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Abstract

After an overview of the discussion about the existence of intra- and interspecific competition that illustrates the contradic-
tory opinions I conclude that long-term field experiments are needed for firm conclusions. I discuss in some detail the role
of two factors that limit population size of secondary cavity nesting birds e.g. territorial behavior and adequate cavities.
This is followed by an overview of experimental long-term field studies in Belgium showing that intra- and interspecific
competition in a great tit-blue tit system exists. By using nestbox configurations with high densities of nestboxes that dif-
fer in the diameter of their entrance hole in replicate study plots it is possible to manipulate the breeding densities of great
tit Parus major and blue tit Cyanistes caeruleus independently, thereby varying the intensity of intra- and interspecific
competition between these two coexisting species. When blue tit densities are experimentally increased local recruitment
of great tits increases, and adult great tit post-breeding dispersal to other study plots decreases, implying that great tits use
blue tit density to evaluate habitat quality and that high blue tit density results in heterospecific attraction. The reverse is not
true. An experimental increase in great tit density leading to an increase in interspecific competition in a plot where blue tit
density was already high leads to a decrease in blue tit nestling mass (illustrating interspecific competition for food), but to
a gradual increase in blue tit body size. Both are primarily caused by an increase in the body size of immigrants (caused by
intraspecific competition for protected roosting holes) in contrast to the control plot, where neither is observed. I also sum-
marize behavioral, ecological and possible evolutionary effects of sparrowhawks on blue tits after sparrowhawks settled in
an isolated study plot halfway through the study: adult survival substantially decreased for both sexes, but more for females
that laid large clutches, leading to selection for females that laid a smaller clutch. This led to a change in the reproduction/
survival life-history trade-off. Adult winter weights and nestling weights decreased, and the heaviest fledglings were selected
against. Furthermore the frequency of polygyny increased. The long-term experiments also document the role of the use of
public information and that species that compete can be attracted to sites in which competitor density is high.

Keywords Blue tit - Conspecific attraction - Cyanistes caeruleus - Great tit - Heterospecific attraction - Long-term field
experiments - Parus major

Introduction: does interspecific competition
exist?

Biotic interactions exert selection pressures on individuals,
which can translate into effects at population and commu-
nity levels. In this overview, I will illustrate this using some
examples from my long-term studies on tits, concentrating
04 André A. Dhondt especially on competition and predation. I will place these in

aad4@cornell.edu a brief historical perspective on discussions regarding intra-
and interspecific competition. Most specific methods used
are described in the papers cited.

Communicated by Andreas Nord.

Department of Ecology and Evolutionary Biology, Cornell
University and Cornell Lab of Ornithology, 159 Sapsucker
Woods Road, Ithaca, NY 14850, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-023-05448-0&domain=pdf
http://orcid.org/0000-0002-4946-1401

278

Oecologia (2023) 203:277-296

In what follows, I will introduce the discussion as regards
the existence of intra- and interspecific competition, provide
experimental evidence for intra- and especially interspecific
competition on demography, discuss factors that influence
dispersal including the role of public information, explore
possible evolutionary changes resulting from interspecific
interactions, and finally summarize the multiple impacts of
sparrowhawks on a blue tit population.

Competition is the negative effect which one organ-
ism has upon another by consuming, or controlling access
to, a resource that is limited in availability (Keddy 1989).
The word ‘consuming’ refers to exploitation competition,
while the words ‘limiting access to’ refer to competition
by interference. Intraspecific competition occurs between
individuals of the same species, while interspecific com-
petition involves individuals of different species. Competi-
tion impacts the fitness of individuals, which can lead to
effects on population size or species distribution (Dhondt
2012). Directional changes in competition intensity could
lead to evolutionary responses. The strongest evidence for
the existence of competition results from carefully executed
and replicated long-term field experiments which require
a detailed understanding of what resources are limiting
(Hairston 1989). If it is possible to manipulate resource
availability or breeding density it should not only be pos-
sible to document the existence of interspecific competition
but also to document its impact. While traditionally inter-
actions between two or more species were defined either
as competition or as facilitation (whereby both interacting
individuals benefit from the interaction) it is now generally
documented that interactions between individuals of differ-
ent species can—depending on conditions—result either in
competition or in facilitation (Forsman et al. 2008; Trautz
et al. 2017), whereby inadvertent social information can play
a major role (Jaakkonen et al. 2015; Monkkonen and Fors-
man 2002; Parejo and Aviles 2016).

Because a necessary condition for the existence of inter-
specific competition is the existence of intraspecific com-
petition (Reynoldson and Bellamy 1971) it is useful to
give a brief overview of the long-term debate regarding its
existence. Until about the mid-seventies there existed two
opposing opinions. On the one hand, as summarized in
two influential books, David Lack believed that intraspe-
cific competition exists and was fundamental in regulating
population size (Lack 1954, 1966), but that interspecific
competition was at best transient and resulted in coexist-
ing species using different resources (Lack 1971). In stark
contrast Andrewartha and Birch (1954) simply rejected the
existence of intraspecific competition, and thus by default
the existence of interspecific competition. They wrote (p.
649): “The generalizations about “density-dependent fac-
tors” and competition in so far as they refer to natural popu-
lations are neither theory nor hypothesis but dogma”.
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In a critical review of Lack’s 1966 book Chitty (1967),
while not necessarily rejecting the existence of intraspecific
competition, writes “A further consequence of this search
for density-dependent factors is that an immense amount
of time is spent in purely descriptive tasks, in the hope that
if only we list enough causes of mortality we shall be that
much closer to understanding how populations are regu-
lated. This approach is a poor substitute for field experi-
ments and has not been very productive, as indeed Lack
admits (pp. 8, 288)”.

In the broader literature this debate was still very explicit
at a 1970 meeting on “Dynamics of Numbers in Popula-
tions” in which Solomon placed the multiple general theo-
ries into two groups. One group were variants of the idea
that populations cannot persist for long unless they are
subject to density-dependent regulation (i.e. intraspecific
competition), while the theories in the other group all con-
tained the tenet that “the diversity of the habitat and of the
population explains the persistence of many populations”
(Solomon 1971). During the conference den Boer, one of
several authors belonging to the second group, illustrated
that density fluctuations are reduced as heterogeneity of the
environment increases (den Boer 1971), and that therefore,
density dependent factors are not needed for a population
to persist. At the same meeting Charles Birch (1971) was
even more explicit repeating that competition simply does
not exist. On the other hand Kluyver (1971) (among oth-
ers) illustrated experimentally that “intraspecific strife” was
important in population regulation and dispersal of great tits
(Kluyver 1971) and Dhondt (1971a) reported the importance
of both density-dependent juvenile survival and territorial
behavior in regulating great tit population size.

While, as discussed above, the existence and importance
of intraspecific competition, although challenged, was sup-
ported by a fair number of scientists primarily under the
impulse of David Lack, the ongoing existence of interspe-
cific competition was much less generally accepted. Follow-
ing Gause’s principle (Gause 1934) Lack (1966) concluded
that different species can only coexist by avoiding interspe-
cific competition altogether.

In the early seventies studies documenting ongoing inter-
specific competition in animal populations were quite rare
(Connell 1971; Reynoldson and Bellamy 1971). The para-
digm of “The Ghost of Competition Past” (Connell 1980) as
described above by Lack drove thinking. The final sentence
in Connell’s (1980) paper is:”. until some strong evidence
is obtained from field experiments along the lines suggested
above, I will no longer be persuaded by such invoking of “the
Ghost of Competition Past’. In a review on interspecific com-
petition in an ecological concepts symposium organized by the
British Ecological Society Law and Watkinson (1989) wrote: ”
1t is difficult to perceive a real sense of progress in our under-
standing of the role of competition in nature ... rather we are
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left with an impression of a subject moving from one world
view to another depending on the influence of the prevailing
protagonists”. In this quote they emphasized that 35 years
after the books by Lack and by Andrewartha and Birch we had
not really gained much new understanding about the impor-
tance of interspecific competition.

I think that the remarks made by Chitty (1967) and Con-
nell (1980) are crucial: to resolve a problem in ecology
one must carry out field experiments that allow one to test
contradictory predictions stemming from different theories
or hypotheses. Of course, if one believes that interspecific
competition does not occur, one would not design experi-
ments to test its effects. It is interesting that in his review of
experiments performed to study interspecific competition
in birds John Wiens (1989) found that only very few had
replicates and/or controls and very few had been performed
over an extended period. Similarly, very few field experi-
ments on birds survived Hairston’s critical evaluation in his
important 1989 book. He concluded that “The whole book
will irritate ecologists who adhere to the claim that direct
observations of what are sometimes called “natural experi-
ments” are sufficient to draw conclusions about ecological
phenomena” (Hairston 1989).

The bottom line is experiments are essential in ecology,
but they must be carried out correctly. Furthermore, in this
entire debate as to the existence of interspecific (and even
intraspecific) competition in birds, one potential interesting
outcome of this biotic interaction, i.e. what selection pres-
sures are the result of these interactions and to what possible
evolutionary changes they can lead is overlooked. In this
paper I will not only discuss short-term effects of intra- and/
or interspecific competition, but also explore observations
and experiments that provide some answers as to possible
evolutionary responses of biotic interactions in birds.

Density dependence, intraspecific
competition and population regulation

Intraspecific competition for a limiting resource is a process
leading to density dependence and resulting in population
regulation. Note that other factors, such as predation or para-
sitism, can also act in a density-dependent fashion and hence
regulate population size. As explained in the introduction
the mere existence of intraspecific competition leading to
population regulation used to be widely not accepted. In
what follows, I will discuss space and cavities as a limiting
resource in cavity-nesting birds.

Does territorial behavior limit numbers? Or space
as a limiting resource

Ever since Howard’s book “Territory in Bird Life” (How-
ard 1920) there has been an intense debate about the extent

to which territorial behavior does limit breeding popula-
tion size. The most explicit critic of this idea was David
Lack. In 1933, he summarized his arguments why he
believed that “there is not sufficient evidence that territory
is an important factor in the prevention of overcrowding”
(Lack and Lack 1933). In response Huxley (1934) wrote
that it seems quite clear that when birds display territo-
rial behavior it does play a part in determining the actual
density of a breeding population. Based on some obser-
vations of territorial behavior of Eurasian coots Fulica
atra Huxley introduced the elastic disk hypothesis that
territories are compressible but not beyond a certain limit
(Huxley 1934); hence breeding density of territorial spe-
cies can vary between years. In her important summary on
the topic Nice (1941) wrote that “pairs are spaced through
the pugnacity of males towards others”, but also that birds
which fail to obtain a territory form a reserve from which
replacements come in case of the death a territory owner
(Nice 1941). This led to the buffer hypothesis (Kluijver
and Tinbergen 1953), further expanded by Brown (1969)
and Fretwell and Lucas (1969) that basically claimed that
territorial behavior causes birds to distribute themselves
across habitats of diverse quality in such a way that densi-
ties vary in relation to habitat quality. Birds that cannot
establish themselves form a surplus that may live in a dif-
ferent habitat, often flocking and queuing for access to
a vacant territory (Baeyens 1979; Ens et al. 2014). This
also led to Susan Smith’s “underworld” idea that explains
social organization in territorial bird species in the tropics
that breed year round (Smith 1978).

As an undergraduate I was interested in bird behavior and
had the opportunity to work under the supervision of Prof.
Dr. Jan Hublé. I participated in his great tit nestbox popula-
tion study in and around Ghent, Belgium. As an undergrad
one is inclined to believe that what has been published by
senior scientists must be true. Nevertheless, one of the things
which puzzled me was David Lack’s statement that although
breeding density in a site could vary considerably territorial
behavior did not limit the number of breeding pairs (Lack
1966). Various factors can influence territory size and hence
breeding density. Male aggression could vary between years
as found in red grouse Lagopus lagopus scotica (Watson
and Miller 1971) or territory size could vary with male age
(Dhondt 1971b) leading to a correlation between age com-
position and population size (Dhondt 1971a). Compelling
experiments by John Krebs and collaborators showed that
an experimental increase in settlement synchrony leads to
an increase in the number of birds that can settle (Knapton
and Krebs 1974), and that following the removal of terri-
torial males in high quality territories these were rapidly
replaced by birds from lower quality sites (Krebs 1971) or by
birds from a non-breeding surplus (Krebs 1977). These, and
many other studies, did show that intraspecific competition
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for space can indeed limit population size in many different
species (Newton 1992).

Territorial behavior, however, is not limited to the breed-
ing season. Some birds defend territories outside the breed-
ing season, in their wintering grounds and even year round,
which impacts the time of year when such behavior limits
numbers. Piet Drent’s very detailed work underlined that
we need to look further than territorial behavior in spring.
What happens in the fall can also have major impacts and
he concludes that many juvenile great tits present in the area
in autumn fail to secure a territory, and emigrate confirming
that territorial behavior in September is a density-limiting
process (Drent 1984).

The impact of territorial behavior on limiting numbers is
also linked to social organization during the non-breeding
season as clearly illustrated by between species variation in
social organization among temperate zone finch and tit spe-
cies (Matthysen 1990; Newton 1972) and such behavior can
lead to the exclusion from a study plot or mortality at differ-
ent times of the year (Dhondt 1971a; Hogstad 1989; Watson
and Jenkins 1968). During winter black-capped chickadees
Poecile atricapillus, for example, live in groups that defend
territories as a group. Within that group there exists a strict
dominance hierarchy. Some individuals, however—called
flock switchers by Smith (1987)—are technically floaters
that move between flocks. These flock switchers rapidly
replace a disappearing dominant flock member, but do not
replace a subordinate one indicating that the floater strategy
serves to increase their chance to obtain a territory later. She
described that, as spring approached and flocking behavior
changed into pair territorial behavior, the surplus birds that
could not obtain a pair territory left the area being driven
out (Smith 1967). Thus during winter intraspecific interac-
tions for dominance limit population size, while in spring
interactions for a territory do that. More studies of territorial
behavior in tropical bird species with year round territory
defense would help to better understand their population
regulation possibly linked to their annual variation in testos-
terone level as, for example, done by Goymann and Landys
(2011). Recent work suggests that the role of testosterone
varies with life history strategy and that researchers should
take advantage of the large diversity of life history strategies
among tropical bird species to gain a better understatnding
of the role of territorial behavior in tropical systems (Moore
et al. 2019).

Are cavities limiting?

Since at least 1910 nestboxes have been used for the sci-
entific study of secondary cavity nesting birds, especially
tits (Kluijver 1951; Wolda 1913). Other than providing
easy access to bird nests to the researchers the impact of
providing artificial nest-holes varies. Tomasz Wesolowski
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and colleagues concluded that in Biatowieza Forest in
Poland, one of the few remaining undisturbed primaeval
European forests, there is no shortage of natural cavities,
and that therefore secondary cavity nesters are not lim-
ited through a lack of nest sites (Wesolowski 2007; Weso-
lowski et al. 2015). In most studies, though, the provi-
sion of nestboxes did result in an increase in the breeding
density of at least some cavity nesting species illustrating
that adequate nest sites are limiting, and that there exists
a surplus of non-breeding birds (Newton 1994a, 1994b)
even in largely natural forest (Robles et al. 2012). That was
also true in our Belgian study sites: following the provi-
sion of nestboxes breeding densities increased; and surplus
birds were present because when we removed territorial
great tits in spring the vacancies were rapidly and com-
pletely replaced (Lambrechts and Dhondt 1988) as they
were in a similar experiment by John Krebs in Oxford
(Krebs 1977). I am not aware of any experiments in which
blue tits were removed. Torok’s “removal experiments”
were actually exclusion experiments to test for competi-
tion for food during the breeding season between great and
blue tits (Torok and Téth 1999), which they documented.
The exclusions were performed by reducing the entrance
holes of individual boxes, so that the intensity of compe-
tition was reduced because of fewer pairs breeding. Even
in Wytham Woods near Oxford—a relatively unmanaged
broadleaved woodland with a surplus of large-holed nest-
boxes—great tit breeding numbers decreased following a
nestbox removal experiment. Note that blue tits, many of
which used natural cavities, did not decline when the nest-
boxes were removed (East and Perrins 1988). Studies in
South America confirm that even in natural tropical forest
high quality nest cavities can be limiting (Cockle et al.
2010; Cornelius et al. 2008; Medina-Estrada et al. 2022;
Tarazona-Tubens et al. 2022).

While I acknowledge that studies in manmade forest do
not reflect natural conditions, they can nevertheless be used
to test hypotheses.

In the nineteen sixties so-called selective nestboxes were
being promoted to avoid the extirpation of the smaller tit
species by the larger and more aggressive great tit in west-
ern European managed forests. In 1966, for example, Cees
Stam (1968) and collaborators across The Netherlands and
Belgium collected data from 17,638 nestboxes of different
types in which all six W. European tit species and another
18 bird species were recorded. He illustrated how adding
or replacing the traditional nestboxes (opening 32 mm or
larger) with selective nestboxes that are smaller and/or have
a smaller entrance hole changed the proportion of different
species found in nestboxes from 87% great tit, 11% blue tit
and 1% other tit species (n =372) to 44% great tit, 36% blue
tit and 20% other tit species (n=367). One cavity, therefore
is not the same as another cavity which opens an avenue to
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manipulate breeding densities of secondary cavity nesters as
done, for example by Hans Lohrl (1977).

A method to manipulate breeding density of great
and blue tit

Most European population studies of great and blue tit have
used nestboxes with an opening large enough for great tits
(30-32 mm diameter). These were also used by the smaller
blue tits and some other species. In the Ghent study, we
also used large-holed nestboxes (32 mm diameter), but for
a reason unrelated to the study of competition we changed
the large-holed boxes into small-holed nestboxes (26 mm) in
one of the study sites. Not only did this lead to the intended
reduction of great tit population size in the study plot, but an
unexpected result of excluding great tits from the nestboxes
was that large numbers of blue tits were found roosting in
the small-holed nestboxes in winter, which than led to an
increase in the size of their breeding population (Dhondt
and Eyckerman 1980b). To test the idea that the increased
use of nestboxes by blue tits was the result of interspecific
competition for cavities as roosting sites and not caused by a
preference of blue tits for small-holed nestboxes when avail-
able we performed aviary experiments. When in winter a
single blue tit was kept in an aviary with both nestbox types
it always used a large-holed nestbox for roosting (Dhondt
and Eyckerman 1980b). If we then added a great tit to the
aviary the blue tit shifted to a small-holed box for roosting
without clear interactions with the great tit (Kempenaers and
Dhondt 1991). This result is not really surprising. The larger
great tit (18 g) can represent a mortal danger for the smaller
blue tit (11 g) when together inside a nestbox, hence using
a large-holed nestbox can be risky for blue tits (Lohrl 1977)
as it can be for pied flycatchers Ficedula hypoleuca during
the breeding season (Samplonius and Both 2019).

In 1974 T was appointed as a faculty member in the
Department of Biology of the newly founded “Universitaire
Instelling Antwerpen” (Belgium). Before starting a new
research project I decided to first explore the extensive data
on populations of great and blue tit that had been collected
by Jan Hublé and collaborators at Ghent University in a suite
of study sites since 1958. The data existed only on handwrit-
ten punch cards. To analyze the data and explore the extent
to which competition could be documented, I first needed to
computerize all data. Entering the data on IBM punch cards
took about 18 months. After that the analyses rapidly pro-
vided correlational evidence for the existence of both intra-
and interspecific competition in the great and blue tit system
(Dhondt 1977). Based on that analysis I concluded that inter-
specific competition was caused by scramble competition for
food during the breeding season because at higher density
of either species nestling mass and fledging success of both
species were reduced. The effect was asymmetric in that the

impact of blue on great tits as measured by the competition
coefficient (o= 1.2) was quite strong, while the reverse effect
was much weaker (p =0.13). This was attributed to the blue
tits having a broader food niche than the great tit, a result
later confirmed experimentally (Nour et al. 1998; Torok
1993; Torok and Téth 1999). The analysis of the Ghent data
also showed that great tit mean wing length and mean body
mass decreased considerably from 1962 to 1975, an effect
that we attributed to changes in the intensity of intraspecific
competition (Dhondt et al. 1979). We hypothesized that this
change in great tit measurements would reflect an evolution-
ary change as the first publication in which heritability of
morphological characters in a wild bird population had been
documented had just been published (Boag and Grant 1978).

I decided that it would be important to experimentally test
ideas about the existence of intra- and interspecific competi-
tion and their effects on demography, behavior and possi-
bly on measurable changes in selection pressures. Creating
replicate plots in which density of great and blue tits were
manipulated by varying nestbox configurations would pro-
vide the basis for long-term experimental studies to explore
the existence and importance of competition in general and
measure its possible effects on individuals and populations
(Dhondt and Eyckerman 1980a, 1980b). As always, the field
experiments generated some unexpected results.

This long-term experiment asked multiple questions.

1. How did the demographic parameters vary between sites
in which the intensity of intra- and interspecific competi-
tion differed?

2. What resources were limiting; could they be manipu-
lated?

3. Did effects of intra- and interspecific competition vary
with habitat quality?

4. Were all effects of density negative, or could the manip-
ulation of nestboxes and breeding population density
have other effects too?

5. Did experimental differences in the strength of competi-
tion lead to changes in selective pressures and possibly
to evolutionary responses.

Experimental evidence for the existence
of intra- and interspecific competition in tits

Following my “discovery” that it was possible to manipulate
great and blue tits numbers separately by using nestboxes
with different entrance hole size, I created in 1979 two rep-
licates of each of three nestbox configurations (Table 1). One
set were a new series of study plots near Antwerp, Belgium
in high quality mainly oak habitat; the second series were
inserted about 60 km away among the study plots around
Ghent, Belgium that Jan Hublé had initiated in 1958. These
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Table 1 Nestbox configurations in the Ghent and Antwerp study plots in which density of great and blue tit were manipulated and are discussed

in this paper

Region Plot Size (ha) Nestbox configuration GT density BT density GT nest success BT nest success
Ghent MA 10 ha Large, both 1.46 1; 1.5 0.57 0.70

ZEV 13 ha Large 1.80 0.91 0.85 0.83
Antwerp T 12.5 ha Large, small, both 2.47 2.16 0.93 0.91

B 12.5 ha Both 3.30 2.64 0.94 0.88

C 17 Small nd 2.5 nd 0.82

The table includes some data on bird performance (nest success = proportion of eggs fledging in first broods that fledged at least one young;
density: pairs /ha. More details can be found in Dhondt 2010; Dhondt et al. 1990a). In plots in which nestbox configuration was changed more
than one value is mentioned in a cell. In Ghent plot MA was the experimental plot. Data used are from 1964 to 1978 with LARGE nestboxes and
1978-1987 with BOTH nestboxes. The control Plot ZEV remained with LARGE nestboxes from 1964 onwards. A few years of detailed infor-
mation is missing between 1986 and 1989. In Antwerp Plot B was the control plot with configuration BOTH, and Plot C was also a control plot
with configuration SMALL from 1979 to 1993. In the experimental Plot T nestbox configuration was LARGE 1979-1983, SMALL 1984-1988,
and BOTH 1989-1993. Plots B and T are both within a large forested area (Peerdsbos) and about 800 m apart; the closest distance between Plot

T and the fragment Plot C is about 2.8 km

were in much poorer habitats, and all of them were in iso-
lated fragments (Dhondt and Hublé 1968). Configuration
LARGE was the traditional configuration with large-holed
(32 mm) wooden nestboxes only. Based on previous work
we expected in this configuration a high great tit and an
intermediate blue tit density as blue tits are outcompeted by
great tits in such a configuration even when there is a sur-
plus of nestboxes (Minot and Perrins 1986). Configuration
SMALL had only small-holed (26 mm) nestboxes; based
on previous work we here expected a high blue tit density
and a very low great tit density as great tits were limited to
natural cavities that were in short supply in managed forest
(Dhondt and Eyckerman 1980b). Configuration BOTH com-
bined high densities of large- and small-holed nestboxes. We
here expected a high great tit density but we were uncertain
about what blue tit density to expect. If interspecific com-
petition for food existed in winter we expected an interme-
diate blue tit density as great tit density would be high and
thus interspecific competition for food in winter would be
increased. If interspecific competition was only for roosting
sites during winter, we expected a high blue tit density, as
they were released from interspecific competition for cavi-
ties. If interspecific competition was for both food and for
roosting sites blue tit density would be intermediate. While
this experiment did not specifically test for competition for
food during the breeding season, we assumed that earlier
work had provided sufficient evidence that food was limiting
during the breeding season (Dhondt 1977).

The results of these manipulations on breeding density
were quite clear: blue tit densities in all sites with small-
holed nestboxes were high and equal in configurations
BOTH and SMALL, therefore not impacted by great tit den-
sity. This implied winter competition for roosting sites but
not for food with great tits (Dhondt et al. 1991). By compar-
ing plots with different nestbox configurations we could test
for effects of intra- and interspecific competition separately.
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Thus, comparing configuration LARGE with configuration
BOTH measures the impact of interspecific competition on
great tits by blue tits, as in both configurations great tit den-
sity was high, while blue tit density was low in configura-
tion LARGE, but high in configuration BOTH; comparing
configurations BOTH and SMALL measures the effect of
interspecific competition on blue tits by great tits, since in
configuration BOTH and SMALL blue tit density was high,
while in configuration BOTH great tit density was high,
but low in configuration SMALL. Difference in blue tit but
not in great tit density between configuration LARGE and
BOTH made it possible to measure effects on intraspecific
competition in blue tits.

Initially we created two replicates of the three configura-
tions for 5 years, but in experimental plots we changed the
configuration after 5 years, while keeping configurations in
control plots unchanged. This made it possible to allow for
unplanned between-year variation in the comparisons (see
for example Fig. 2). In all the Ghent plots in which we made
changes in nestbox configurations we had data from years
before 1979 in which all nestboxes were large-holed.

Experimental nestbox configuration
and reproduction

I have earlier described in detail the most important cor-
relational and experimental results of effects of competi-
tion on reproduction in great and blue tits (Dhondt 2010,
2012), and in another paper especially for blue tits (Dhondt
and Adriaensen 1999). I will limit myself here to a brief
summary of the results based on the experimental density
manipulation only.

- Experimental increases in the intensity of intraspecific
competition among blue tit yielded following results. In
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the low quality Ghent plots nest success was reduced in
the experimental Plot MA compared to the control plot
ZEV indicating an increase in intraspecific competi-
tion for food with density. The comparison of changes
between periods in Antwerp also showed some evidence
of competition for food when comparing blue tits in Plot
T (experimental) and Plot B (control): breeding adult
female (not male) mass was lower in the higher blue tit
situation and 15 day nestling mass was 2.6% lower in
the high blue tit density plot compared to the low den-
sity situation, while it did not change in the control plot.
A surprising result was that in both regions laydate was
delayed at high blue tit density compared to the control
plot.

- Experimental increases in the intensity of interspecific
competition of great on blue tit yielded, for the Antwerp
plots, a significant decrease in nestling body mass and
in adult female mass, while clutch size was marginally
smaller (P =0.07), indicating interspecific competition
for food.

- The experimental increase in the intensity of inter-
specific competition of blue on great tit caused great tit
clutch size and nest success to decrease in the Ghent
experimental plot MA compared to the control plot SO.
In Antwerp, though, the increased blue tit density did not
cause a significant decrease in nestling mass across all
birds, but there was a clear effect on nestling mass of the
largest clutches, resulting in a selection for smaller great
tit clutch sizes (Fig. 1). Condition (mass/tarsus) of both
nestlings and adults were significantly lower when inter-
specific competition has been experimentally increased
(Dhondt 2012).

Taken together these results emphasize the importance of
food as a limiting resource for blue and great tits during the
breeding season, and underline that the effects are stronger
in low quality habitat.

Experimental nestbox configurations
and dispersal

Background on existing data on heterospecific
attraction and dispersal

In Antwerp we made a major effort to individually ring,
weigh and measure all nestlings at 15 days, and trap all the
breeding adults of both species. This provided detailed data
on survival and dispersal. In the Ghent study sites the results
were not as detailed in many years, especially not for the
blue tits. By the time the long-term data were being ana-
lyzed many years later a lot had changed in the thinking
how birds make dispersal decisions. Several experiments
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Fig. 1 15-day nestling mass of great tits as a function of clutch size
during two 5-year periods during which blue density was manipulated
to change the intensity of blue tit interspecific competition. In both
plots and all years great tit density was high. In Plot B (triangles) blue
tit density also was high throughout. In Plot T (circles) blue tit den-
sity was low in 1979-1983 (filled symbols), but high in the period
1989-1993 (open symbols) thereby increasing the intensity of inter-
specific competition on great tits. In that period the nestling mass in
the largest broods (>11) were significantly lower in Plot T than in
Plot B, while that had not been the case previously. This indicates
competition for food that only impacts a subset of the birds, causing
a selection pressure against the largest clutches. In the 2nd period
(1989-1993) overall conditions were poorer as illustrated by the
lower body mass in both study plots. See also Dhondt et al. (1990a, b)

had supported the existence of conspecific attraction in deci-
sions regarding territorial settlement (Alatalo et al. 1982;
Danchin et al. 2004; Stamps 1988), and ground-breaking
experiments by Mikko Monkkonen and Jukka Forsman
documented effects of resident species density on settle-
ment decisions of migrants thereby proving the importance
of inadvertent public information leading to heterospecific
attraction: an experimental increase in the density of resident
species resulted in an increase in the density of migratory
birds indicating that migrants use resident density as an indi-
cator of habitat quality, although they might be competi-
tors (Forsman et al. 2008; Monkkonen et al. 1990) and that
experimental manipulations of tit density might mislead the
migrants as to the real habitat quality (Forsman et al. 2008).
Several experiments have now documented the diversity of
types of social or public information (further called Inad-
vertent Social Information or ISI) that influences prospecting
birds in their decision where to settle. Most experiments
manipulated a trait related to ISI that could impact perceived
habitat quality. These included density, the number, the qual-
ity, or even the sex ratio of nestlings (Doligez et al. 2002,
1999; Nicolaus et al. 2009; Nicolaus et al. 2012; Parejo et al.
2007a, 2007b). Many manipulations influenced settlement
or dispersal. Most experiments measured the use of ISI on
conspecifics, although sometimes on heterospecifics. Thus,
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Parejo and colleagues performed experiments in which they
manipulated the number and the quality of nestling blue tits
to determine if great tits used that as ISI when selecting
where to settle. They found that great tit adult dispersal deci-
sions seemed to be influenced by con- and heterospecific
density but not by reproductive success (Parejo et al. 2008).
Age sometimes also influenced the response to experimental
manipulations (Doligez et al. 2004; Parejo et al. 2007b).
These results underline the complexity of dispersal and set-
tlement decisions in birds and that conspecific and/or het-
erospecific attraction can play an important role. Note that
although most examples of effects of heterospecific attrac-
tion on dispersal stem from birds they are also observed in
other taxa, as, for example, in newts (Cayuela et al. 2018).

Density manipulations and dispersal

To test the effect of density on dispersal I compared local
recruitment and breeding dispersal between plots that dif-
fered in conspecific and/or heterospecific density. Unfor-
tunately the data collected in the replicate plots in Ghent,
especially as concerns the identity of the breeding birds,
were less complete than in Antwerp and I will therefore
only discuss the Antwerp data in this section on dispersal.
The experimental configurations made it possible to com-
pare effects of blue tit density on great tit dispersal and
vice-versa, and effects of blue tit density on blue tit disper-
sal. No configurations made it possible to study effects of
great tit density on great tit dispersal. I will report on two
components of dispersal: (1) breeding dispersal measured
as the proportion of adults that bred in one year and were
recaptured alive in the following year and either remained
in the same study plot or bred in a different plot; and (2)
local recruitment, i.e., the proportion of the breeding popu-
lation in a plot that was born locally and had remained in
the same plot and hence had been recruited locally. In these
analyses I only included yearling birds to avoid bias (Mat-
thysen et al. 2011). With the three nestbox configurations
(LARGE, BOTH or SMALL) following three comparison
were possible.

- Effect of blue tit density on great tit dispersal. In the
control plot B with configuration BOTH great and blue
tit density was high for 10 years. In the experimental Plot
T the configuration was LARGE in 5 years and BOTH in
another 5 years. Great tit density was high throughout,
but blue tit density was low in the 5-year period with
configuration LARGE, but high in configuration BOTH.
- Effect of great tit density on blue tit dispersal. In the
control plot B we maintained configuration BOTH, while
in the experimental plot T the configuration was LARGE
in one 5-year period (with a high great tit and a low blue
density) but SMALL in the other 5-year period. In this
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latter period great tit density was (very) low as there were
no nestboxes for them and they needed to use natural cav-
ities, but blue tit density was high.

- Effect of blue tit density on blue tit dispersal. In the
control plot B we maintained configuration BOTH for
10 years (high great tit, high blue tit density), while in the
experimental plot T the configuration was LARGE (high
great tit, but low blue tit density) for 5 years, but BOTH
in the other 5-year period.

I report on the effect of changes in configuration first for
breeding dispersal, and then for local recruitment. I used
a 3-way contingency table analysis for each sex separately
to test to what extent the change in nestbox configuration
leading to a change in breeding density of one species had
an effect on either breeding dispersal or local recruitment.
I performed the analyses separately for males and females
because it is well known that both in great end blue tits
females disperse further than males (Dhondt 1979; Mat-
thysen et al. 2001). If the 3-way interaction is significant I
report the significance of the 2-way interaction of interest,
i.e. the Period x Movement (corrected for Plot) interac-
tion. I could not test intraspecific effects for great tits as in
the plots with small-holed nestboxes only we did not have
information on great tit breeding. An earlier correlational
analysis of great tit juvenile dispersal in Plot B showed
a significant increase in the proportion juveniles dispers-
ing with the number of fledged juveniles, indicating the
impact of intraspecific competition on dispersal for this
species (Dhondt 2012).

Effects on breeding dispersal

As the experimental configuration in the experimental plot
was changed every 5 years we could only use the first 4 years
of the experimental configuration.

Experimental changes of blue tit density and great tit
breeding dispersal

The 3-way contingency analysis for males yields a signifi-
cant three-way interaction (G2 =10.6,df=4, P=0.031). The
two-way interaction of interest Period x Movement(Plot) is
not significant (G2 =4.52, df=2, P=0.10), a result most
likely resulting from the lack of any dispersal in the control
plot. The proportion of dispersing female great tits, however,
decreased from 14.1% at low blue tit density to 0% at high
blue tit density, while remaining unchanged in the control
plot, a very significant result (G*=12.72, df=2, P=0.0017).
Combining the P-values of males and females using Fish-
er’s test for combining P-values of independent tests (Fisher
1954; Sokal and Rohlf 1995) yields a very significant result
(*=17.36,df=4, P<0.01).
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This strongly suggests that great tit breeding dispersal
is less likely when blue tit density is high, suggesting that
heterospecific attraction does operate and that great tits use
blue tit density as an indicator of habitat quality (Table 2).

Experimental changes of great tit density and blue tit
breeding dispersal

Neither for males (3-way interaction G*=3,8 df =4,
P =0.43) nor for females (3-way interaction G*=12.88,
df=4, P=0.58) does the breeding dispersal of blue tits
change significantly between periods when great tit density
was manipulated. The combined probability confirmed that
(*=3.88, df =4, P <0.50).

Blue tit breeding dispersal was not influenced by great tit
breeding density (Table 3).

Experimental changes of blue tit density and blue tit
breeding dispersal

Neither for males (3-way interaction G?=17.52, df =4,
P=0.11) nor for females (3-way interaction G*>=5.62,
df=4, P=0.23) does the breeding dispersal of blue tits

change significantly between periods when blue tit density
was manipulated.

Blue tit breeding dispersal was not influenced by blue tit
breeding density (Table 4).

Density manipulations and local recruitment

As the experimental configuration in the experimental plot
was changed every 5 years we could only use the last 4 years
of the experimental configuration.

Experimental changes in blue tit density and great tit local
recruitment (LR)

In control Plot B male great tit LR was around 31% in both
periods while in the experimental Plot T great tit LR almost
doubled from 9.8% in the low blue tit density period to
18.9% in the high blue tit period when small-holed boxes
had been added. In females, we found a much weaker but
similar effect. A 2-way contingency analysis yields a very
significant result for the Period x Origin (Plot) in males
(G*=18.2, df=2, P=0.0001) and a smaller but still sig-
nificant effect in females (G2 =6.42,df=2, P=0.04). When
blue tit density was experimentally increased great tit LR

Table 2 Effect of blue tit

- . . Plot Period Configuration Density GT males GT females
density on great tit breeding
dispersal n % Moved n % Moved
Plot T (Exp) 1979-82 LARGE GT hi BT lo 46 7.1 64 14.1
1989-92 BOTH GT hi BT hi 41 0 61 0
Plot B (Ctrl) 1979-82 BOTH GT hi BT hi 63 0 64 3.1
1989-92 BOTH GT hi BT hi 42 0 62 32
n number of adults surviving to next year; GT great tit, BT blue tit, lo low, hi high, Exp experimental plot,
Ctrl control plot
Table. 3 Effect O,f great t,it Plot Period Configuration Density BT males BT females
density on blue tit breeding
dispersal (see also Table 2) n % Moved n % Moved
Plot T (Exp) 1984-87 SMALL GT lo BT hi 43 4.7 49 8.2
1989-92 BOTH GT hi BT hi 44 2.3 39 2.6
Plot B (Ctrl) 1984-87 BOTH GT hi BT hi 33 0 38 5.3
1989-92 BOTH GT hi BT hi 32 0 40 2.5
Tablg 4 Effect O_f blue ti_t Plot Period Configuration Density BT males BT females
density on blue tit breeding
dispersal (see also Table 2) n % Moved n % Moved
Plot T (Exp) 1979-82 LARGE BT lo GT hi 28 7.1 20 5
1989-92 BOTH BT hi GT hi 44 2.3 39 2.6
Plot B (Ctrl) 1979-82 BOTH BT hi GT hi 35 8.6 34 11.8
1989-92 BOTH BT hi GT hi 32 0 40 2.5
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increased, and this both for males and for females, indicat-
ing that heterospecific attraction influences great tit juvenile
dispersal decisions that are positively influenced by blue tit
density (Table 5).

Experimental changes in great tit density and blue tit local
recruitment

Female blue tit LR was very low and did not vary signifi-
cantly between periods or plots (2-way interaction Period x
Origin (Plot) G>=0.06, df=2, P=0.97). Male blue tit LR
did vary significantly between periods (two-way interaction
Period x Origin(Plot) (G*=11.1,df=2, P=0.004). Male LR
increased about 2.3 times when great tit density had been
increased, while the increase in the control plot was about
fivefold. Increasing great tit density reduced blue tit male LR
(Table 6) suggesting that blue tits are more likely to disperse
at high great tit density. Detailed behavioral observations
of interactions between blue and great tits in the fall would
need to confirm that juvenile blue tis are outcompeted by
great tits at that time.

Experimental changes in blue tit density and blue tit
local recruitment

In Plot T, after the nestbox configuration was changed from
LARGE to BOTH, blue tit breeding density increased and
LR of blue tit males increased eightfold. In the control plot
B (configuration BOTH) the proportion local born males
remained very high at 22% (Table 7). A 3-way contin-
gency analysis yields a significant result (3-way interac-
tion GZ=12.16, df=4, P= 0.016); the two-way interaction
Period x Origin (Plot) was significant (G*=7.18, df =2,
P =0.028) indicating that the increase in blue tit density
coincided with an increase in blue tit LR. Blue tit female LR
was very low and did not significantly increase when nest-
box configuration was changed (3-way interaction G*>=0.96,
df=4, P=0.92; two-way interaction Period x Origin (Plot)
G*=04, df=2, P=0.82).

Blue tit males were more likely to recruit in their birth
plot when blue tit density was higher indicating conspecific
attraction; in female blue tits density did not influence LR.
The mechanism involved more than likely was the pres-
ence of small-holed nestboxes that provided blue tits with
high quality roosting sites. However, it is unclear if it is the

Table 5 Effect of blue tit

X . Plot Period Configuration Breeding GT males GT females
density on great tit local
recruitment (see also Table 2) Density n % Local n % Local
Plot T (Exp) 1980-83 LARGE GT hi BT lo 82 9.8 84 7.1
1990-93 BOTH GT hi BT hi 90 18.9 93 9.7
Plot B (Ctrl) 1980-83 BOTH GT hi BT hi 114 31.6 112 16.1
1990-93 BOTH GT hi BT hi 112 31.3 121 17.4
Tablt? 6 Effect Of, great tit Plot Period Configuration Density BT males BT females
density on Blue tit local
recruitment (see also Table 2) n % local n % local
Plot T (Exp) 1985-88 SMALL GT lo BT hi 63 7.9% 83 2.4%
1990-93 BOTH GT hi BT hi 48 18.8% 57 3.5%
Plot B (Ctrl) 1985-88 BOTH GT hi BT hi 66 4.50% 65 1.5
1990-93 BOTH GT hi BT hi 72 22.2% 70 2.9
Tablg 7 Effect O_f blue tit Plot Period Configuration  Density BT males BT females
density on blue tit local
recruitment. (see also Table 2) n % Local n %
Local
Plot T (Exp) 1980-83 LARGE GT hi BT lo 43 2.3% 51 2.0%
1990-93 BOTH GT hi BT hi 48 18.8% 57 3.5%
Plot B (Ctrl) 1980-83 BOTH GT hi BT hi 63 22.2% 74 4.1
1990-93 BOTH GT hi BT hi 72 22.2% 70 2.9
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presence of small-holed nestboxes that leads to an increase
in LR, which then leads to an increase in breeding density,
or if both together cause this. The increase in breeding
density was also the result of an increase in the number of
immigrants.

Overview of effects of density manipulations on tit
dispersal

Effects on great tit—When blue tit density was experimen-
tally increased great tit adult breeding dispersal decreased
and LR of great tit juveniles increased, and this for both
sexes. Great tits of all ages and both sexes use blue tit den-
sity as an indication of habitat quality implying heterospe-
cific attraction as a mechanism. This result is similar to that
obtained by Parejo et al. (2007a).

Effects on blue tit—Changes in great tit density did not influ-
ence blue tit breeding dispersal for either sex. Adult blue tits
did not use great tit breeding density as a measure of habi-
tat quality. As regards local recruitment, most juvenile blue
tit females dispersed with no effect of the changes in nest-
box configuration. Blue tit males, though, used conspecific
density and/or the presence of small-holed boxes for local
recruitment decisions and were much more likely to breed
locally in sites with high blue tit density and/or a large num-
ber of protected roosting sites. On the other hand, they were
more likely to disperse when great tit density was increased.

It is interesting that in this system great tits use blue tit
density as an index of habitat quality, while the subordinate
blue tit either does not, or actually avoids areas with high
great tit density which results in an increase in juvenile dis-
persal pre-empting interspecific competition.

How do interspecific competition and heterospecific
attraction interact?

One of the referees commented that the paper does not fully
discuss the consequences for the existence of social attrac-
tion next to negative competition. They write “the data now
point in the direction that there are not only negative effects,
but also positive effects of blue tit density on great tit perfor-
mance. This makes the effects interpreted earlier as competi-
tion possibly a mixture between negative competition effects
and positive attraction effects”.

To address this interesting remark it is necessary to sepa-
rate heterospecific effects on reproduction on the one hand
and on dispersal on the other. The experimental nestbox
manipulations that result in an increase in breeding density
have either a negative or no effect on reproduction for the
other tit species implying that interspecific competition for
food occurs during the breeding season and that this varies
by habitat quality (Dhondt 2010). This could be considered

a traditional effect of interspecific competition. Experimen-
tal increases of great tit density did not influence breeding
dispersal of blue tits but caused a reduction in blue tit local
recruitment. This would also represent an adverse effect of
interspecific competition on blue tit juvenile dispersal.

The experimental increase in blue tit density following
the increase in the number of small-holed nestboxes had an
effect both on great tit breeding dispersal (reduced at high
blue tit density) and local recruitment (increased at high
blue tit density). Great tits, therefore, seemed to use blue
tit density as an indicator of habitat quality that influenced
their dispersal behavior. Any increase in great tit density
resulting from this change in dispersal behavior would have
impacted interspecific competition, but while their disper-
sal behavior was impacted their density was not influenced,
although the origin of the birds was. Hence, this experiment
did not impact possible effects of interspecific competition.

Changes in selection pressures and possible
evolutionary effects of the long-term
experiments

One of the objectives of the long-term experiment was
to experimentally test the idea that selection pressures in
experimental populations would differ from those in control
populations and test the hypothesis that this would result
in divergent changes, even in open plots in which a high
proportion of the breeding populations were immigrants.
One example possibly documenting such an (evolutionary)
change was that observed for blue tit body size in plot T,
although opposite to what we had expected. Note that this
result is not replicated.

During the 1984-1988 breeding seasons the mean 15-day
tarsus length and the mean 15-day mass of all first brood
blue tit nestlings in Plots T (configuration SMALL) and B
(configuration BOTH) remained largely similar (Fig. 2).
After we added large-holed boxes in Plot T before the winter
198889, thereby increasing great tit density, things gradu-
ally changed over the next 5 breeding seasons 1989-1993:
body mass tended to become smaller in Plot T than in Plot B,
probably caused by the increase in interspecific competition
for food, while tarsus length gradually increased in Plot T
compared to Plot B. By 3 years after the change mean tarsus
length in Plot T was the largest of the plots (Including Plot
C), and by 5 years after the change they were significantly
larger than in Plot B and larger than in any previous year
(Fig. 2).

This result came as a complete surprise. First, it indicated
that even in a high quality oak plot there was competition
for food during the breeding season. Second, it suggested
that the increase in interspecific competition would cause
selection resulting in an increase in body size (tarsus length
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Fig.2 Mean tarsus length and mean body mass of 15-day blue tits
nestlings across 10 years in Plot B (open symbol) and T (filled sym-
bol). In Plot B (control) nestbox configuration BOTH (high great
and high blue tit density) remained unchanged, while in Plot T the
nestbox configuration in 1984—-1988 SMALL (low great, high blue tit
density) was changed to BOTH in 1989-1993 leading to an increase
in the intensity of interspecific competition with great tits. Note how,
compared to Plot B, blue tit nestling tarsus length increased during
the second 5-year period in Plot T, while the body mass in the second
5 year period decreased

in tits, a structural size, no longer increases after nestlings
are 15 days old). The question was: does this change reflect
a genetic change, and if so, how did it come about? Herit-
ability of blue tit tarsus length is pretty high. When in 1979,
I exchanged clutches between females in Plot C to separate
genetic and environmental effects on nestling size the mid-
parent/mid-offspring heritability between nestlings and their
biological parents that had not raised them was h>=0.62,
with no additional influence of the foster parents. (Dhondt
1982). In the same year the estimate was #>=0.61 in Plots
T and B where parents had raised their own young (Dhondt
1988). In the breeding seasons 1981-1986 the average herit-
ability in Plot C, when parents raised their own young, was
h?=0.62 (Dhondt 1988). The observed considerable change
in tarsus length over a 5-year period therefore reflected a
genetic change, especially since the nestlings in Plot T had
become lighter, although they were larger. Note that on aver-
age tarsus length and body mass are positively correlated in
tits (Garnett 1981). Furthermore, the adults breeding in 1993
also had a larger tarsus than in 1988, although in 1988 they
were very similar to the adults in Plot B (Fig. 3) (and also in
Plot C).The change in nestling tarsus length is the result of
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Fig.3 Blue tit mean tarsus length of first time breeding immigrants
in Plot B (open symbol) and T (filled symbol) over two consecutive
5-year periods during which the intensity of interspecific competition
with great tits was changed. In Plot B (control) nestbox configuration
BOTH (high great and high blue tit density) remained unchanged,
while in Plot T the nestbox configuration SMALL in 1984-1988
(low great, high blue tit density) was changed to BOTH leading to an
increase in the intensity of interspecific competition with great tits.
Note how, compared to Plot B, breeding immigrants became gradu-
ally larger during the second 5-year period in Plot

a change in the tarsus length of their parents (Fig. 4.) While
in 1988, the year before the change in nestbox configuration,
the measures of birds from both plots were intermingled,
by 1991, the third breeding season following the change,
many of the dots representing the Plot T birds had moved to
the right indicating they were larger than the birds in Plot
B; by 1993, both parent and offspring of Plot T birds were
firmly on the right indicating that this strongly suggests an
evolutionary change at the population level.

Textbook theory says that when two species compete for
a limiting resource they will evolve to avoid competition by
becoming more different. Blue tits compete with great tits,
their larger counterpart, and is was therefore expected that
an increase in the strength of interspecific competition would
lead to blue tits becoming smaller, i.e., more different. But,
we observe the opposite. How is this possible?

One hint comes from the observation that the change
happened gradually and did not start until year 3 of the
experiment. A second hint comes from the observation
that blue tits not only compete for nestboxes as winter
roosting sites with great tits (that mostly exclude them
when the nestbox opening is 32 mm), but also compete
with one another for this resource. Tits sleep alone in a box
which in winter they defend also in day time (Drent 1987).
As Kluyver (1957) found for great tits, blue tits roosting in
nestboxes are also mostly males. As an example in Decem-
ber we found over the years 158 roosting blue tits in Plot
B (82% males), 291 in Plot C (70% males) and after 1984,
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Fig.4 Mid-parent mid-offspring plots of blue tit tarsus length in Plot
T (dark circles) and in Plot B (open triangles). Each point represents
the measurements of one pair and its young. Note how the dots for
plot T that were firmly embedded among those of plot B in 1988,

when small-holed boxes were available, 108 birds in Plot
T (77% males). Blue tit values are actually more sex biased
than for great tits in our Antwerp study sites with large-
holed boxes in which 59% of 835 great tits found roost-
ing were males. We can assume that in competition for
this discrete resource larger individuals will usually win,
so that when small-holed boxes are provided, the males
occupying them will, on average, be larger. This would
gradually increase the size of the breeding birds, leading to
an increase in the size of their offspring. The provision of
small-holed nestboxes in a site where they were previously
absent, will, on the one hand, reduce the intensity of inter-
specific competition with great tits for cavities in general,
but, on the other, increase the intensity for intraspecific
competition for small-holed boxes benefiting the larger
individuals. I am at a loss of what to call this. At first sight
we cannot call this this evolution through natural selection,
because although the trait selected for (body size) has con-
siderable variation and has a high heritability, the mecha-
nism is differential immigration not differential survival
or reproduction. Unless, of course, larger individuals that
use safe roosting sites in winter survive better than smaller
individuals as was found by Piet Drent (1987) for great
tits. Note also that plots B and T are located in the same
forested area of about 200 ha and that a fair number of
birds move between the plots as shown above. The fact that
the size of the immigrant breeders was similar during the
19841988 period, but became so different between Plot T
and B in the next 5 years (Fig. 4) indicates that the change
in nestbox configuration in Plot T did, to some extent at
least, drive the increasing difference between the sizes of
the blue tits in the two plots, and might indicate that blue
tits use the availability of protected roosting sites as one

Mid-parent tarsus

Mid-parent tarsus

gradually moved to the right and up within 3 years of the change
in nestbox configuration, and were firmly to right after 5 years.
This indicates that the increase in tarsus size of immigrant led to an
increase in the size of their offspring

measure of habitat quality. It is unfortunate that I was not
able to continue this experiment in which I manipulated
nestbox types and hence density, nor that I had a second
replicate plot.

Demographic and possible evolutionary
effects of sparrowhawks on blue tit

Sparrowhawks Accipiter nisus, the main predators of great
and blue tits (Opdam et al. 1987), were abundant in Europe
until the late 1950s. The wide use of organochlorine pes-
ticides caused their rapid decline, resulting in the absence
of sparrowhawks from large parts of their range from the
1960s onwards. After the ban of DDT populations of spar-
rowhawks made a gradual comeback across Europe and
the UK as organochlorine residues decreased (Newton and
Wyllie 1992; Newton et al. 1999). In Wytham Woods, near
Oxford, the first pair bred again in 1973 (Gosler et al. 1995).
In The Netherlands and in Flanders (northern Belgium) the
sparrowhawk made a gradual comeback from the late 1960s
onwards https://nl.wikipedia.org/wiki/Sperwer_(vogel).
Sparrowhawks prey year-round on tits (Opdam 1979). One
of the many interesting impacts of sparrowhawks on tits was
that great tits carried more fat in winter in the absence of the
predator (Gosler et al. 1995) which was the result of indi-
vidual adjustments (Gentle and Gosler 2001). When I started
the nestbox studies near Antwerp in 1979 sparrowhawks
were present in the large forested area north of Antwerp
(Peerdsbos) in which Plots B and Plot T were situated, but
absent in the isolated Plot C, just a few km away. Plot C was
assigned to the “small-holed nestbox” treatment where blue
tit breeding densities were very high at around 2.5 pairs/ha
(Dhondt et al. 1990a, 1990b).
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At the onset of the study we observed multiple important
differences in the demographic traits of blue tits between
Plot C, and both other plots in the Peerdsbos (Plot B and
Plot T) in which sparrowhawks had been present before we
started our studies in 1979 (Adriaensen et al. 1998; Dhondt
et al. 1998). Given an average annual sparrowhawk survival
of 69% (Newton et al. 1983) multiple different sparrowhawk
individuals must have been present during the 15-year study
and later also in Plot C. Following the settlement of a pair of
sparrowhawks in Plot C rapid changes in the blue tit popula-
tion occurred there. One of the reasons that we can evaluate
these is that we had detailed observations both during a pre-
and a post-sparrowhawk period in Plot C, while we had a
control situation with sparrowhawks throughout in Plot B in
which blue tit density was also high because of the presence
of small-holed nestboxes. I here summarize these effects
based on published sources and some novel analyses.

Effect of sparrowhawks on blue tit adult survival
and age structure

In the period 1979-1988 blue tit adult annual survival rate in
plot C (49%) was significantly higher than in plots B (34%)
and T (36%). After the establishment of a pair of sparrow-
hawks in Plot C survival rate decreased there to 38%, while
it did not significantly change in the other two plots (B: 33%;
T: 34%) (Dhondt et al. 1998). In Plot C in the pre-sparrow-
hawk period blue tit annual survival rates of males (49%)
and females (47%) were not different, but while in males
there was no age effect, female annual survival rates varied
between age classes: age 1: 49%; age 2: 59%; age >3: 30%
(Dhondt et al. 1998). Not surprisingly the establishment of
a sparrowhawk pair resulted in a substantial change in the
age structure of the population. In the period 1979-1989
the proportion yearlings was 46.6% in males (n=388) and
46.9% in females (n=439). In the period 1990-1993 this
increased to 52.0% in males (n=179) and 59.3% in females
(n=182). The large difference in females compared to that
in males suggests that the sparrowhawk effect on female
survival was larger than that for males. Annual adult survival
for males was 42% and for females 30%.

Effect of sparrowhawks on blue tit mating system

Blue tits in high quality habitat are frequently polygynous,
but intense studies of color-banded birds are required to
detect that. Although already in 1969 Lars Von Haartman
listed the blue tit as a polygynous species (Von Haartman
1969) there were no detailed descriptions of polygyny in
blue tits until we started our studies in Antwerp (Dhondt
et al. 1983). Because we made every attempt to identify
all nesting males in the Antwerp plots we were able to
document that across all plots the minimum percentage of
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polygynous males was 8%, as we had observed those males
feeding nestlings at 2 (once at 3) nests simultaneously. If
we assumed that the nests at which we had not been able to
detect a male were actually nests of secondary females that
had been deserted by their partner the percentage polygy-
nous males rose to 17% for the period between 1979 and
1985 (Dhondt 1987b). The same data showed that females
in plot B followed the polygyny threshold model and pref-
erentially settled in higher quality parts of a plot in which
monogamous pairs recruited more offspring (Dhondt 1987a).
We also found that in Plot C a high proportion of males did
not breed as yearlings, implying there was a male surplus
(Dhondet et al. 1990b). Two things happened in Plot C after
those analyses: in 1990 a sparrowhawk pair settled in Plot
C and Bart Kempenaers started fieldwork for his Ph.D. One
of the things he did not ever observe were floater males as
evidence of surplus males. This led to sometimes heated dis-
cussions in which he questioned my analyses, and in which I
questioned his field observations. It turned out the we were
both right because things had changed in Plot C following
the settlement of a sparrowhawk. Through very careful and
intense observations during 1990-1992 he did disentangle
the multiple ways in which polygyny came about, a fasci-
nating story (Kempenaers 1994, 1995). Bart discovered
that polygyny could arise behaviorally in three very distinct
ways: (1) year-round polygyny in which a male was paired to
two females from early winter through the breeding season
and sometimes longer. In this system both females used the
entire male territory and did not show mutual aggression;
(2) successive polygyny in which, after considerable strife,
a 2nd female settled on the territory of a monogamous pair,
but used only part of the male’s territory; often this was only
possible after the primary female had started incubation; (3)
replacement polygyny which arose after a female became
widowed before laying and joined a neighboring male on his
territory and settled after a period of strife with the primary
female. We hypothesized that this latter type of polygyny in
particular was the result of a sparrowhawk having taken her
partner, and the lack of surplus males, because blue tits are
frequently taken by sparrowhawks in early spring (Opdam
1979).

Effect of sparrowhawks on blue tit nestling
and adult mass

The sparrowhawk pair had several more effects on this blue
tit population. Whereas all great tit studies in the absence
of sparrowhawks found that the heaviest fledglings were the
most likely to be recruited (Perrins 1965; Dhondt 1971a;
Garnett 1981) as was also the case for blue tits in Plot C
before the sparrowhawks had settled, we were surprised to
discover that there was selection against the heaviest nestling
mass classes once sparrowhawks had settled (Adriaensen
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et al. 1998). The fact that such a result was also found in all
four tit studies carried out across Europe after 1975, when
sparrowhawks had become re-established (Julliard et al.
1996; Linden et al. 1992; Nur 1984; Tinbergen and Boer-
lijst 1990) implies that this was a causal effect. During the
sparrowhawk period in Plot C, there was also a clear ten-
dency for blue tits to lay a smaller clutch, for the nestlings to
have a significant lower average fledgling mass (although no
change in tarsus length) and a significant reduction in fledg-
ing success. As found by Gosler et al. (1995) for great tits
adult winter body mass in blue tits also differed significantly
between the two periods (Adriaensen et al. 1998).

Effect of sparrowhawks on the trade-off
between reproduction and survival
and considerations on life-history theory

A basic assumption in life-history theory is that a trade-off
between reproduction and survival exists: species that invest
more in reproduction generally suffer a higher mortality or
vice versa. This has been documented across birds in gen-
eral (Saether 1988) and also when limiting the analysis to
tit species (Paridae) (Dhondt 2001) and even when com-
paring different populations of the same species (Dhondt
2001). In this latter comparison I documented a significant
negative relationship between productivity (fledglings pair~!
season™!) and adult annual survival rate when comparing
8 great tit and 10 blue tit populations across Belgium and
France. At the within-population level, however, a positive
rather than a negative relationship between reproduction and
survival can often be found because at that level differences
in individual quality or territory quality can be sufficiently
large that the amount of resources individuals can spend
on life history traits varies substantially so as to override
this inverse relationship (Van Noordwijk and Dejong 1986).
These authors made the point that one of the reasons why
producing more offspring may lead to fewer offspring reach-
ing breeding age, is because intermediate clutches can be
more productive. They illustrate their model with a graph in
which the within population variation between reproduction
and survival is perpendicular to the expected trade off line
that has a negative slope.

The settlement of a breeding pair of sparrowhawks in
Plot C resulted in (1) a substantial decrease in in adult sur-
vival rate; (2) a considerable decrease in average clutch size
and number of young fledged, together with a reduction in
their fledging weight; and (3) selection against the heaviest
fledglings, leading to selection against the largest clutches.
What is important to underline is that in Plot C, during the
pre-sparrowhawk years 1979-1989, we observed large dif-
ferences in survival rate between females that laid different
clutch sizes: 142 blue tit females of 1 or 2 years of age that
laid a first brood clutch of <11 eggs had a survival rate of

Table 8 Annual survival rate of 2-year old blue tit females in Plot C
in the pre-sparrowhawk years 1979-1990 in relation to their clutch
size and as a function of winter cold (Dhondt et al. 1990b)

Clutch size ‘Warm winter Cold winter
N % survival n % survival
<11 35 40% 14 50
>12 43 77% 27 44
All 78 60% 46 46%

Table9 Annual survival of yearling blue tit females in Plot C in
relation to their clutch size in years without (1979-1989) and with
(1990-1993) sparrowhawks breeding in the plot

Clutch size 1979-89 1990-93
N % survival N % survival
<11 93 47% 69 28%
>12 81 58% 29 21%
All 174 52% 98 26%

47%, while 151 females that laid a clutch> 12 eggs had a
substantially and significantly larger survival rate at 61%
[data from (Dhondt et al. 1990b). Furthermore, when win-
ters were warm females that laid a larger clutch survived
substantially better than females that laid a smaller clutch
while the opposite was true, but to a lesser extent, when
winters were cold (i.e. with extended periods of frost)
(Table 8) (Dhondt et al. 1990b). In the sparrowhawk years
things changed. Not only did adult mortality of both sexes
combined on average decrease by about 12% per year, and
did the proportion of breeding yearling birds substantially
increase, female survival as a function of clutch size also
changed. Whereas in the period 1979-89 females laying a
larger clutch survived better this was no longer the case dur-
ing the period when sparrowhawks bred in Plot C (Table 8).
Including all females, survival of the birds laying a clutch
larger than modal decreased from 55 to 26%, a 53% decline,
while in females laying a clutch smaller than modal survival
decreased from 41 to 33%, a decline of 20%. The results
are similar for yearling females only (Table 9): in pre-spar-
rowhawk years birds laying a clutch <11 survived less well
than those laying a clutch > 12, but the latter suffered more
in the presence of the newly established predator. The preda-
tor pressure of the sparrowhawk has an effect quantitatively
similar to that of a cold winter.

What is interesting about all this, although these results
are not replicated and are not technically experimental, is
that the position of the Plot C population in the trade-off
diagram has now moved below the tradeoff line that I cal-
culated previously using 10 blue tit populations from Bel-
gium and France (Fig. 5). This can help us understand how

@ Springer



292

Oecologia (2023) 203:277-296

populations move between different positions on the trade-
off line when selection pressures change. When conditions
deteriorate—as caused by cold winters or the arrival of a
predator—fewer young survive to breed to the next year and
adult survival is also impacted. If the new conditions persist
these changes will select for different phenotypes: in many
tit populations in high quality habitat there is selection for
a larger clutch as long as this leads to a higher recruitment
rate and there is no survival cost to the adult female. That
was the case in Plot C in pre-sparrowhawk years (Dhondt
et al. 1990b). When conditions deteriorated the previously
“high quality” females that survived well and were able to
lay a large clutch resulting in many recruits, not only lost
their advantage of raising more offspring, but are also paid
an individual survival cost; this was larger than the cost
paid by the pre-sparrowhawk “low quality” females that
survived less well and produced fewer young. This resulted
in selection for females that laid a smaller clutch. This will
eventually lead to a change in the reproductive output at
the population level, that may allow the survival rate of the
population to increase towards he trade-off line to the left
of where it started. This will be a relatively slow process
because female blue tits disperse relatively far (Matthysen
et al. 2001), but might be accelerated because, as shown
many years ago by Arie Van Noordwijk in the pre-climate
change period, annual variations are often sufficient to cause
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Fig.5 Trade-off line between reproduction (number of young fledged
female™! year‘]) and adult (both sexes combined) annual survival
rate calculated using SURGE, a capture-mark-recapture software
(Lebreton et al. 1992) for 10 populations of blue tits in Belgium and
France: from left to right: Pirio: Corsica, F; CI: Citadelpark, Ghent,
B; Ventoux, southern France; MA: Maaltepark, Ghent, B; HU: Hutse-
pot, Ghent, B; ZE:Zevergem, Ghent, B; C-a: Plot C, Antwerp, before
sparrowhawk period; C-b: Plot C with sparrowhawk; T: Plot T, Ant-
werp; B: plot B, Antwerp, B; GO: Gontrode, Ghent, B. The trade-off
line is calculated using all the sites represented by an open triangle,
thus without C-b; The line connecting the dots of C-a and C-b repre-
sents the sparrowhawk effect that reduced both productivity and adult
survival. More detailed information on study plots in (Dhondt et al.
1996)
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a detectable evolutionary change from one year to the next
as regards laydate (Van Noordwijk et al. 1980).

It is interesting to underline that there are possible direct
maternal sparrowhawk effects on blue tits. Thus nestlings
of great tit females that were exposed experimentally to a
perceived predation risk, but raised by non-exposed foster
parents, were smaller than controls but showed a higher
growth rate of the wings, leading to recruits with longer
wings than control offspring of control birds (Coslovsky and
Richner 2011).

While this report on effects of a new predator is a “natu-
ral experiment” and hence not a real experiment (although
in this case there is a control plot) and its results need to
be handled carefully, such natural experiments can pro-
vide interesting results as illustrated by a somewhat simi-
lar non-experimental study. It too illustrates the non-lethal
impact of predators on a previously predator free popula-
tion of Audouin’s gulls (Ichthyaetus audouinii) colony.
When predators settled the gulls moved closer to the water,
reduced clutch size, and decreased egg volume (Payo-Payo
et al. 2018).

The way forward

I will limit myself here to a couple of examples of what
could be done to gain a better understanding of competition
and heterospecific attraction by using new techniques or by
addressing poorly studied systems. In what follows, I limit
myself to one example of each.

In many cases interspecific competition in birds is for
food. To obtain large samples one needs to use a non-lethal
method. As already shown by MacArthur’s observational
studies of foraging niches such observations made it possi-
ble to calculate overlap in diet between potentially compet-
ing species, and by combining this with observed foraging
technique determine the extent to which individuals com-
pete (MacArthur 1958). By combining such observational
foraging studies with metabarcoding of fecal samples it
now becomes posisble to identify what birds eat, not just
where and how they find their food. The method provides
very detailed results as illustrated by studies of diet overlap
between coexisting species (Hoenig et al. 2022; Trevelline
et al. 2018a; Trevelline et al. 2018b; Zurdo et al. 2023). If
I were to repeat my experimental manipulations of tits this
technique would deepen our understanding of what intra-
and interspecific competition is for exactly. I can even imag-
ine comparing the feces of different nestlings in the same
nest in species like great and blue tit that are mostly single
loaders, to determine how food choice of the parents changes
with nestling age, season, year, habitat, or even by nestling
sex within a brood in species where parents selectively feed
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male or female offspring as found in eastern bluebirds Sialia
sialis (Droge et al. 1991).

An example of a problem that needs to be studied urgently
concerns how resident tropical birds are impacted by the
billions of birds that migrate to join them each year during
the northern winter. While many excellent studies exist on
behavior and ecology of temperate zone bird when wintering
in the tropics it is surprising how few studies have addressed
the impact of these billions of overwintering birds on the
tropical residents, a point I made earlier (Dhondt 2012). Now
11-year later there are still surprisingly few such studies and
most are local or short-term (Leisler 1992; O'Donnell et al.
2014; Randler 2013; Randler et al. 2010, 2015; Salewski
et al. 2002, 2003). We absolutely need to understand if and
how and which species are impacted so as to develop bet-
ter conservation strategies. By adding metabarcoding of
feces to observational studies we can determine if the diet
of residents changes when migrants arrive, to what extent
their diets overlap enough for them to compete, if tropical
residents delay breeding until migrants have left, etc. A chal-
lenge will certainly be to carry out experimental studies to
validate any conclusions and also as we can expect that dif-
fuse competition could be frequent.
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