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                             Directions in modelling partial migration: how adaptation can 
cause a population decline and why the rules of territory 
acquisition matter      

    Hanna     Kokko           

 H. Kokko (hanna.kokko@anu.edu.au), Evolution, Ecology and Genetics, Research School of Biology, Th e Australian National Univ., Canberra, 
ACT 0200, Australia.                             

 Modelling of partial migration in birds has progressed from simple graphical representations to sophisticated analyses that 
use evolutionary invasion analysis to determine how the success of the two strategies (stay year round on the breeding 
grounds, or migrate) can become frequency dependent. Here I build two models to relax two assumptions commonly made 
in models and often violated in nature: that individuals do not vary in any trait other than their migratory propensity, 
and that the prior residence eff ect (which grants priority access of good habitats to non-migrants) operates at maximum 
strength. Th e same framework can incorporate and merge aspects of various hypotheses proposed to explain partial migra-
tion (dominance, body size, arrival timing, and limited foraging opportunities), and shows that either small (subdominant) 
or large (dominant) individuals may emerge as the more likely migrants; the latter case occurs when it is easy for socially 
dominant migrants to win back prime breeding locations upon their arrival. Th e dynamics of territory acquisition is shown 
to be an important and understudied topic, as variations in the relative importance of prior residency versus resource hold-
ing power can shift a population from complete migration to complete year-round residency. Th ese models also highlight 
exceptions to a tacit assumption in discussions of evolution of migration under climate change, which is that populations 
can decline if genetic adaptation or phenotypic plasticity do not occur fast enough. Competition can also yield the opposite 
pattern where adaptation itself leads to a population decline.   

 Alternative strategies that coexist within a population fas-
cinate evolutionary biologists and ecologists for a good rea-
son (Sinervo and Calsbeek 2006). A proper explanation of 
discrete morphs or behaviours requires balancing selection, 
which usually takes the form of frequency-dependent selec-
tion of one type or another  –  including  ‘ best of a bad job ’  
explanations where some individuals are forced to use one 
option because others have already taken another more prof-
itable one. If there is no frequency dependence of any kind, 
and no genetic quirk such as a heterozygote advantage oper-
ates either, then one of the behaviours should be eventually 
lost. Th is can happen through selection if one behavioural 
type or morph performs consistently less well than another 
(without it being a  ‘ best of a bad job ’  which implies that 
individuals following the strategy will switch to a more prof-
itable option as soon as opportunities arise). Or, if there is no 
predictable diff erence between the fi tness of types regardless 
of their relative frequency, then drift is expected to perform 
the same removal job, albeit more slowly. 

 Proper examples of frequency-dependence in nature are, 
however, not very common. Partial migration is a fascinat-
ing example where researchers have for a number of decades 
already commented on reasons why the success of the 
non-migratory and migratory strategies may depend on the 

number of individuals performing them (Lundberg 1987, 
1988, reviewed by Chapman et al. 2011). Since then, our 
theoretical understanding of partial migration in birds has 
progressed from simple graphical representations (Lundberg 
1987, 1988) to examinations that use evolutionary invasion 
analysis to evaluate the fi tness of a rare mutant in an environ-
ment  ‘ created ’  by the currently used strategy in the popula-
tion (Kaitala et al. 1993, Kokko and Lundberg 2001, Kokko 
2007, Griswold et al. 2010). Th e environmental conditions 
are created by the population in the sense that the intensity of 
competition for breeding sites and survival can both depend 
on how many individuals are present and performing each 
strategy. For example, if no individual attempts year-round 
residency, then the fi rst arriving migrant in spring has a much 
wider choice of breeding habitats available than if most of the 
population has been overwintering. In the latter case, most 
territories are already occupied by the time the focal migrant 
arrives (Kokko 2007; note that despite the language of  ‘ win-
ter ’  and  ‘ spring ’  conditions, an analogous argument applies 
for any type of seasonality leading to foraging limitations of 
other diffi  culties of surviving during a part of the seasonal 
cycle: Boyle and Conway 2007, Boyle 2011). Similarly, sur-
vival can depend on the local density of individuals. Since 
local densities depend on the frequency of migration, such 
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density dependence can be the basis of frequency-dependent 
success of strategies, which in turn helps explain how varia-
tion in migratory decisions can persist (Kaitala et al. 1993, 
Taylor and Norris 2007, Griswold et al. 2010). 

 An intriguing fi nding from these theoretical studies is 
that competition for best breeding sites can make individu-
als accept much higher mortality risks for their attempts to 
remain year-round in the breeding areas than they would 
accept for migration. Th is can lead to paradoxical fi ndings 
where population size increases when overwintering becomes 
harder (Fig. 1). Such fi ndings may appear counterintuitive at 
fi rst sight but become fully explicable once we remind our-
selves of a general principle: within-species competition can 
make individuals invest in traits that primarily aid in out-
competing conspecifi cs, with no net benefi t for the popu-
lation or species (Rankin et al. 2007). Staying close to the 
breeding grounds during winter (or, interpreted more glob-
ally, during a time period of limited foraging opportunities, 
Boyle 2008, Jahn et al. 2010) can become a zero-sum game 
where an individual attempts to access better habitat ahead 
of others, and the payoff s of such competition can make indi-
viduals risk death to the extent that the population stabilizes 
at a lower size than if all individuals migrated and  ‘ agreed ’  to 
compete over territories only once harsh conditions are over. 
If the period of harsh conditions becomes more severe, more 
individuals will migrate, and as this is the safer option, the 
result is a larger breeding population (Fig. 1). 

 Models such as the ones described above predict that par-
tial migration should only be found when migration con-
fers a net survival benefi t for at least some individuals. If 
year-round residency was both safer and led to better access 

to territories, migration would never pay off . Th ese models, 
however, make simplifying assumptions that are unlikely to 
be fully met in nature. Th ey either model density depen-
dence in a simplistic way that does not explicitly specify the 
process of breeding site acquisition (Taylor and Norris 2007, 
Griswold et al. 2010) or, alternatively, they model territories 
explicitly but base all predictions on the assumption that the 
 ‘ prior residence eff ect ’  operates at full strength. Th e prior res-
idence eff ect is the empirical fi nding, valid across many taxa 
(Kokko et al. 2006a), that if two equally strong individuals 
compete over a territory, the one who arrived fi rst tends to 
win and maintain its ownership. Th e eff ect is at its strongest 
if the prior owner always wins regardless of its strength or 
proxies of strength such as body size. Th is is the assumption 
that brings about the superior breeding site acquisition ability 
of year-round residents. In reality, however, it is more likely 
that the eff ect operates at less than maximal strength, which 
implies that other individual properties relating to fi ghting 
ability (captured by the term RHP, short for resource hold-
ing potential) combine with prior ownership to determine 
the outcome of fi ghts, in a manner described in Fig. 2 (see 
also Hardy and Field 1998). 

 Recent empirical work has pointed out that the rules 
governing partial migration can change dramatically if it 
is possible for physically dominant migrants to win back 
prime breeding locations upon their arrival (Jahn et al. 
2010). Previous modelling of partial migration has not paid 
much attention to the process of territory acquisition, even 
though from the general literature of fi ghting over resources 
we know that takeovers can occur if the challenger (e.g. an 
arriving migrant) has clearly higher RHP than the owner 
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  Figure 1.     Frequency-dependence and its population consequences in a model with no individual variation other than the migration decision 
itself. Th is fi gure is reproduced from Kokko (2007), but it also becomes the output of Model 1 in the current paper if variance in body size 
is diminished to zero such that all birds using a specifi c strategy (migrate or not) have identical survival prospects. Successful overwintering 
on the breeding grounds becomes increasingly hard from left to right (winter survival for non-migrants is 0.42, 0.38, 0.34 and 0.3 respec-
tively, while survival for migrants remains unchanged at 0.5). Habitat parameters:  a   �  2,  b   �  0.0002 (see Model 1 for explanation). Fre-
quency-dependence diminishes the success of migrants as migration becomes more common (upper row). Th e amount of white in the large 
dots of the lower row indicates the proportion of migrants at equilibrium. Th e total population size increases markedly when more birds 
choose the safer non-migration option (from left to right); this is interesting because it is a response to deterioration of the environment 
when attempting year-round residency, not an improvement in the habitat experienced by migrants.  



1828

(e.g. an overwintered bird) (reviewed by Kokko et al. 2006a). 
Th ere are actually two components to this omission from the 
theoretical literature. One is that individuals are not always 
equal but can diff er in their body size or other traits that can 
infl uence not only their RHP but also their ability to survive 
either migration or non-migration. Th e other is that take-
overs can occur and migrants consequently do not always 
have to make do with poorer territories than survived non-
migrants (especially if migrants have superior RHP). 

 Filling in both gaps appears important when under-
standing condition-dependent (facultative) migratory deci-
sions. Regarding the former, there is plenty of evidence that 
migrants and non-migrants can diff er, and intriguingly, 
migrants are sometimes less (Smith and Nilsson 1987) 
and sometimes more dominant (Jahn et al. 2010, see also 
Boyle 2008) than non-migrants. Regarding the latter, prior 
residency is certainly known to play a role in migratory spe-
cies (Sandell and Smith 1991) but simultaneously territo-
rial systems probably rarely operate without takeovers ever 
occurring. Such takeovers have been argued to explain why 
dominant individuals in particular can  ‘ have their cake and 
eat it too ’ , as in tropical kingbirds  Tyrannus melancholicus  
where dominant males survive better as migrants and can 
then come back to usurp territories from non-migrants (Jahn 
et al. 2010). Th is obviously begs the question why any bird 
then benefi tted from attempting to secure a territory by not 
migrating  –  something that modelling of the type described 
below may give an answer to as well. In this paper I will show 
two ways in which the above stated limitations of theory can 
be lifted one by one.  

 Model 1. Body size specifi c decisions 
under frequency dependence 

 In this section, I follow earlier modelling (in particular Kokko 
2007) in that the priori residence eff ect is assumed absolute. 
Takeovers of territories are not possible within a year (a bird 
however has to compete for a new territory after each breed-
ing season). Th is means that so far I assume that survived 
non-migrants have better access to high quality habitat than 
survived migrants. However, I relax the assumption that 
individuals are all identical, by considering that there is a 
trait that determines how well a bird is able to survive migra-
tion or non-migration. For simplicity throughout this paper 
I refer to this trait as body size, and assume it is measurable 
as the bird ’ s weight, which in turn is normally distributed 
with a mean of 15 g and standard deviation of one g. Obvi-
ously none of the conclusions are dependent on this precise 
interpretation (or numerical scale) of this trait; it can refer to 
any property that varies among individuals with predictable 
eff ects on survival probability (and later, on RHP). A more 
detailed examination of strategies could take into account 
that weight and skeletal size are not perfectly correlated, but 
as this would require considering faster scale fl uctuations in 
the former than the latter, I leave this for the future. 

 When individuals diff er in their body size, it is often a 
reasonable assumption that bigger individuals are better off  
(though see Lind et al. 1999 and Brodin 2007 for avian excep-
tions). Here I assume that survival increases with weight, 
but that this relationship can be very diff erent depending on 
whether the bird migrates or not. Migration requires adapta-
tions for fl ight, while competition for scarce winter resources 
might favour large-bodied individuals. Large size could also 
help maintain body condition during food scarcity that 
may combine with cold temperatures (Ketterson and Nolan 
1976). As an illustrative example I therefore assume that sur-
vival increases with body size more strongly in non-migrants 
than in migrants. 

 Because competition for territories depends on total pop-
ulation size which again depends on migratory decisions of 
individuals (Kaitala et al. 1993, Taylor and Norris 2007), it 
is important to be explicit about population dynamics and 
hence the distribution of habitat qualities that determine 
reproductive success. Following Kokko (2007), I assume that 
territories are fi nite in number and of variable quality. Rank-
ing the territories in order of declining quality, I assume that 
the  n th territory gives rise to, on average,  a   –   b  ( n   –  1) female 
off spring (and equally many males; we concentrate on female 
population dynamics here because female-to-female repro-
duction is the prime determinant of whether the population 
grows or shrinks). Here  a  indicates the reproductive success 
that the best territory yields, and  b  is a small positive con-
stant describing how fast reproductive success declines with 
territory number. In total there are [( a   �   b ) /  b ]  –  1 territories 
suitable for breeding, e.g.  a   �  2 and  b   �  0.001 yields 2000 
territories in which birds can breed. Th is is obtained by not-
ing that territory number  n   �  ( a   �   b ) /  b  predicts zero success 
and is thus no longer considered suitable for breeding. 

 When habitat quality decreases linearly with territory 
number, a population of non-migrants that have survived 
the winter will inhabit the fi rst  n  n  territories ( n  n  denoting 
the number of such survivors). Th eir average reproductive 
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  Figure 2.     Th e prior residence eff ect, illustrated by an example where 
heaviest birds are 6 g heavier than the lightest birds. When the 
eff ect does not operate (bold curve: prior residence eff ect strength 
PRES  �  0), larger individuals are more likely to win fi ghts regard-
less of ownership: more than 50% of fi ghts are won by the intruder 
as soon as the intruder is heavier than the owner. An eff ect of 
strength 1 implies that this curve is shifted by 1 g to the right (mid-
dle curve), thus the intruder has to be 1 g heavier than the owner to 
have 50% probability of winning the fi ght over ownership. An 
eff ect of strength 5 means that intruders very rarely win fi ghts 
(rightmost curve), and if they do so, they are likely to be very much 
heavier than the owner. Th e probability of winning a fi ght is given 
as (1  �  e −(s  I  −s  O  −PRES) ) �1  where  s  I  is the weight of the intruder,  s  O  of the 
owner, and PRES is the prior residence eff ect strength.  
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have unequal fi tness depending if they migrate or not. If they 
should clearly migrate, then there are too few migrants in the 
population for this to be the true frequency-dependent equi-
librium, and similarly for the case where non-migration is 
the better option for them. Th is leaves just one value which 
is the evolutionarily stable  S  * . 

 Unlike many earlier models that assumed no variation in 
individual traits impacting survival probabilities, this model 
can produce partial migration based on some individuals 
surviving better as non-migrants and others as migrants. Fig-
ure 3 shows an example where risks experienced as a migrant 
are less strongly dependent on body size than risks experi-
enced as a non-migrant. Simultaneously, the prior residence 
eff ect selects against migration in general. Th is makes the 
matter more complicated than stating that individuals choose 
the option that yields best individual-specifi c survival. Such 
a statement would predict, in the example of Fig. 3, that all 
birds weighing less than 15 g migrate and all birds above this 
threshold are year-round residents. It is easy to see why such 
a supposition is incorrect. At the threshold of 15 g it does not 
matter for the survival of the bird whether it migrates or not, 
but by migrating the birds places itself at a disadvantage when 
attempting to acquire territories. Birds weighing precisely 
15 g consequently should not migrate, and the migration 
threshold will consequently evolve towards a lower body size. 
Th e method described in the Appendix 1 gives the correct 

success, denoted  R  n , is the average of  a  and  a   –   b  ( n  n   –  1) 
(the mean of best and worst territories occupied by non-
migrants), which gives  R  n   �   a   –   b ( n  n   –  1) / 2. If the num-
ber of migrants that have survived is  n  m , then the average 
reproductive success of a survived non-migrant is calculated 
similarly, but since migrants arrive after non-migrants have 
occupied their preferred territories, the reproductive success 
of the average migrant is lower: 

 R  m   �  [ a   –   bn  n   �   a   –   b  ( n  n   �   n  m   –  1)]/2 
   �   a   –   bn  n   –   b  ( n  m   –  1) / 2. 

 When larger individuals are relatively better able to cope 
with the risks of non-migration, and the success of non-mi-
grants as breeders declines with the number of non-migrants 
in a frequency-dependent fashion ( R  n  declines with  n  n  as 
indicated above), there will be a threshold of body size below 
which a bird is better off  migrating than trying to compete 
for the best territories as a non-migrant. Th e way to solve 
for this threshold  S  *  is outlined in the Appendix 1. Briefl y, 
the task is to evaluate the expected reproductive success of 
migrants and non-migrants ( R  n  and  R  m ) for every possible 
value of this threshold currently used in the population. Th is 
requires that we fi nd the population dynamic equilibrium ( n  n  
and  n  m ) that is the consequence of a particular value of the 
size threshold. Th en, we disregard all such equilibria as evo-
lutionarily unstable if birds whose size equals the threshold 
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possible if populations optimized survival (arrow O).  
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competitors) that an individual may fi nd itself in. Partial 
migration is a very clear example where such thinking applies, 
especially when we consider the complexities of survival 
together with the sequential nature of the territory establish-
ment phase. Survival, the ability to resist takeovers, or the suc-
cess rate of an usurper can all depend on body size or related 
traits in potentially complicated ways, and it is more reason-
able to assume that selection has worked out well working 
rules of thumb (e.g. an increasing or decreasing probability 
of migrating depending on body size) than precisely optimal 
behaviour for every microgram of weight diff erence. Th e task 
is then to ask which rules of thumb will be selected for in an 
environment created by the mix of the rules of thumb cur-
rently in use by the population. 

 I consider this problem using an individual-based simu-
lation model where migration and non-migration decisions 
follow probabilistically from a reaction norm that relates 
body size (again taken to be synonymous with weight) to 
the probability of migration. Th is reaction norm is assumed 
to take the shape of the logistic function: the probability of 
migration  �  (1  �  e −p1(s−p2) ) �1 , where  p  1  and  p  2  are parameters 
that dictate the shape of the reaction norm and are allowed 
to evolve, and  s  is the bird ’ s size, now used as a proxy for its 
resource holding power, RHP. Th e logistic shape is chosen 
for two reasons. Firstly it is a simple and suitably shaped 
function (e.g. bounded, such that probabilities do not exceed 
the 0 – 1 range) with enough fl exibility to yield e.g. virtually 
unconditional migration or non-migration. Secondly, it is 
linked to a statistical technique (logistic regression) which is 
of the type a researcher is likely to use when portraying how 
binary decisions  –  migrate or not  –  relate to a continuous 
character. Indeed I will report the outcome of the simulation 
using logistic regression on what an outside observer, who 
does not know the program used to generate data, would 
fi nd in a single generation of the population after evolution 
has taken place. I adopt this approach to make the output as 
similar in its interpretation to natural fi ndings as possible. 

 Th e details of the simulation are given in Appendix 2; 
here I give the main assumptions. Birds are, again, normally 
distributed in weight ranging from 12 to 18 g, with mean 
15 and standard deviation of 1 g. Contrasting with Model 1, 
I no longer assume that birds that survived the winter on 
their breeding grounds have absolute prior access to the hab-
itat. Instead, they fi ll in this habitat up to their total number, 
and thereafter migrants fi ll in the available vacancies. (For 
simplicity, in this model all habitat is of equal quality but 
there are only a limited number of possible territories.) Th e 
habitat may become fully occupied at either stage. If this 
happens, then each individual who does not have a territory 
can challenge up to  n  randomly chosen territory owners. Th e 
winner of the challenge is determined according to the prior 
residency eff ect rules depicted in Fig. 2. Th e strength of the 
prior residence eff ect is indicated as the weight diff erence 
required for the heavier contestant, in the role of an intruder, 
to be equally likely to win a fi ght than a lighter owner. Zero 
eff ect means that heavier individuals are always more likely 
to win fi ghts, and lightweight individuals are unlikely to 
keep their territories if challenged, while eff ect  �  5 means 
that a full 5 g diff erence (which is substantial, given the stan-
dard deviation is 1 g) is required before half the fi ghts are 
won by the much heavier intruder. Note that the chances 

behavioural rules, which for the examples in Fig. 3B – C are 
 ‘ migrate if below 13.7 g, and  ‘ never migrate ’ , respectively. 

 Th e only diff erence between Fig. 3B and 3C is that territo-
ries are assumed to be more productive in Fig. 3C. Th is intensi-
fi es competition for breeding sites: there is more total habitat 
available in Fig. 3C than 3B, but a much larger fraction of it is 
occupied at equilibrium because the total population evolves to 
be larger (a population dynamic result of highly productive ter-
ritories). Intense competition makes year-round residency more 
important as latecomers are only allowed access to very poor 
territories. Th is is a clear demonstration that survival diff erences 
between migrants and non-migrants are not suffi  cient to pre-
dict the evolved pattern (determinants of survival are identical 
across Fig. 3B and 3C). One must consider the population con-
sequences  –  especially population size  –  of behaviour to predict 
the success of each strategy. 

 It is interesting to note that this model repeats the fi nding 
outlined in the introduction, that individuals accept higher 
risks as non-migrants and thus population size can decline 
due to competitive site tenacity on the breeding grounds. 
Th is happens both in the case of partial migration (Fig. 3B, 
where lightweight birds migrate) and when the population 
entirely abandons migration (Fig. 3C). In the former case, 
our example predicts a breeding population size of 2076 
individuals (arrow  ‘ E ’  in Fig. 3B), out of a maximum of 2758 
(arrow  ‘ O ’ ) which could be reached if birds simply chose 
behavioural options to maximize their survival chances in 
the non-breeding season. Roughly 20% of the habitat ’ s car-
rying capacity is  ‘ wasted ’  on intraspecifi c competition. In the 
latter case (Fig. 3C), the corresponding numbers are 9646 
out of a maximum of 10758, i.e. 10%  ‘ wastage ’ .   

 Model 2. Towards more realism: takeovers 
can occur and individuals follow rules 
of thumb 

 Th e above model makes use of a number of simplifi cations that 
one could conceivably criticize. Most importantly, the simpli-
fi ed method of calculating fi tness at the migration threshold 
implicitly assumes that body sizes are distributed anew each year 
among birds. In reality, there are likely to be temporal correla-
tions extending to intergenerational eff ects. Also, the equations 
provided only work in their current form if territory qualities 
follow a particular distribution depicted in Fig. 3A. However, 
instead of providing the next steps to overcome features judged 
unrealistic, I consider the message of Model 1 to be best comple-
mented by proceeding to fl esh out an entirely diff erent method 
that can deal with complexities more fl exibly than any method 
that attempts to derive very precise behavioural rules (reaction 
norms of the type  ‘ always migrate if below or above a particular 
threshold, never migrate otherwise ’ ). 

 Th e rationale for assuming that individuals cannot opti-
mize all migration-related traits independently across all 
situations follows from data (Pulido et al. 1996, Pulido and 
Berthold 2010) but also from general reasoning such as 
the insights recently provided by McNamara and Houston 
(2009). Th ese authors argue that it is often more fruitful 
to look for relatively simple rules that work well under a 
wide range of scenarios, than to expect very precise optimi-
zation for every possible situation (say, body size relative to 
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of any weight. Consequently, the reaction norms that evolve 
for partial migrants diff er in their direction. In Fig. 4A, 
heaviest birds are more likely to migrate. Th is is the essence 
of the  ‘ tropical kingbird ’  scenario of Jahn et al. (2010), where 
a dominant bird can enjoy enhanced survival by migrating 
and then secure access to high quality habitat by taking over 
territories of non-migrant birds. Regarding the question of 
why non-migrants tried year-round residency only to get 
their territories taken over, it is again instructive to think 
about population dynamics. Very heavy birds are rare and 
even if each of them is a successful usurper, most non-mi-
grants may be lucky enough to escape ever meeting such a 
heavyweight challenger to their ownership. Simultaneously 
the prior residence eff ect, when moderately strong (as it is in 
the region of partial migration in Fig. 4A), protects average 
birds against the less extremely dominant usurpers. Again, 
non-migrant birds evolve to sacrifi ce some of their survival 
prospects in their gamble to secure a breeding site. 

 Th e situation can be reversed by assuming, like in the 
example of Fig. 3, that survival curves cross: heavy birds now 
survive better if not migrating, light ones by migrating. Th e 
region of partial migration (Fig. 4B) now has reaction norms 
similar to (but smoother than) Fig. 3, in that lightest birds 
are more likely to migrate than heavier conspecifi cs. It may 
now appear puzzling why heavy birds would ever migrate 
(they evolve complete migration when the prior residence 
eff ect is weak, Fig. 4B). It is likely that these cases of com-
plete migration by the entire population refl ect the assump-
tion of Model 2 that an owner who loses its territory is not 
allowed to immediately become an usurper of another one. In 
a migratory large population, where prior residency does not 
confer much of an advantage, the risk of becoming usurped 
may be so large that it is better to have multiple chances of 
being an usurper (i.e. be a migrant) than to try to hold on to 
one ’ s initial ownership (the non-migrant strategy).     

 Discussion 

 Th e two models of this paper demonstrate how restrictive 
model assumptions can be lifted to yield better understand-
ing of facultative partial migration in birds. Competition for 
good habitat can drive much of the population to be site-
tenacious year-round even if this is costly, in terms of survival, 
to individuals. Th ese costs are also visible at the population 
level. To paraphrase Boyle (2008), individuals who  ‘ gamble 
successfully on year-round residency ’  will have higher suc-
cess. But an essential feature of any gamble is that not all 
attempts will succeed, and there are some relatively coun-
terintuitive consequences of this phenomenon. Most nota-
bly, if the conditions during non-breeding season become 
easier to deal with  –  say, because of climate change reducing 
the severity of the winter  –  this may select for many more 
individuals participating in the dangerous gamble of year-
round residency. Despite the reduced per capita mortality for 
non-migrants in such a scenario, the total number of deaths 
can increase because fewer individuals migrate, which would 
have been the safest option. 

 A tacit assumption in discussions of evolution of migra-
tion under climate change is that populations can decline if 
genetic adaptation or phenotypic plasticity do not occur fast 

that an overwintered bird keeps its prior access to a territory 
depends not only on its RHP (size) relative to others but 
also on the total number of intrusions, thus again we have a 
dependence on total population size. 

 Th e results can be summarized as follows.   

 The stronger the prior residency effect, the fewer birds 
migrate 
 Figure 4A – B derive the results of the individual-based simu-
lation after 100 years of evolution in a population that was 
initiated with randomly chosen reaction norms (details in 
Appendix 2). For each level of strength of the prior residence 
eff ect, the curve gives the logistic regression for the probabil-
ity of migrating as a function of body size (weight of bird), as 
measured by an observer who has data on birds migrating or 
not migrating, and their body sizes, in year 100. Even though 
each curve is measured only once and is thus subject to stochas-
tic noise, the clarity of the outcome (which also is repeatable 
across simulations and unchanged after further generations; 
not shown) indicates that selection very clearly favours dif-
ferent migratory tendencies depending on the strength of 
the prior residence eff ect. If this eff ect is weak, birds evolve to 
migrate; if it is very strong, migration disappears; in between 
there is a range of solutions where partial migration evolves. 
Th is general pattern holds true for very diff erent relationships 
between survival and body size (Fig. 4A – B). 

 Th is result makes sense because the benefi t of year-round 
residency relies on the prior residence eff ect. Weakening 
the importance of prior residency therefore selects for more 
migration, and Fig. 4A – B shows that the change in the selec-
tive environment can be very strong - from never migrating to 
complete migration without any change in survival or repro-
ductive parameters. One detail may appear counterintuitive 
about this change. Th e strongest eff ects of prior residency 
lead to no migration of any kind (partial or otherwise) in this 
model, when other models, including Model 1 (Kokko and 
Lundberg 2001 and Kokko 2007 provide further examples), 
have been able to produce partial migration assuming an even 
stronger eff ect of prior residence, as in such models no take-
over is ever successful. Th is diff erence becomes explicable, 
however, once one notes that in Model 2 latecomers must 
fl oat and remain without any breeding success in the cur-
rent season if their takeovers are not successful. In Model 1 
they could at least acquire low quality territories to breed in. 
Model 1 therefore assumes a world that is relatively more 
forgiving to latecomers while in Model 2 latecomer success 
totally relies on prospects of takeovers being successful, thus 
the precise strength of the prior residence eff ect is crucial 
in this latter model (and probably in all natural situations 
where latecomers are likely to end up without a territory  –  
i.e. fl oating  –  rather than breeding in low quality habitat).   

 The relationship between body condition and survival 
determines which birds migrate 
 Figure 4A – B both assume that heavy birds are more likely 
to survive the winter as a non-migrant than light birds. 
However, Fig. 4A assumes that this survival advantage shows 
itself during migration too (e.g. heavy individuals might be 
dominant and secure access to food wherever they are, or 
they may simply have more resources for long fl ights), while 
Fig. 4B assumes that migration is equally hazardous to birds 



1832

by Rankin et al. 2007; see L ó pez-Sepulcre et al. 2009 for 
an empirical example in a non-migratory context). Th ere is 
evidence that adaptive changes in migratory populations can 
be quick (Pulido and Berthold 2010, though see also Cop-
pack and Both 2002, Nilsson et al. 2006, Both 2010). If 
this combines with intensifi ed intraspecifi c competition, the 
response of the population can be an equally quick decline. 
Th e examples derived here show that these detrimental con-
sequences of competition are not necessarily mild. 

 Another important result of the current modelling exer-
cise is that slight alterations of the dynamics of territory 

enough (Visser et al. 2004, Both et al. 2006, Charmantier 
et al. 2008). It is surprising that the opposite  –  adaptation 
itself may lead to a population decline  –  can also be true. Th is 
evolutionary prediction, while counterintuitive, is a logical 
consequence of situations where selection favours individu-
als that attempt to outcompete conspecifi cs others in a zero-
sum fashion (i.e. competitive success comes at the expense of 
others). When selection makes all individuals invest in com-
petitive traits but resource limitation means that only some 
will get the reward, population performance will decrease 
with increasing investment in competitive traits (reviewed 

12 13 14 15 16 17 18

0
1

2
3

4
5

0

0.2

0.4

0.6

0.8

1

Weight of bird

Strength of the

prior residence effect

Pr
ob

ab
ilit

y 
of

 m
ig

ra
tio

n

12 13 14 15 16 17 18

0
1

2
3

4
5

0

0.2

0.4

0.6

0.8

1

Weight of bird

Strength of the

prior residence effect

Pr
ob

ab
ilit

y 
of

 m
ig

ra
tio

n

12 14 16 18
0

0.2

0.4

0.6

0.8

Weight of bird

12 14 16 18
0

0.2

0.4

0.6

0.8

1

Weight of bird

(A)

(B)

  Figure 4.     Large fi gures: a series of logistic regressions, one for each strength of the prior residence eff ect, performed on a population evolving 
for 100 years, taking the migratory decision as the dependent variable and body size (weight) as the explanatory variable. Small fi gures: the 
corresponding model assumptions regarding survival (dashed: migrants, solid: non-migrants) and weight distribution (fi lled) that underlie 
the results. In (A), survival  �  0.35  �  0.4 / (1  �   e   – (s – 15) ) for migrants and 0.25  �  0.3 / (1  �   e   – (s – 15) ) for non-migrants; (B), 0.6 for migrants 
and 0.9 / (1  �   e   – (s – 15) ) for non-migrants.  
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of other, possibly more dominant individuals, other mod-
els in turn have modelled survival in a density dependent 
manner (Kaitala et al. 1993, Taylor and Norris 2007). Th e 
general lesson, then, is that partial migration can result from 
 frequency-dependent declines in survival (Kaitala et al. 1993) 
or reproductive success (Kokko 2007) or both (Griswold 
et al. 2010) when the number of individuals using the same 
strategy increases. Th is shifts emphasis away from distin-
guishing between models, towards understanding how each 
eff ect contributes to the overall pattern. 

 Although much of behavioural ecology is devoted to dis-
tinguishing between clearly outlined hypotheses, one should 
not succumb to the temptation of putting all research eff ort 
into attempts to distinguish between them, with the (usu-
ally false) hope that one will end up supported and all others 
rejected. If the real world typically has diff erent mechanisms 
acting simultaneously, it may be more fruitful to strive to 
understand the relative importance of diff erent frequency-
dependent eff ects in each system together with the diff erences 
in individuals ’  sensitivity to such eff ects, than to focus on the 
most straightforward predictions of each hypothesis if they 
were acting alone. For instance, in a very impressive study 
that happens to reject the specifi c predictions of the domi-
nance hypothesis, Jahn et al. (2010) also suggest that domi-
nance can play a very large role in helping migrants acquire 
territories. It is somewhat unfortunate, then, that the name 
 ‘ dominance hypothesis ’  has been reserved for a very specifi c 
eff ect of dominance (survival in the non-breeding season), 
which diff ers from its eff ect on territory acquisition, argued to 
be important for the kingbirds studied by Jahn et al. (2010). 
 ‘ Dominance hypothesis rejected ’  is therefore not synonymous 
with  ‘ dominance is not needed to explain the system ’ . 

 Th ere is, however, also an upside to exposing the expecta-
tions that are based on a single mechanism. Th is is the ease 
of relating results to work conducted in a parallel area, that 
of arrival timing in migrants. A major omission from all 
theoretical work on partial migration so far, including the 
models presented in the current paper, is that two sexes are 
not explicitly considered. However, by viewing the results 
in the light of a single mechanism  –  that outlined in the 
arrival time hypothesis  –  an analogy can be drawn to two-sex 
models that predict arrival times for species with complete 
migration. Th e models here show that frequency-dependent 
competition for breeding sites alone can be suffi  cient to drive 
partial migration, and thus  –  in a minor deviation from Tay-
lor and Norris (2007)  –  survival does not necessarily have 
to vary with density in either the breeding or non-breed-
ing season for there to be suffi  cient frequency-dependence 
in reproductive output that maintains coexisting strategies. 
Th e arrival time hypothesis concentrates on this eff ect on 
reproductive payoff s, and it is usually interpreted to predict 
that males should arrive earlier than females (Boyle 2008). 
By analogy, then, in partial migrants males should migrate 
less than females. However, this prediction has been shown 
to be fallible in the context of arrival timing in completely 
migratory populations (Kokko et al. 2006b), unless adult 
sex ratios are male-biased. Without such a bias, it is hard to 
understand why only one sex would benefi t from outcom-
peting same-sex competitors in an attempt to secure a good 
breeding site, when the reproductive success of both sexes 
depends on habitat quality and availability. 

acquisition can lead to very diff erent migratory patterns. 
Without changing any assumptions regarding survival, and 
by only changing the relative importance of prior residency vs. 
resource-holding power in contests over territory ownership, 
Model 2 is able to predict a switch from complete year-round 
residency to complete migration. At least one empirical study 
has already hinted at the dynamics of territory acquisition 
being crucial to our understanding of partial migration (Jahn 
et al. 2010), but even this study was not able to document 
the precise rules that govern this part of the breeding cycle. 
It follows that much more research eff ort should be devoted 
to understanding the dynamics of territory acquisition in 
partial migrants. 

 Th e two models also shed light on the diff erent hypoth-
eses that have attracted specifi c names when they have been 
put forward to explain partial migration. Th ere is an inter-
esting cultural diff erence between empirical and theoretical 
studies in this context. Empirical studies very often men-
tion, and attempt to distinguish between, specifi cally named 
hypotheses (Boyle 2008). Th e dominance hypothesis states 
that it would be diffi  cult for a subdominant individual to 
survive the winter on the breeding grounds, and this predicts 
year-round residents to be dominant and perhaps large birds. 
Th e body-size hypothesis is similar, but the causal route from 
large size to high survival emphasizes the benefi ts that a large 
body confers in harsh and food-limited environments. Th e 
arrival time hypothesis emphasizes the importance of acquir-
ing a territory early (for the reproductive prospects), with 
year-round residency seen as analogous to very early arrival. 
Finally, seasonal food limitation has been recently presented 
as a new hypothesis, driven by the fact that not all specifi c 
predictions of the above list are met in particular systems 
(Boyle 2008, Jahn et al. 2010). 

 Th e angle taken by most modelling work, however, is 
to avoid classifying predictions in this way. Instead, models 
attempt to fi nd out how frequency dependence operates, and 
guide us to look for mechanisms that make a strategy (say, 
year-round residency) succeed less well if the proportion of 
individuals using this strategy increases. Th e models of the 
current paper form a case in point. Since the availability of 
breeding opportunities, via habitat limitation, is the impor-
tant environmental factor that responds to the behavioural 
norms used in the population, one could think of these 
models as belonging to the  ‘ arrival time hypothesis ’  category. 
Indeed, costs paid by year-round residents who gamble to 
get the best reproductive opportunities are very analogous to 
costs that earliest migrants are predicted to pay in their quest 
to acquire the best territories (Kokko 1999). 

 Even so, I believe that a too straightforward association 
of these models with one hypothesis would mislead. While 
these models incorporate the importance of securing a breed-
ing site ahead of conspecifi c competitors, they are simultane-
ously able to incorporate eff ects of dominance by adjusting 
the relative importance of resource holding power (eff ec-
tively dominance) versus prior residency. Likewise, they can 
include eff ects of body size on survival prospects, and these 
prospects, if necessary, can also be diminished when the aim 
is to refl ect limitations on foraging effi  ciency. In each case the 
net eff ect of all factors determines the migratory outcome. 
Although the particular models presented here have only 
made reproduction (not survival) depend on the presence 
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 Given that adult sex ratios in fact often are male-biased 
in birds (Donald 2007), the above caveat may not be a seri-
ous one for many species, because when higher numbers of 
males than females compete against same-sex individuals for 
the same breeding sites, this creates relatively more intense 
selection on males than on females to remain close to poten-
tial breeding sites. Th is restores the proposed causality from 
the need to secure best territories to a male-biased occur-
rence of year-round residency. Still, given that this argument 
only applies with caveats (Kokko et al. 2006b), and despite 
much empirical study devoted to considering sex diff erences 
(Smith and Nilsson 1987, Boyle 2008), it is notable that no 
model has explicitly treated territory acquisition and pair for-
mation by the two sexes in partial migrants. A partial excep-
tion is provided by Griswold et al. (2010) who consider two 
sexes, but mating is random in their model and males and 
females are not permitted to evolve sex-specifi c expression 
of migratory behaviour. Clearly, there is much work to do 
in deriving explicit predictions of the population feedback 
when the number of males can diff er from the number of 
females, especially because sex-specifi c habitat use can infl u-
ence determinants of fi tness in the non-breeding season too 
(Studds and Marra 2005). 

 Finally, it is worth noting that despite including several 
interacting factors, the models presented here do not cover 
all forms that partial migration is known to take in nature. 
Th e models are formulated with birds in mind. While the 
general conclusions regarding the importance of frequency 
dependence are likely to hold generally, the particular mech-
anisms can vary from taxon to taxon. Even within birds, par-
tial migration is known to sometimes take the form of all 
individuals being in the same region for the non-breeding 
season (Middleton et al. 2006), instead the breeding range 
being shared among all individuals, as modelled here. Th e 
fi tness consequences obviously have to be calculated in a 
diff erent way for the former case (for an explicit compari-
son see Griswold et al. 2010). Despite limitations, current 
theory does point out several avenues for fruitful research: a 
simultaneous evaluation of survival prospects and territory 
acquisition dynamics is essential to understand frequency 
dependence; the study of interactions between the sexes is 
in its infancy; and the study of population consequences of 
individual migratory decisions can yield surprising results. 
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 Th e evolutionarily stable threshold S *  can be found using 
several diff erent methods; for a general pairwise invasibility 
analysis see Kokko (2007). A shortcut can be found by noting 
that if at the current size threshold  S  individuals do better by 
migrating than by non-migrating, then they should switch 
to a migrating strategy (and vice versa). If  S  is evolutionarily 
stable (such that  S   �   S  * ), then at this size  s   �   S  individuals 
should have equal fi tness using either behavioural strategy. 
Th is implies  p  m ( s )( R  m   �  1)  �   p  n ( s )( R  n   �  1), where  R  m  and  R  n  
are obtained using the equilibrium values of  n  m  and  n  n , as 
described in the main text. 

 Appendix 2 

 The details of the simulation (Model 2) 

 A population of 1000 individuals was initiated in a habi-
tat comprising 1000 territories, such that each individual 
was characterized by three traits: the parameter  p  1  (initially 
normally distributed with mean 1 and standard deviation 
0.1, but with probability 0.5 its sign was changed to become 
negative), the parameter  p  2  (initially normally distributed 
with mean 15 and standard deviation 0.1, but with prob-
ability 0.5 its sign was changed to become negative), and the 
individual ’ s size  s  which is interpreted as its weight (normally 
distributed with mean 15 and standard deviation 1). Th e 
combination of signs and magnitudes of  p  1  and  p  2  ensures 
that the population starts as a mix of individuals whose prob-
ability of migration is low or high, and increases or decreases 
(or remains largely unchanged) with body size. Further vari-
ation was then introduced by mutation as described below. 

 For 100 breeding seasons, the following procedure was 
followed: 

 Initially the number of birds and territories was 1. 
matched, such that all 1000 birds are breeders. 
 Each breeder produces  2. R  off spring (in the examples 
shown,  R   �  3), and these inherit the traits  p  1  and  p  2  
from the parent bird but with mutation: for  i   �  1 or 2, 
the off spring ’ s  p  i  equals the parent ’ s  p  i  plus a normally 
distributed mutation term with mean 0 and standard 
deviation 0.1. Th is type of mutation captures the idea 
of a polygenic trait (many loci each with small eff ects). 
Off spring size is then randomly determined: as with 
the parents, this is normally distributed with mean 15 
and standard deviation 1. Th ere is no parent-off spring 
correlation in this trait. 
 Each bird (parent, off spring, or fl oater) makes its deci-3. 
sion to migrate or not. Note that fl oaters do not exist 
in the fi rst year but they can arise later. Th e probability 
that a bird of size  s  migrates is ( )( )1 1 2 1

�
� � �e p s p . If a 

uniformly distributed random number (in the range 0 
to 1) falls below this probability then the bird migrates, 
otherwise it does not. 
 Migrants who died (each which probability given in 4. 
the legend of Fig. 4) are removed from the population, 
ditto for non-migrants. 
 We now have the spring population. If the number 5. 
of survived non-migrants falls below the number of 
territories (1000), all non-migrants are assigned the 

 Appendix 1 

 Deriving the evolutionarily stable size threshold 
in Model 1 

 Th e fi rst step in fi nding the evolutionarily stable size thresh-
old  S *   is to derive the population consequences (most 
importantly,  R  m  and  R  n ) of any threshold  S  currently used 
in the population. We are also interested in the spring popu-
lation size of migrants and non-migrants,  n  m  and  n  n , that 
describe the population dynamic equilibrium. Th e spring 
population (total size  n  n   �   n  m ) yields on average, per breeder, 
 a   –  ( b  ( n  n   �   n  m   –  1) / 2) new members to the population by 
the autumn, and the breeders ( n  n   �   n  m ) are still alive too. All 
these birds follow the normal distribution for body weight. 
Denoting the probability density function for size  s  by  f ( s ), 
the total number of birds of size  s  in the autumn is ( n  n   �   n  m )
[1  �   a   –  ( b  ( n  n   �   n  m   –  1) / 2)]  f ( s ). If this size  s  falls below the 
migration threshold  S , then size  s  birds all migrate, and the 
total number of birds of size  s  that return alive the following 
spring is 

 ( n  n   �   n  m )[1  �   a   –  ( b  ( n  n   �   n  m   –  1) /2)]  f ( s )  p  m ( s ) 

 where  p  m ( s ) is the probability of surviving as a  migrant  at size  s . 
By contrast, if the size  s  exceeds  S , then size  s  birds do not 
migrate, and the total number of birds of size  s  that overwin-
ter successfully on their breeding grounds is 

 ( n  n   �   n  m )[1  �   a   –  ( b  ( n  n   �   n  m   –  1) / 2)]  f ( s )  p  n ( s ), 

 where  p  n ( s ) is the probability of surviving as a  non-migrant  
at size  s . 

 At equilibrium, the number of migrants and non-mi-
grants stays constant from one year to the next: the dynamic 
equilibrium must satisfy the set of equations 
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gives the closed form solution for the autumn population size. 
 Although complicated, these solutions are all in closed 

form, which means that they can be numerically evaluated 
with ease. 
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this means, then they can challenge current territory 
owners in the same manner as non-migrants described 
above. Note that a migrant can challenge either a non-
migrant or a migrant (who obtained a territory earlier 
in the sequence than the challenger migrant). 
 We have now the new spring population of breeders 7. 
(territory owners) and, potentially, fl oaters (birds alive 
but without a territory). Floaters will simply survive to 
form part of the autumn population, breeders breed as 
described from stage 2 onwards. 
 Th is cycle is repeated until a predetermined number of 8. 
seasons has passed. 
 A logistic regression is performed on the migration 9. 
decisions (step 3) of all birds alive in the last breeding 
season, with the binary outcome  –  to migrate or not  –  
regressed against body size. 

status of a territory owner. If their number exceeds 
1000, then 1000 non-migrants are randomly chosen 
as territory owners, and the rest are then individually 
picked in random order to challenge up to fi ve dif-
ferent owners. Th e fi ghts end for each challenger if it 
wins a fi ght (probability determined depending on the 
strength of the prior residence eff ect and on the body 
size of the challenger and owner using the function 
depicted in Fig. 2), in which case it becomes the new 
owner and the previous owner is ousted and cannot 
breed in this season, or if it has challenged fi ve owners 
without success, in which case the challenger cannot 
breed this season. 
 Th e migrants arrive. If the number of territory owners 6. 
is below 1000 at this stage, the remaining vacancies are 
fi lled by migrants. If not all migrants fi nd a territory by 


