get involved in in
breeding than others. In data on individ
uals born in 1965 or later we find the fol
lowing: given that a female is inbred, she 
is also related to the male in 24 out of 51 
cases, whereas if she is not known to be 
inbred this is only 102 out of 511. If we 
consider the females that have had two 
different partners, 11 were related to both, 
17 to one and 48 to none of them. Only 5 
are expected to be related to both part
ners, from the observed frequency of in
breeding in this group, or 3.8 from the 
general incidence of inbreeding. 

According to population genetic theory 
two deviations from ideal populations 
might be responsible for a high level of 
inbreeding, i.e., the subdivision of the 
population and the variance in number of 
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FIG. 2. A complicated pedigree of Great Tits 
from Vlieland. All individuals shown are at least as 
related as greatgrandparents to A or B. (There are 
ten relations between A and B, F = 0.145) (BCFA, 
BHEA, BCDIKHEA, BCDUHEA, BKMLGFA, 
BHKNLGFA, BCDIKNLGFA, BCDIKMLGFA, 
BCFGIMKHEA, BCFGLNKHEA). 

offspring (see, e.g., Crow and Kimura, 
1970). The suitable habitat is not contin
uous on Vlieland. There are four small 
areas that are about 1 km apart, a much 
larger wooded area and the village which 
borders on the large area (see Fig. 1). At 
first sight this subdivision might mean 

that the effective size of the subpopula
tions should be used as a reference rather 
than the over-all population size. Al
though a further analysis of the relation 
between dispersal and inbreeding is need
ed, preliminary results show that the av
erage degree of inbreeding in the smaller 
areas is lower than average, while both 
inbred females and inbred males are also 
under-represented in the smaller areas. 
This is an unexpected result and so far the 
only explanation that we can offer is that 
in the most western and smaller area, the 
number of immigrants seems dispropor
tionately high. There are a few individuals 
that occur in many pedigrees of related 
pairs. By counting the number of grand
children observed as breeding adults we 
found a female who had 37 grandchildren 
as breeding adults. This would mean that 
for about five years 10-20% of the breed
ing population consisted of its grandchil
dren. These counts (Table 3) should be 
treated with some reservation, because 
they have not been corrected for birds still 
alive or with progeny still alive. Further, 
the removal of birds from the population 
will also undoubtedly have had a large 
effect. There is, however, a large variance 
in the number of offspring which become 
breeding adults. This will enhance in
breeding. Some speculative explanations 
for this large variation will be offered be
low. 

Inbreeding Might Go Undetected 

The estimates of the occurrence and the 
effect of inbreeding will be affected when 
the probability of identifying a pair is 
smaller as a result of inbreeding. Most of 
the parents are identified only when they 
have nestlings of at least one week old. If 
inbreeding depression were to result in a 
failure of the clutch before this moment, 
the observed cases of inbreeding would 
give an underestimate of the occurrence 
of inbreeding. The effect on our estimates 
of inbreeding depression would probably 
be much more serious. It is only possible 
to obtain an impression in an indirect way 
after making several additional assump
tions. Data on clutches that failed, i.e., 
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TABLE 4. Data on the parentage of clutches that failed. Datafrom Vlieland 1965-1978. 

~ and 0 
identified 

First clutches 
~ not inbred and unrelated 4 
Related 3 
~ inbred 0 
Partner unknown 

7 

Other clutches 
~ not inbred and unrelated 3 
Related 0 
~ inbred 0 
Partner unknown 

3 

(l/2)n (n = 2 ... 7). Relative date of lay
ing and size of first clutches of related pairs 
and inbred females are not different from 
the population mean. 

The distributions of the numbers of eggs 
failing to hatch in the clutches of related 
parents are given in Figures 3 and 4. Both 
the average number not hatching and the 
proportion of clutches in which any eggs 
fail to hatch increase with the degree of 
inbreeding. If first and later clutches are 
analyzed separately the same trends are 
found in both, although the numbers of 
later clutches are very small. The results 
are influenced by the fact that some pairs 
contributed only one clutch while others 
are known from up to five clutches. There 
are, however, other dependencies that will 
also be present in an analysis based on 
pairs rather than clutches. A number of 
individuals were paired with different rel
atives in subsequent years, mostly at dif
ferent degrees of inbreeding. Whether in
breeding depression is found or not is not 
entirely independent in these cases. More
over, there are also some cases, where, for 
example, two brothers are paired with 
cousins which are sisters. It will be shown 
below that inbred males are not likely to 
affect breeding success. They were includ
ed in Table 5 which gives the average 
number of eggs failing to hatch as a pro
portion of clutch size and the average 
brood reduction, for seven degrees of in-

One parent 
identified, 

partner from 
other clutch ~ and 0 
in same year unidentified Total Expected 

9 13 
8 11 5.6 
5 5 2.1 
6 30 36 

28 30 65 

12 15 
6 6 6.5 
6 6 2.4 
4 9 13 

28 9 40 

breeding, together with the regression on 
F based on average values per pair. Data 
on inbred females with a related male 
were excluded. The result is rather similar 
to that shown in Figures 3 and 4. 

All these regressions are based on cases 
with F > O. A control group was made of 
all clutches where all eight grandparents 
of the pair were known, but where no in
breeding was detected. The values for 
eggs failing to hatch and brood reduction 
in this group should be equal to the inter
cept values of the regression equations. 
The agreement is good (Table 5); the 
regression equations would change little 
if the data on the control group were in
cluded. The slope of the regression is the 
same for eggs failing to hatch sensu stricto 
and eggs failing to hatch sensu lato, but 
the intercept value is roughly three times 
as high in the latter. If one were to use 
brood reduction to measure inbreeding 
depression, a smaller effect of inbreeding 
is found (Table 5). The intercept value is 
twice the value found in eggs II, but the 
slope is less than that found for eggs fail
ing to hatch. The square of the correlation 
coefficient gives a measure for the propor
tion of the variance explained by the 
regression. It is the highest for eggs II and 
lowest for brood reduction. If the failure 
to hatch has a genetic cause one expects 
similar proportions of failing eggs in dif
ferent clutches of the same pair. The cor-
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FIG. 3. a) Distribution of the numbers of eggs 
failing to hatch I. b) Regression of mean number of 
eggs failing on degree of inbreeding. c) Regression of 
percentage of clutches with one or more eggs failing 
to hatch on degree of inbreeding. Arrow indicates 
value found for F = O. 

relations in proportion of eggs failing and 
in brood reduction between different 
clutches of the same pair (r = 0.48 (n = 
44) for eggs I, r = 0.62 (n = 44) for eggs 
II and r = 0.42 (n = 34) for brood reduc
tion) indicate that especially for eggs II a 
high proportion of eggs failing in one 
clutch will be followed by a high propor
tion in other clutches of the same pair. 
Whereas these correlations are significant 
for related pairs, the same correlations are 
very close to zero within the control 
group. 

This indicates that a common cause for 
the death of offspring in different clutches 
of the same pair, which must be expected 
if genetic factors are responsible, is only 
present in the inbred group. Most of the 
deaths which result from increased hom
ozygosity seem to occur before or at hatch
ing. The proportion of eggs failing to 
hatch as a result of inbreeding is highest 
in eggs I, but the chance of finding eggs 
that failed to hatch may not have been 
constant. The regression of brood reduc-

CI3 first broods 

o later broods 

F, Y8 
)(,2.21 

F, )1,28 
x,0.88 

3 
mean 

number y, 6.73F .1.19 

1 • 

b 

% 
100.%>0-y,103F+61 C 

80 ·'*30 >:-Y,204F+:0 

6. • 

40 • 

20'" ... 

20 

15 

eggs failing to hatch 

FIG. 4. a) Distribution of the numbers of eggs 
failing to hatch II. b) Regression of mean number of 
eggs failing on degree of inbreeding. c) Regression of 
percentage of clutches with one or more eggs failing 
to hatch on degree of inbreeding. Arrow indicates 
value found for F = O. 

tion on degree of inbreeding has a smaller 
slope than was found for both measure
ments of eggs failing to hatch. This might 
be expected if some of the causes of death 
in later stages of the nest are negatively 
correlated with brood size. An early re
duction in brood size may result in more 
available food per nestling for the remain
ing young, reducing their chance to die. 

Recruitment 

Selection should be studied over a com
plete life-cycle. Taking the life-cycle from 
breeding adult to breeding adult is the 
most convenient. Some of the nestlings 
were observed as breeding adults in later 
years. This provides a basis for evaluating 
selection for or against inbreeding. 

The first question is whether the re
cruitment per fledgling was lower from 
broods of related parents, or in other 
words whether inbred individuals had a 
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TABLE 6. Recmitment from first clutches of related 
pairs (number of individuals). Expectations are 
based on the average recmitmentfrom clutches where 
no inbreeding is known, and with the same clutch 
size in the same year. In I on the recmitment/fiedg
ling, and in II on the recmitment/egg. 

F= 
1/4 and 1/8 1/16 and 1/32 1/64 and 1/128 

Expected I 11.7 36.6 29.0 
Observed 16 44 17 
Expected II 14.5 36.3 24.7 

lower survival from fledging to the next 
breeding season. Recruitment rates are 
different between years. Therefore we 
used the recruitment rates from clutches 
where no inbreeding was detected and 
which had the same clutch size in the same 
year, for calculation of the expected num
ber of recruits. To avoid the effect of small 
numbers we grouped our data in three cat
egories of severity of inbreeding. 

The results shown in Table 6 do not 
indicate any additional deaths after fledg
ing due to inbreeding. On the contrary, 
even on a basis of the number of recruited 
adults per egg, pairs with severe and in
termediate degrees of inbreeding do slight
ly better than unrelated pairs. 

The first possibility is that higher re
cruitment is only a chance effect due to 
the small numbers. 

A second hypothesis is that an early re
duction in brood size would increase the 
amount of food per nestling that is avail
able, resulting in a higher nestling weight. 
A higher weight at fledging enhances sur
vival in Great Tits (Dhondt, 1971; Perrins 
and Moss, 1975; Perrins, 1979). The same 
mechanism might explain the reduction in 
deaths of nestlings in later stages in broods 
of related pairs. 

A third hypothesis is based on the fact 
that selection causes a reduction in effec
tive population size (Robertson, 1961). 
Since some individuals leave more off
spring than others, these individuals have 
more related offspring in the population 
than other individuals. Likewise the 
chance that another individual in the pop
ulation is related is highest for these off-
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spring, and thus their chance of becoming 
involved in inbreeding. Now, if the traits 
that made their ancestor successful are 
partly inherited, one may expect that in 
a finite population inbreeding pairs have 
a higher proportion of these favored 
traits, and so do their offspring. This will 
then probably be reflected in a higher rate 
of recruitment per fledgling. An effect 
similar to the third hypothesis can arise 
when some territories are better than oth
ers. Pairs breeding in high quality terri
tories will produce more offspring, with 
a superior condition enabling them to oc
cupy better than average territories. 

These hypotheses are feasible and they 
can serve as illustrations of the type of 
problems that can be encountered in real 
populations, but that cannot be solved 
with separate concepts from either popu
lation dynamics or population genetics. 

Decreased fertility.-Individuals that 
are inbred could have reduced fertility. At 
the same time, if a maternal or paternal 
effect on the hatching rate exists, this 
could be detected from these data. At an 
anecdotal level we know that a female 
that incubated an empty nest and another 
female that bred for at least 18 days with
out any eggs hatching (13-14 days is nor
mal) were both heavily inbred. 

The regressions on the degree of in
breeding, using only those cases where 
either the male or the female was inbred 
and where they were unrelated, are given 
in Table 7. The two highest (into F ;:?: 1/8) 
and the two lowest degrees of inbreeding 
(into F ~ 1/64) have been combined to en
sure at least ten clutches per group. It 
seems that a maternal effect is present in 
the hatching rate, while the presence of a 
paternal effect is doubtful. 

The recruitment from clutches where 
the female or the male was inbred is ex
tremely high. On the basis of the number 
of fledglings we would expect a total of 
28.3 recruits (27.3 on the basis of the num
ber of eggs), while the number observed 
is 45. There are six clutches (out of 28) in 
this group from which 50% or more of the 
fledglings were recruited. In the control 
group (F = 0) there is only one case out 

TABLE 7. Regression of number of eggs failing to 
hatch and percentage of clutches with one or more 
such eggs on degree of inbreeding. A, In clutches 
where partners are related. B, In clutches where the 
female is inbred. C, In clutches sired by an inbred 
male. Cases where both partners were inbred or at 
least one parent was inbred and related to the partner 
were excluded. Datafrom Vlieland 1958-1978. 

A Pairs r 
Number of eggs I = 8.09 F + 0.39 0.85** 
% d. with I > 0 = 186 F+ 27 0.95*** 

B 'i' Inbred 
Number of eggs I = 1.59 F + 0.49 0.45 
% d. with I > 0 = 155 F+ 31 0.93* 

C 6 Inbred 
Number of eggs I = .70 F + 0.55 0.86 
% d. with I> 0 = -19 F+ 32 -0.52 

• p < .05., 
** P < .Ol. 

*** P < .005. 
% d. is percentage of clutches. 

of 60 with more than 50% recruitment, a 
case where 2 out of 3 fledglings were re
cruited. Four cases where the father was 
inbred are 5 out of 8; 3 out of 5; 4 out of 
6; and 2 out of 2; and two cases with the 
mother inbred are 5 out of 6, and 4 out of 
7. But even without these six cases the 
observed recruitment is above the expect
ed. Thus the question what is special 
about inbred individuals seems to be 
worth further study. The absence of brood 
reduction in nests with an inbred father 
and a high recruitment must be expected 
when the high recruitment from clutches 
with related parents is caused by their bet
ter adaptation or because they have grown 
up in better territories. It would not be 
expected when the early brood reduction 
is responsible for a high recruitment per 
fledgling. 

DISCUSSION 

There are several population studies of 
birds where inbreeding has been detected 
(e.g., Richdale, 1957; Bulmer, 1973; Har
vey et al., 1978). The number of cases that 
were detected in these studies are few, and 
at best comparable to our data from the 
Hoge Veluwe. Although such data may 
allow some qualitative remarks about in
breeding depression, the data from Vlie-
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land are far better suited for such study. 
Yet even in the Vlieland data there are 
uncertainties and artifacts. Thus, the val
ues given for the average amount of in
breeding and inbreeding depression must 
be regarded with caution. 

However, it is more likely that these 
values are underestimates than that they 
are overestimates. Our data (Table 4) sug
gest that severe inbreeding depression 
could perhaps escape observation. But 
even the conclusion that the amount of 
inbreeding on Vlieland is higher than on 
the Hoge Veluwe is perhaps not fully jus
tified, if one looks at the relative differ
ences between the different methods to 
calculate the average amount of inbreed
ing in Table 1. It is not impossible that, 
had there been more pairs with funy 
known genealogies in the Hoge Veluwe, 
estimate C, where only pairs with fully 
known genealogies are considered, would 
have been comparable to that from Vlie
land. Estimate B (only autochthonous 
pairs) is five times as large as estimate A 
(all pairs) for the Hoge Veluwe, while on 
Vlieland this is 1.5 times. If the same rel
ative proportions are applied for Band C 
the Hoge Veluwe estimate would be 0.04. 
This shows to what extent the estimates 
depend on the underlying assumptions. 

A decline in hatchability is one of the 
most prominent effects of inbreeding in 
poultry (Lerner, 1954), while a strong re
duction in egg production is also found in 
many strains (Shoffner, 1948). Very simi
lar results were obtained in a study of in
breeding depression in the Japanese Quail 
(Coturnix japonica) (Sittman et al., 1966). 
Hatchability was strongly affected both as 
a result of the zygote or of the mother 
being inbred. The authors also found a 
reduction in fertility of inbred adults, part 
of which was the result of total infertility 
in males. In our data on the Great Tit 
there are no indications of a smaller clutch 
size or a reduced fertility in inbred adults, 
with the exception of two unproductive 
females mentioned. However, their 
chances of being observed would be rather 
low. Such unobserved infertile inbreds 
would have no effect on the average num-

ber of grandchildren at breeding age from 
a related pair, because the decrease in av
erage production of pairs where one of the 
parents is inbred is cancelled by the equal 
increase in the production from related 
pairs. 

Reduction in litter size is probably the 
most prominent effect observed in mam
mals (Wright, 1977). This is physiologi
cally comparable to reduced hatching in 
birds. In humans still-birth and juvenile 
death are the most extensively studied 
(Cavalli-Sforza and Bodmer, 1971). There 
is an interesting analogy between the 
problems met in obtaining reliable data on 
spontaneous abortions as a result of in
breeding and the possible bias in our re
sults because pairs are identified only dur
ing the later stages of the nesting period. 

The presence of deleterious genes can 
be characterized as a number of lethal 
equivalents. One assumes that all reduc
tions in viability are due to recessive le
thals with complete expression, and esti
mates the frequency of lethal equivalents. 
The slope of the regression of eggs failing 
to hatch on degree of inbreeding (Table 5) 
indicates that a gamete contains on aver
age 0.77 lethal equivalents, that is 1.5 per 
zygote. However, in contrast to compa
rable human data (Morton et al., 1956), 
our estimates are lower if more stages of 
the life-cycle are taken into account. This 
is a consequence of the different ecological 
situation in tits. 

Continued inbreeding will exert a 
strong selection against lethals. It is pos
sible that in a small population this results 
in absence or low frequency of lethal 
genes, a probable example is given by 
Ralls et al. (1979). It is unlikely that in
breeding would lead to a reduced frequen
cy of lethal genes in the Vlieland Great 
Tits, given that about 10% of the breeding 
individuals are immigrants. (Table 1). 

In considering the effect of inbreeding 
we have treated the complete failure sep
arately. Incorporating these failures would 
still result in a marginally higher number 
of offspring from the heavily and inter
mediately related pairs compared to the 
rest of the population. However, if a 

I 
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clutch fails a repeat clutch is nearly always 
produced. This repeat clutch can even be 
followed by a second clutch. Furthermore 
Kluyver (1963) has suggested that brood 
reduction enhances the probability of a 
second brood. 

It can be calculated that in the Vlieland 
population the failure of more than half 
of all eggs that fail to hatch can be attrib
uted to the effect of inbreeding. An ecol
ogist wanting to explain the failure of 
hatching would not succeed unless in
breeding was also studied. 

The effects of inbreeding in early stages 
in the life-cycle are at least compensated 
in later stages. Although our observations 
show deleterious effects of inbreeding at 
hatching, they do not support the occur
rence of selection against inbreeding, 
which is postulated in sociobiology (Wil
son, 1976). In the Great Tit population on 
Vlieland, "fitter" individuals have a 
higher chance of becoming involved in in
breeding. Therefore the individuals that 
are inbreeding are on the average "fitter." 
This will have effects in two directions. 
On the one hand, this will counteract the 
decrease in production caused by inbreed
ing. On the other hand inbreeding depres
sion will slow down the rate at which a 
favorable allele replaces its predecessor. 
However, for recessives the enhanced 
homozygosity will increase this rate. This 
is comparable to methods of rapid im
provement of livestock by combined se
lection and inbreeding. The apparent 
compensation in later stages are a strong 
warning against the extrapolation from 
observations on a (small) part of the life
cycle. 

Our results confirm the classical effects 
of inbreeding, juvenile mortality and re
duced fertility, found in laboratory pop
ulations and livestock. However, these 
effects can be compensated by ecological 
processes affecting mortality, such as den
sity dependent effects in the nestling 
phase. Our results show interaction be
tween the genetics of inbreeding and the 
ecology of the population. Neglect of eco
logical aspects in population genetics were 
earlier responsible for rather unproductive 

efforts in relation to the concept of genetic 
loads (see Wallace, 1970). 

Further analysis of the population 
structure, which should include the dis
persal patterns, the average relatedness of 
neighbors, and the differences between in
dividuals leaving many and those leaving 
no offspring, are to be undertaken. Con
siderable genetic variation exists for clutch 
size, date of laying, body size and egg di
mensions in the populations and selection 
for the first two traits can be demonstrated 
(Van Noordwijk et al., in press). These 
data together with the earlier work on the 
ecology of the Great Tit (Kluyver, 1971; 
van Balen, 1973) suggest a dynamic pic
ture of interactions between processes 
concerning the ecology and the genetics of 
populations. Their integration is necessary 
for understanding the mechanisms which 
ultimately determine survival and future 
evolution. 

SUMMARY 

During the long-term population study 
of the Great Tit, all nestlings were ringed 
and most parents were identified. This 
allows the construction of family-trees. In 
an island population of about 50 pairs we 
found a common ancestor in 19% of the 
clutches where both parents were identi
fied and in 47% of the clutches where the 
geneaologies were completely known up 
to the grandparents of the pair. The 
hatching of eggs is reduced by 7.5% for 
every 10% increase of F. The effect of 
inbreeding is smaller at the moment of 
fledging. The recruitment to the next gen
eration at breeding age is not lower from 
related pairs than from other pairs with 
the same clutch size in the same year. 
There is a separate effect on the hatching 
rate if the female is inbred. However the 
recruitment from clutches where either the 
male or the female is inbred is twice as 
high as expected. This can be explained 
because a few individuals have produced 
many offspring. The offspring have a high 
chance of mating with a relative, but the 
adverse effects of inbreeding are offset by 
higher recruitment. There is no evidence 
that inbreeding is avoided. Neither is it 



686 A. l VAN NOORDWIJK AND W. SCHARLOO 

clear that inbreeding avoidance would be 
selectively advantageous. 
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ApPENDIX 1. Cases of inbreeding found on the Hoge Veluwe 1955-1978. (Pair 4 and pair 11 have the same 
female; pair 11 and pair 12 have the same male.) 

F 
Relatedness Type of Clutch Eggs Eggs Number 
of parents Year clutch size I II fledged Remarks 

.25 1974 10 4 4 4 eggs removed 

.25 1977 9 4 4 
1977 5 0 1 0 

3 .25 1971 rep. 10 3 5 5 
4 .25 1974 1 9 0 0 7 

1976 9 0 8 
.125 1968 9 0 3 all nestlings removed 

6 .125 1968 12 5 all nestlings removed 
7 .125 1971 rep. 7 5 2 

1972 1 9 3 3 0 
8 .125 1971 11 1 5 eggs and later all 

nestlings removed 
9 .125 1975 8 0 0 6 

1975 7 0 0 5 
10 .125 1974 12 1 7 
11 .063 1975 9 0 6 
12 .063 1976 8 0 5 

1977 7 5 
13 .031 1970 6 
14 .031 1972 6 4 4 0 
15 .031 1973 10 0 
16 .031 1970 rep. 8 0 2 2 
17 .016 1967 rep. 10 0 0 10 
18 .016 1968 1 9 0 0 all nestlings removed 

rep. 7 0 0 6 
19 .016 1975 1 1 1 6 

1976 0 0 7 
20 .008 1978 10 0 0 10 
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ApPENDIX 2. Cases of inbreeding where the female is inbred and related to the male. A repeat clutch is a 
clutch following a first clutch that failed, a second clutch is the clutch laid after a first clutch which produced 
at least one fledgling. Superscript on clutch size give number of eggs removed in an experiment. Data from 
Vlieland. 

F Number Number 
Relatedness F F Type of Clutch of eggs of eggs Number 

of pair female male Year clutch size failing I failing II fledged 

.281 .063 .063 1966 9 3 4 4 

.281 .063 .063 1972 9 5 6 3 
3** .266 .031 .031 1969 7 4 4 3 

1969 8 2 6 
4** .266 .031 .031 1970 2 7 4 4 3 
5 .133 .016 .079 1975 7 2 4 3 
6 .129 .016 1973 rep. 7 0 6 
7** .094 .125 1966 rep. 8 0 2 6 
8** .094 .125 1967 1 9-6 0 0 3 
9** .094 .125 1966 1 9 0 0 8 

10 .094 .016 1968 10-8 0 0 2 
1968 9 0 1* 

11 .083 .078 1972 8 0 0 8 
12** .086 .093 .016 1970 10 0 4 0* 
13** .075 .016 .016 1971 11 3 8 

9 2 0* 
14 .075 .016 .063 1977 8 3 3 5 
15 .031 .016 1967 1 10-7 0 

1967 2 10-3 3* 
1968 11-· 1 1 1 
1968 7 0 0 4* 

16 .031 .016 1977 10 0 6 
17** .043 .016 .047 1969 10 0 0 6 

1969 8 0 0 8 
18** .028 .083 1973 10 2 3 
19** .016 .008 1977 9 3 6 
20** .016 .008 1977 9 0 2 7 
21 .016 .094 1968 8-4 0 0 

6 0 0 1* 
22 .016 .063 1973 9 3 3 6 

1974 7 3 3 4 
23 .016 .031 1967 rep. 9-5 0 0 0* 
24 .008 .016 1975 1 9 0 0 7 

* Pair 10, 6 nestlings were removed from second clutch in 1968. Pair 12, 6 nestlings were removed from first clutch in 1970. Pair 13, 6 
nestlings were removed from second clutch in 1971. Pair 15, 4 nestlings were removed from second clutch in 1967, 3 nestlings were removed 
from second clutch in 1968. Pair 21, 3 nestlings were removed from second clutch in 1968. Pair 23, 4 nestlings were removed from repeat clutch 
in 1967. 

** Pair 3 and pair 4 have the same male, the females are cousins. Pair 7 and pair 8 have the same female, the males are brothers. Pair 9, the 
female is a sister of the female in pair 7 and 8. Pair 12 and pair 13 have the same male. Pair 17 and pair 10 have the same female. Pair 18, the 
female is a daughter of pair 11. Pair 19 and pair 20, the two females are sisters and the two males are brothers. 


