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    Abstract     A fundamental issue in ecology is identifying factors infl uencing animal 
density, and this issue has taken on new signifi cance with the need to develop 
informed conservation plans for threatened species. With primates, this issue is 
critical, because tropical forests are undergoing rapid transformation. Similarly, a 
fundamental question in behavioral ecology is understanding how ecological condi-
tions shape the social organizations of animals. During the past two decades, our 
research group has been investigating the ecological variables infl uencing the abun-
dance and social structure of two folivorous monkey species, the red colobus 
( Procolobus rufomitratus ) and the black-and-white colobus ( Colobus guereza ) in 
Kibale National Park, Uganda. We have documented much variation in the abun-
dance of these colobus monkeys over very small spatial scales. This variation is 
partially caused by variation in quality of the food resources, particularly the avail-
ability of high-protein resources relative to their fi ber content. However, this is not 
the whole story, and minerals, disease, and the interaction between disease and 
stress also appear to play important roles. Further, despite examining all these fac-
tors over multiple decades, our understanding is too limited to explain observed 
changes in colobine abundance over the past 40 years. Emerging from our studies of 
determinants of primate abundance were investigations of feeding competition. Our 
fi ndings suggest that, counter to previous claims, feeding competition is occurring 
in these folivores, and if food competition proves to be biologically signifi cant for 
folivores, our interpretations of primate behavior will need to be refi ned, and current 
theoretical models of primate social organization may need revision.  

  Keywords     Colobus   •   Competition   •   Conservation   •   Determinant of abundance   • 
  Folivore   •   Kibale National Park   •   Minerals   •   Nutrition   •   Parasites  

1.1          Introduction 

 Animal distribution is primarily determined by the nature of available habitat, and 
identifying the ecological factors that underlie this relationship is a key component 
of population ecology (Boutin  1990 ; Chapman and Chapman  2000b ). Ecological 
factors are also fundamental in shaping animal social organization, and understand-
ing the nature of this relationship is the central focus of behavioral ecology 
(Eisenberg et al.  1972 ; Wursig and Wursig  1979 ; Isbell  1991 ; Sterck et al.  1997 ). 
These issues have taken on new signifi cance with the need to develop informed 
management plans for threatened and endangered species. For primates, this is 
especially critical because their tropical forest habitats are undergoing rapid trans-
formations that have resulted in severe population reductions for many species. 
In 2010, the Food and Agriculture Organization of the United Nations (FAO) esti-
mated that 16 million ha of forest was lost globally each year in the 1990s (Camm 
et al.  2002 ), and approximately 12.5 million ha/year was lost in countries with pri-
mate populations, an area just smaller than Greece (Chapman and Peres  2001 ; 
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Kristan  2007 ; Chapman and Gogarten  2012 ). In contrast, in the past decade, the 
global rate of deforestation has decreased to approximately 13 million ha/year, and 
reforestation and natural expansion of forests in some countries signifi cantly 
reduced the net loss of forest (Camm et al.  2002 ). Although the rate of deforestation 
has decreased, many areas are still being dramatically affected, and to help manage 
this situation, academics need to develop a predictive understanding of the interac-
tions between ecological variables, primate behavior, and population persistence. 

 During the past two decades, our research group has been investigating the eco-
logical variables infl uencing the abundance and social structure of two folivorous 
monkey species, the red colobus ( Procolobus rufomitratus ) and the black-and-white 
colobus ( Colobus guereza ), in Kibale National Park, Uganda. In this chapter, we 
provide an overview of this work and our interpretation of the results relative to cur-
rent theoretical discussions and practical conservation issues. We fi rst describe our 
motivation for establishing this research program and our initial investigation of 
how food resources could determine folivore abundance. Unsatisfying initial results 
led us to incorporate nutritional considerations and to investigate the potentially 
synergistic interactions between nutrition and disease, and fi nally to testing our 
understanding experimentally and through a long-term contrast of population and 
ecological change. Although the initial focus of these studies was to understand the 
relationship between ecology and population density, some surprising results led us 
to question the assumptions and conclusions of current theoretical models that seek 
to explain variation in primate social organization. Throughout the chapter, we 
attempt to illustrate gaps in our understanding and point to ways forward for 
researchers interested in the population and behavioral ecology and conservation 
biology of tropical primates.  

1.2     Ecological Determinants of Folivore Abundance 

 Kibale National Park protects 795 km 2  of moist evergreen forest near the foothills of 
the Rwenzori Mountains in western Uganda (Struhsaker  1997 ; Chapman and 
Lambert  2000 ). Our fi rst studies were started in 1989, and the research continues to 
this day. As we came to know Kibale, we became intrigued by the apparent variation 
in primate abundance and realized that, if these patterns were real, this variation 
offered an excellent opportunity to investigate the ecological determinants of animal 
abundance. Previous studies of primate abundance had almost universally showed 
contrasts between sites that are geographically widely separated (McKey et al.  1981 ; 
Oates et al.  1990 ) and were based on the premise that distant sites would have suffi -
cient variation in ecological conditions to permit detection of differences in response 
variables (e.g., primate density). However, if signifi cant differences in ecological 
conditions occur over shorter distances, as they do in Kibale, small-scale studies may 
provide more sensitive tests of primate responses to variation in ecological variables, 
because small-scale analyses provide controls for some methodological problems 
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associated with large-scale studies. For example, unmeasured ecological parameters 
(e.g., composition of the predator community) are less likely to differ among neigh-
boring populations than would be the case among widely separated populations 
(Butynski  1990 ; Chapman and Fedigan  1990 ), and because comparisons are made 
within species, or even within breeding populations, analyses are not confounded by 
phylogenetic non-independence (Nunn  2011 ). 

 To determine the extent of variation in red colobus density, we conducted inten-
sive line transect surveys at six sites within Kibale, typically every second week, for 
2 years (Chapman and Chapman  1999 ). To establish which food resources were 
important, we collected more than 1,000 h of feeding observations. We then deter-
mined the abundance of the major food resources at each of the six sites to evaluate 
whether red colobus abundance was related to food availability. We found that red 
colobus numbers were fairly high at most sites, even in disturbed areas. However, a 
surprisingly low population density was found at Dura River, a relatively undis-
turbed riverine site in the middle of the park. As we predicted, red colobus density 
was signifi cantly related to the cumulative size of important food trees, but only if 
the Dura River site was excluded (Chapman and Chapman  1999 ). It was this anoma-
lous site that provided the impetus for further investigation. 

 We initially thought there was reason to believe that red colobus monkeys were 
below carrying capacity at Dura River. A small number of censuses conducted in 
1970 and 1971 (Struhsaker  1975 ) estimated the red colobus group density to be 2.7 
times greater than we recorded in 1996–1997, and an epidemic reportedly killed a 
number of male red colobus monkeys in Kibale in the early 1980s (T. Struhsaker, 
personal communication). This epidemic might have involved one of a number of 
novel viruses that have been identifi ed in red colobus (Goldberg et al.  2008 ,  2009 ). 
If such epidemics are common and are restricted to one or a few sites, they could 
periodically reduce populations to below carrying capacity. Based on this evidence, it 
seemed possible that the low monkey densities at Dura River could be attributable to 
an epidemic. However, this explanation was unsatisfying, because there was little real 
evidence to support it, and we were concerned that we were missing something. We 
began to consider the importance not just of food availability, but also its quality. 

 In contrast to most primates, colobus monkeys have a specialized alkaline fore- 
stomach designed for the digestion of fi brous leaves (Chivers and Hladik  1980 ). 
Milton ( 1979 ) proposed that the protein-to-fi ber ratio of leaves was an important 
criterion driving leaf selection by small-bodied arboreal primates, with those leaves 
with a higher protein-to-fi ber ratio preferentially selected over those with lower 
ratios. Fiber is often considered an antifeedant because the energy contained within 
it requires fermentation by symbiotic microbes to be accessible to a primate, and 
insoluble fi ber (cellulose, hemicellulose, and lignin) is only partially digestible by 
microbes and is thus largely inaccessible to primates (McNab  2002 ). Others 
extended Milton’s ideas; for instance, Waterman et al. ( 1988 ) suggested that the 
weighted contributions of the protein-to-fi ber ratios of the mature leaves of the most 
abundant trees in a particular habitat could predict the biomass of folivorous 
 colobines. Subsequently, this index of dietary quality has been used to predict the 
biomass of small-bodied folivorous monkeys at local (Chapman et al.  2002b ; 
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Ganzhorn  2002 ) and regional scales (Waterman et al.  1988 ; Oates et al.  1990 ; 
Davies  1994 ; Chapman et al.  2004 ; Fashing et al.  2007 ). The mechanism by which 
this index of food quality operates to determine folivore biomass is not clearly 
understood. Davies ( 1994 ) suggested that the year-round availability of digestible 
mature leaves with high protein-to-fi ber ratios, which are used by colobus species 
when other, more preferred foods are unavailable, serves to limit the size of colo-
bine populations (i.e., high protein-to-fi ber mature leaves are important fallback 
foods). However, some colobines rarely eat mature leaves because young leaves are 
always available in their habitats, yet their biomass is still predicted by this index 
(Chapman et al.  2004 ). One possible explanation is that the protein-to fi ber ratio of 
mature leaves in an area is correlated with the protein-to-fi ber ratio of foods in gen-
eral. This idea is supported by the fact that in a sample of leaves from Kibale 
National Park, we found that the protein-to-fi ber ratios of mature and young leaves 
were strongly correlated ( r  = 0.837,  P  < 0.001; Chapman et al.  2004 ). Thus, measur-
ing the protein-to-fi ber ratio of mature leaves may be a useful index of the general 
availability of high-protein, low-fi ber foods. 

 Although our sample size was too small for robust statistical analyses, our results 
suggested that colobus biomass was positively related to the average protein-to- 
fi ber ratio of mature leaves across sites. Most remarkably, when we accounted for 
food quality in this manner, the low population density at Dura River was no longer 
an anomalous outlier (Fig.  1.1 ). It thus appears that although food is abundant at 
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  Fig. 1.1    Relationship between mature leaf chemistry and colobine biomass at rainforest sites in 
Africa and Asia. Chemical values are weighted mean percentages of dry mass, standardized to the 
species basal area to account for different proportions of the fl ora being sampled at each site. The 
weighted values were calculated from Σ ( P   i   +  X   i  )/ Σ  P   i   where  P   i   is the proportion of the basal area 
contributed by species  i  and  X   i   is the chemical measure for species  i . This fi gure is standardized to 
100 %.  Diamonds  are sites from around the world (Oates et al.  1990 );  squares  are forest sites 
within Kibale National Park, Uganda and are labeled by location (Chapman et al.  2002a );  open 
circles  are the forest fragments near Kibale (Chapman et al.  2004 )       
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Dura River, it is of very low quality, and this is likely the reason that the site does 
not support a large monkey population (see Struhsaker  2008b  for an alternate view).

   Although these studies of population density, nutrition, and physiology suggest 
that the protein-to-fi ber ratio of available foods may limit the size of folivore popu-
lations, we judged that the data were insuffi cient to convince managers to use these 
principles in constructing management plans. To overcome this shortcoming, for the 
next decade and a half we delved into six issues surrounding the model and then 
attempted to test these ideas: fi rst, using temporal changes in abundance and ecol-
ogy, and second, using a natural experiment:

    1.    Sample size   
   2.    Food selection patterns   
   3.    The importance of energy and minerals   
   4.    Possible synergy between nutrition and disease   
   5.    Temporal changes in abundance and ecology   
   6.    Natural experiment     

1.2.1     Sample Size 

 The most obvious shortcoming of this early research was that our sample size was 
small and we needed several independent populations to increase the sample. To do 
this, we turned to a series of forest fragments outside Kibale. These forest fragments 
vary in size and composition and provide a quasi-experimental setting that allowed 
us to investigate the infl uence of the protein and fi ber levels of available trees on 
primate populations. Before making any comparisons across sites, we wanted to 
establish that each population was stable, a potentially confounding issue that had 
not previously been examined. If some populations were not at carrying capacity as 
a result of recent effects of disease, hunting, or deforestation, then correlations 
between food availability or quality and folivore biomass could be spurious. In 1995, 
we surveyed the primate communities in 20 of these forest fragments to determine 
the abundance of black-and-white colobus and the presence of red colobus monkeys. 
In 2000, we resurveyed these fragments to assess population and forest stability and 
to compare colobine biomass to the protein-to-fi ber ratio of leaves in those frag-
ments that were determined to have stable populations (Chapman et al.  2004 ). 

 We discovered that 3 of the 20 fragments inhabited by primates in 1995 had been 
cleared and that resident primate populations were no longer present. These frag-
ments had remained intact since at least the 1940s, but recent economic conditions 
had led to more rapid deforestation. Most fragments had been cleared for charcoal 
production, gin-brewing, brick-making, or timber extraction. As the road to the 
region had been improved, all these products could now be sold in the capital city 
(Chapman et al.  2007 ). In the remaining fragments, the black-and-white colobus 
populations had declined by 40 % in just 5 years. Although we had initially hoped 
that most colobus populations in the fragments would be stable (i.e., approximately 
the same size as 5 years previously and no sign of deforestation), we found that there 

C.A. Chapman et al.



9

were only fi ve stable populations. Although this was alarming from a conservation 
perspective, these 5 sites increased our sample size suffi ciently to conduct a more 
robust statistical analysis of the protein-to-fi ber model. Across these 5 fragments, 
colobus biomass was correlated with the protein-to-fi ber ratio ( r  2  = 0.730,  P  = 0.033). 
To more rigorously examine the protein-to-fi ber model, we combined the data from 
the fragments with the 4 sites from within Kibale and fi ve published values from 
other sites in Africa and Asia. Across all 14 sites, colobine biomass varied from 
84 kg/km 2  at Sepilok, Malaysia to 13,160 kg/km 2  in 1 of the fragments outside 
Kibale (mean biomass across sites = 3,405 kg/km 2 ,  n  = 14). The protein-to- fi ber 
ratios reported in these studies showed a similar degree of variation [mean = 0.41 
(range, 0.17–0.71);  n  = 14]. Colobine biomass across all 14 sites could be predicted 
with a signifi cant level of confi dence from the protein-to-fi ber ratios of available 
mature leaves ( r  2  = 0.869,  P  < 0.001; Fig.  1.1 ).  

1.2.2     Food Selection Patterns 

 To provide a more in-depth understanding of the nutritional ecology of colobus 
monkeys and to determine whether individuals behave as if protein and fi ber are 
important, we quantifi ed diet choice with respect to the nutritional value of food 
items (i.e., protein, fi ber, digestibility, and minerals) and a number of secondary 
compounds that may reduce the value of a food item (i.e., alkaloids, tannins, total 
phenolics, cyanogenic glycosides, and saponins; Chapman and Chapman  2002 ). 
We examined the feeding behavior of red and black-and-white colobus groups in a 
variety of habitats that likely provided different levels of dietary stress. We sam-
pled two groups of each species in unlogged forest, one group of each species in 
logged forest, and one group of each species in a forest fragment. We collected 
more than 6,000 h of observations. Typically, each primate group was observed 
from dawn until dusk for 1 week per month for 2 years. Every time an animal was 
observed eating during a scan, we recorded what it was ingesting and the feeding 
rate. At the end of the week, we collected the food items for chemical analysis, 
being careful to collect only the specifi c plant parts that were eaten (e.g., the fi rst 
1 cm of the leaf petiole). 

 We demonstrated that all eight groups consistently fed more on young leaves 
than on mature leaves. These young leaves had more protein, were more digestible, 
and had a higher protein-to-fi ber ratio than mature leaves. There were few consis-
tent differences among young versus mature leaves with respect to minerals or sec-
ondary compounds. Regression analyses predicting foraging effort for each of the 
eight groups from phytochemical components revealed consistent selection for only 
one factor: a high protein-to-fi ber ratio. We found no evidence that colobus mon-
keys avoided plants with high levels of secondary compounds. In fact, one of the 
most preferred trees,  Prunus africana , was the species with the highest levels of 
cyanogenic glycosides. The highest saponin levels were found in the young leaves 
of  Albizia grandibracteata , which was also frequently eaten.  
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1.2.3     The Importance of Energy and Minerals 

 We wanted to test two alternative hypotheses concerning ecological factors that 
could infl uence colobus population size: energy availability and mineral content. 
Based on a study of  Colobus polykomos  on Tiwai Island, Sierra Leone, DaSilva 
( 1992 ) suggested that energy availability played a critical role in colobine behavior 
and ecology. In Kibale, we found little evidence that energy was a limiting factor 
for red or black-and-white colobus populations (Wasserman and Chapman  2003 ). 
None of the eight groups studied selected high-energy foods, estimates of energy 
consumption exceeded expenditure and average daily metabolic needs for all 
groups, and the average energy content of mature leaves from the 20 most abundant 
tree species at the four sites was not related to colobine biomass. These studies 
suggest that energy is not limiting for colobus monkeys; however, these results 
should be considered with caution because they considered the relationship 
between gross energy (bomb calorimetry) and colobine abundance (DaSilva  1992 ; 
Wasserman and Chapman  2003 ), but gross energy does not consider the variable 
digestibility of fi ber fractions in leaves. Although cellulose can be used as an 
energy source for colobines, lignin is completely indigestible (Van Soest  1994 ; 
Fearer et al.  2007 ). 

 Very little information exists on mineral nutrition of tropical, forest-dwelling 
species, yet mineral nutrition is critical to growth, reproduction, and survival 
(McDowell  1992 ; Robbins  1993 ). Because plants and animals differ in their min-
eral requirements, herbivores face the diffi cult task of identifying appropriate 
foods and consuming a diet that meets their mineral requirements. For example, 
although sodium makes up 90 % of total blood cations and is necessary for muscle 
contraction, nerve impulse transmission, acid–base balance, and water metabolism 
in animals (Robbins  1993 ), it is not required by most plants, resulting in very low 
concentrations of sodium in many plant species (Smith  1976 ). Thus, mineral defi -
ciencies are common in herbivore populations (McDowell  1992 ; Robbins  1993 ; 
Bell  1995 ). However, we documented that colobus monkeys in Kibale consumed 
enough of most nutrients to meet suggested mineral requirements (Rode et al. 
 2003 ). The only observable exception was a consistently low sodium intake (Rode 
et al.  2003 ). In addition, a number of behaviors pointed to a sodium defi ciency, 
including urine drinking, consumption of high-sodium swamp plants, and use of 
mud puddles. This apparent sodium defi ciency was paradoxical, because only one 
of eight colobus groups selected foods high in sodium in their everyday diet. 
Interestingly, however, we documented that foods with high sodium concentra-
tions tended to have low protein content and high concentrations of secondary 
compounds. This observation suggests that diet choice involves a complex set of 
decisions and that nutrient availabilities interact to affect selection patterns (Rode 
et al.  2003 ). More research is required to understand whether sodium availability 
infl uences colobine abundance.  
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1.2.4     Possible Synergy Between Nutrition and Disease 

 There is ample evidence that fi nding single-factor explanations for complex biological 
phenomena is unlikely. Rather, studies have highlighted the importance of multifacto-
rial explanations. For example, Gulland ( 1992 ) studied the interacting effects of nutri-
tion and parasites among wild sheep. She demonstrated that when the population 
crashed, sheep were emaciated, had high nematode burdens, and showed signs of 
protein-energy malnutrition. In the fi eld, sheep treated with an anti- helminthic to kill 
the gastrointestinal parasites had lower mortality rates, whereas experimentally 
infected sheep with high parasite loads, but fed nutritious diets, showed no sign of 
malnutrition. Similarly, based on a 68-month study of the effect of the parasitic bot fl y 
( Alouattamyia baeri ) on howler monkeys ( Alouatta palliata ), Milton ( 1996 ) con-
cluded that the annual pattern of howler mortality results from a combination of 
effects, including age, physical condition, and the larval burden of the parasitized 
individual, which becomes critical when the population experiences dietary stress. 

 Disease/parasitism and nutrition often interact to determine the abundance of 
wildlife populations. Helminthic and protozoan parasites can affect host survival 
and reproduction directly through pathological effects and indirectly by reducing 
host condition and increasing predation risk (Hudson et al.  1992 ; Coop and Holmes 
 1996 ; Gogarten et al.  2012a ). However, parasites do not necessarily induce negative 
effects if hosts have adequate energy reserves or nutrient supplies concurrent with 
infection (Munger and Karasov  1989 ; Gulland  1992 ; Milton  1996 ), suggesting that 
the outcome of host–parasite associations may be contingent on host nutritional 
status as well as the severity of infection. Dietary stress may exacerbate the clinical 
consequences of parasitic infection through immunosuppression (Crompton  1991 ; 
Holmes  1995 ; Milton  1996 ). If so, then food shortages could result in a higher para-
site burden, which in turn could increase nutritional demands on the host and inten-
sify the effects of food shortages. 

 A limitation of previous studies was the diffi culty of monitoring populations 
over long periods to observe whether changes in nutritional status and parasitism 
were associated with changes in host population size. We attempted to circumvent 
this limitation by using the fragments surrounding Kibale to study a series of popu-
lations known to differ in nutritional status. Along with our knowledge of the 
population dynamics in each fragment, this situation offered a replicated quasi-
experiment, with each fragment being an independent population (dispersal among 
fragments was rare) where we could examine whether nutritional status and para-
sitism could have synergistic effects on red colobus abundance. In addition, because 
primate population levels may respond very slowly to environmental change, we 
evaluated how nutritional status and parasite infections infl uenced fecal cortisol 
levels, presumably a more immediate measure of individual stress (Chapman et al. 
 2006 ). A great deal of research on captive mammals and humans has demonstrated 
that severe and prolonged elevations of glucocorticoids (cortisol is one type of 
glucocorticoid) typically reduce survival and reproductive output (Sapolsky  1992 ; 
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Wasser et al.  1997 ; Creel  2001 ; Bercovitch and Ziegler  2002 ; Creel et al.  2002 ; Lee 
and Rotenberry  2005 ). Although data on the fi tness effects of elevated glucocorti-
coid levels in the wild are limited, the expectation from captive studies was that 
fi tness would decrease as stress became more severe or more prolonged (Boonstra 
and Singleton  1993 ; Creel et al.  2002 ). If positive associations are found between 
cortisol and parasite infections or poor nutritional status, it seems reasonable to 
assume that populations with high cortisol levels are physiologically challenged 
and over the long term will suffer reduced survival and reproduction. 

 We focused on red colobus and documented that the populations in these frag-
ments declined an average of 21 % over 5 years; however, population change was 
highly variable among fragments and ranged from an increase of 25 % to a decline 
of 57 %. In 2000 and in 2003 we identifi ed and measured every tree in these frag-
ments and quantifi ed changes in food availability. We found that the average cumu-
lative diameter at breast height (DBH) of available food trees declined by 34 %; 
however, it ranged among fragments from a 2 % gain to a 71 % decline. We col-
lected 634 red colobus fecal samples and described parasite infections. Infections 
varied dramatically among fragments. For example, nematode prevalence averaged 
58 % among fragments, but the range was 29 % to 83 %. We documented that fecal 
cortisol levels averaged 264 ng/g but ranged from 139 to 445 ng/g. As forest loss 
increased (decline in cumulative DBH of food trees), population size declined 
( r  = 0.827,  P  = 0.006), and several indices of parasite infection increased (parasite 
richness:  r  = −0.668,  P  = 0.035; nematode prevalence:  r  = −0.689,  P  = 0.028; nema-
tode eggs/g:  r  = −0.692,  P  = 0.029). 

 The cortisol fi ndings were not as straightforward, despite our best efforts to con-
trol for factors that can cause fecal steroid levels to vary. We found that an increase 
in deforestation was only marginally related to elevated cortisol levels ( r  = −0.599, 
 P  = 0.055). An increase in cortisol was related to an increase in some of the indices 
of parasite infection (nematode eggs/g:  r  = −0.712,  P  = 0.024), but not others (para-
site richness:  r  = −0.530,  P  = 0.088; nematode prevalence:  r  = −0.414,  P  = 0.154). 
Also, an increase in cortisol was not associated with a decline in population size 
( r  = −0.399,  P  = 0.164). 

 We used a path analysis to further investigate associations among these variables. 
This technique was very useful because the path coeffi cients allow the determina-
tion of the magnitude of both direct and indirect effects among variables (Kingsolver 
and Schemske  1991 ; Chapman et al.  2006 ). We were particularly interested in the 
indirect effects of changes in food supply on population change through its impact 
on susceptibility to parasite infection. We produced simple path analyses that con-
sidered each major index of parasite infection separately combined with nutritional 
status (indexed as the loss in food trees; cm DBH/ha) to predict population change. 
Each of these analyses indicated that lower nutritional status had a direct effect on 
population size, leading to decline from either reduced fecundity or increased mor-
tality. In all cases the path coeffi cient was relatively large (mean = 0.663; see Fig.  1.2  
for one example of such an analysis). Nutritional status also had an indirect effect 
on population size through its infl uence on parasite infections. Here nutritional sta-
tus initially had a fairly strong effect on the indices of parasitism considered 
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(mean = 0.631), which subsequently had weaker and negative effects on population 
size (mean = −0.264; Fig.  1.2 ).

   Our fi ndings support suggestions that nutritional status interacts with the host 
immune response and leads to a synergistic relationship between nutritional status 
and parasite infection, which can infl uence population change, but suggest that the 
direct effect of nutritional status is the strongest factor. This observation raises 
intriguing questions about what types of anthropogenic disturbance will lead to an 
increasingly signifi cant role for disease in determining primate population size.  

1.2.5     Temporal Changes in Abundance and Ecology 

 At this point in our research program, we saw that, although we did not understand 
the mechanism driving the protein-to-fi ber ratio model, the correlations were strong 
and alternative hypotheses (energy, minerals, and disease) did not seem to explain 
variation in colobine population size. As a result, we sought to test the model. 
Initially, we quantifi ed if changes in the nature of red colobus food supply predicted 
temporal changes in their abundance using two to three decades of population and 
habitat data from Kibale. We calculated primate density (groups/km 2 ) and encoun-
ter rate (groups/km walked) from line transect data and quantifi ed changes in habitat 
structure (cumulative DBH) and food availability (cumulative DBH of food trees) 
and food quality (Chapman et al.  2010 ). We initially reported that while red colobus 
food availability and quality increased over time in the heavily logged area, their 
group density did not show a corresponding increase. In the unlogged and lightly 
logged forestry compartment, a possible decline in red colobus group density and 
encounter rate was not related to a change in food quality, and in the lightly logged 
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  Fig. 1.2    An example path 
analysis of factors predicted 
to affect the change in 
population size of red colobus 
monkeys ( Procolobus 
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forest the decline in red colobus group density corresponded with an increase in 
food availability. We subsequently reported that during the past 15 years there had 
been a general increase in group size of red colobus throughout Kibale ( Gogarten 
et al., in review-b ); however, this change does not alter the general population trends 
we fi rst identifi ed (Chapman et al.  2010 ). These fi ndings run counter to the general 
support we had previously been fi nding for the protein-to-fi ber model because 
changes in the quality of the resources available to the red colobus did not predict 
changes in their population size or biomass.  

1.2.6     Experimental Test 

 The best way to test the protein-to-fi ber model would be through a long-term 
experiment increasing the proportion of trees with high-protein, low-fi ber leaves, 
while not decreasing tree density. However, for obvious reasons this would be 
very logistically challenging and ethically suspect. Decreasing the proportion of 
trees with high-protein, low-fi ber leaves would not be as diffi cult, but it would 
certainly be unethical considering we would predict a decline in the red colobus, 
an endangered species (Struhsaker  2008a ,  2010 ). To our luck, a natural experi-
ment was made available by chance. In the 1960s, areas of grassland in Kibale 
were planted with pine when the area was a forest reserve. When Kibale became 
a national park, the pines were harvested and the area was left to regenerate 
(Omeja et al.  2009 ). We demonstrated that the regenerating areas had many colo-
nizing tree species, the leaves of which had higher concentrations of protein and 
lower concentrations of fi ber than old growth tree species, as predicted from 
research elsewhere in the tropics (Coley  1983 ; Gogarten et al.  2012b ). Given past 
interest in energy as a potential determinant of folivorous primate abundance 
(DaSilva  1992 ; but see Wasserman and Chapman  2003 ) and because black-and-
white colobus population size in Kibale has been suggested to be limited by the 
availability of energy (Harris et al.  2010 ), we also tested if differences in demo-
graphic variables might be correlated with indices of energy; total energy, non-
protein energy, and nonstructural carbohydrates, which are easily digestible 
energy sources (Rothman et al.  2012 ). 

 We expected groups that had access to this regenerating area to have a greater 
number of infants per female than a group that did not because of access to higher- 
quality resources. We also expected that groups with access to regenerating areas 
would be larger for a number of reasons: there is a delay between birth and disper-
sal, and thus the number of immature animals will be higher in groups with higher 
birthrates; second, red colobus males tend to remain in their natal group and a higher 
birthrate should manifest itself in more males which remain as residents; and last, 
because regenerating areas should be of higher nutritional quality, home ranges of 
groups might be smaller (Snaith and Chapman  2007 ) and there should be less 
within-group competition over the resources that limit group size ( Gogarten et al., 
in review-a ). Although regenerating forests had trees with leaves with high 
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concentrations of protein and low concentrations of fi ber, as well as higher total 
energy (kcal/100 g), there was no corresponding change in the demographic struc-
ture of red colobus groups.   

1.3     Ecological Determinants of Folivore Social Organization 

 While attempting to understand the ecological determinants of folivore abundance, 
we made some interesting observations that appeared to contradict current explana-
tions of folivore social organization and seemed to suggest a solution to a problem 
which had become known as the “folivore paradox.” To investigate further, we 
launched a parallel research program to examine the ecological determinants of 
folivore group size and social organization. 

 Several deductive models have been constructed to explain variation in primate 
social organization. The nature and intensity of food competition is among the most 
important variables in these models, and it is considered to be responsible for deter-
mining patterns of dispersal and social behavior (Wrangham  1980 ; van Schaik 
 1983 ; Isbell  1991 ; Sterck et al.  1997 ; Snaith and Chapman  2007 ). Scramble compe-
tition involves the common depletion of food resources, whereas contest competi-
tion involves direct contests over food, and both can occur among group members 
and between groups (e.g., aggression, displacement, or avoidance (Janson and van 
Schaik  1988 ). Scramble-type food competition is thought to relate to group size; 
larger groups will deplete shared food patches more quickly than smaller groups 
and will have to visit more food patches each day to feed all group members. The 
cost of travel between patches is thought to impose a limit on group size (Terborgh 
and Janson  1986 ; Chapman  1988 ; Janson and Goldsmith  1995 ; Chapman and 
Chapman  2000b ). Interestingly, socioecological models have presumed that, 
because leaves are highly abundant and evenly dispersed, folivores should experi-
ence little or no food competition (Wrangham  1980 ; Isbell  1991 ; Janson and 
Goldsmith  1995 ; Sterck et al.  1997 ). Although folivores should therefore be free to 
form large groups, which are believed to provide protection from predators (van 
Schaik and van Hooff  1983 ), many folivores live in surprisingly small groups 
(Crockett and Janson  2000 ; Steenbeek and van Schaik  2001 ; Koenig and Borries 
 2002 ), and therein lies the contradiction that has been referred to as the “folivore 
paradox” (Steenbeek and van Schaik  2001 ; Koenig and Borries  2002 ). 

 These assumptions represented the consensus regarding primate social organiza-
tion when we started our research and are still widely accepted. However, our 
research and various pieces of information in the literature led us to question the 
conventional wisdom (Snaith and Chapman  2005 ,  2007 ,  2008 ). First, our studies of 
foraging and diet selection demonstrated that red colobus do not simply consume 
highly abundant and evenly distributed leaf resources. Rather, they preferentially 
select high-quality young leaves, fl owers, and unripe fruits, which are often rare and 
variable in both quality and availability (Chapman and Chapman  2002 ). Similar fi nd-
ings had been made earlier, but had been interpreted only with respect to foraging 
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ecology; their implications for folivore social organization had not generally been 
considered (Oates  1994 ; Oates and Davies  1994 ; but see Koenig et al.  1998 ). 

 Second, while examining variation in the nutritional value of foods across Kibale 
to evaluate the protein-to-fi ber ratio model, we demonstrated that the average group 
size of red colobus at these sites was related to the density of the available food 
resources (Chapman and Chapman  2000a ). Although the number of sites is small, 
this suggests that in areas where food resources are rare, red colobus are constrained 
from living in large groups by food competition. Around the same time, other stud-
ies of colobus monkeys were demonstrating that group size could be predicted by 
habitat variables such as seasonality, forest size, degree of deciduousness, and 
degree of disturbance (Struhsaker  2000 ; Struhsaker et al.  2004 ). Furthermore, we 
found that red colobus exhibited fi ssion–fusion behavior (large groups dividing into 
smaller, temporary subgroups). Other studies had previously reported this behavior 
in folivores (Skorupa  1988 ; Oates  1994 ; Siex and Struhsaker  1999 ; Struhsaker 
 2000 ; Struhsaker et al.  2004 ; Snaith and Chapman  2008 ), which may be a short- 
term response to food competition during periods of low food availability, as has 
been demonstrated among some frugivores (Chapman  1990 ; Boesch  1996 ; van 
Schaik  1999 ). 

 Third, as already described, we demonstrated that colobus biomass can be pre-
dicted by the availability of high-quality foods (Chapman and Chapman  2002 ; 
Chapman et al.  2004 ), and previous studies had made similar suggestions (McKey 
et al.  1981 ; Waterman et al.  1988 ; Oates et al.  1990 ; Davies  1994 ; Fimbel et al. 
 2001 ). These data, along with recent evidence that folivores demonstrate contest 
competition, both within and between groups (Koenig  2000 ; Korstjens et al.  2002 ; 
Harris  2005 ), provide further support that food competition can indeed be important 
for primate populations that rely primarily on leaf resources. 

 Based on these surprising results, we thought it would be valuable to examine 
feeding competition in folivores and to reconsider current models of primate social 
organization. We fi rst examined the relationship between day range and group size 
in red colobus monkeys. Because the cost of travel is the presumed mechanism by 
which group size imposes a cost, day journey length has been measured as a behav-
ioral indicator of within-group scramble competition (Isbell  1991 ; Chapman et al. 
 1995 ; Janson and Goldsmith  1995 ; Wrangham  2000 ; Isbell and Young  2002 ). 
Previous studies had found no relationship between group size and day range or 
travel costs among folivores (Clutton-Brock and Harvey  1977 ; Struhsaker and 
Leland  1987 ; Isbell  1991 ; Yeager and Kirkpatrick  1998 ; Yeager and Kool  2000 ). 
However, this evidence is not conclusive because these studies generally did not 
control for ecological variation among groups or species. Ecological variation can 
confound correlations between group size and day range, because if large groups 
only occur in richer habitat (as our data suggest), there may be no need for an 
increased day range. In our fi rst study, Gillespie and Chapman ( 2001 ) found that a 
large group of red colobus had longer day ranges than a small group, and that day 
range increased even further in the large group when food availability decreased. 
Although the sample size was small, this study suggested that inferences drawn on 
the basis of earlier studies that lacked ecological controls should be reassessed. 
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We followed this up and examined the relationship between day range and group 
size for nine groups and again found a relationship (Snaith and Chapman  2008  
Fig.  1.3 ). We also examined a single group of red colobus as group size expanded 
from 50 to more than 100 individuals and documented changes in activity budgets, 
specifi cally an increased amount of time spent traveling and a decreased amount of 
time spent feeding and socializing ( Gogarten et al., in review-a ). Concurrently, 
dietary diversity increased, suggesting that there was increased scramble competi-
tion at larger group sizes.

   Next, we directly addressed a key assumption made in current theoretical mod-
els, that scramble competition does not affect folivores because their food resources 
do not occur in depletable patches (Wrangham  1980 ; Isbell  1991 ; Janson and 
Goldsmith  1995 ; Sterck et al.  1997 ). In contrast to what had previously been 
assumed, we found that red colobus monkeys deplete food patches when feeding on 
young leaves, as indicated by decreasing gains (intake rate) despite increasing 
 feeding effort (movement while feeding). Furthermore, patch occupancy time was 
affected by patch size and feeding group size (Snaith and Chapman  2005 ). This 
observation provides evidence of a group size effect, where larger groups deplete 
patches more quickly and will be forced to visit more patches and accrue greater 
travel costs than smaller groups. These results suggest that red colobus experience 
within-group scramble competition, and that this type of competition may be an 
important factor determining group size. We then studied nine red colobus groups 
and controlled for spatial and temporal variation in food availability. Here we found 
that larger groups occupied larger home ranges than smaller groups, and that group 
size was related to increased foraging effort (longer daily travel distance), increased 
group spread, and reduced female reproductive success (Chapman, unpublished 
data). We also studied the genetic structure of two differently sized groups 
and found that average female relatedness was higher in smaller groups, suggesting 
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  Fig. 1.3    Group size effects on day range in nine groups of red colobus monkeys ( Procolobus 
rufomitratus ) in Kibale National Park, Uganda (Adapted from Snaith and Chapman  2008 )       
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that a female’s decision to disperse may be affected by the degree of scramble com-
petition they face in their natal group (Miyamoto et al.,  in press ). Collectively, these 
results suggest that the folivorous red colobus do experience within-group scramble 
competition and possesses a suite of behavioral responses that may mitigate the cost 
of competition. The results offer an ecological solution to the folivore paradox for 
this species and present the intriguing notion of plasticity in social systems in 
response to different environmental conditions.  

1.4     Conclusions and Future Directions 

 Our research in Kibale is ongoing, and we hope that we can make contributions both 
to conservation biology and to the theoretical fi elds of population biology and 
behavioral ecology. In general, our research into ecological determinants of folivore 
abundance provides support for the notion that the protein-to-fi ber ratio is a good 
predictor of food choice in colobines, but only partially supports the use of this 
index in predicting colobine biomass. The documentation of the role of parasites 
adds depth to our understanding of variation in primate abundance. As we have 
previously demonstrated that human modifi cations to landscapes can alter interac-
tions between parasites and hosts (Chapman et al.  2005 ; Gillespie et al.  2005 ), this 
raises the intriguing question of what types of anthropogenic disturbances will lead 
to disease playing a more signifi cant role in determining primate population size. In 
the future, between-site comparisons should be carefully conducted to explore the 
effects of specifi c anthropogenic disturbances (e.g., forest fragmentation with or 
without elevated rates of human contact), because the focus has now shifted from 
 whether  anthropogenic habitat change alters primate–disease interactions to  how  
anthropogenic change alters primate–disease interactions. Finally, if food competi-
tion proves to be biologically signifi cant for folivores, our interpretations of primate 
behavior will need to be refi ned, and current theoretical models of primate social 
organization may need revision (see Snaith and Chapman  2007 ). 

 Perhaps the biggest gap in our understanding of folivore abundance and social 
organization stems from the fact that most socioecological studies conducted to date 
are based at the group level, and it has not been possible to examine individual strat-
egies (but see Koenig et al.  1998 ; Koenig  2002 ). Furthermore, we are missing the 
critical connection between individual attributes (such as dominance, nutritional 
status, physiological stress, and parasite burden), and how they affect components 
of fi tness (such as survival probability and reproduction). For example, it would be 
very useful to assess individual differences in feeding effi ciency between groups of 
different sizes. Although direct measures of reproductive success would be ideal, 
differences in feeding effi ciency may be a suffi cient proxy and may help shed light 
on the costs of grouping in folivores. Following the predictions of the ecological 
constraints model (Chapman and Chapman  2000b ), females in larger groups should 
have lower caloric intake, consume foods of lower quality (particularly foods with 
lower protein-to-fi ber ratios), have longer day ranges (after controlling for 
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environmental conditions), and be in inferior physical condition relative to females 
in smaller groups, all else being equal. If the model is correct in linking group size 
and feeding effi ciency, not all females are expected to achieve their full reproductive 
potential and this may impact dispersal decisions. Our studies suggest that the eco-
logical setting in which a primate population fi nds itself can strongly infl uence both 
its abundance and its social structure. We believe that the most exciting and interest-
ing developments still await us as we come to understand how ecological variables 
determine individual strategies affecting the behavior and ecology of folivores.     
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