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regarded as a direct ional select ion process from a sol i tary ancest ry into progressively 
more advanced forms of social i ty. I n this thesis, I  tested this model against  an 
alternat ive model, assuming radiat ion from a social ly f lexible ancest ry. I  fur ther  
explored social i ty, resource use and dispersal of a sol i tary carnivore, the wolver ine 
(Gulo gulo), in the l ight  of these two evolut ionary models. Phylogenet ic 
reconst ruct ion general ly suppor ted that  carnivore social  organizat ions evolved 
through direct ional select ion from a sol i tary ancestor. However, results from capt ive 
wolver ine females indicated that  they may have rudimentary social  tendencies, 
which rather  suppor t  that  social i ty in carnivores radiated from a social ly f lexible 
ancest ry. Wild wolver ines in nor thwestern Brooks Range, Alaska, adhered to the 
commonly found ecological niche as a largely ungulate dependent  general ist  
carnivore. Lack of sexual asymmetry in dispersal tendencies indicated that  resource 
compet i t ion among wolver ine females probably was high. I  suggest  that  wolver ines 
have latent  abi l i t ies to aggregate, but  that  their  phylogenet ic legacy in terms of 
morphology has const rained them into an ecological niche where resource abundance 
and dist r ibut ion general ly inhibi t  aggregat ions.  Due to cont radictory results, I  
suggest  fur ther  research to test  evolut ionary theory regarding carnivore social  
evolut ion, and par t icularly to explore new avenues into social  evolut ion that  bet ter  
explain int ra-specif ic var iat ion in social i ty, as wel l  as format ion and maintenance of 
sol i tary social  systems.
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I n t r oduct i on

The social  organizat ions of animal societ ies have impor tant  impl icat ions for  the 
dist r ibut ions of individual f i tness. Knowledge of the ecological and evolut ionary 
mechanisms that  underl ie and maintain varying forms of social  organizat ions is thus 
one of the key components for  a comprehensive understanding of how evolut ionary 
and ecological processes shape, maintain and rest r ict  animal populat ions (Clut ton-
Brock 1988). This, in turn, is fundamental for  several f ields of biology, from adapt ive 
management  of wi ld populat ions (Frank and Woodroffe 2001) to developing new 
theory explaining ecological and evolut ionary processes (Pianka 1988).

Carnivora is an int r iguing mammalian order, with a wide var iety of ecological, 
behavioral and physiological character ist ics. Carnivores have a high posit ion in the 
t rophic hierarchy and often a great  inf luence on large scale ecosystem processes 
(Ewer  1973; Mclaren and Peterson 1994; Noss et  al . 1996). They are also often in 
conf l ict  with human interests (Kel ler t  et  al . 1996; Woodroffe 2000; Cardi l lo et  al . 
2004). Consequent ly, research on carnivore ecology has been in the focus for  
zoologists for  decades. 

However, research on evolut ion and maintenance of carnivore social  
organizat ions has been heavi ly biased towards populat ions l iving in stable social  
groups. This is ref lected both in developed theory (e.g. Johnstone et  al . 1999; Clut ton-
Brock 2002; Stephens et  al . 2005) and in an overwhelming body of research on group 
l iving carnivores in the wi ld (e.g. Mech 1970; Kruuk 1972; Packer  et  al . 1988; Creel 
1996; Creel and Creel 2002). This is quite understandable, since most  sol i tary species 
are elusive and diff icult  to study. Nonetheless, this bias hampers our  understanding 
of how ecological and evolut ionary processes shape spat ial  st ructures and the level of 
social i ty in carnivore populat ions.

In this thesis, I  have explored the evolut ion and mechanisms behind carnivore 
social i ty, concentrat ing on a relat ively l i t t le studied sol i tary species, the wolver ine 
(Gulo gulo). My focus has been threefold. First , using comparat ive analyses, I  tested a 
general ly assumed model of the evolut ion of carnivore social i ty, namely that  carnivore 
social  organizat ions developed t rough direct ional select ion from a sol i tary ancestor  
into progressively more advanced forms of social i ty (paper  I ). Second, using 
wolver ines housed in an ar t i f icial  capt ive environment , I  tested i f dense social  
aggregat ions of female wolver ines fol lowed predict ions from the direct ional select ion 
model, or  i f they showed latent  social  tendencies and adopted to this, for  the species 
novel, social  environment  (paper  I I ). Third, I  studied resource ut i l izat ion and 
dispersal pat terns in a populat ion of wi ld wolver ines in nor thwest  Alaska, to test  i f 
the dispersal pat terns in this wolver ine populat ion adhere to the general predict ions 
regarding sex-biases in dispersal under  relat ively homogenous resource dist r ibut ions 
for  polygynous species, i .e. a male biased dispersal (paper  I I I -V). 

The Wolver i ne

The wolver ine is a ter rest r ial  mustel id with a circumpolar  dist r ibut ion, which 
pr imar i ly inhabits tundra and taiga of nor thern lat i tudes (Wilson 1982). Our  
knowledge of ecology, behaviour  and social  organizat ion of wolver ines is st i l l  scant  in 
relat ion to other  large carnivores in arct ic and boreal areas, al though small  and 
fragmented populat ions, both in the cont inuous United States and in Scandinavia, 
recent ly have generated increased at tent ion to management  and research on the 
species (Weaver  et  al . 1996; Landa et  al . 2000; Rowland et  al . 2003; Flagstad et  al . 
2004). 
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The wolver ine is the largest  ter rest r ial  member of the family mustel idae. 
Wolver ines range in size from 10-20 kg, with males approximately 30% heavier  than 
females (Pasitschniak-Ar ts and Lar iviere 1995). I t  is compact ly bui l t , with power ful 
l imbs and a broad head. Colour  ranges from brown to black, with a typical pale 
lateral st r ipe. 

Ecological ly, the wolver ine has been character ized as an ungulate-dependent  
carnivore, similar  in i ts ecological role to larger  predators such as brown bears (Ursus 
arctos) (Banci 1994). Several studies have emphasized the impor tance of large 
ungulates for  wolver ine populat ions, par t icularly as food dur ing winter  (Haglund 
1965; Rausch and Pearson 1972; Gardner  1985; Magoun 1987; Persson 2003). 
However, al though wolver ines have been shown to ki l l  large ungulates (Haglund 
1965; Pul l iainen 1968; Magoun 1985), they probably most ly feed on them as 
scavengers (Banci 1994). The diet  of wolver ines dur ing summer is less wel l  
understood, but  there are indicat ions that  other  prey such as microt ine rodents may 
be impor tant  (Landa et  al . 1997; Paper  IV). 

The wolver ine can be regarded as a typical example of a sol i tary carnivore. I n 
the wi ld, i t  has a social  system common among ter rest r ial  mustel ids. The ter r i tor ies 
of males general ly overlap ter r i tor ies of both other  males and several females, whi le 
the ter r i tor ies of reproduct ive females are exclusive and only overlap with ter r i tor ies 
of males (Powell , 1979; Hornocker  and Hash 1981; Magoun 1985; Banci and Harestad 
1990). Social  groupings, except  for  mat ing pairs and mother  and infants, are 
ext remely rarely observed. The mat ing system is probably polygamous or  
promiscuous (Banci 1994).

The evolu t i onar y h i st or y  of  soci al i t y  i n  Car n i vor a (Paper  I )

A consensus model of carnivore social  organizat ions assumes direct ional select ion 
from a sol i tary basel ine into progressively more advanced forms of social i ty (e.g. 
Packer  1986; Git t leman 1989; Creel and Macdonald 1995) (Fig 1a; hereafter  refer red 
to as rthe direct ional select ion models). However, the main assumpt ion of this model, 
i .e. a sol i tary ancest ral  state, has never  been tested. Fur ther, this conceptual model 
has been adopted with specif ic at tent ion to the evolut ion of group l iving societ ies. 
Evolut ionary cor relates to sol i tary societ ies, as wel l  as species which exhibit  a large 
var iat ion in terms of social i ty, are diff icult  to f i t  into this framework.  

An alternat ive model would be to assume a social ly f lexible ancestor  to 
Carnivora (i .e. an ancestor  with rudimentary abi l i t ies to l ive in a var iety of social  
organizat ions), and that  present  social  st ructures have evolved through radiat ion 
from this f lexible basel ine (Fig. 1b; hereafter  refer red to as rthe radiat ion models). 
This approach may be advantageous for  two main reasons. First , the direct ional 
select ion model assumes direct ional social  evolut ion from a sol i tary ancest ral  state. 
Hence, i t  does not  wel l  account  for  evolut ionary forces that  may act  in shaping and 
maintaining sol i tary social  st ructures. Second, the radiat ion model assumes that  
species are capable of l iving under  a var iety of social  si tuat ions. Since there is no 
similar  inherent  assumpt ion of int raspecif ic var iat ion in the direct ional select ion 
model, i t  is less suited to explain species that  exhibit  large var iat ion in terms of 
social i ty, both within and between populat ions. 

These two models offer  testable predict ions since they assume compet ing states 
of social i ty as ancest ral  for  Carnivora. Dur ing the past  two decades, character  t rai ts 
of ext inct  ancestors have commonly been reconst ructed using data from contemporary 
species and phylogenet ic t rees of their  relat ionships (Schultz et  al . 1996). These 
methods have been used to der ive the ancest ral  states of a wide var iety of t rai ts; some 
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of the more innovat ive uses have included the physiological evolut ion of enzymes 
(Jermann et  al . 1995) and the evolut ion of cal l ing behavior  in frogs (Ryan and Rand 
1995). Two main analyt ical methods, one based on maximum parsimony cr i ter ia and 
the other  on maximum l ikel ihood est imates, have been suggested for  phylogenet ic 
reconst ruct ions. Earl ier  studies typical ly used maximum parsimony cr i ter ia to 
evaluate the most  l ikely ancestor  state at  specif ic nodes (Swofford and Maddison 
1987; Maddison 1994). These algor i thms simply t r y to minimize evolut ionary change 
over  t ime, i .e. they f ind the ancest ral  states that  minimize character  t ransit ions 
throughout  the phylogeny. However, al though maximum parsimony may be rel iable in 
cases that  meet  the assumpt ion of equal probabi l i ty of gains and losses, and in cases 
that  have closely related species, i t  appears to be unrel iable when the rate of 
character  change is high or  when there has been much t ime for  evolut ionary change 
(Maddison 1994; Yang et  al . 1995; Zhang and Nei 1997). Recent ly developed 
maximum-l ikel ihood approaches have been suggested to overcome these 
shor tcomings, and fur ther  offer  possibi l i t ies to quant i fy the uncer tainty of t raced 
ancest ral  states (Cunningham et  al . 1998). These techniques use rates of evolut ionary 
change (either  est imated from the data or  f ixed before analyses) as parameters in 
evolut ionary models that  calculate maximum l ikel ihood est imates for  the model given 
specif ic character  states at  each node of the t ree (Schluter  et  al . 1997).

In paper  I , I  tested the compet ing predict ions of a sol i tary vs. a f lexible social  
ancestor  to Carnivora using phylogenet ic reconst ruct ion of publ ished data on 
carnivore social  organizat ions and a previously resolved phylogeny of Carnivora 
(Bininda-Edmonds et  al . 1999). I  used two separate maximum l ikel ihood 
reconst ruct ions; one est imat ing evolut ionary rates of gains and losses of t rai ts to be 
equal, and one al lowing separate rates of change, hence f i t t ing one rate of change for  
gains of t rai ts (forward rate) and one rate for  losses of t rai ts (backward rate). I  
appl ied the models to two discrete classif icat ions of social  organizat ions; one binary, 
in which species were regarded as either  sol i tary or  non-sol i tary, and one mult istate. 
I n the binary classif icat ion, I  classed a species as sol i tary i f only the mother  is 
present  at  the t ime of parental care, and as non-sol i tary i f any evidence that  any 

Fi gu r e 1. Schemat ic picture of (A) the t radit ional model of social  evolut ion in carnivores, based on 
direct ional select ion from a sol i tary basel ine and (B) an alternat ive model, based on radiat ion from a 
f lexible basel ine.
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forms of groupings has occur red. In the mult istate classif icat ion, I  used the 
previously descr ibed defini t ion for  sol i tary species, but  classed species as pair  l iving 
i f both parents are present  and as group l iving i f more than one adult  female or  i f 
more than two adults are present . I  fur ther  incorporated social  f lexibi l i ty as a 
specif ic t rai t  by classing species that  exhibit  more than one of the previous classes as 
f lexible.

Two-rate maximum l ikel ihood models provided signif icant ly bet ter  f i t  than 
one-rate models. One-rate models fai led to provide suppor t  for  ancest ral  states for  
ei ther  the binary or  the mult istate classif icat ion. However, a two-rate model provided 
f i rm suppor t  for  a sol i tary ancestor  i f a binary classif icat ion was used (Fig 2a), 
al though i t  fai led to provide suppor t  for  any ancest ral  state using the mult istate 
classif icat ion (Fig 2b). Fur ther, two-rate models est imated forward rate of change to 
be substant ial ly higher  that  backwards. Hence, phylogenet ic reconst ruct ion general ly 
suppor ted the predict ion of direct ional select ion.

Soci al  cr ow di ng and i t s consequences for  r epr oduct i ve success 
among capt i ve w olver i nes (Paper  I I )

Under  the direct ional select ion model, social ly related t rai ts can be predicted to be 
f ixed, so that  animals show few tendencies to adapt  to novel social  environments. I n 
sol i tary species, this could include high levels of aggression and st ress when 
subordinates are unable to escape direct  presence of dominant  individuals. The 
radiat ion model, on the other  hand, assumes social  tendencies in most  species. Many 
of the behavioral and physiological t rai ts found in complex social  societ ies might  then 
be present  in less wel l-developed forms even in sol i tary species. These t rai ts can, in 
that  case, be regarded as react ion norms that  may be modulated by the social  
environment . 

Fi gu r e 2. Phylogenet ic t rees of Carnivora, col lapsed to family level, with the ancest ral  state of social  
organisat ions t raced with a two-rate maximum l ikel ihood model and a binary classif icat ion of social  
organizat ions (A), and a mult istate classif icat ion of social  organizat ions (B). Each node in the t rees is 
represented by a bar  graph showing the propor t ion of total  l ikel ihood for  each class of social  
organisat ions. A higher  propor t ional l ikel ihood for  a class indicates a higher  probabi l i ty that  that  class 
was ancest ral  at  that  node. A l ikel ihood rat io of 7.4:1 approximates a 95 % confidence suppor t  for  a 
reconst ructed state. The reconst ruct ion using a binary classif icat ion and a two-rate model (A) provided 
stat ist ical suppor t  for  the ancest ral  state of social  organisat ions (1011:1).

(A) (B)
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Reproduct ive suppression of social ly subordinate individuals is commonly 
found among group l iving mammals (Wasser  and Barash 1983; Jennions and 
Macdonald 1994), and is general ly caused by physiological mechanisms that  disrupt  
the endocr ine events that  cont rol  ovulat ion, implantat ion, or  establ ished pregnancies 
(Creel 1996; Faulkes and Abbot t  1997; HacklÁnder  et  al . 2003). Reproduct ive 
suppression is rarely observed in sol i tary societ ies and is in some cases assumed to be 
absent  (e.g. Creel and Macdonald 1992). However, in dense aggregat ions the 
possibi l i ty for  dominant  individuals to inter rupt  subordinate breeding increases. I f a 
social  rank hierarchy is establ ished, one could therefore predict  that  this wi l l  be 
ref lected in reproduct ive success of individual females. From the standpoint  of 
subordinate reproduct ive fai lure, one of two scenar ios can then be predicted. I f the 
animals show no pre-adaptat ions to l ive in close proximity to dominant  individuals, 
one would expect  an elevated st ress response that  inhibi ts reproduct ive funct ion. I f, 
on the other  hand, the physiological mechanisms that  mediate suppression involves 
behavioral or  physiological t rai ts that  can be modulated by the social  environment , 
one would expect  mechanisms of reproduct ive fai lure to be similar  in both sol i tary 
and group l iving species. 

I n paper  I I  we used behavioral and endocr ine data from capt ive female 
wolver ines to explore cor relates to reproduct ive fai lure among females exper iencing a 
crowded social  environment . We tested three specif ic predict ions generated by the 
direct ional select ion model: (i ) animals wi l l  be badly equipped behavioral ly to social  
aggregat ions and wi l l  show high aggression rates, (i i ) females wi l l  ei ther  show a 

Fi gu r e 3: Profi les of fecal progesterone (’ g / g dry feces) and fecal est rogens (ng / g dry feces) dur ing 
the per iod of t rue gestat ion for  successful (A, B) and unsuccessful (C, D) breeding at tempts of capt ive 
wolver ine females, as wel l  as one unsuccessful breeding at tempt  (E, F) that  showed no signs of ovar ian 
act ivi ty at  t ime of expected implantat ion.
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st rong rank hierarchy with one female monopol izing reproduct ion, or  there wi l l  be no 
social ly related difference in reproduct ion among females at  al l , (i i i ) i f social ly 
induced reproduct ive fai lure occurs, i t  wi l l  be caused by elevated levels of st ress 
hormones in subordinate females that  suppress reproduct ive funct ion. 

Behavioral ly, the enclosed wolver ine females showed low levels of aggression 
and intermediate levels of social  behavior, and reproduct ive fai lure seemed to have 
been related to low social  rank. However, none of the females managed to total ly 
monopol ize reproduct ion. Sex hormones general ly did not  dist inguish between 
successful and unsuccessful breeding, with one except ion (Fig. 3a-f). We concluded 
that  reproduct ive fai lure seemed to have occured between ovulat ion and 
implantat ion. Reproduct ive fai lure was not  detectably related to an increase in 
glucocor t icoid st ress hormones. Rather, elevated glucocor t icoid levels dur ing the 
mat ing season were associated with successful reproduct ion (Fig. 4). Results from 
these capt ive aggregat ions thus indicate that  wolver ine females may have latent  
social  tendencies, and that  they may possess behavioral and physiological t rai ts that  
can be modulated by the social  environment . This concurs with the radiat ion model of 
carnivore social  evolut ion, rather  than with direct ional select ion.

Fi gu r e 4: Fecal cor t icosterone levels dur ing mat ing, embryonic diapause and gestat ion in successful 
and unsuccessful breeding at tempts by capt ive female wolver ines. The difference between successful 
and unsuccessful breeders is stat ist ical ly signif icant  dur ing the mat ing season (p = 0.048), but  not  
dur ing either  the diapause or  gestat ion (diapause: p = 0.47; gestat ion: p = 0.48).  

Resour ce u t i l i zat i on  and d i sper sal  of  w olver i nes i n  nor t hw est  
Alask a 

Resource uti l ization (Paper  III an IV)

Macdonald (1983) argued that  resource dist r ibut ion is the cent ral  factor  determining 
carnivore spat ial  organizat ion. Indeed, the spat io-temporal dist r ibut ion of pr imar i ly 
food resources seems to be one of the most  impor tant  factors for  spacing pat terns in 
carnivores (Sandel l  1989), al though other  factors such as body size and ecological 
complexity may also be impor tant  (Bekoff et  al . 1984; Git t leman 1989). Hence, a f i rm 
understanding of ut i l izat ion, avai labi l i ty and dist r ibut ion of cr i t ical resources must  
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be the basis for  any research on spat ial  dist r ibut ion and social i ty in carnivores. 
Tradit ional methods of analyzing carnivore diets, i .e. analyses of content  in 

stomachs and feces, may be prone to shor tcomings associated with non-random 
samples with inherent  pseudorepl icat ion (Reynolds and Aebisher  1991; Deb 1997; 
Dar imont  and Reimchen 2002).  Fur ther, observat ion on predat ion events (ei ther  
direct  or  through snow-t racking), carcasses for  stomach contents or  fecal droppings 
are often diff icult  to obtain year  round for  large carnivores in boreal or  arct ic areas. 
For  carnivores feeding on prey with seasonal var iat ion in avai labi l i ty, there is 
however  a need to understand dietary pat terns for  al l  seasons, not  only the ones for  
which data is easy to col lect  (which normally is dur ing the winter ).

I n recent  years, analyses of stable isotopes have shown to be a power ful 
complement  to t radit ional diet  analyses (Hobson 1999; Kel ly 2000).  Par t icularly, 
since stable isotopes ref lect  the accumulated diet  over  t ime windows specif ic to the 
measured t issues metabol ic rates, they can be used to address quest ions related to 
di fferent  t ime scales than what  is possible using t radit ional analyses. In paper  I I I  we 
suggested three different  ways to ut i l ize informat ion in stable isotopes to resolve 
temporal var iat ion in diets. The most  st raight forward approach is to compare samples 
from the same type of t issue that  has been col lected over  t ime (Fig 5a). This approach 
is suited to address either  long or  shor t -term dietary var iat ion, depending on sample 
regime and which t issue that  is sampled. Second, one can compare t issues with 
di fferent  metabol ic rates. Since the elements in a given t issue ref lect  diet  dur ing t ime 
spans specif ic to i ts metabol ic rate, t issues with di fferent  metabol ic rates wi l l  ref lect  
dietary records over  di fferent  per iods (Fig 5b). Third, compar isons of sect ions from 
t issues with progressive growth, such as hair, feathers, claws and teeth, wi l l  reveal 
temporal var iat ion since these t issues wi l l  retain isotopic values in a chronological 
order  (Fig 5c). 

Fi gu r e 5. Three different  ways of ut i l izing stable isotopes in animal t issues to resolve temporal diet  
var iat ion (black boxes ref lect  measured t issue); (A) compar ing samples of the same type of t issues 
col lected repeatedly over  t ime, (B) compar ing t issues with di fferent  metabol ic rates, which means that  
they wi l l  ref lect  source isotopes over  di fferent  t ime spans, and (C) compar ing segments of t issues with 
progressive growth, such as hair, claws or  teeth.
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Fi gu r e 6. Dietary impor tance of car ibou (A, B) and moose (C, D), expressed as percent  of dry stomach 
content , in relat ion to annual presence and mor tal i ty of car ibou from 1996-2000. None of the 
relat ionships are signif icant , but  there were t rends for  negat ive l inear  relat ionships between dietary 
impor tance of moose and both car ibou presence (p = 0.107) and mor tal i ty (p = 0.178).

I n paper  IV we combined analysis of stomach content  with analyses of the 
stable isotopes 13C and 15N in wolver ine muscle and col lagen to invest igate annual 
and seasonal var iat ion in wolver ine diets within the migratory range of the Western 
Arct ic Car ibou Herd in nor thwestern Alaska. We compared 13C and 15N  values in 
skeletal muscles col lected repeatedly over  several winters in combinat ion with 
analyses of stomach content  to invest igate annual var iat ion in diet , and compared 
13C and 15N values in muscle and col lagen col lected from the same animals to 
invest igate seasonal diet  pat terns. We der ived the samples from wolver ines legal ly 
harvested in the drainages of Kobuk and Noatak r ivers.  

As predicted from previous studies on feeding ecology of wolver ines, large 
ungulates dominated the diet  dur ing winter. Wolver ines appeared to behave l ike 
special ist  foragers on car ibou, which compensated for  a decreased intake of car ibou 
with an increased intake of moose (Fig 6a-d). However, stable isotope analyses of 
muscle and col lagen indicated a seasonal diet  shift  between winter  and summer. This 
shift  seemed to be from a diet  dominated by car ibou in winter  to an increased 
ut i l izat ion of other  ter rest r ial  herbivores, such as moose, microt ine rodents, or  arct ic 
ground squir rels, dur ing summer (Fig 7). Hence, the wolver ines in Noatak and 
Kobuk drainages seemed to fol low the general pat tern among studied wolver ine 
populat ions, and l ive as largely ungulate-dependent  scavengers, albeit  seasonal ly 
probably depending on smaller  prey.
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Fi gu r e 7. Ninety-f ive % confidence l imits for  est imates of } 13C and } 15N for  wolver ine summer and 
winter  diets and average values for  potent ial  prey species. Moose and car ibou values ref lect  muscle 
samples from animals harvested within the study area, whi le values for  other  potent ial  prey species 
are taken from l i terature (see paper  I I I ). Est imates of wolver ine winter  diets are based on wolver ine 
muscle samples cor rected for  isotopic fract ionat ion and est imates of wolver ine summer diets are 
calculated from wolver ine col lagen, cor rected for  isotopic fract ionat ion, where the signatures for  winter  
diets have been ext racted. 

Sex-specific dispersal patterns (Paper  V)

Pat terns of natal dispersal, and par t icularly of sexual asymmetry in dispersal, are 
int r insical ly l inked to the spat ial  st ructures and social  organizat ions of animal 
societ ies, as wel l  as to local resource dist r ibut ion and resource ut i l izat ion (Chepko-
Sade and Halpin 1987; Clober t  et  al . 2001).  I n polygynous mammals, dispersal is 
predicted to be male-biased due to biases in resource compet i t ion between males and 
females (Greenwood 1980).  I f male f i tness is determined by mat ing success and 
female f i tness by resource avai labi l i ty (which has been shown in empir ical studies of 
polygynous mammals, e.g. Clut ton-Brock 1988), the ampli tude of sexual asymmetry 
in dispersal can be predicted to increase with an increasing level of mate compet i t ion 
in relat ion to resource compet i t ion (Per r in and Mazalov 1999). Although neither  
resource compet i t ion nor  mate compet i t ion direct ly has been quant i f ied for  wi ld 
wolver ine populat ions, recent  data suggest ing high rates of male infant icide (Persson 
et  al . 2003) indicate that  male mat ing compet i t ion might  be considerable. Hence, we 
could predict  that  dispersal among wolver ines should be male biased.

However, recent  studies have provided unclear  results regarding sex biases in 
wolver ine dispersal pat terns. Using direct  observat ions on radio tagged animals in 
Scandinavia, Vangen et  al . (2001) suggested that  males may disperse more frequent ly 
than females and that  females may delay their  dispersal relat ive to males. They did 
not , however, f ind any sex differences in terms of dispersal distances. Using 
populat ion genet ic methods, Cegelski et  al . (2003) found inconsistent  results related 
to sex-biased dispersal in wolver ines from Montana, USA.  They found that  two 
separate measures of populat ion different iat ion differed for  males and females, both 
suppor t ing male bias in dispersal, but  that  a third approach fai led to provide suppor t  
for  any sex differences in dispersal pat terns. Fur ther, both Wilson et  al . (2000) and 
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Tomasik and Cook (2005) found relat ively st rong evidence for  genet ic populat ion 
different iat ion using maternal ly inher i ted mtDNA. These results have, however, been 
cont radicted by analyses of biparental ly inher i ted microsatel l i te markers (Kyle and 
Strobeck 2001). One possible explanat ion for  this cont radict ion could be female 
phi lopat ry, which would result  in st ronger  populat ion different iat ion for  maternal ly 
inher i ted markers (Avise 2004). Chappel l  et  al . (2004) suppor ted this view by 
analyzing both mitocondr ial  and nuclear  markers simultaneously for  Canadian 
wolver ines.

Although male biased dispersal and female phi lopat ry is common in group-
l iving carnivores, such as Afr ican l ions (Pathera leo; Packer  and Pusey 1993), grey 
wolves (Canis lupus; Peterson et  al . 1984), and meerkats (Suricata suricatta; Doolan and 
Macdonald 1996), empir ical evidence for  i ts occur rence in sol i tary species is relat ively 
sparse. Long-term monitor ing programs have found direct  evidence for  female 
phi lopat ry in Bengal t igers (Panthera tigris) (Smith and Macdougal 1991), 
Scandinavian brown bears (Swenson et  al . 1998) and Amer ican black bears (Ursus 
americanus) (Rogers 1987). However, studies l ike these are expensive and have to be 
maintained over  several years or  even decennia (Smith and Macdougal 1991). 
Fur ther, direct  observat ions of dispersal events are prone to methodological problems 
(Koenig et  al . 1996), which is accentuated in species that  disperse over  large 
distances such as most  sol i tary carnivores. The recent  explosion in the accessibi l i ty of 
high-resolut ion genet ic data offers a potent ial ly power ful and seduct ive alternat ive 
(Mossman and Waser  1999; Goudet  et  al . 2002).  

This far, three types of analyses have been used to infer  sex biases in dispersal 
from genet ic data. First , measures of populat ion different iat ion, such as Fst  values, 
have been compared between males and females (Goudet  et  al . 2002). I f one sex shows 
greater  dispersal tendencies, indices of populat ion different iat ion should be lower  for  
this sex than the phi lopat r ic sex. Second, Favre et  al . (1997) suggested that  i f one sex 
disperses more than the other, individuals of this sex should, on average, have rarer  
al leles in the populat ion in which they are found than the phi lopat r ic sex (providing 
individuals have been sampled post  dispersal). They provided a method to quant i fy 
this by calculat ing an assignment  index (AIc) that  ref lects the probabi l i ty that  a 
specif ic genotype has or iginated in the populat ion in which i t  was sampled. In the 

Fi gu r e 8. Results from two methods of test ing sex biased dispersal in Alaska wolver ines using 
genet ic data. There were no differences in assignment  indices between males and females, neither  in 
terms of mean index values nor  in terms of var iance (A). Fur ther, there were no relat ionship between 
genet ic relatedness and physical distance between harvested individuals, neither  for  subadult  females, 
subadult  males, adult  females nor  adult  males (B).

(A) (B)
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case of sex biased dispersal, the AIc values of the dispersing sex should be negat ively 
skewed compared to the AIc values of the phi lopat r ic sex. Fur ther, since individuals 
of the dispersing sex wi l l  include both residents and immigrants, the var iance of 
assignment  indices should be higher  for  the dispersing than the phi lopat r ic sex 
(Mossman and Waser  1999). Third, there should be a st ronger  cor relat ion between 
the genet ic and physical distance between pairs of individuals from the phi lopat r ic 
sex compared to the dispersing sex (Prugnol le and de Meeus 2002). 

I n paper  V, we ut i l ized the AIc based method as wel l  as the approach relat ing 
genet ic and physical distance to test  the predict ion of male biased dispersal in 
wolver ines from the same populat ion in Brooks Range that  I  previously have 
descr ibed diet  use for. Neither  of the two genet ic methods provided suppor t  for  sexual 
asymmetry in dispersal tendencies, neither  in terms of age of dispersal, frequency of 
dispersal, nor  dispersal distances (Fig 8a-b).  This study thus adds to the inconsistent  
picture regarding sex-biased dispersal in wolver ines, were some studies have 
suppor ted male biased dispersal whi le others have not . 

Di scussi on

Phylogenetic history and evolution of social i ty in Carnivora

The phylogenet ic reconst ruct ion presented in paper  I  suppor ted a direct ional 
select ion from a sol i tary ancest ry, i f a two-rate model and a binary classif icat ion of 
social  organizat ions was used. The fai lure of providing suppor t  for  an ancestor  using 
the mult istate classif icat ion could be caused by a decreased power  by a larger  number  
of est imated parameters. However, for  both the binary and the mult istate 
classif icat ion, the two-parameter  models per formed bet ter  than the one-parameter  
ones. Fur ther, the two-rate model est imated a faster  forward rate of change than 
backward, both for  the binary and mult istate classif icat ions. This agrees with a 
direct ional select ion approach, where reversal of evolved t rai ts can be expected to be 
rare (Futuyma 1998).

The direct ional select ion model regard a sol i tary l i fe as a phylogenet ic legacy 
that  persists in species that  has not  been exposed to select ion pressures to develop 
pair  or  group l iving. However, there is evidence that  a sol i tary l i fe may generate 
specif ic adaptat ions, such as induced ovulat ion (Lar ieviere and Ferguson 2003), 
indicat ing that  maintenance of sol i tary social  st ructures may have been under  act ive 
select ion. Fur ther, al though i t  is general ly assumed that  resource dist r ibut ion 
dictates the level of social i ty for  most  carnivore species (Johnson et  al . 2002), studies 
specif ical ly test ing whether  the level of social i ty is const rained by resources are rare. 

I n paper  I I , the study of capt ive wolver ine females cont radicted the predict ions 
given by the direct ional select ion model. Among these females, reproduct ive fai lure 
was not  related to an endocr ine st ress response, females did not  show high levels of 
aggression, and although reproduct ive success appeared to be related to social  rank 
none of the females managed to monopol ize breeding ent irely. Hence, when ecological 
const raints to aggregate were released, these females showed rudimentary abi l i t ies to 
l ive in complex social  groups.

These two fundamental ly di fferent  approaches to test  predict ions regarding the 
evolut ionary background of carnivore social i ty thus provided cont radict ing results. 
Although a large body of research has focused on social  evolut ion within Carnivora, 
l i t t le or  no at tent ion has been given to the underlying evolut ionary theory that  has 
been used. The cont radict ing results given by these studies emphasize that  we st i l l  
have no clear  understanding of how different  social  st ructures developed, and from 
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what  level of social i ty present  carnivores have evolved. I  thus encourage future 
research to test  evolut ionary theory regarding carnivore social  evolut ion, and also to 
explore new avenues in which present  social  organisat ions might  have evolved.

Why are wolver ines soli tary?

Many carnivore biologists have asked why animals l ive in stable social  groups, and 
how these social  units are maintained (see reviews in Ewer  1973; Eisenberg 1983; 
Git t leman 1989; Macdonald and Creel 1992). However, there is not  an equal amount  
of studies addressing why sol i tary species does not  l ive in social  groups. In the 
studies that  have been done, explanat ions can be general ized into two categor ies; (i ) 
animals has maintained a sol i tary social  organisat ion in the lack of select ion 
pressure to evolve more elaborate social  st ructures, and (i i ) resource dist r ibut ion 
general ly prevent  animals from aggregat ing. While the f i rst  explanat ion only is 
possible under  the direct ion select ion model, the second is possible under  the 
radiat ion model as wel l . The results in the papers presented here provide at  least  
crude abi l i t ies to di fferent iate between these two alternat ives for  wolver ines.

Two main hypothesis have been provided to explain how cr i t ical resources may 
induce format ions of social  groups; (i ) cooperat ive hunt ing often increases hunt ing 
success of group l iving individuals (Creel and Creel 2002), and (i i ) the defendabi l i ty 
of patchy resources increases i f animals aggregate and cooperate in defending them 
(Macdonald 1983). Wolver ines appear  to depend on large ungulates throughout  i ts 
range, including the populat ion studied in paper  IV and V. In many carnivores 
feeding on large ungulates, cooperat ive hunt ing groups has been suggested to 
increase hunt ing success over  sol i tary hunters (see review in Creel and Creel 2002). 
Therefore, i t  would be reasonable to postulate that  wolver ines could benefi t  from 
cooperat ive hunt ing as wel l . From the basis of a fundamental resource, i t 's main prey, 
wolver ines may thus l ive under  ecological condit ions that  could favour  format ion of 
social  groups to increase hunt ing success.

However, wolver ines mainly seem to scavenge carcasses from large ungulates, 
rather  than hunt  them down as prey. This scavenging is l ikely caused by 
morphological const raints to hunt  eff icient ly. Since morphological t rai ts are more 
her i table than behavioral (St ir l ing et  al . 2002), i t  is l ikely that  wolver ines' 
evolut ionary past  const rain them morphological ly into an ecological niche as a 
scavenging general ist  predator. I n this niche, the spat ial  dist r ibut ion of resources is 
not  patchy enough to favour  aggregat ion to defend them. Wolver ines also appear  to 
cache food rather  than to stay and defend a carcass, which would fur ther  decrease the 
need to aggregate to defend food resources. This would suppor t  that  wolver ines 
mainly l ive a sol i tary l i fe due to ecological const raints to aggregate.

Theory predicts that  male biased dispersal wi l l  develop when the intensity of 
mate compet i t ion (among males) exceeds the intensity of local resource compet i t ion 
(among females) (Dobson 1982). Although different  studies (summar ized in paper  V) 
have provided somewhat  di fferent  results regarding sex bias in dispersal among 
wolver ines, none has provided clear  evidence for  a st rong sexual asymmetry in 
dispersal tendencies. Therefore, i t  can be assumed that  male mate compet i t ion is low 
or  local resource compet i t ion among females high. Studies in Scandinavia have shown 
that  females appear  to be food l imited and that  male infant icide, which usual ly 
occurs in systems with st rong mate compet i t ion (see Ebensberger  1998), is common 
(Persson 2003; Persson et  al . 2003). Both of these results indicates that  the low level 
of sexual asymmetry in wolver ine dispersal probably is due to a st rong compet i t ion 
for  resources among females, rather  than by weak mate compet i t ion among males. 
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This fur ther  accentuates that  resources and ecological factors l ikely dictates the 
social  st ructures among wolver ines.

When ecological const raints to aggregate were released, as in paper  I I , both 
behavioural and physiological mechanisms in wolver ine females appeared to have 
been modulated by the social  environment . Although many of the social  tendencies 
shown dur ing the study was rudimentary compared to group l iving species, 
wolver ines may car ry both behavioral and physiological pre-adaptat ions to form 
different  social  st ructures in wi ld populat ions. Such social  f lexibi l i ty is relat ively 
common among carnivores, for  instance in badgers (Meles meles) (Revi l la and 
Palomares 2002) and several species of canids (Moehlman 1989). However, many of 
these species are much more general ist ic in their  feeding habits than wolver ines, and 
i t  is l ikely that  the ecological niche as an ungulate dependent  scavenger, in 
combinat ion with low resource avai labi l i ty in arct ic and boreal areas, inhibi t  social  
aggregat ions of wolver ines in the wi ld.

Conclusions

Phylogenet ic analyses general ly suppor ted that  carnivore social  organizat ions evolved 
through direct ional select ion from a sol i tary ancestor. However, results from capt ive 
wolver ine females indicate that  they have rudimentary social  tendencies, which 
rather  suppor t  that  social i ty in carnivores radiated from a social ly f lexible ancest ry. 
Wild wolver ines in nor thwest  Alaska adhered to the commonly found ecological niche 
as an ungulate dependent  general ist  carnivore, and lack of sex bias in dispersal 
tendencies indicates that  resource compet i t ion among wolver ine females was high. I  
suggest  that  wolver ines have latent  abi l i t ies to aggregate, but  that  their  phylogenet ic 
legacy in terms of morphology has const rained them into an ecological niche where 
resource abundance and dist r ibut ion general ly inhibi ts aggregat ions. Due to 
cont radictory results, I  suggest  fur ther  research to test  evolut ionary theory regarding 
carnivore social  evolut ion, and par t icularly to explore new avenues into social  
evolut ion that  bet ter  explain int ra-specif ic var iat ion in social i ty, as wel l  as format ion 
and maintenance of sol i tary social  systems.
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