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Abstract
1.	 Multi-level societies are complex, nested social systems where basic social groups 

(i.e., core units) associate in a hierarchical manner, allowing animals to adjust their 
group sizes in response to variables such as food availability, predation, or con-
specific threat. These pressures fluctuate over time and examining the extent to 
which this variation affects the clustering of core units into different tiers may be 
instrumental in understanding the evolution of multi-level societies.

2.	 The goal of our study was to determine the degree of temporal variability in in-
terunit associations in a multi-level society of Rwenzori Angolan colobus monkey 
(Colobus angolensis ruwenzorii), and to determine the social and ecological factors 
that underlie association patterns. The C. a. ruwenzorii multi-level society consists 
of at least three tiers, with core units clustering into clans that share a home range 
in a band tier.

3.	 We performed social network analyses on 21 months of association data from 
13 core units (totaling 139 identifiable individuals) at Lake Nabugabo, Uganda. 
We described the patterns of variation in core-unit associations over time and in-
vestigated how changes in rainfall, food availability, and interunit dispersals were 
correlated with these associations over the short-term (month to month) and long-
term (year to year).

4.	 Although clans were relatively stable, larger-scale changes in association patterns 
included the formation of an all-male unit and the transfer of one core unit be-
tween clans (within the band tier). Seasonally, core units associated significantly 
more when fruit, their preferred food source, was abundant (i.e., social networks 
were denser and more clustered) and there was no direct effect of rainfall season-
ality or young leaf availability. Male dispersals also occurred more during periods 
of high fruit availability, suggesting that greater band cohesion allowed males to 
prospect and transfer between core units. Once males transferred, their previ-
ous and new units associated significantly more with one another than with other 
core units for 1–2 months postdispersal. The dispersal of five males from one core 
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1  | INTRODUC TION

Complex, hierarchical social systems, termed multi-level societies, 
are present in species from many distantly related taxa, such as 
birds (Papageorgiou et al., 2019), cetaceans (Whitehead et al., 2012), 
equids (Rubenstein & Hack,  2004), proboscideans (Wittemyer 
et al., 2005), primates (Grueter et al., 2012), and chiropterans (Kerth 
et al., 2011). Determining why these types of societies evolve and 
how they function are key questions in biology. In multi-level so-
cieties, stable subgroups (hereafter core units) associate in a hier-
archical manner, clustering into successive levels or tiers (Grueter 
et al., 2012; Grueter et al., 2017). One to four tiers of nonrandom as-
sociation have been documented, with higher tiers numbering hun-
dreds of individuals in some species (Grueter, Matsuda, et al., 2012; 
Schreier & Swedell, 2012a; Snyder-Mackler et al., 2012; Wittemeyer 
et  al.,  2005). The factors that determine the number of tiers and 
their composition(s), as well as the ways that ecological and social 
pressures affect their stability are still poorly understood for most 
species that form multi-level societies (Farine et al., 2015; Grueter 
et al., 2017).

Multi-level social organizations appear to have evolved because 
they allow animals to adjust group size more fluidly than is possi-
ble in stable groups (Aureli et al., 2008; Grueter et al., 2017, 2020). 
The advantages and disadvantages of group living have been well 
documented (Krause & Ruxton,  2002). Large aggregations are 
beneficial, primarily because of the multiple ways that they lower 
predation risk (i.e., detection, dilution, predator confusion, de-
fence, Hamilton,  1971; Pulliam & Caraco,  1984), while the chief 
cost of large group size is the increase in food competition that re-
sults from many conspecifics together (Terborgh & Janson,  1986). 
Indeed, there are examples of multi-level societies forming large 
aggregations at higher tiers when predators are nearby (e.g., Papio 
hamadryas, Schreier & Swedell,  2012b; Physeter microcephalus, 
Whitehead et  al.,  2012), and fissioning to lower tiers when re-
source availability is reduced (e.g., Loxodonta africana, Wittemyer 
et  al.,  2005; Orcinus orca, Foster et  al.,  2012; Papio hamadryas, 
Schreier & Swedell, 2012b; Rhinopithecus roxellana, Qi et al., 2014). 
There can be important social advantages to aggregation as well. 

For instance, mates are readily available and can be monitored 
(Krause & Ruxton, 2002; Wrangham, 1979), and individuals can form 
coalitions to defend mates (Grueter & van Schaik,  2009; Pappano 
et  al.,  2012; Rubenstein,  1986; Rubenstein & Hack,  2004; Xiang 
et  al.,  2014) or food (Cheney & Seyfarth, 1987; Wrangham, 1980) 
from conspecifics. Pooling of information in larger groups may also 
lead to more accurate navigational accuracy (Cantor et  al.,  2020; 
Couzin et al., 2011), although there may be limits to this advantage 
because of the consensus costs and the constraints of moving as a 
large group (Papageorgiou & Farine, 2020).

Many of the ecological and social pressures that determine how 
beneficial or costly aggregation is show temporal fluctuations, mak-
ing the flexibility inherent in multi-level societies particularly advan-
tageous. For example, predator movements and prey-switching can 
change predation risk over time (e.g., Metz et al., 2012), dry seasons 
may lead to aggregations where surface water remains available 
(e.g., Chamaillé-Jammes et al., 2008; Valeix, 2011), food availability 
and distribution fluctuate following seasonal shifts in rainfall (e.g., 
Schradin & Pillay, 2006; Takemoto, 2004), and breeding seasonality 
may drive temporal changes in aggregation (e.g., Baden et al., 2016; 
Dudgeon et al., 2008). When conditions allow larger aggregations to 
form and individuals or core units move into closer proximity, they 
have greater opportunities to observe one another and to interact. 
Thus, this temporal clustering allows individuals to assess mating 
and dispersal opportunities in other groups or core units (Clobert 
et  al.,  2009; Mares et  al.,  2014), which could potentially lead to a 
seasonal pattern in dispersals (e.g., Ekernas & Cords,  2007; Yao 
et al., 2011; Young et al., 2019).

Our goals were (a) to determine the degree of temporal vari-
ability in interunit associations and clan stability in a recently dis-
covered multi-level society of Rwenzori Angolan colobus monkey 
(Colobus angolensis ruwenzorii) (Figure 1); (b) to examine whether 
changes in rainfall and/or food availability influenced temporal 
changes in association patterns; and (c) to assess whether changes 
in clustering led to seasonal peaks in dispersals between core 
units. We did not investigate the effect of predation on tempo-
ral aggregation patterns because our study population at Lake 
Nabugabo, Uganda occurs within a series of forest fragments 

unit to another in a different clan co-occurred with this core unit switching its clan 
affiliation.

5.	 By examining temporal shifts in social network structure among core units, this 
study shows the interconnected roles that food availability and dispersal have in 
shaping the C. a. ruwenzorii multi-level social system. Our findings highlight how 
ecological conditions can drive association patterns, impact interunit relationships, 
and influence social organization.
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where many natural predators are extirpated and local people do 
not hunt primates. The main predation risk is from people's dogs 
(Canis familiaris, Adams & Teichroeb, 2020); a pressure that is un-
likely to be seasonal in nature. The multi-level society that C. a. 
ruwenzorii form is unique among primates in that it contains not 
only one-male/multi-female units (OMUs), but also core units that 
are multi-male/multi-female (MMUs) (Miller et al., 2020; Stead & 
Teichroeb,  2019) with up to eight socially integrated, reproduc-
tive males (Stead & Teichroeb,  2019). There are at least three 
tiers of social organization. Core units fission and fuse with one 
another throughout the day but associate preferentially with core 
units from the same clan. Clans share a home range in a band 
tier of organization. Initial cluster analyses with one year of data 
revealed two clans in our study band of 12 core units (Stead & 
Teichroeb, 2019). Preliminary data shows that though both males 
and females disperse from their natal core unit in C. a. ruwenzorii, 
males transfer into other core units within the band while most 
females observed to disperse (3/4, 75%) have emigrated out of the 
band (Stead & Teichroeb, 2019).

Using core unit associations observed over 21  months at 
Nabugabo, we first examined whether clan-level groupings of C. 
a. ruwenzorii core units stayed the same over time using hierar-
chical cluster analyses. Second, we examined temporal variation 
in core unit clustering using social network analysis relative to 
ecological (seasonality in rainfall and food availability) and social 
(interunit dispersals) conditions. We hypothesized that food avail-
ability and interunit dispersals would influence clan stability and 
the degree of clustering among C. a. ruwenzorii core units over 
time, but we did not expect a direct relationship with rainfall pat-
terns. Water availability is important for primates and arboreal 
colobus monkeys occasionally drink from water sources like tree 
cavities (Nowak, 2008; Teichroeb et al., 2009). However, primates 
can also obtain water from succulent foods like young leaves 
and fruits (Altmann,  1998) and can even lick dew off of foliage 
(Onderstepoort, 1988). We did not expect these sources of water 
to have a clumped distribution during the dry seasons in the forest 

at Nabugabo, and thus we did not predict that they would influ-
ence patterns of aggregation among core units. Greater overall 
food availability should allow larger aggregations to form because 
food competition is alleviated (e.g., Foster et al., 2012; Schreier & 
Swedell, 2012b; Wittemyer et al., 2005). Young leaves make up the 
majority of the annual diet (65%) of C. a. ruwenzorii at Nabugabo 
but fruits are the only food type positively selected for and these 
are a high-quality resource (2021). We therefore predicted that: 
(a) core unit clustering would be influenced most strongly by the 
availability of fruits, and that core units would associate more 
during times of high fruit availability. This temporal clustering of 
groups due to resource availability should allow individuals greater 
opportunities to assess dispersal opportunities in other core units 
(e.g., Clobert et  al.,  2009; Mares et  al.,  2014). Thus, we further 
predicted that high association rates among core units at times 
of peak fruit availability would: (b) lead to a seasonal pattern of 
male dispersal between core units. In primates, it often takes time 
for bonds among former group members to sever and to estab-
lish bonds in new groups (Isbell & Van Vuren,  1996). Therefore, 
we predicted that: (c) these dispersals would change clan make-up 
when core units that recently had males disperse between them 
were from different clans (i.e., this would lead to greater asso-
ciation between core units from different clans during dispersal 
periods compared to when no transfers are occurring, potentially 
altering long-term core unit associations).

2  | METHODS

2.1 | Study species and site

We conducted this study on a population of wild Rwenzori Angolan 
colobus monkeys (Colobus angolensis ruwenzorii) (aka Adolf Friedrich's 
Angolan colobus) located in a forest fragment near Lake Nabugabo, 
Masaka District, central Uganda (0°22′-12°S and 31°54′E). Lake 
Nabugabo is a small lake (8.2  ×  5  km) west of Lake Victoria sur-
rounded by a mix of swamp, wetland, grassland, primary and second-
ary forest, and degraded patches of forest (Chapman et al., 2016). 
This study focused on a band (TR band) of 132–139 colobus in 12–
13 core units including one all-male unit (Stead & Teichroeb, 2019), 
occupying a moist tropical forest fragment made up partly of the 
Manwa Forest Reserve (~280  ha) lying on the west side of Lake 
Nabugabo (Teichroeb et al., 2019). The forests that the study band 
occupies are at a mean elevation of 1,151  m with a relatively flat 
terrain (range: 1,134–1,167 m). Annual rainfall in this area during the 
August 2017- July 2018 period was 758.59  mm across two rainy 
seasons, one from February to May and another from September to 
November. The mean annual temperature was 22.2°C (min. 18.7°C, 
max. 26.2°C) (Adams & Teichroeb, 2020). The three most dominant 
tree species in the forest, in terms of both stem number and basal 
area, are Pseudospondias microcarpa (Anacardiaceae), Maesopsis emi-
nii (Rhamnaceae), and Funtumia latifolia (Apocynaceae) (Teichroeb 
et al., 2019).

F I G U R E  1   An adult male Colobus angolensis ruwenzorii at 
Nabugabo, Uganda. (Photo credit: Samantha Stead)
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2.2 | Data collection

Core unit associations were recorded during behavioral follows con-
ducted over 21 months between August 28th, 2017 and May 13th, 
2019 (243  days) by two trained field assistants (E. Mujjuzi and H. 
Kakeeto). The 21 continuous months of data collection covered four 
rainy seasons. From August 28th, 2017 to August 22nd, 2018, 12 
core units were sampled and from August 29th, 2018 to May 13th, 
2019, 13 units were sampled because an all-male unit (AMU) had 
formed by the splitting off of seven adult males from the largest core 
unit (Lovoa), which subsequently became an OMU. One focal unit 
was followed each day between 7:00 hr −16:00 hr and all individuals 
were identified based on physical characteristics (e.g., broken fin-
gers, tail shape, nipple coloration). Scan samples on core unit asso-
ciation were taken every two hours, where the number and identity 
of core units within a 50 m radius of the focal core unit was recorded 
along with the time and date (overall N = 907 scans). We chose a 
two-hour interval between scans to ensure their independence. We 
reasoned that two hours was enough time for core units to shift 
their position relative to one another (Stead & Teichroeb, 2019). Our 
data collection regime led to a relatively even distribution of focal 
days among core units during the study (mean N days/unit = 20.17, 
range: 14–25; mean N scans/unit = 75.25, range: 56–90). Dispersals 
of individuals within the study band were recorded on notice of oc-
currence. We then generated a date range during which the disper-
sal occurred based on the last time an individual was noted in their 
original core unit. The month of dispersal was determined to be the 
month with the most potential dates within that range.

To examine the seasonality of association patterns, we considered 
three ecological variables: rainfall, the availability of young leaves, 
and the availability of fruits. Rainfall data (mm per month) was ob-
tained from https://www.world​weath​eronl​ine.com/masak​a-weath​
er-histo​ry/masak​a/ug.aspx for the nearby town of Masaka (12.5 km 
away). We considered the availability of young leaves and fruits as 
these food items comprise the majority of the C. a. ruwenzorii diet at 
this field site (96%, 2021). Food availability indices were calculated 
for each of these plant parts, for each month of the study period. 
We used a line-transect survey to estimate tree species abundance 
(i.e., number of trees and their basal area) within the home range 
of the C. a. ruwenzorii band. Thirty-two parallel transects set 100 m 
apart were cut throughout a 140 ha section of the forest and all trees 
>10 cm DBH within 5 m of either side of the transect were identified 
and measured (covering 9.702 ha) (Teichroeb et al., 2019). The sea-
sonal availability of these plant parts was estimated using monthly 
phenology surveys of 126 trees of 44 species that were known to be 
consumed by C. a. ruwenzorii. During phenology surveys, observers 
indexed the percent canopy cover of mature versus young leaves, 
ripe and unripe fruit, ripe and unripe seed pods, and buds versus 
flowers with a sample of three trees of most species. The proportion 
of the crown covered in each plant part was assessed on a five-point 
scale (0 = plant part not present, 1 = 1%–25% covered, 2 = 26%–
50% covered, 3 = 51%–75% covered, and 4 = 76%–100% covered). 
We calculated the food availability index for both young leaves and 

fruits separately by multiplying the mean monthly phenology score 
for each plant part in each of the 44 species by the total basal area 
of that species, and summing these values for all the tree species 
consumed (Dasilva, 1994; Fashing, 2001; Saj & Sicotte, 2007). These 
methods have previously been shown to capture fruiting and leafing 
peaks in line with the colobus dietary choices (2021).

2.3 | Cluster analyses and preferred associations

We used a hierarchical cluster analysis run with SOCPROG (v.2.9: 
Whitehead, 2009) to determine if the clustering of core units into 
clans was consistent over time. This method performs agglomerative 
clustering of groups or individuals based on their similarities, which 
in this case was a dyadic value of association. To examine larger-
scale changes in clan affiliation for core units, we split the data into 
two sampling periods to compare metrics by year: August 28th, 
2017 – August 22nd, 2018 (sample period 1) and August 29th, 2018 
– May 13th, 2019 (sample period 2). We created an association ma-
trix for each year by calculating the simple association index of each 
dyad, where a value of 1 indicates the two core units were always 
in association in the sample and 0 indicates they were never in as-
sociation in the sample. The simple association index (AI) was chosen 
because we could positively identify all core units in association with 
the focal unit (Whitehead,  2008). AI was calculated as AI  =  NAB/
(NA + NB) or the number of times that two core units were in associa-
tion during scans, divided by the total number of scans where either 
unit was present. We examined the fit of our data with four differ-
ent clustering methods (average linkage, Ward's weighted, complete 
linkage, and single linkage); these linkage criteria determine the dis-
tance between sets of observations as a function of the pairwise 
distances between observations (Whitehead,  2008). The average 
linkage method had the highest cophenetic correlation coefficient 
(CCC = 0.891) and thus the best fit with the data, so this was the 
clustering method that we used for hierarchical cluster analyses (see 
Stead & Teichroeb, 2019). We used dendrograms (Figure 3) created 
through the average linkage method to compare clustering into clans 
between sample periods. We followed Stead and Teichroeb (2019) 
and used a cutoff AI of 0.05 to define clan associations. We then 
conducted permutation tests for preferred/avoided associations 
using SOCPROG, and permuted association matrices 10,000 times 
to stabilize p-values. Although these tests reveal large-scale changes 
in clan composition, the results do not assess variability in cluster-
ing at smaller time-scales. Thus, further analyses using smaller time 
windows was performed to adjust for this.

2.4 | Smaller time-window comparisons

To test the effects of our ecological and social variables on core 
unit social networks, we created 20 time-aggregated networks 
using a 31-day window size and a 31-day window shift that spanned 
the full dataset (August 28th, 2017 to May 13th, 2019) using the 

https://www.worldweatheronline.com/masaka-weather-history/masaka/ug.aspx
https://www.worldweatheronline.com/masaka-weather-history/masaka/ug.aspx
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R package netTS (Bonnell & Vilette, 2019) and visualized with the 
igraph package (Csardi & Nepusz,  2006). This program allows the 
user to alter the window size, dependent on the types of questions 
being asked. A benefit of using a shifting-window is the ability to see 
patterns and variation that may not be detected in larger window 
size comparisons. We determined the optimal window size, in terms 
of maximizing variability in edge density for our data (31 days), using 
a bootstrap technique (supplementary material, Figure S1). Within 
each time-window, a new network was created and we analyzed so-
cial network metrics to determine the connectedness of core units 
over time. At the node (core-unit) level, we calculated degree (i.e., 
the number of core units associated with) and strength (i.e., sum of 
all edge weights for a given node, indicating the total association 
rate for a given core unit). At the network level, we calculated edge 
density (i.e., the ratio of the number of edges and the number of 
possible edges), clustering coefficient (i.e., the number of core units 
associated with that also associated with one another), and cosine 
similarity (see below). At the dyad level, we calculated dyad associa-
tion measures (AI).

2.5 | Statistical analyses

To analyze the likeness of the core unit social network over time, 
we used the cosine similarity metric. Cosine similarity measures the 
similarity of associations between two networks and can take into 
account the weight and presence of associations (Newman, 2010). 
A cosine similarity of 1 indicates that two networks are exactly the 
same, while a cosine similarity of 0 indicates that they do not have 
any shared associations (Newman, 2010). For this study, cosine simi-
larity was used to measure the changes in associations from one time 
window to the next (Bonnell & Vilette, 2019). We compared cosine 
similarity for each core unit to the previous time window to reveal 
short-term variability, as well as between each window and the first 
time window in the data set to reveal any long-term variability. To 
assess uncertainty in our estimates of cosine similarity we repeated 
the same analysis on 100 bootstrapped samples of the observed 
data.

To examine the effects of ecological conditions on group clus-
tering and the overall connectedness of core units, we modeled 
how changes in fruit and young leaf abundance and rainfall influ-
enced both node and network level measurements (BRMS package; 
Bürkner,  2017). These ecological variables were only moderately 
correlated (highest r = 0.36) so multicollinearity and variation infla-
tion, which generally occurs when r > 0.7 (Dormann et al., 2013), was 
not an issue. For network-level measures (i.e., density and clustering 
coefficient at the band level), we used a linear regression with fruit 
availability, young leaf availability, and rainfall as predictors, and in-
cluded AR1 autocorrelated errors. While for node-level measures 
(i.e., strength and degree at the core unit level), we used a multi-level 
model with fruit availability, young leaf availability, and rainfall as 
predictors, and core-unit identity as a random effect, since nodes 
are repeatedly measured over time. For this model, we also included 

AR1 autocorrelated errors to account for the serial dependence in 
the network measures over time. In these models, we standardized 
all predictor variables and calculated r-squared (R2) values to pro-
vide estimates of effect size for each model (Gelman et al., 2019). In 
these models, we chose to use weakly informative priors centered 
on zero for all slopes, that is, normal(0,1), starting the model off with 
the highest probability at zero for all slopes. This approach has the 
advantage of reducing problems of multicollinearity between pre-
dictors and of starting the model off assuming no effects of our 
predictors. All models converged with rhats  <  1.01 and effective 
sample sizes above 300. The results of postnetwork permutations 
(Figure S2, Table S2), and posterior predictive checks for each model 
are provided in the supplementary (Figures S3–S5) to aid in model 
interpretation.

To investigate the association between male dispersals and 
association patterns, we first determined whether there was tem-
poral variability in male dispersal events. We examined the rela-
tionship between our ecological variables (rainfall, fruit availability, 
and young leaf availability) and the number of males transferring 
between core units in a given month using a Spearman rank cor-
relation (coin package; Hothorn et al., 2006), applying a Bonferroni 
correction for multiple comparisons (α = 0.017). For these tests, we 
calculated Monte-Carlo approximated p-values as these are more 
robust when there are ties in the data (Hájek et  al.,  1999), which 
occurred because there were multiple months in which no males dis-
persed. Finally, we tested whether two core units were more likely 
to continue to associate after male(s) transferred between them 
than would be expected from baseline association levels. Here, we 
calculated a simple association measure (AI) between the core unit 
dyads with male transfers for each month (up to a maximum of three 
months) following the male dispersal event. For comparison, we cal-
culated the baseline AI level between each of the core units involved 
in the dispersal event and other core units they had each been asso-
ciated with during the month the male(s) transferred. We used one-
sample Wilcoxon signed-ranks tests to determine if the association 
index between the two core units involved in male transfers was 
higher than their association indices with other core units (rcompan-
ion package; Mangiafico, 2020). All analyses were done using either 
SOCPROG v.2.9 (Whitehead, 2009) and R v.3.6 (R Core Team, 2019).

3  | RESULTS

3.1 | A dynamic network

Throughout the study, core unit compositions remained relatively 
stable with a total of nine males and one female dispersing between 
units within the band over the 21-month study period in six disper-
sal events (i.e., two dispersal events involved the parallel transfer of 
males). Core unit associations varied over time, and clan composi-
tion changed from sample period one to two. Hierarchical cluster 
analysis showed that, compared to period one, two clans were still 
evident in period two but one core unit (Newtonia) had switched 



3256  |     ADAMS et al.

association between clans. In addition, the formation of the AMU, 
led to this unit forming its own branch in loose association with the 
two main clans (Figure 2). The results of the permutation tests for 
preferred relationships between core units showed significance for 
sample period one, and not for sample period two (Sample period 
one: CVObs = 0.484, CVRand = 0.44, p =0.014; Sample period two: 
CVObs = 0.150, CVRand = 0.150, p =0.8487). This suggests that core 
units demonstrated less preference when associating with other 
units in sample period two. Nonetheless, network metrics between 
sample period one and two were largely similar with little change in 
the averages for affinity, strength, centrality (Table S1). Most nota-
bly, we saw a decrease in the clustering of units between the two 
years (sample period 1: CC = 0.48, sample period 2: CC = 0.31).

When looking at shorter sample windows, cosine similarity val-
ues demonstrate the high amounts of temporal variability within 
the combined sample years (2017–2019), both in the short-term 
(Figure 3a) and the long-term (Figure 3b). When comparing each win-
dow to the first (Figure 3b), cosine similarity ranges between ~0.12–
0.51 (excluding the first month where cs = 1.0). The highest value of 
0.51 occurred in the months of October and December 2017, and 
the lowest of 0.12 in April 2018. When comparing each window to 
the previous (Figure  3a), cosine similarity ranges between ~0.15–
0.61. The highest value of 0.61 was seen in the month of April 2019, 
and the lowest of 0.15 in November 2018.

3.2 | Ecological conditions and association patterns

Neither rainfall, nor young leaf availability were strongly associated 
with network measures, either at the network level or the node level 
(Tables 1 and 2; Figure 4). However, association patterns did corre-
late with fruit availability. At the network level, fruit availability was 
weakly but positively associated with both network density and clus-
tering coefficient (Table 1; Figure 4). At the node-level, fruit availability 

showed a strong positive relationship with both strength and degree 
(Table 2; Figure 4). Thus, core units were more likely to associate with 
one another, and to form larger aggregations when fruits were abun-
dant, but decreased associations when fruit was scarce (Figure 4a).

3.3 | Male dispersal and association patterns

There was a significant correlation between the availability of fruits 
and the number of males transferring between core units in a given 
month (Spearman: Rho = 0.50, Z = 2.33, Monte-Carlo approximated 
p-value = 0.048). Conversely, there was no relationship between the 
number of male transfers and rainfall (Rho = 0.14, Z = 0.71, p = 1.00), 
or the availability of young leaves (Rho = 0.22, Z = 1.05, p = 0.87). 
Thus, male transfers were most likely to occur when fruits were 
abundant and core units aggregated. Furthermore, the core units 
in which males transferred between were more likely to keep as-
sociating (i.e., maintaining a high AI) than would be expected given 
their baseline level of association with other units. Analyses revealed 
significantly higher associations (p <0.05) of the dispersal dyad for 
1–2 months postdispersal than would be expected given their asso-
ciation with control core units (Figure 5). However, we found that by 
the third postdispersal month, all dispersal dyad AIs were no longer 
significantly different from the baseline. It is noteworthy that the 
core unit that switched its clan association from clan 1 to clan 2 be-
tween the two sampling periods (Newtonia) may have had this in-
crease in association with clan 2 because five males dispersed from 
this core unit to a unit in clan 2 (Fagara).

4  | DISCUSSION

Our analyses revealed a dynamic social network between core units 
in the C. a. ruwenzorii multi-level society. As we predicted, the clan 

F I G U R E  2   Comparison of Colobus angolensis ruwenzorii core units’ clan associations across years at Nabugabo, Uganda, depicted by 
dendrograms created using hierarchical cluster analysis (CCC = 0.891; SOCPROG: Whitehead, 2009). * indicates the movement of a core 
unit between clans. The “Year 1 – 2017–2018” dendrogram has been adapted from figure 1a in Stead and Teichroeb (2019)
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tier of organization was not entirely stable over time. We observed 
two major changes in our study band. First, an all-male unit formed 
when seven males left the largest core unit and began to range in 
loose association with the two clans. Second, one core unit moved 
between clans after dispersal events involving five males. These 
changes show that clans do shift in core unit composition over time, 
though not frequently, and that male dispersals can influence this 
variation.

Most core units maintained their clan associations from period 
one to period two, which could be due to underlying between-unit 
kinship or familiarity, particularly among the band-philopatric males 
(Stead & Teichroeb, 2019). Unlike many other social orders of mam-
mals, primates tend to form stable groups over relatively long peri-
ods of time that are structured by the bonding of the philopatric sex 
(Altmann et al., 1996; Di Fiore, 2012; Silk, 2001, 2002). These kin-
based systems often extend beyond the smallest social unit to higher 

tiers in primate multi-level societies (Papio hamadryas, Theropithecus 
gelada, Colmenares, 2004; Snyder-Mackler et al., 2014; Gorilla gorilla, 
Morrison et al., 2019). We do not yet have kinship data for our study 
population but although both males and females disperse from their 
natal core unit in C. a. ruwenzorii, males transfer into other core units 
within the band while most females emigrate out of the band (Stead 
& Teichroeb, 2019). Thus, male kinship could structure relations be-
tween core units, leading to relatively stable clans over time.

We found support for our predictions regarding how ecological 
and social variables affect the degree of association among core 
units. Temporal changes in rainfall were not directly correlated with 
the amount of core unit clustering. Association patterns fluctuated 
at both the node and network level, with the largest changes cor-
relating to seasonal shifts in fruit availability. As predicted, core 
units were more likely to associate, and did so with a larger num-
ber of other core units, when fruits, a preferred resource for this 

F I G U R E  3   Stability of the social network between core units of Colobus angolensis ruwenzorii at Nabugabo, Uganda from August 2017 
to May 2019 in both the (a) short-term and (b) long-term, as illustrated by the cosine similarity (a) to the previous month and (b) to the first 
month of the study period. Shaded areas indicate the 95% highest density interval from 100 bootstrap samples of the observed data
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population (2021), were abundant. This increase in association was 
correlated with the timing of male dispersals between core units in 
the band. Our analysis of association indices following each male dis-
persal event within the band revealed that male transfers promote 
higher than expected dyadic associations between interacting core 
units in the short-term (1–2 months postdispersal).

Many species alter their behavior in response to changing re-
source availability (Candolin & Wong,  2012) and our results show 

that C. a. ruwenzorii is no exception. Similar to studies done on other 
primates (Cercocebus torquatus, Dolado et  al.,  2016; Rhinopithecus 
bieti, Ren et al., 2012; Papio hamadryas, Schreier & Swedell, 2012b; 
Pongo pygmaeus, Sugardjito et  al.,  1987) and nonprimates (Orcinus 
orca, Foster et al., 2012; Loxodonta africana, Wittemyer et al., 2005), 
we found that C. a. ruwenzorii units increase their association levels 
during times of peak food availability. Food competition decreases 
when resources are abundant, allowing animals to aggregate if they 
choose, which allows them to take advantage of the benefits that 
large groups have for predator avoidance (Hamilton,  1971; Sueur 
et al., 2011). Species living in a multi-level society benefit from this 
ability to alter overall group size in response to external pressures 
(Grueter & van Schaik,  2009). For C. a. ruwenzorii, enlarged group 
size may even mean an expansion of the microhabitats they are will-
ing to take advantage of. Adams and Teichroeb (2020) found that 
at Nabugabo, where predation risk is greatest near the ground, C. 
a. ruwenzorii were willing to come lower in the canopy to find food 
when more core units were clustered together and predation risk 
was lessened. The analyses presented here suggest that this niche 
expansion may occur more often in resource rich seasons when core 
units are able aggregate.

Although we find correlations between seasonal fruit avail-
ability, association patterns and male dispersal, it is important to 
acknowledge that we cannot determine cause and effect between 
these phenomena. While we posit that higher fruit availability leads 
to more clustering among core units, which facilitates male disper-
sal, it is possible that males prospect more during seasons of food 
abundance and that male prospecting behavior drives the observed 
changes in association patterns. Seasonal dispersal patterns are 
found in many species (Stenseth & Lidicker, 1992) but in most cases, 
this pattern emerges due to seasonal breeding (e.g., Presbytis entel-
lus, Borries, 2000; Suricata suricatta, Mares et al., 2014; Chlorocebus 
pygerythrus, Young et  al.,  2019; Rhinopithecus roxellana, Yao 
et  al.,  2011). Breeding is not typically seasonal in black-and-white 
colobus monkeys (Fashing, 2011), and we do not have data show-
ing seasonal breeding at Nabugabo. Alternatively, it is sometimes 
advantageous for animals to time dispersal to coincide with high 
food availability because it allows them to compensate for increased 
travel, potentially in unfamiliar areas (Isbell & Van Vuren,  1996; 
Pusey & Packer,  1987). This explanation is unlikely to apply in a 
multi-level society like that seen in C. a. ruwenzorii, as all the core 
units in our band share a home range (Stead & Teichroeb,  2019). 
Consequently, male dispersal between units does not require extra 
travel or moving into a new, unfamiliar area. We suggest that the 
best explanation for the seasonal pattern of male dispersal that we 
observe in C. a. ruwenzorii is the opportunity for prospecting pro-
vided by greater core unit clustering due to high resource availability. 
The proximity of so many other core units allows males to assess 
their composition (i.e., sex ratio) as well as the competitive ability 
of the males there (Teichroeb et  al.,  2020), potentially influencing 
their decision to disperse. In primates, it is common for dispersal to 
occur during intergroup encounters (e.g., Macaca mulatta, Boelkins 

TA B L E  1   Impact that ecological variables (i.e., food availability 
and rainfall) had on social network measures (i.e., density and 
clustering coefficient) of Colobus angolensis ruwenzorii core units at 
Nabugabo, Uganda at the network level from August 2017 to May 
2019. Note that in the model, all ecological variables were scaled

Estimate Error
Lower 
95% CI

Upper 
95% CI

Density

Intercept 0.54 0.06 0.44 0.65

Fruit availability 0.08 0.04 0.00 0.15

Young leaf 
availability

−0.02 0.03 −0.08 0.03

Rainfall −0.02 0.03 −0.09 0.05

Clustering coefficient

Intercept 0.63 0.04 0.54 0.72

Fruit availability 0.07 0.03 0.01 0.14

Young leaf 
availability

0.00 0.03 −0.06 0.04

Rainfall −0.03 0.03 −0.08 0.03

Notes: Variance explained by models: footnote: density R2 = 0.27 (0.04, 
0.49), clustering coefficient R2 = 0.28 (0.05, 0.50)

TA B L E  2   Impact that ecological variables (i.e., food availability 
and rainfall) had on social network measures (i.e., strength and 
degree) of Colobus angolensis ruwenzorii core-units at Nabugabo, 
Uganda at the node level from August 2017 to May 2019. Note that 
in the model, all ecological variables were scaled

Estimate Error
Lower 
95% CI

Upper 
95% CI

Strength

Intercept 15.95 1.04 13.90 17.89

Fruit availability 2.23 0.68 0.81 3.49

Young leaf 
availability

−0.89 0.46 −1.78 0.02

Rainfall −0.85 0.56 −1.89 0.31

Degree

Intercept 5.93 0.24 5.49 6.41

Fruit availability 0.94 0.17 0.49 1.18

Young leaf 
availability

−0.23 0.14 −0.50 0.05

Rainfall −0.23 0.16 −0.55 0.09

Note: Variance explained by model's footnote: strength R2 = 0.08 (0.04, 
0.15), degree R2 = 0.14 (0.07, 0.22)
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& Wilson, 1972; Erythrocebus patas, Rogers & Chism, 2009; Gorilla 
beringei, Sicotte, 1993; Rhinopithecus roxellana, Yao et al., 2011) or 
to groups where prospecting has previously been directed (e.g., 
Colobus vellerosus, Teichroeb et al., 2011).

The persistence of high association indices postdispersal for 
core units that have males transfer between them may be a result 
of the continued bonds between individuals that persist even after 
the dispersal has taken place. The dispersing individual(s) likely still 
have ties in their former (sometimes natal) unit, which may contain 
many kin. However, over time, we see a slow decrease of association 
between the units individual(s) dispersed to and from, back to the 
baseline association levels that they have with other core units. This 
decrease in association may be explained by the further integration 
of the dispersing individual(s) into their new unit, and/or the sea-
sonal decrease in fruit availability, and subsequent increase in food 

competition. Although, one large transfer event of five males be-
tween Newtonia and Fagara core units, led to Newtonia switching 
clan association. Future research examining how male-male genetic 
and social relationships impact association patterns over short and 
long time periods will provide insights into the ways that kinship 
structures core unit association in tandem with ecological and social 
factors (e.g., Snyder-Mackler et al., 2014).

To conclude, our results show that in the dynamic social net-
work of Rwenzori Angolan colobus monkeys, core units behaviorally 
adapt to changing ecological conditions by altering their associ-
ation patterns. Doing so has cascading effects on the composition 
of core units, and structure of both the clan and band tiers in this 
multi-level society. This type of behavioral flexibility allows animals 
to thrive in dynamic environments (Candolin & Wong, 2012; Grueter 
et  al.,  2020). Our study provides a deeper understanding of the 

F I G U R E  4   (a) Available data on 
ecological conditions (rainfall, young 
leaf and fruit availability) with (b) social 
network density measures, (c) node 
strength, and (d) the timing of male 
dispersal events from August 2017 to 
July 2019 in a band of Colobus angolensis 
ruwenzorii at Nabugabo, Uganda. Core unit 
association levels are represented by (b) 
and (c). For (b) the shaded area represents 
the density range expected due to chance 
encounters, and was calculated using 
data-stream permutations using 95% CI
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mechanisms underlying the formation of complex multi-level social 
organizations and some insight into the intertwined temporal effects 
of ecological and social variables.

ACKNOWLEDG EMENTS
We thank Edward Mujjuzi, Hannington Kakeeto, and Dr. Dennis 
Twinomugisha for research assistance. Permission was provided by 
the Uganda Wildlife Authority (Permits #: UWA/TDO/33/02 and 
UWA/COD/96/02), the Uganda National Council of Science and 
Technology (Permit #: NS537), the University of Toronto Animal 
Care Committee (Protocol #: 20012354). Funding was provided by 
the Natural Sciences and Engineering Research Council of Canada 
(grant to J. Teichroeb, RGPIN-2016-06321). We are grateful to 
Damien Farine and two anonymous reviewers that helped improve 
this manuscript.

CONFLIC T OF INTERE S T
There are no conflicts of interest to declare.

AUTHOR CONTRIBUTION
Frances V. Adams: Conceptualization (equal); Formal analysis (equal); 
Writing-original draft (lead); Writing-review & editing (equal). T. Jean 
M. Arseneau-Robar: Formal analysis (equal); Writing-original draft 
(supporting); Writing-review & editing (equal). Tyler Ronald Bonnell: 
Formal analysis (equal); Writing-original draft (supporting); Writing-
review & editing (equal). Samantha M. Stead: Data curation (equal); 
Formal analysis (equal); Writing-original draft (supporting); Writing-
review & editing (equal). Julie Annette Teichroeb: Conceptualization 
(equal); Data curation (equal); Formal analysis (equal); Funding ac-
quisition (equal); Supervision (equal); Writing-original draft (equal); 
Writing-review & editing (equal).

F I G U R E  5   Association indices for the Colobus angolensis ruwenzorii core units at Nabugabo, Uganda that males transferred between 
(solid lines) for the 3 months following each male dispersal event from August 2017 to May 2019. Dashed lines represent expected (baseline) 
levels of association, given how much these core units (i.e., those involved in male transfers) continued to associate with other core units not 
involved in the male dispersal event. (*) indicates association indices that were significantly higher in the core units with male transfer than 
would be expected at α = 0.05



     |  3261ADAMS et al.

DATA AVAIL ABILIT Y S TATEMENT
All data is archived in the Dryad data repository, https://doi.
org/10.5061/dryad.866t1​g1px.

ORCID
Frances V. Adams   https://orcid.org/0000-0002-6372-4781 
T. Jean M. Arseneau-Robar   https://orcid.org/0000-0002-0790-8287 
Tyler R. Bonnell   https://orcid.org/0000-0001-6041-5177 
Samantha M. Stead   https://orcid.org/0000-0002-0899-4973 
Julie A. Teichroeb   https://orcid.org/0000-0002-0908-156X 

R E FE R E N C E S
Adams, F. V., & Teichroeb, J. A. (2020). Microhabitat use in Angolan colobus 

monkeys (Colobus angolensis ruwenzorii) at Nabugabo, Uganda demon-
strates intraspecific variability. International Journal of Primatology, 41, 
24–44. https://doi.org/10.1007/s1076​4-020-00132​-z

Altmann, J., Alberts, S. C., Haines, S. A., Dubach, J., Muruthi, P., Coote, 
T., Geffen, E., Cheesman, D. J., Mututua, R. S., Saiyalel, S. N., Wayne, 
R. K., Lacy, R. C., & Bruford, M. W. (1996). Behavior predicts genes 
structure in a wild primate group. Proceedings of the National Academy 
of Sciences of the United States of America, 93(12), 5797–5801. https://
doi.org/10.1073/pnas.93.12.5797

Altmann, S. A. (1998). Foraging for survival: Yearling baboons in Africa. 
University of Chicago Press.

Arseneau-Robar, T. J. M., Changasi, A. H., Turner, E., & Teichroeb, J. A. 
(2021). (Online first). Diet and activity budget in Colobus angolensis 
ruwenzorii at Nabugabo, Uganda: Are they energy maximizers? Folia 
Primatologica, 91(1), 35–48. https://doi.org/10.1159/00051​1046

Aureli, F., Schaffner, C. M., Boesch, C., Bearder, S. K., Call, J., Chapman, 
C. A., Connor, R., Fiore, A. D., Dunbar, R. I. M., Henzi, S. P., Holekamp, 
K., Korstjens, A. H., Layton, R., Lee, P., Lehmann, J., Manson, J. H., 
Ramos-Fernandez, G., Strier, K. B., & Schaik, C. P. (2008). Fission-
fusion dynamics: New research frameworks. Current Anthropology, 
49, 627–654. https://doi.org/10.1086/586708

Baden, A. L., Webster, T. H., & Kamilar, J. M. (2016). Resource seasonality 
and reproduction predict fission-fusion dynamics in black-and-white 
ruffed lemurs (Varecia variegata). American Journal of Primatology, 78, 
256–279. https://doi.org/10.1002/ajp.22507

Boelkins, R. C., & Wilson, A. P. (1972). Intergroup social dynamics of 
the Cayo Santiago rhesus (Macaca mulatta) with special reference 
to changes in group membership by males. Primates, 13, 125–140. 
https://doi.org/10.1007/BF018​40875

Bonnell, T. R., & Vilette, C. (2019). Analyzing time-aggregated networks: 
The role of bootstrapping, permutation, and simulation. BioRxiv, 
e562231. https://doi.org/10.1101/562231

Borries, C. (2000). Male dispersal and mating season influxes in Hanuman 
langurs living in multi-male groups. In P. M. Kappeler (Ed.), Primate 
males: Causes and consequences of variation in group composition (pp. 
146–158). Cambridge University Press.

Bürkner, P.-C. (2017). brms: An R package for Bayesian multi-level mod-
els using Stan. Journal of Statistical Software, 80, 1–28. https://doi.
org/10.18637/​jss.v080.i01

Candolin, U., & Wong, B. B. (Eds.). (2012). Behavioural responses to a chang-
ing world: Mechanisms and consequences. Oxford University Press. 
https://doi.org/10.1093/acpro​f:osobl/​97801​99602​568.001.0001

Cantor, M., Aplin, L. M., & Farine, D. R. (2020). A primer on the relation-
ship between group size and group performance. Animal Behaviour, 
166, 139–146. https://doi.org/10.1016/j.anbeh​av.2020.06.017

Chamaillé-Jammes, S., Fritz, H., Valeix, M., Murindagomo, F., & Clobert, 
J. (2008). Resource variability, aggregation and direct density de-
pendence in an open context: The local regulation of an African 

elephant population. Journal of Animal Ecology, 77, 135–144. https://
doi.org/10.1111/j.1365-2656.2007.01307.x

Chapman, C. A., Twinomugisha, D., Teichroeb, J. A., Valenta, K., 
Sengupta, R., Sarkar, D., & Rothman, J. M. (2016). How do primates 
survive among humans? Mechanisms employed by vervet monkeys 
at Lake Nabugabo, Uganda. In M. Waller (Ed.), Ethnoprimatology, pri-
mate conservation in the 21st century (pp. 77–94). Springer.

Cheney, D. L., & Seyfarth, R. M. (1987). The influence of intergroup 
competition on the survival and reproduction of female vervet mon-
keys. Behavioural Ecology and Sociobiology, 21, 375–386. https://doi.
org/10.1007/BF002​99932

Clobert, J., Le Galliard, J. F., Cote, J., Meylan, S., & Massot, M. 
(2009). Informed dispersal, heterogeneity in animal dis-
persal syndromes and the dynamics of spatially structured 
populations. Ecology Letters, 12(3), 197–209. https://doi.
org/10.1111/j.1461-0248.2008.01267.x

Colmenares, F. (2004). Kinship structure and its impact on behavior in 
multi-level societies. In B. Chapais, & C. M. Berman (Eds.), Kinship and 
behavior in primates (pp. 242–270). Oxford University Press.

Couzin, I. D., Ioannou, C. C., Demirel, G., Gross, T., Torney, C. J., Hartnett, A., 
Conradt, L., Levin, S. A., Levin, S. A., & Leonard, N. E. (2011). Uninformed 
individuals promote democratic consensus in animal groups. Science, 
334, 1578–1580. https://doi.org/10.1126/scien​ce.1210280

Csardi, G., & Nepusz, T. (2006). The igraph software package for complex 
network research. InterJournal, Complex Systems, 1695, 1–9.

Dasilva, G. L. (1994). Diet of Colobus polykomos on Tiwai Island: Selection 
of food in relation to its seasonal abundance and nutritional qual-
ity. International Journal of Primatology, 15(5), 655–680. https://doi.
org/10.1007/BF027​37426

Di Fiore, A. (2012). Genetic consequences of primate social organization. 
In J. C. Mitani, J. Call, P. M. Kappeler, R. A. Palombit, & J. B. Silk (Eds.), 
The evolution of primate societies (pp. 269–292). University of Chicago 
Press.

Dolado, R., Cooke, C., & Beltran, F. S. (2016). How many for lunch today? 
Seasonal fission-fusion dynamics as a feeding strategy in wild red-
capped mangabeys (Cercocebus torquatus). Folia Primatologica, 87(3), 
197–212. https://doi.org/10.1159/00044​9220

Dormann, C. F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, 
G., Marquéz, J. R. G., Gruber, B., Lafourcade, B., Leitão, P. J., 
Münkemüller, T., McClean, C., Osborne, P. E., Reineking, B., Schröder, 
B., Skidmore, A. K., Zurell, D., & Lautenbach, S. (2013). Collinearity: 
A review of methods to deal with it and a simulation study eval-
uating their performance. Ecography, 36(1), 27–46. https://doi.
org/10.1111/j.1600-0587.2012.07348.x

Dudgeon, C. L., Noad, M. J., & Lanyon, J. M. (2008). Abundance and 
demography of a seasonal aggregation of zebra sharks Segostoma 
fasciatum. Marine Ecology Progress Series, 368, 269–281. https://doi.
org/10.3354/meps0​7581

Ekernas, L. S., & Cords, M. (2007). Social and environmental fac-
tors influencing natal dispersal in blue monkeys, Cercopithecus 
mitis stuhlmanni. Animal Behaviour, 73(6), 1009–1020. https://doi.
org/10.1016/j.anbeh​av.2006.11.007

Farine, D. R., Firth, J. A., Aplin, L. M., Crates, R. A., Culina, A., Garroway, 
C. J., Hinde, C. A., Kidd, L. R., Milligan, N. D., Psorakis, I., Radersma, 
R., Verhelst, B., Voelkl, B., & Sheldon, B. C. (2015). The role of social 
and ecological processes in structuring animal populations: A case 
study from automated tracking of wild birds. Royal Society Open 
Science, 2(4), e150057. https://doi.org/10.1098/rsos.150057

Fashing, P. J. (2001). Feeding ecology of guerezas in the Kakamega 
Forest, Kenya: The importance of Moraceae fruit in the diet. 
International Journal of Primatology, 22(4), 579–609. https://doi.
org/10.1023/A:10107​37601922

Fashing, P. J. (2011). African colobine monkeys: Their behavior, ecology, 
and conservation. In C. J. Campbell, A. Fuentes, K. C. MacKinnon, 

https://doi.org/10.5061/dryad.866t1g1px
https://doi.org/10.5061/dryad.866t1g1px
https://orcid.org/0000-0002-6372-4781
https://orcid.org/0000-0002-6372-4781
https://orcid.org/0000-0002-0790-8287
https://orcid.org/0000-0002-0790-8287
https://orcid.org/0000-0001-6041-5177
https://orcid.org/0000-0001-6041-5177
https://orcid.org/0000-0002-0899-4973
https://orcid.org/0000-0002-0899-4973
https://orcid.org/0000-0002-0908-156X
https://orcid.org/0000-0002-0908-156X
https://doi.org/10.1007/s10764-020-00132-z
https://doi.org/10.1073/pnas.93.12.5797
https://doi.org/10.1073/pnas.93.12.5797
https://doi.org/10.1159/00511046
https://doi.org/10.1086/586708
https://doi.org/10.1002/ajp.22507
https://doi.org/10.1007/BF01840875
https://doi.org/10.1101/562231
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1093/acprof:osobl/9780199602568.001.0001
https://doi.org/10.1016/j.anbehav.2020.06.017
https://doi.org/10.1111/j.1365-2656.2007.01307.x
https://doi.org/10.1111/j.1365-2656.2007.01307.x
https://doi.org/10.1007/BF00299932
https://doi.org/10.1007/BF00299932
https://doi.org/10.1111/j.1461-0248.2008.01267.x
https://doi.org/10.1111/j.1461-0248.2008.01267.x
https://doi.org/10.1126/science.1210280
https://doi.org/10.1007/BF02737426
https://doi.org/10.1007/BF02737426
https://doi.org/10.1159/000449220
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.3354/meps07581
https://doi.org/10.3354/meps07581
https://doi.org/10.1016/j.anbehav.2006.11.007
https://doi.org/10.1016/j.anbehav.2006.11.007
https://doi.org/10.1098/rsos.150057
https://doi.org/10.1023/A:1010737601922
https://doi.org/10.1023/A:1010737601922


3262  |     ADAMS et al.

S. K. Bearder, & R. M. Stumpf (Eds.), Primates in perspective, 2nd ed. 
(pp. 203–229). Oxford University Press.

Foster, E. A., Franks, D. W., Morrell, L. J., Balcomb, K. C., Parsons, K. M., 
van Ginneken, A., & Croft, D. P. (2012). Social network correlates of 
food availability in an endangered population of killer whales, Orcinus 
orca. Animal Behaviour, 83(3), 731–736. https://doi.org/10.1016/j.
anbeh​av.2011.12.021

Gelman, A., Goodrich, B., Gabry, J., & Vehtari, A. (2019). R-squared for 
Bayesian regression models. The American Statistician, 73(3), 307–
309. https://doi.org/10.1080/00031​305.2018.1549100

Grueter, C. C., Chapais, B., & Zinner, D. (2012). Evolution of multi-level 
social systems in nonhuman primates and humans. International 
Journal of Primatology, 33(5), 1002–1037. https://doi.org/10.1007/
s1076​4-012-9618-z

Grueter, C. C., Matsuda, I., Zhang, P., & Zinner, D. (2012). Multi-level so-
cieties in primates and other mammals: Introduction to the special 
issue. International Journal of Primatology, 33, 993–1001. https://doi.
org/10.1007/s1076​4-012-9614-3

Grueter, C. C., Qi, X., Li, B., & Li, M. (2017). Multi-level societies. 
Current Biology, 27(18), R984–R986. https://doi.org/10.1016/j.
cub.2017.06.063

Grueter, C. C., Qi, X., Zinner, D., Bergman, T., Li, M., Xiang, Z., Zhu, P., 
Bamberg Migliano, A., Miller, A., Krützen, M., Fischer, J., Rubenstein, 
D. I., Vidya, T. N. C., Li, B., Cantor, M., & Swedell, L. (2020). Multilevel 
organisation of animal sociality. Trends in Ecology & Evolution, 35, 
834–847. https://doi.org/10.1016/j.tree.2020.05.003

Grueter, C. C., & van Schaik, C. P. (2009). Evolutionary determinants 
of modular societies in colobines. Behavioral Ecology, 21(1), 63–71. 
https://doi.org/10.1093/behec​o/arp149

Hájek, J., Šidák, Z., & Sen, P. K. (1999). Theory of rank tests, 2nd ed. 
Academic Press.

Hamilton, W. D. (1971). Geometry for the selfish herd. 
Journal of Theoretical Biology, 31(2), 295–311. https://doi.
org/10.1016/0022-5193(71)90189​-5

Hothorn, T., Hornik, K., van de Wiel, M. A., & Zeileis, A. (2006). A Lego 
system for conditional inference. The American Statistician, 60(3), 
257–263. https://doi.org/10.1198/00031​3006X​118430

Isbell, L. A., & Van Vuren, D. (1996). Differential costs of locational and 
social dispersal and their consequences for female group-living pri-
mates. Behaviour, 133(1–2), 1–36.

Kerth, G., Perony, N., & Schweitzer, F. (2011). Bats are able to main-
tain long-term social relationships despite the high fission–fusion 
dynamics of their groups. Proceedings of the Royal Society B: 
Biological Sciences, 278(1719), 2761–2767. https://doi.org/10.1098/
rspb.2010.2718

Krause, J., & Ruxton, G. D. (2002). Living in groups. Oxford University 
Press.

Mangiafico, S. (2020). rcompanion: functions to support extension educa-
tion program evaluation. R package version 2.3.25 https://CRAN.R-
proge​ct.org/packa​ge=rcomp​anion

Mares, R., Bateman, A. W., English, S., Clutton-Brock, T. H., & Young, 
A. J. (2014). Timing of predispersal prospecting is influenced by 
environmental, social and state-dependent factors in meerkats. 
Animal Behaviour, 88, 185–193. https://doi.org/10.1016/j.anbeh​
av.2013.11.025

Metz, M. C., Smith, D. W., Vucetich, J. A., Stahler, D. R., & Peterson, R. O. 
(2012). Seasonal patterns of predation for gray wolves in the multi-
prey system of Yellowstone National Park. Journal of Animal Ecology, 
81, 553–563. https://doi.org/10.1111/j.1365-2656.2011.01945.x

Miller, A., Uddin, S., Judge, D. S., Kaplin, B. A., Ndayishimiye, D., 
Uwingeneye, G., & Grueter, C. C. (2020). Spatiotemporal associa-
tion patterns in a supergroup of Rwenzori black-and-white colo-
bus (Colobus angolensis ruwenzorii) are consistent with a multilevel 
society. American Journal of Primatology, 82(6), e23127. https://doi.
org/10.1002/ajp.23127

Morrison, R. E., Groenenberg, M., Breuer, T., Manguette, M. L., & Walsh, 
P. D. (2019). Hierarchical social modularity in gorillas. Proceedings of 
the Royal Society B: Biological Sciences, 286(1906), 20190681. https://
doi.org/10.1098/rspb.2019.0681

Newman, M. (2010). Networks: An introduction. Oxford University Press.
Nowak, K. (2008). Frequent water drinking by Zanzibar red colobus 

(Procolobus kirkii) in a mangrove forest refuge. American Journal of 
Primatology, 70, 1081–1092. https://doi.org/10.1002/ajp.20605

Onderstepoort, H. (1988). Water gathering by baboons in the Namib 
Desert. South African Journal of Science, 84, 590–591.

Papageorgiou, D., & Farine, D. R. (2020). Group size and composition in-
fluence collective movement in a highly social terrestrial bird. Elife, 9, 
e59902. https://doi.org/10.7554/eLife.59902

Papageorgiou, D., Christensen, C., Gall, E. C., Klarevas-Irby, J. A., 
Nyaguthii, B., Couzin, I. D., & Farine, D. R. (2019). The multi-level so-
ciety of a small-brained bird. Current Biology, 19(21), PR1120-1121. 
https://doi.org/10.1016/j.cub.2019.09.072

Pappano, D. J., Snyder-Mackler, N., Bergman, T. J., & Beehner, J. C. 
(2012). Social ‘predators’ within a multi-level primate society. 
Animal Behaviour, 84(3), 653–658. https://doi.org/10.1016/j.anbeh​
av.2012.06.021

Pulliam, H. R., & Caraco, T. (1984). Living in groups: Is there an optimal 
group size? In J. R. Krebs, & N. B. Davies (Eds.), Behavioural ecology: 
An evolutionary approach (pp. 122–147). Blackwell.

Pusey, A. E., & Packer, C. (1987). The evolution of sex-biased dispersal 
in lions. Behaviour, 101, 275–310. https://doi.org/10.1163/15685​
3987X​00026

Qi, X.-G., Garber, P. A., Ji, W., Huang, Z.-P., Huang, K., Zhang, P., Guo, S.-
T., Wang, X.-W., He, G., Zhang, P., & Li, B.-G. (2014). Satellite telem-
etry and social modeling offer new insights into the origin of primate 
multi-level societies. Nature Communications, 5, 5296. https://doi.
org/10.1038/ncomm​s6296

R Core Team (2019). R: A language and environment for statistical comput-
ing, Vol. 3.6. R foundation for statistical computing.

Ren, B., Li, D., Garber, P. A., & Li, M. (2012). Fission–fusion behavior in 
Yunnan snub-nosed monkeys (Rhinopithecus bieti) in Yunnan. China. 
International Journal of Primatology, 33(5), 1096–1109. https://doi.
org/10.1007/s1076​4-012-9586-3

Rogers, W., & Chism, J. (2009). Male dispersal in patas monkeys 
(Erythrocebus patas). Behaviour, 146, 657–676. https://doi.
org/10.1163/15685​3908X​395549

Rubenstein, D. I. (1986). Ecology and sociality in horses and zebras. In D. 
I. Rubenstein, & R. W. Wrangham (Eds.), Ecological aspects of social 
evolution (pp. 282–302). Princeton University Press.

Rubenstein, D. I., & Hack, M. (2004). Natural and sexual selection and 
the evolution of multi-level societies: Insights from zebras with com-
parisons to primates. In I. P. M. Kappeler, C. P. van Schaik, & (ds.), 
(Eds.), Sexual selection in primates: New and comparative perspectives 
(pp. 266–277). Cambridge University Press.

Saj, T. L., & Sicotte, P. (2007). Predicting the competitive regime of fe-
male Colobus vellerosus from the distribution of food resources. 
International Journal of Primatology, 28(2), 315–336. https://doi.
org/10.1007/s1076​4-007-9124-x

Schradin, C., & Pillay, N. (2006). Female striped mice (Rhabdomys pumilio) 
change their home ranges in response to seasonal variation in food 
availability. Behavioral Ecology, 17, 452–458. https://doi.org/10.1093/
behec​o/arj047

Schreier, A. L., & Swedell, L. (2012a). The socioecology of network scal-
ing ratios in the multi-level society of hamadryas baboons (Papio 
hamadryas hamadryas). International Journal of Primatology, 33(5), 
1069–1080. https://doi.org/10.1007/s1076​4-011-9572-1

Schreier, A. L., & Swedell, L. (2012b). Ecology and sociality in a multi-level 
society: Ecological determinants of spatial cohesion in hamadryas 
baboons. American Journal of Physical Anthropology, 148(4), 580–588. 
https://doi.org/10.1002/ajpa.22076

https://doi.org/10.1016/j.anbehav.2011.12.021
https://doi.org/10.1016/j.anbehav.2011.12.021
https://doi.org/10.1080/00031305.2018.1549100
https://doi.org/10.1007/s10764-012-9618-z
https://doi.org/10.1007/s10764-012-9618-z
https://doi.org/10.1007/s10764-012-9614-3
https://doi.org/10.1007/s10764-012-9614-3
https://doi.org/10.1016/j.cub.2017.06.063
https://doi.org/10.1016/j.cub.2017.06.063
https://doi.org/10.1016/j.tree.2020.05.003
https://doi.org/10.1093/beheco/arp149
https://doi.org/10.1016/0022-5193(71)90189-5
https://doi.org/10.1016/0022-5193(71)90189-5
https://doi.org/10.1198/000313006X118430
https://doi.org/10.1098/rspb.2010.2718
https://doi.org/10.1098/rspb.2010.2718
https://CRAN.R-progect.org/package=rcompanion
https://CRAN.R-progect.org/package=rcompanion
https://doi.org/10.1016/j.anbehav.2013.11.025
https://doi.org/10.1016/j.anbehav.2013.11.025
https://doi.org/10.1111/j.1365-2656.2011.01945.x
https://doi.org/10.1002/ajp.23127
https://doi.org/10.1002/ajp.23127
https://doi.org/10.1098/rspb.2019.0681
https://doi.org/10.1098/rspb.2019.0681
https://doi.org/10.1002/ajp.20605
https://doi.org/10.7554/eLife.59902
https://doi.org/10.1016/j.cub.2019.09.072
https://doi.org/10.1016/j.anbehav.2012.06.021
https://doi.org/10.1016/j.anbehav.2012.06.021
https://doi.org/10.1163/156853987X00026
https://doi.org/10.1163/156853987X00026
https://doi.org/10.1038/ncomms6296
https://doi.org/10.1038/ncomms6296
https://doi.org/10.1007/s10764-012-9586-3
https://doi.org/10.1007/s10764-012-9586-3
https://doi.org/10.1163/156853908X395549
https://doi.org/10.1163/156853908X395549
https://doi.org/10.1007/s10764-007-9124-x
https://doi.org/10.1007/s10764-007-9124-x
https://doi.org/10.1093/beheco/arj047
https://doi.org/10.1093/beheco/arj047
https://doi.org/10.1007/s10764-011-9572-1
https://doi.org/10.1002/ajpa.22076


     |  3263ADAMS et al.

Sicotte, P. (1993). Inter-group encounters and female transfer in mountain 
gorillas: Influence of group composition on male behavior. American 
Journal of Primatology, 30(1), 21–36. https://doi.org/10.1002/
ajp.13503​00103

Silk, J. B. (2001). Ties that bond: The role of kinship in primate societies. 
In L. Stone (Ed.), New directions in anthropological kinship (pp. 71–92). 
Rowman & Littlefield.

Silk, J. B. (2002). Kin selection in primate groups. International Journal 
of Primatology, 23(4), 849–875. https://doi.org/10.1023/A:10155​
81016250

Snyder-Mackler, N., Alberts, S. C., & Bergman, T. J. (2014). The socio-
genetics of a complex society: Female gelada relatedness patterns 
mirror association patterns in a multi-level society. Molecular Ecology, 
23(24), 6179–6191. https://doi.org/10.1111/mec.12987

Snyder-Mackler, N., Beehner, J. C., & Bergman, T. J. (2012). Defining 
higher levels in the multi-level societies of geladas (Theropithecus ge-
lada). International Journal of Primatology, 33(5), 1054–1068. https://
doi.org/10.1007/s1076​4-012-9584-5

Stead, S. M., & Teichroeb, J. A. (2019). A multi-level society comprised of 
one-male and multi-male core units in an African colobine (Colobus 
angolensis ruwenzorii). PLoS One, 14(10), e0217666. https://doi.
org/10.1371/journ​al.pone.0217666

Sueur, C., King, A. J., Conradt, L., Kerth, G., Lusseau, D., Mettke-
Hofmann, C., Schaffner, C. M., Williams, L., Zinner, D., & Aureli, F. 
(2011). Collective decision-making and fission–fusion dynamics: 
A conceptual framework. Oikos, 120(11), 1608–1617. https://doi.
org/10.1111/j.1600-0706.2011.19685.x

Stenseth, N. C., & Lidicker, W. Z. (1992). The study of dispersal: A con-
ceptual guide. In Animal dispersal, (pp. 5–20). Dordrecht: Springer. 
https://doi.org/10.1007/978-94-011-2338-9_1

Sugardjito, J., Te Boekhorst, I. J. A., & Van Hooff, J. A. R. A. M. (1987). 
Ecological constraints on the grouping of wild orang-utans (Pongo 
pygmaeus) in the Gunung Leuser National Park, Sumatra. Indonesia. 
International Journal of Primatology, 8(1), 17–41. https://doi.
org/10.1007/BF027​37112

Takemoto, H. (2004). Seasonal change in terrestriality of chimpanzees 
in relation to mircoclimate in the tropical forest. American Journal 
of Physical Anthropology, 124, 81–92. https://doi.org/10.1002/
ajpa.10342

Teichroeb, J. A., Bridgett, G. R., Corriveau, A., & Twinomugisha, D. (2019). 
The immediate impact of selective logging on Angolan colobus 
(Colobus angolensis ruwenzorii) at Lake Nabugabo, Uganda. In A. M. 
Behie, J. A. Teichroeb, & N. Malone (Eds.), Primate research and con-
servation in the Anthropocene (pp. 120–140). Cambridge University 
Press.

Teichroeb, J. A., Kutz, S. J., Parkar, U., Thompson, R. C. A., & Sicotte, P. 
(2009). Ecology of the gastrointestinal parasites of Colobus vellerosus 
at Boabeng-Fiema, Ghana: Possible anthropozoonotic transmission. 
American Journal of Physical Anthropology, 140, 498–507. https://doi.
org/10.1002/ajpa.21098

Teichroeb, J. A., Stead, S. M., Edwards, P. D., Landry, F., Palme, R., & 
Boonstra, R. (2020). Anogenital distance as measure of male com-
petitive ability in Rwenzori Angolan colobus. American Journal of 
Primatology, 82(3), e23111.

Teichroeb, J. A., Wikberg, E. C., & Sicotte, P. (2011). Dispersal in male ur-
sine colobus monkeys (Colobus vellerosus): Influence of age, rank and 
contact with other groups on dispersal decisions. Behaviour, 148(7), 
765–793. https://doi.org/10.1163/00057​9511X​577157

Terborgh, J., & Janson, C. H. (1986). The socioecology of primate groups. 
Annual Review of Ecology and Systematics, 17, 111–135. https://doi.
org/10.1146/annur​ev.es.17.110186.000551

Valeix, M. (2011). Temporal dynamics of dry-season water-hole use 
by large African herbivores in two years of contrasting rainfall in 
Hwange National Park, Zimbabwe. Journal of Tropical Ecology, 27, 
163–170. https://doi.org/10.1017/S0266​46741​00000647

Whitehead, H. (2008). Analyzing animal societies: Quantitative methods for 
vertebrate social analysis. University of Chicago Press.

Whitehead, H. (2009). SOCPROG programs: Analyzing animal social 
structures. Behavioral Ecology and Sociobiology, 63, 765–778. https://
doi.org/10.1007/s0026​5-008-0697-y

Whitehead, H., Antunes, R., Gero, S., Wong, S. N., Engelhaupt, D., & 
Rendell, L. (2012). Multi-level societies of female sperm whales 
(Physeter macrocephalus) in the Atlantic and Pacific: Why are they 
so different? International Journal of Primatology, 33(5), 1142–1164. 
https://doi.org/10.1007/s1076​4012-9598-z

Wittemyer, G., Douglas-Hamilton, I., & Getz, W. M. (2005). The socio-
ecology of elephants: Analysis of the processes creating multitiered 
social structures. Animal Behaviour, 69(6), 1357–1371. https://doi.
org/10.1016/j.anbeh​av.2004.08.018

Wrangham, R. W. (1979). On the evolution of ape social systems. Social 
Science Information, 18, 334–368. https://doi.org/10.1177/05390​
18479​01800301

Wrangham, R. W. (1980). An ecological model of female-bonded primate 
groups. Behaviour, 75, 262–300. https://doi.org/10.1163/15685​
3980X​00447

Xiang, Z. F., Yang, B. H., Yu, Y., Yao, H., Grueter, C. C., Garber, P. A., & 
Li, M. (2014). Males collectively defend their one-male units against 
bachelor males in a multi-level primate society. American Journal of 
Primatology, 76, 609–617. https://doi.org/10.1002/ajp.22254

Yao, H., Liu, X., Stanford, C., Yang, J., Huang, T., Wu, F., & Li, Y. (2011). 
Male dispersal in a provisioned multi-level group of Rhinopithecus 
roxellana in Shennongjia Nature Reserve. China. American Journal of 
Primatology, 73(12), 1280–1288. https://doi.org/10.1002/ajp.21000

Young, C., McFarland, R., Ganswindt, A., Young, M. M., Barrett, L., & 
Henzi, S. P. (2019). Male residency and dispersal triggers in a sea-
sonal breeder with influential females. Animal Behaviour, 154, 29–37. 
https://doi.org/10.1016/j.anbeh​av.2019.06.010

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Adams FV, Arseneau-Robar TJM, 
Bonnell TR, Stead SM, Teichroeb JA. Temporal patterns in the 
social network of core units in Rwenzori Angolan colobus 
monkeys: Effects of food availability and interunit dispersal. 
Ecol Evol. 2021;11:3251–3263. https://doi.org/10.1002/
ece3.7274

https://doi.org/10.1002/ajp.1350300103
https://doi.org/10.1002/ajp.1350300103
https://doi.org/10.1023/A:1015581016250
https://doi.org/10.1023/A:1015581016250
https://doi.org/10.1111/mec.12987
https://doi.org/10.1007/s10764-012-9584-5
https://doi.org/10.1007/s10764-012-9584-5
https://doi.org/10.1371/journal.pone.0217666
https://doi.org/10.1371/journal.pone.0217666
https://doi.org/10.1111/j.1600-0706.2011.19685.x
https://doi.org/10.1111/j.1600-0706.2011.19685.x
https://doi.org/10.1007/978-94-011-2338-9_1
https://doi.org/10.1007/BF02737112
https://doi.org/10.1007/BF02737112
https://doi.org/10.1002/ajpa.10342
https://doi.org/10.1002/ajpa.10342
https://doi.org/10.1002/ajpa.21098
https://doi.org/10.1002/ajpa.21098
https://doi.org/10.1163/000579511X577157
https://doi.org/10.1146/annurev.es.17.110186.000551
https://doi.org/10.1146/annurev.es.17.110186.000551
https://doi.org/10.1017/S02664674100000647
https://doi.org/10.1007/s00265-008-0697-y
https://doi.org/10.1007/s00265-008-0697-y
https://doi.org/10.1007/s10764012-9598-z
https://doi.org/10.1016/j.anbehav.2004.08.018
https://doi.org/10.1016/j.anbehav.2004.08.018
https://doi.org/10.1177/053901847901800301
https://doi.org/10.1177/053901847901800301
https://doi.org/10.1163/156853980X00447
https://doi.org/10.1163/156853980X00447
https://doi.org/10.1002/ajp.22254
https://doi.org/10.1002/ajp.21000
https://doi.org/10.1016/j.anbehav.2019.06.010
https://doi.org/10.1002/ece3.7274
https://doi.org/10.1002/ece3.7274

