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Abstract
Infectious disease is hypothesized to be one of the most important causes of morbidity and mortality in wild great apes. 
Specific socioecological factors have been shown to influence incidences of respiratory illness and disease prevalence in 
some primate populations. In this study, we evaluated potential predictors (including age, sex, group size, fruit availability, 
and rainfall) of respiratory illness across three western lowland gorilla groups in the Republic of Congo. A total of 19,319 
observational health assessments were conducted during daily follows of habituated gorillas in the Goualougo and Djéké 
Triangles over a 4-year study period. We detected 1146 incidences of clinical respiratory signs, which indicated the timing of 
probable disease outbreaks within and between groups. Overall, we found that males were more likely to exhibit signs than 
females, and increasing age resulted in a higher likelihood of respiratory signs. Silverback males showed the highest average 
monthly prevalence of coughs and sneezes (Goualougo: silverback Loya, 9.35 signs/month; Djéké: silverback Buka, 2.65 
signs/month; silverback Kingo,1.88 signs/month) in each of their groups. Periods of low fruit availability were associated 
with an increased likelihood of respiratory signs. The global pandemic has increased awareness about the importance of 
continuous monitoring and preparedness for infectious disease outbreaks, which are also known to threaten wild ape popu-
lations. In addition to the strict implementation of disease prevention protocols at field sites focused on great apes, there 
is a need for heightened vigilance and systematic monitoring across sites to protect both wildlife and human populations.
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Introduction

The threat of disease to great ape populations is consider-
able, particularly considering their slow reproductive rates, 
longer interbirth intervals, and high rates of infant mortality 

(Ryan and Walsh 2011; Genton et al. 2012; Masi et al. 
2012). Infectious disease, in particular respiratory illness, 
is hypothesized to be one of the leading causes for mortality 
in wild great apes habituated to human presence for research 
or tourism (Köndgen et al. 2008; Patrono et al. 2018; Scully 
et al. 2018; Negrey et al. 2019; Patrono et al. 2019). The 
global COVID-19 pandemic has increased awareness of the 
importance of identifying factors that may predict suscep-
tibility to respiratory illness not only in humans, but also 
in other species. In this study, we conducted observational 
health monitoring to examine whether particular social and 
ecological factors predicted respiratory symptoms and out-
breaks across several groups of critically endangered west-
ern lowland gorillas. The data collection protocol resulting 
from this research provides a practical monitoring frame-
work to conduct surveillance for emerging infectious disease 
outbreaks in wild primate populations.
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Sociality, demographics, and disease

While the probability of pathogen transmission within and 
between groups is contingent on traits of the pathogen (e.g., 
mode of transmission and infectivity), aspects of social 
interactions can also influence disease spread (Baudouin 
et al. 2019; Morrison 2019; Sandel et al. 2020). Increasing 
our understanding of the relationship between sociality and 
disease not only has theoretical importance, but also direct 
implications for the conservation of wild primates.

Social groups

Particular aspects of the structure of great ape societies may 
be linked to health outcomes. In gorillas, the type of social 
unit (bachelor group, breeding group, or solitary individual) 
plays a major role in availability of potential pathways of 
pathogen transmission (Caillaud et al. 2006). Further, the 
stability of a group may influence disease transmission and 
be reliant upon certain positions or individuals within a 
society. For example, a dominant silverback is typically the 
focal point of a western lowland gorilla social group, and the 
death of this individual can result in dispersal of all surviv-
ing individuals such that the group ceases to exist. In their 
research on mountain gorillas, Morrison et al. (2021) found 
that traits such as age, sex, and adult male dominance could 
potentially be employed to estimate an individual’s risk of 
exposure to infectious diseases and their risk of transmitting 
such diseases. Similar studies have yet to be undertaken for 
western lowland gorillas.

Sex and age

Sex and age differences in health and overall fitness are 
found across non-human primates (Hoffman et al. 2008; 
Kulik et al. 2015; Lonsdorf et al. 2018). Males should theo-
retically be more susceptible to infections than females due 
to the male hormone testosterone, which is believed to have 
a negative effect on immune function (Grossman 1989; Fol-
stad and Karter 1992; Skorping and Jensen 2004). In some 
primate species, number of males is a key factor associ-
ated with increased rates of respiratory infections (Skorping 
and Jensen 2004; Lonsdorf et al. 2018). In addition to adult 
males, infants and geriatric individuals are also suspected 
to be more susceptible to disease. Respiratory signs rise 
steadily with age among female chimpanzees, with elevated 
rates also observed in young, low-ranking males and older, 
high-ranking males (Emery Thompson et al. 2018). Hassell 
et al. (2017) reported that respiratory infections are more 
fatal in younger mountain gorillas, particularly those under 
1.2 years of age, potentially due to their underdeveloped 

immune system. As individuals mature, there are considera-
tions regarding the link between sex-biased dispersal and 
pathogen transmission dynamics that can lead to variable 
health outcomes depending on the social system (Herrera 
and Nunn 2019).

Ecological factors and respiratory illness

It is also critical to assess the influence of ecological factors 
(e.g., variation in rainfall) on respiratory infections, overall 
health, and mortality. In mountain gorillas, higher monthly 
rainfall was associated with an increase in fatal respiratory 
infection (Hassell et al. 2017). Increased susceptibility to 
respiratory infections and higher mortality rates were also 
observed in eastern chimpanzees and mountain gorillas in 
the rainy season, compared with dry seasons (Goodall 1983; 
Watts 1998). However, fatal respiratory outbreaks in chim-
panzees have been observed across both the wet and dry 
seasons at Gombe and Mahale (Nishida et al. 2003; Kaur 
et al. 2008; Lonsdorf et al. 2011). Further, Grützmacher 
et al. (2016) found western lowland gorillas tested positive 
for the presence of respiratory viruses across seasons and 
years. For seasonal influenza, higher rates of illness occur 
during the dry season (Shaman and Kohn 2009; Shaman 
et al. 2010).

Previous studies have suggested that the consumption 
of preferred fruits can serve as a proxy for dietary nutri-
tional quality in great apes (Conklin-Brittain et al. 1998; 
Emery Thompson et al. 2014, 2018). Great apes may lose 
weight during periods of fruit scarcity (Wallis 1995), and the 
resulting nutritional stress can impact fitness, making apes 
increasingly susceptible to pathogens (Nishida et al. 1990; 
Wallis 1995). However, when fruit is available, apes may 
travel more and engage in intergroup encounters, which may 
increase their likelihood of exposure to respiratory patho-
gens. Compared with the mountain gorillas in East Africa, 
western gorillas more frequently pursue ripe fruits, the abun-
dance of which varies seasonally and could affect disease 
transmission dynamics in these apes (Doran et al. 2002).

Respiratory illness

Respiratory infections can range from asymptomatic (Hall 
et al. 2001) to displaying flu-like signs, as seen in cases of 
severe bronchiolitis and pneumonia (Falsey and Walsh 2000; 
van den Hoogen et al. 2001; Harris 2015). Non-invasive 
approaches to health monitoring include surveillance of 
syndromic baselines, which involves systematic documen-
tation of clinical respiratory signs (i.e., coughs and sneezes) 
(Lonsdorf et al. 2011, 2018). The prevalence and timing of 
these symptoms can be used to detect and monitor disease 
instances and outbreaks in natural settings (Henning 2004; 
Morrison et al. 2021).
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In the current study, we assessed whether specific social 
and ecological factors predict clinical respiratory signs in 
three groups of wild western lowland gorillas. More spe-
cifically, we expected that silverback gorillas would display 
signs associated with respiratory infections more often than 
any other individual due to the relationship between testos-
terone and altered immune response, as well as their cen-
tral position in the group. In addition, we expected infants 
to have elevated clinical signs of respiratory illness due to 
their frequent social interactions. We also predicted that dis-
ease prevalence would increase with group size. Further, 
we examined whether respiratory signs increased during 
periods of high rainfall or times of potential nutritional 
stress when fruit was scarce. However, it is also possible 
that respiratory illness would be more frequent when more 
fruit was available, and individuals gathered to exploit those 
patchy resources. While within-group transmission has been 
documented among gorillas, we also attempted to assess if 
outbreaks may have occurred across groups of western low-
land gorillas.

Methods

Study sites and subjects

We conducted this study in two sites in central Africa 
inhabited by western lowland gorillas: the Goualougo 
Triangle (2°  05′–2°  13′  N; 16°  24′–16°  34′  E) and the 
Mondika research site located within the Djéké Triangle 
(2° 15′–2° 24′ N; 16° 16′–16° 21′ E). The Goualougo Trian-
gle is located within the southernmost portion of the Noua-
balé-Ndoki National Park, Republic of Congo. Mondika is 
a part of the Kabo Forestry Management unit and located 
inside a region known as the Djéké Triangle. Both sites com-
prise lowland forest with altitudes ranging between 330 m 
and 600 m. The climate can be described as transitional 
between the Congo-equatorial and sub-equatorial climatic 
zones (Table 1).

To characterize respiratory symptoms in the gorilla popu-
lation of northern Congo, we chose to include neighboring 

as well as geographically separated Gorilla groups, as the 
occurrence and prevalence of signs can vary between social 
units even at small spatial scales. Focal groups are named 
after their respective silverbacks. Kingo and Buka groups 
are located in the Djéké Triangle and were habituated two 
decades ago to daily follows by research teams originating 
from the Mondika field site (Doran et al. 2007; Ngokaka 
et al. 2010). Loya group is located in the Goualougo Trian-
gle and has been habituated to human observers since 2013.

Daily health observations were recorded for individual 
gorillas in the Loya group from March 2015 to October 2019 
(N = 55 months), for the Kingo group from January 2016 to 
November 2019 (N = 44 months), and the Buka group from 
December 2015 to November 2019 (N = 46 months).

Age classifications

Age classifications were determined by following the age 
class system provided by Breuer et al. (2009) for Gorilla 
gorilla. For individuals who were born during the study 
period, we used known birth dates to determine age clas-
sifications. For individuals born before the group was 
habituated, we used approximate birth dates to assign age 
classifications.

Group size

Group size was defined as the total number of individuals 
in the focal group. We incorporated demographic changes 
including births, migrations, and deaths to accurately deter-
mine group size during the study period (Table 2).

Behavioral observations

Upon the location of the focal group and identification 
of all group members present, research assistants for the 
Goualougo Triangle and Mondika research projects record 
daily follow information (such as group composition and 
location) using Cybertracker on Android telephones that 
can be imported to Spatial Monitoring and Reporting Tool 
(SMART). They also use a custom configuration of the 

Table 1   Overview of research 
sites

Rainfall and temperature are mean annual values

Goualougo Triangle Mondika (Djéké Triangle)

Location Nouabalé Ndoki National Park, 
Republic of Congo

Kabo Forestry Management Unit, 
Republic of Congo

Ape density estimates 1.43 apes/km2 1.47 apes/km2

Annual rainfall 1714.3 ± 177.1 mm
(2007 to 2016)

1915.3 ± 107.5 mm (2015 to 2018)

Minimum temperature 21.4 ± 0.2 °C 21.6 ± 0.3 °C
Maximum temperature 24.8 ± 1.6 °C 27.3 ± 0.9 °C
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Animal Observer App (Version 1.4) on iPad mini units to 
conduct group scan sampling at 20-min intervals to record 
the activity and location of all members of the focal group.

Health observations (clinical signs)

Clinical signs were recorded on the basis of overt detectable 
signs associated with a potential respiratory illness (e.g., 
coughing, sneezing) (Loudon and Brown 1967; Monto et al. 
2000; Morton et al. 2013; Morrison et al. 2021). However, 
it is important to note respiratory symptoms are not neces-
sarily indicators of infection, as this could also be attributed 
to the presence of parasites or other illness. Outbreaks can 
be identified by a sudden increase in the incidence of a dis-
ease or condition, which we operationalized as at least 25% 
of group members showing clinical signs (cough, sneeze) 
within a daily follow. Similar to Morrison et al. (2021) we 
apply a different criterion for small groups and specify that 
at least three members in a group of 12 individuals or fewer 
must show symptoms to be considered an outbreak.

The Animal Observer configuration used at Goualougo 
and Djéké also includes a focal observational health assess-
ment form, which is completed at the end of each daily fol-
low on all individuals present and adequately viewed. While 
our data collection protocol did not allow us to specify if 
one individual was more in view than others, the meth-
ods for conducting daily health observations required that 
observers completing health assessments must have had 
adequate opportunity to observe the activity patterns of each 

individual ape, assess body condition, and to allow detection 
of respiratory signs, observation of lesions, drainage, or eye 
conditions during that day. The daily follow and scan pro-
tocols also have a notation for recording the occurrence of 
respiratory symptoms as they occur throughout the day. For 
daily and monthly sampling points, we tallied respiratory 
signs by individual gorillas across all data collection plat-
forms (health observation surveys in Animal Observer, scans 
recorded in Animal Observer, and reconnaissance informa-
tion recorded in SMART) and wrote a customized script to 
screen for any duplicative recording of clinical signs. Stand-
ardized data collection, reliability assessments, and training 
protocols were used across sites.

We also monitored activity patterns to account for behav-
iors associated with declining health (e.g., decreased play 
behavior, a decline in food intake, lethargy, etc.). Social 
interactions are also described when relevant as they pro-
vide a clear pathway for pathogen transmission within and 
between groups, given that aerosols or droplets are a primary 
transmission mechanism (Ott-Joslin 1993; Tegner 2013; 
Gilardi et al. 2015). Respiratory droplets can reach up to 
3 m, and when sneezing they can spread up to 10 m (Gilardi 
et al. 2015).

Prevalence

We first tallied the number of days that health observations 
were conducted for each individual (Table 3). Then we cal-
culated the average number of symptomatic days per month 

Table 2   Demographic composition of the gorilla groups during 
the study period. For each group, the first row represents the group 
demography at the start of the study period. Each subsequent row 
indicates each time there was a transition in demography. SB Silver-

back, YSB Young Silverback, AF Adult Female, BB Blackback, SAB 
Subadult, JUV Juvenile, INF Infant. P + I = # of pregnant females and 
infants in the group

Group Demographic Composition Life Events

Size SB YSB AF BB SAD JUV INF Births Deaths Immig. Emig. P+I Year

Loya Group 5 1 1 1 1 1 1 2015

6 1 1 1 1 1 1 1 1 2017

5 1 1 1 1 1 1 0 2017

4 1 1 1 1 1 0 2018

5 1 1 1 1 1 1 1 2019

Buka Group 8 1 1 2 1 1 2 1 2 2015

7 1 1 2 1 1 1 1 1 2016

8 1 1 2 1 1 2 1 2 2017

7 1 1 2 1 2 1 2 2018

6 1 1 1 1 1 1 2 2018

5 1 1 1 1 1 2019

Kingo Group 12 1 4 2 2 2 1 1 2016

11 1 4 2 1 2 1 1 1 2017

10 1 3 2 1 2 1 1 2017

9 1 2 2 1 3 1 0 2017

8 1 2 2 1 2 1 1 2017

9 1 2 2 2 1 1 1 1 2018

8 1 2 2 2 1 1 0 2018

7 1 2 2 1 1 1 1 2019

8 1 2 2 1 1 1 1 2019

9 1 2 3 1 1 1 1 1 2019

8 1 2 1 1 1 1 1 1 1 2019
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per individual, within each age and sex category for each 
group. Then, we averaged across individuals within the same 
age and sex category to get monthly average prevalence. Not 
applicable (NA) was listed for age–sex class categories for 
which there were no individuals represented or too few data 
points to calculate averages.

Fruit availability

Monthly phenological monitoring of fruit, leaves, and 
flowers was conducted for 30 species of trees identified as 
important food sources for gorillas and chimpanzees (for ape 
food lists see Morgan and Sanz 2006, 2007). Multiple trees 
of each species were identified and tagged on a phenology 
circuit within the study area, and each month the presence 
of fruit in the canopy or on the ground was scored. We cal-
culated the proportion of phenology trees with fruit each 
month as an indicator of fruit availability, which provides 
an indication of the annual fruiting cycles that have been 
documented in this area (Adamescu et al. 2018).

Statistical analysis

We investigated the effects of age, sex, group membership, 
group size, fruit availability, and amount of rainfall (referred 
to here as “test predictors”) on the likelihood of an individ-
ual experiencing a symptomatic cough or sneeze in a given 
month. We ran a generalized linear mixed model with bino-
mial error structure and logit link function using R (version 
3.4.3, R Core Team 2017). All test predictors were included 
in the model as fixed effects (Table 4). The dataset con-
tained 995 data points, each of which corresponded to one 

month’s observations for a single individual: the response 
variable was whether or not the individual experienced at 
least one symptomatic cough or sneeze in that month. All 
continuous predictors were z-transformed before running the 
model. To allow for the possibility of a nonlinear effect of 
age, we also included age2 in the model. Due to the non-
independence of the data points, we included individual ID 
(n = 28) and the ID for each combination of year and month 
(“year–month”, n = 57) as random effects (Baayen 2008). 
We also included the number of days per month that the 
individual was observed (range 8–29, mean 18.25, SD 4.84) 
as a control predictor. Prior to running the model, we calcu-
lated variance inflation factors (VIFs) for all fixed effects. 
All VIFs were at or below 2.56, suggesting multicollinearity 
was not an issue (Quinn and Keough 2002; Field 2005). To 
assess model stability, we removed data points from each 
individual and each year–month sequentially and reran the 

Table 3   Comparison of total 
sampling effort, respiratory 
signs, and prevalence of signs 
across age–sex classes for all 
health observations

Age class Sex Group Number of 
individuals

Total days 
observed

Days respiratory 
symptoms observed

Average 
monthly 
prevalence

Silverback Male Buka 1 904 138 2.65
Kingo 1 888 98 1.88
Loya 1 1228 533 9.35

Mature Male Buka 3 1431 33 0.27
Kingo 3 1476 36 0.3
Loya 2 1625 49 0.58

Female Buka 2 1643 40 0.41
Kingo 5 1926 68 0.41
Loya 1 966 14 0.26

Immature Male Buka 4 1851 17 0.17
Kingo 8 2592 51 0.24
Loya 4 1417 43 0.27

Female Buka 0 NA NA NA
Kingo 2 1370 24 0.27
Loya 1 2 2 NA

Table 4   Results of model predicting clinical signs of respiratory 
health in western lowland gorillas

(a) Not calculated because term is control term

Estimate SE X2 df p

Age 1.06 0.14 32.72 1 < 0.01
Sex 0.99 0.30 8.41 1 < 0.01
Group size −0.26 0.28 0.85 1 0.36
Fruit Availability −0.46 0.16 8.31 1 < 0.01
Rainfall −0.25 0.15 2.96 1 0.09
Group (Buka versus Kingo) 0.68 0.50 11.91 2 < 0.01
Group (Buka versus Loya) 1.46 0.47
Number observation days 0.07 0.11 (a) (a) (a)
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model. The model estimates remained similar and the sig-
nificance of almost all predictors remained the same. The 
two exceptions were the rain and age2 terms, the stability of 
which is described in the results section below.

We first established the collective significance of the test 
predictors age, age2, sex, group, group size, fruit availability, 
and rainfall by comparing the full model, which contained 
all fixed and random effects, to a reduced model, which 
omitted the test predictors, using a likelihood ratio test (Dob-
son 2002; Forstmeier et al. 2011). We then tested individual 
test predictors using likelihood ratio tests.

Ethical note

Our study adhered to the legal requirements of the Republic 
of Congo where the research was conducted. The research 
was approved by the Nouabalé-Ndoki Foundation and the 
Wildlife Conservation Society’s Congo Program. We also 
received endorsement to conduct this research from the 
Institutional Animal Care and Use Committee of Washing-
ton University in St. Louis. Finally, the authors declare that 
they have no conflict of interest.

The combination of emerging infectious diseases and 
human presence in close proximity to wild apes has made 
health monitoring and the investigation of measures to 
protect both ape and human lives an immediate priority 
for researchers and park managers at the Nouabalé-Ndoki 
National Park (NNNP) and the Sangha Trinational conser-
vation area. The Goualougo and Mondika research teams 
use standardized health monitoring protocols and adhere to 
best practices developed to reduce the possibility of patho-
gen transmission. By circulating the protocols and results 
of health monitoring, we aim to raise awareness about such 
standards among all stakeholders and ensure that informa-
tion is available to implement precautionary measures across 
the region.

Results

In 19,319 observational health records, we observed a total 
of 1146 incidences of respiratory signs (Table 3). Gorilla 
ages ranged from 0.05 to 41.87 years (mean 16.70, SD 
11.82), group size ranged from 3 to 12 individuals (mean 
7.92, SD 2.40), percent fruit availability ranged from 0.22 to 
0.59 (mean 0.35, SD 0.10), and monthly rainfall ranged from 
0 mm to 439.60 mm (mean 150.96, SD 97.85). The number 
of observation days per month ranged from 8 to 29 (mean 
18.25, SD 4.84). In the generalized linear model examining 
individual respiratory signs in a given month, the predictors 
taken together were significant (X2 = 58.60, df = 8, p < 0.01).

During the course of this study, several punctuated 
time periods occurred, during which the majority of group 

members in particular groups showed respiratory clinical 
signs (Fig. 1).

Differences in respiratory signs across groups

There were differences in the presence of clinical respiratory 
signs across the study groups (Fig. 1). Loya group’s average 
prevalence of coughing per month (0.45 signs/month) was 
higher than either Buka (0.23 signs/month) or Kingo (0.19 
signs/month) group. While the number of individuals in the 
groups changed during the study period, group size was not 
a significant predictor of respiratory signs.

Social and demographic influences on clinical 
respiratory signs

Age2 was found not to be significant (X2 = 2.16, df = 1, 
p = 0.14) and was subsequently excluded from the model 
(see the section below on model stability). The remain-
ing effects were tested in comparison to the model lack-
ing age2. There were significant differences among the 
groups (X2 = 11.91, df = 2, p < 0.01) and males were more 
likely to show signs than females (estimate 0.99, SE 0.30, 
X2 = 8.41, df = 1, p < 0.01). The linear effect of age was sig-
nificant, with increasing age resulting in a higher likelihood 
of symptomatic coughs or sneezes (estimate 1.06, SE 0.14, 
X2 = 32.72, df = 1, p < 0.01).

Older individuals showed a higher likelihood of symp-
tomatic coughs or sneezes (Fig. 2), with silverback males 
showing the highest rates of respiratory signs across the 
three focal gorilla groups (Table 3). Overall, the prevalence 
of symptomatic respiratory signs among mature males and 
females was less than half of that of the silverback. Males 
showed higher frequencies of respiratory signs than females.

As mentioned in the Statistical Analysis section above, 
there was evidence that the age2 term is not completely sta-
ble. Removing data points from either of two individuals 
(BUK and KIN) resulted in the age2 term becoming signifi-
cant, whereas removing data points from any of the other 
individuals did not change its significance. However, the 
nature of the relationship between age and likelihood of 
symptomatic coughs or sneezes remained the same regard-
less of the significance of age2, with increasing age being 
associated with an increased likelihood.

Ecological influences on clinical respiratory signs

Higher values of fruit availability were associated with 
a lower likelihood of symptomatic observations (esti-
mate −0.46, SE 0.16, X2 = 8.31, df = 1, p < 0.01) (Fig. 3). 
Incidences of respiratory signs were most frequent when 
fruit was scarce. We did not detect a significant effect 
of rainfall in this study, however, this term was found to 
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be unstable. When one individual (KAO) or any of five 
year–months (July 2016, June 2017, September 2018, 
November 2018, and March 2019) were omitted from the 
data, rainfall became significant. Therefore, the results for 
rainfall should be treated with caution.

Discussion

The Congo Basin is considered an epicenter of emerging 
infectious diseases (Leroy et al. 2004; Jones et al. 2008). 
Further, COVID-19 has clearly demonstrated the risk that 
emerging infectious diseases pose globally and the impor-
tance of disease surveillance in wildlife and human popula-
tions. Our study builds on previous research demonstrating 
how long-term syndromic surveillance can be used to iden-
tify illness in wild ape populations (Lonsdorf et al. 2018; 
Masi et al. 2012; Morrison et al. 2021). While there were 
differences between groups in their health profiles, we iden-
tified several predictors of respiratory symptoms which were 
consistent within this population of western lowland gorillas. 
Males were more likely to show symptoms than females, and 
age was positively related to symptomatic observations. We 
also found that times of low fruit availability were associated 

with increased clinical signs of respiratory illness. Further, 
longitudinal observational health monitoring enabled us to 
identify potential outbreaks within and across groups, which 
were characterized by sudden increases in the incidence 
of disease symptoms. While within-group transmission is 
expected on the basis of studies in mountain gorillas, the 
timing of outbreaks in Kingo and Buka’s groups raises the 
possibility that transmission occurred across groups. We 
hope that our findings can be used to improve best practices 
and management protocols relevant to disease prevention in 
wild ape populations, which may also be relevant to some 
captive settings.

Social factors and respiratory illness

Similar to previous studies of factors linked to viral infec-
tions in primates (Robinson et al. 2011, 2014; Klein and 
Flanagan 2016; Channappanavar et al. 2017), we found that 
age and sex were predictors of respiratory symptoms. In this 
study, older gorillas were more likely to show clinical signs 
of respiratory illness than younger gorillas. Coughing and 
sneezing was more prevalent in males than females. Fur-
ther, the dominant silverbacks of each group showed much 
higher prevalence of respiratory signs of illness than any 

Fig. 2   Probability of the pres-
ence of respiratory signs by age 
for all groups. Ages have been 
binned. Each circle represents 
one individual per age category
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other age–sex class. These males may be more at risk to 
pathogen exposure due to the central position that they play 
in their social groups. They could also be exposed to infec-
tion during intergroup encounters.

On the basis of previous literature, we expected to find a 
positive relationship between group size and disease preva-
lence that would be fostered by the increased number of 
contacts within larger groups (Møller et al. 1993; Loehle 
1995). However, group size was not a predictor of respira-
tory signs. In fact, the smallest group in our study had the 
highest rates of clinical signs associated with respiratory ill-
ness. It has been reported that the potential for within-group 
transmission of pathogens among gorillas is relatively high 
(Morrison et al. 2021) and may be even more elevated when 
there are fewer individuals to associate with, as is the case in 
Loya’s group. While our study is the largest-scale study of 
western lowland gorilla health to date, we recognize that our 
ability to detect an effect of group size may have been ham-
pered by the limited sample of gorilla groups and relatively 
narrow range of group sizes. However, group sizes fluctu-
ated with demographic events during the study period and 
were within the range of those reported across the region. 
It is also arguable that these limitations were compensated 
for by the information gained from the longitudinal study of 

the groups in our study. For example, six additional mem-
bers joined Buka’s group and two individuals joined Kingo’s 
group after the study period. It should also be noted that 
a peripheral male was shadowing Loya’s group during our 
study and eventually took control of the group. Overall, the 
social and spatial dynamics of gorillas were much more vari-
able and flexible than expected and likely have implications 
for pathogen transmission within gorilla society.

The sudden increase in the incidence of a disease or con-
dition in several group members can serve  as an indica-
tor of a probable outbreak within a group, whereas height-
ened prevalence of respiratory signs across groups could 
be indicative of broader scale outbreaks in a population. 
In Fig. 1, we illustrate how prevalence levels may have 
exceeded outbreak thresholds, indicating that outbreaks 
occurred in the focal gorilla groups over the course of the 
study period (Fig. 1). We also observed simultaneous out-
breaks in different groups. On one such occasion, several 
members of Kingo’s group who were experiencing res-
piratory signs were observed interacting with Buka group 
members who were not exhibiting clinical signs. Respiratory 
symptoms were subsequently detected in the Buka group 
on days after their interaction with Kingo group, indicating 
the possibility of between-group transmission of pathogens. 

Fig. 3   Probability of observed 
respiratory signs (coughing and 
sneezing) across fruit avail-
ability by month for all groups. 
Fruit availability values have 
been binned, with each circle 
representing one individual per 
fruit availability category
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However, simultaneous respiratory outbreaks across groups 
in Dzangha-Ndoki National Park were not attributed to 
intergroup transmission events because no between-group 
interactions were observed (Grutzmacher et al. 2016). Also, 
research on transmission of respiratory disease between 
mountain gorilla groups did not attribute simultaneous out-
breaks to transmission of pathogens between groups (Mor-
rison et al. 2021). Future research incorporating real-time 
reporting of symptoms and spatial data on overlap in home 
ranges between western lowland gorilla groups could be 
informative about potential intergroup disease transmission. 
In the case that an outbreak is detected in one or several 
groups, steps could be taken to reduce any external pres-
sures, such as tourism, while the group members recover 
(see Table 5 for recommendations on how symptom moni-
toring can be incorporated into site management).

Ecological factors and respiratory illness

We found that clinical signs of respiratory infection were 
higher when fruit availability was low. Nutritional stress or 
associated influences could result in higher susceptibility to 
respiratory infection during times of fruit scarcity. For exam-
ple, Masi et al. (2012) posited that the high levels of parasite 
loads detected in Bai Hokou gorillas during the dry season 
were the result of “dietary stress,” with individuals affected 
by the decline in fruit availability and elevated visitation 
to swamps. When opportunities to forage fruits are scarce, 
gorillas spend more time feeding on terrestrial herbaceous 
vegetation. Group members often feed in close proximity 
to one another within such foraging contexts, which could 
elevate risks of pathogen transmission. While our results 
provide preliminary indication that availability of preferred 
foods such as fruits may be linked to the prevalence of res-
piratory symptoms, further research is needed to disentangle 
the influences of food availability, habitat use, and climate 
on health outcomes.

On the basis of findings of respiratory disease in western 
lowland gorillas in neighboring Central African Republic, 

we expected a higher prevalence of symptomatic signs 
in the months associated with moderate-to-high levels of 
rainfall (Masi et al. 2012). It is possible that effect lags 
or variable rates of pathogen transmission across seasons 
could have reduced our ability to identify rainfall as a key 
factor. Assessment of rainfall in this study may also have 
been influenced by other environmental factors that were 
not accounted for in our model.

Conservation implications

The long-term implementation of an observational health 
monitoring program that serves as a sentinel system for 
disease outbreak detection in wild western lowland goril-
las is an important advancement for ape conservation in 
this region. The program also includes daily surveillance of 
sympatric chimpanzees, continuous monitoring for wildlife 
mortality events, and a progressive health program for staff 
at the research sites. On the basis of continued syndromic 
surveillance across an expanding network of great ape sites 
and forthcoming results from diagnostic testing, we hope 
the data from this study will assist in efforts to strengthen 
best practice guidelines to safeguard wild ape populations 
as they face increasing anthropogenic pressures. With the 
future development of international tourism and planned 
mobility between key tourism destinations in the region, the 
risk of disease transmission is likely to increase for western 
lowland gorillas in the Sangha Trinational Conservation 
Area. There are also increasing anthropogenic pressures at 
human–ape interfaces associated with degraded, converted, 
or fragmented habitats. Systematic surveillance of health 
indicators across sites is urgently needed so that broader 
patterns of emerging diseases can be detected, pathogens 
of human origin can be mitigated, and information is made 
available to inform conservation initiatives to protect great 
apes (Table 5). Implemented in concert with local conser-
vation initiatives, such research outputs also hold the prom-
ise of maximizing chances to identify emerging infectious 

Table 5   Overview of recommendations for incorporating symptom monitoring in site management

Recommendations

• Adhere to best practices and field protocols for disease prevention and health monitoring (Gilardi et al. 2015)
• Implement standardized ape health monitoring, which includes establishing baselines when in good health and monitoring of clinical signs 

(Lonsdorf et al. 2011)
• Incorporate health indicators in all types of daily monitoring and data collection so as to maximize likelihood of detection of clinical signs
• Compile symptomatic observations to assess trends and identify outbreaks at the site in real time
• When outbreak detected in a group, halt tourism visits so as to reduce anthropogenic pressure on that group
• Conduct diagnostic sampling on the basis of established protocols and within framework of collaborations to identify pathogens and diseases  

(Gillespie et al. 2008)
• Establish communication network to inform local health officials and other sites in the region about health concerns as they emerge
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diseases and implementing preventative steps for the benefit 
of apes and humans alike (Calvignac-Spencer et al. 2012).
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