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Abstract: The One Health framework links animal, human, and environmental health, and focuses on

emerging zoonotic pathogens. Understanding the interface between wildlife and human activity is critical due

to the unpredictable nature of spillover of zoonotic pathogens from animals to humans. Zoos are important

partners in One Health because of their contributions to education, conservation, and animal health moni-

toring. In addition, the housing of wildlife in captive and semi-natural settings makes zoos, especially relevant

for detecting animal-related pathogens. A first step to determine the utility of zoos in contributing to pathogen

surveillance is to survey the peer-reviewed literature. We, therefore, retrieved data from the previous 20 years

and performed a meta-analysis to determine global patterns of viral seroprevalence in mammals housed in zoo

collections from peer-reviewed literature. We analysed 50 articles, representing a total of 11,300 terrestrial

mammals. Increased prevalence was found in viruses strictly targeting specific host taxonomy, especially in

viruses transmitted through direct contact. Potentially complex patterns with geography were also identified,

despite uneven sampling. This research highlights the role zoos could play in public health and encourages

future standardized epidemiological surveillance of zoological collections.
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INTRODUCTION

It is estimated that 60% of new infections that affect hu-

mans have a zoonotic origin (Karesh et al. 2012). For

example, outbreaks of Ebola, West Nile (WNV), and Severe

Acute Respiratory Syndrome (SARS) associated viruses are

linked to animal reservoirs (Rabozzi et al. 2012). Because

the emergence and transmission of zoonotic viruses are

often unpredictable, and non-zoonotic viruses can also be
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detrimental to the ecosystem, understanding the interface

between wildlife, pathogens, and human health is critical

(Pulliam et al. 2012; Rabozzi et al 2012). One Health is a

framework that uses an interdisciplinary approach to link

human health with that of animals and the environment

(Rabozzi et al. 2012; Narrod et al. 2012; Atlas and Maloy,

2014).

Pathogens can affect livestock, leading to billions of

dollars in global economic damage (Narrod et al., 2012;

Pendell et al. 2014; Munnink et al. 2021). For example,

bovine spongiform encephalitis, SARS, influenza A H1N1

and Highly Pathogenic Avian Influenza (HPAI) have led to

an estimated $220 billion in losses globally (Pendell et al.

2014). Wildlife populations are also susceptible to out-

breaks of pathogens that may accelerate species decline and

the risk of extirpation (Earl et al. 2016). Because human,

animal and environmental health are inextricably linked,

threats to animals and the environment are also a concern

for human health (Everard et al. 2020; Austin 2021).

Zoological facilities (including zoos, aquariums, wild-

life parks, nature centres, sanctuaries and research facili-

ties—henceforth zoos) provide the opportunity to further

the One Health framework. Zoos are integral to public

education and provide roughly 350 millions (USD) in

global funds to conservation projects (Gusset and Dick

2011; Mellish et al. 2019). Zoos can also monitor disease

transmission at an individual level within their facility

(Caballero-Gomez et al. 2019, 2021) and may provide

greater insight into animal populations at the human-ani-

mal interface (Robinette et al. 2017). Infectious diseases

often remain the most common cause of mortality in zoo

animals (Scaglione et al. 2019). Finally, zoo animals may be

exposed to pathogens between conspecifics or across spe-

cies, and they can be tested in a reasonably controlled

environment to survey for antibodies (Huang et al. 2009;

Greenwood et al. 2012; Cano-Terriza et al. 2015).

Spatial and temporal factors can affect the prevalence

of pathogens in zoos. For example, host species diversity

can influence pathogen spread, so zoos with more diverse

species or that are in biodiversity hotspots may be affected

differently than zoos with fewer species (Ostfeld and

Keesing, 2012). Moreover, housing a species in a zoo out-

side of its natural range may increase exposure to novel

pathogens (Bartlett et al. 1984; Cunningham 1996). Pa-

thogen transmission can also change over time, and human

activity has been shown to increase disease transmission

(Waits et al. 2018; Fouque and Reeder 2019; White and

Razgour 2020). It may also be the case that recent outbreaks

and the increased application of One Health have increased

the detection of viral prevalence in zoo animals.

Given the interest by One Health on the potential use

of zoos as epidemiological monitoring stations (McNamara

2007; Robinette et al. 2017), and the importance of

understanding the prevalence of pathogens for human and

wildlife health, we argue that it is critical to investigate the

prevalence of pathogens in zoo collections. Therefore, we

used published literature on viral seroprevalence to evaluate

global patterns of viral disease prevalence in terrestrial

mammals that have been reported in zoo collections. We

considered three moderator groupings to summarize

trends: host-related, virus-related, and publication-related.

By understanding patterns of disease reporting from zoos

we can begin to attune epidemiological research and fur-

ther advance knowledge gained through One Health.

Moreover, we can address limitations in sampling efforts in

zoos that may be key in identifying and monitoring diseases

in the future. We predicted that (1) animals housed outside

their home range would exhibit higher seroprevalence, (2)

zoos with greater single-species collection would have more

species-specific seropositivity, and (3) host taxonomy will

affect variation in seropositivity in well-studied viruses.

METHODS

Data Extraction

To quantify viral seroprevalence in zoo mammal collec-

tions, we conducted a literature search from 2001 to 2021

using Google Scholar and OMNI databases. Search terms

included ‘‘zoo’’, ‘‘mammal’’, ‘‘virus’’, ‘‘captiv*’’, and

‘‘seroprevalence’’. Papers were assessed for relevance based

on the full text to ascertain whether the study met the

criteria listed in Figure S1, using ELISA tests only. The

following data were extracted from each accepted article:

year of publication, first and last year of data collection,

host population parameters: location of natural habitat

(country and continent), and location of the captive pop-

ulation (continent), type of captive facility, host taxonomy,

host IUCN status (as of 2021), sample size, number of

asymptomatic seropositive animals for each virus, and virus

taxonomy. For each virus species, mode of transmission

was documented, and zoonotic potential was defined as

positive if there is a cytopathic effect on human cells doc-

umented in the scientific literature as of 2021.
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Meta-Analysis of Data

In this study, the prevalence of viral infections was esti-

mated as a ratio of seropositive samples to the total sample

size for each host species in each zoo location. Data were

grouped for statistical analysis based on host species, virus

tested, and zoo location from each publication. Therefore,

if a study evaluated multiple taxa, a single study could yield

multiple groups to be included in the meta-analysis. All

data analysis was conducted in R v.4.0.3 (R Core Team,

2021). An overall test for heterogeneity was conducted to

inspect publication bias, as well as a funnel and Egger’s test

for funnel asymmetry. The Cochran’s Chi-squared test (Q

test), Tau2, and Higgin’s index (I2) were used to measure

heterogeneities in the overall dataset and for group analy-

ses. I2 estimates greater than 75% were considered as high

heterogeneities (Wang, 2016).

Random-effects model estimations with restricted

maximum likelihood method were used to explain the

heterogeneity of seropositivity in different moderators

through double arcsine transformation of seroprevalence

effect sizes using the metafor package (V3.0–2, Viechtbauer,

2021). The following moderators were inspected separately:

(1) publication-related moderators (year of publication,

length of study, sample size classes, number of facility by

study), (2) host-related moderators (zoo continent loca-

tion, facility type, taxonomy, IUCN status), (3) virus-re-

lated moderators (zoonotic potential, type of transmission,

taxonomy), (4) host and viral taxonomy moderators (in-

teraction of host and viral taxonomy). We only considered

taxa for host and viral taxonomy with a total sample size

across studies greater than 30. Within study variation was

assumed to be different between moderators and double

arcsine estimates were backtransformed to seroprevalence

estimates. Each moderator was evaluated separately in

univariate models before being tested simultaneously in a

single meta-regression model when significant in univariate

models. Significance level was set as alpha < 0.01.

RESULTS

Literature Search

A total of 6,020 articles were identified within local and

international databases, including Omni (a database hosted

by Queen’s University, Ontario Canada, that connects

journal subscriptions among Ontario post-graduate insti-

tutions, n = 403 articles) and Google Scholar (n = 5617

articles) from January 2000 to December 2021 (Figure S1).

After review based on title, abstract, and full text, 50 articles

were accepted, including 1036 grouped data, representing a

total of 11,300 terrestrial mammals tested for viral sero-

prevalence in zoos. The 50 retrieved articles reported

seropositivity from all seven classes of viruses from the

Baltimore classification on a total of 12 mammalian orders

and 302 facilities (Fig. 1, S1&S2). None of the animals

tested had specific vaccination history related to the pa-

thogens investigated.

Overall Heterogeneity Assessment and Publication

Bias

Heterogeneity in seropositivity effect sizes was identified

and quantified in the entire dataset. The overall estimate of

seroprevalence in all species combined was 5.41% (95%

CI = 3.86–7.14%). Great overall heterogeneity was ob-

served (Tau2 = 0.0629; SE = 0.0049; I2 = 73.94%), with

significant variation in seropositivity between studies

(Q = 5858.67, p < 0.0001). In the analysis of publication

bias, a non-significant asymmetry of the funnel plot was

noted for seropositivity frequency among all captive ter-

restrial mammals held in captive settings (Figure S3; Eg-

ger’s test: t = - 0.5266, p = 0.5986).

Moderator Analysis

Publication-Related Moderators

When considering sample size classes (< 5, 5–10, 10–50,

and > 50 animals tested), moderator differences for esti-

mates variation in seroprevalence were significant

(Q = 28.56, p < 0.0001) with great heterogeneity

(I2 = 82.3%). Higher seroprevalence was observed when

the sample size was greater than 10 individuals per species

for each virus tested (Table S1A). Year of article publication

was not a significant predictor of seroprevalence hetero-

geneity within the dataset (F = 2.47, p = 0.117), nor was

number of facility by study (F = 0.166, p = 0.683). The

duration of sample collection accounted for 4.74% for

variation (F = 37.9, p < 0.0001; I2 = 67.76%; Table S1A)

and had a weak negative effect (estimate = - 0.0081;

SE = 0.00132; p < 0.0001).
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Host-Related Moderators

The type of captive facility did not have a significant effect

on seropositivy heterogeneity (Q = 4.6, p = 0.0321,

Table S1B). Animals hosted outside of their distribution

range at the continent level had no significantly greater

seropositivity prevalence (Q = 6.12, p = 0.013) than ani-

mals held in zoos within their natural range. However, large

heterogeneity within location moderators remains (outside:

I2 = 84.6%; within: I2 = 81%). Seroprevalence significantly

varied according to each continent the zoo was located in

(Q = 49.73, p < 0.0001; Fig. 2), with greater seropreva-

lence in North and South American facilities (20.93% and

20.1%, respectively), the lowest in African facilities (0.7%).

No significant differences in seroprevalence were detected

in the IUCN conservation status among hosts (Q = 5.89,

p = 0.317, Table S1B).

Moderator differences for estimated variation in sero-

prevalence were significant according to host order

(Q = 73.9, p < 0.0001). The order that had the greatest

seropositivity (54.9%) was Proboscidea with large hetero-

geneity (I2 = 84%; Table S1B), only represented by the

Elephantidae family. The Lagomorpha and Primates fol-

lowed with estimates of seropositivity at 12.3% and 8.53%,

respectively. Orders with significant Q tests were investi-

gated at the family level (n > 30).

Moderator differences were also significantly observed

at the host family level (Q = 239.99, p < 0.0001). Within

the order Carnivora, only the families Felidae and Canidae,

had seroprevalence values above 0% (6.4%, 15.6%), and

both had significant moderator heterogeneities (86%,

56%). Among Cetartiodactyla, Bovidae and Cervidae had

the highest seroprevalence (5.5% and 5%) and significant

heterogeneity (> 70%), but remain at lower seropreva-

lence than Equidae and Rhinocerotidae from the Perisso-

dactyla order (5.2%, 11.2%). For Primates, the Atelidae and

Cebidae families had the greatest seroprevalence (59% and

41%) with great heterogeneity. The Primate family with the
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greatest heterogeneity was Atelidae (seroprevalence: 3.4%,

I2 = 93.8%).

Virus-Related Moderators

Viruses considered zoonotic agents had no significant dif-

ferences in seroprevalence than non-zoonotic agents

(Q = 1.43, p = 0.2321, Table S1C). Moreover, greater

seroprevalence was observed for pathogens transmitted

through direct contact than through arthropod vectors

(9.42% and 3.1%, respectively; Q = 120.8, p < 0.0001).

Notably, viruses with currently unknown transmission

types had the greatest seroprevalence within the dataset

(47.81%). When investigating viral taxonomy from the

Baltimore classification angle, all animals tested for the only

single-stranded DNA virus (Class-II, Feline parvovirus)

were seropositive. On the other hand, the virus species with

the greatest prevalence for class-I was the Elephant

Endotheliotropic Herpesvirus (EEHV, 85.8%), followed by

the Simian virus 40 (47.81%), and the Cervid herpesvirus

(20.34%). Finally, 38.27% of the animals tested for the

Simian foamy virus, within the class-VI were seropositive

(Table S1C).

Meta-Regression Analysis

Overall Model

In the multivariable analysis, 11.08% of the total hetero-

geneity in the dataset was accounted for, and moderator

differences in seropositivity were significant (F = 5.0744,

p < 0.0001, I2 = 62.51%). Based on our model, the aver-

age seropositivity in a zoo population is 28% (SE = 14%;

Table S2A). Sample size impacted seropositivity, with

especially large effect sizes when more than 50 individuals

or lower than five were sampled within a study. Sero-

prevalence was generally higher for hosts held in North

American zoos outside of their distribution range

(Table S2A).

Host and Viral Taxonomy Moderators

To investigate the taxonomic depth of the host reservoir for

viral seroprevalence a meta-regression was conducted,

including both host taxonomy at the order level (n > 30

families) and viral class. Within-moderators differences

were significant (F = 6.143, p < 0.0001, Tau2 = 0.0628,

I2 = 71.92%) and accounted for 39.3% of the heterogeneity
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between studies. Canidae and Felidae were more signifi-

cantly seropositive for class-IV viruses, with greater infec-

tion to WNV in the dataset (Table S2B; Figs. 3 & S4).

Felidae had significantly increased prevalence to class-II

viruses because all animals tested were positive for the fe-

line parvovirus (Table S2B). Elephants were highly infected

by EEHV (79% ± 14%) belonging to class-I, the Blue-

tongue virus, only representative of class-III (58% ± 22%)
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as well as the Schmallenberg virus (48% ± 17%). Her-

pesviridae such as the Equine herpesvirus was also highly

prevalent in Perissodactyla (19% ± 6%). Finally, class-VI

viruses infected most of the Primate order, represented by

the Simian foamy virus and Simian immunodeficiency virus

(23% ± 6%), as well as class-I Simian 40 virus and Cerco-

pithecine herpesvirus in Cercopithecidae (28% ± 8%).

DISCUSSION

An important consideration to interpreting our results is

that the data reviewed in this analysis are not a random

sampling of all animals in zoos, and only articles per-

forming ELISA methods for antibody detection were in-

cluded. We recognize each study would have their own

motivations for testing which introduces inherent biases of

these results. This does, however, provide us the opportu-

nity to identify these biases and report trends in the liter-

ature which will be crucial to prove the utility of zoos as

sentinels of disease.

Given the temporal scope of this study, publication-

related moderators were assessed to account for changes

relating to time and publication-specific variation. We

found significantly higher seroprevalence detection rates in

studies with a sample size greater than ten conspecifics.

This result may be explained by greater transmission

through enclosures with a high number of conspecifics.

Zoos rarely hold more than ten Elephantidae or Felidae of

the same species, but social taxa such as Primates and

Cervidae are usually held in larger groups. While group size

is a key determinant for social and reproductive behaviours

in captivity, there is some flexibility in group size for many

species depending on the evolutionary origin of sociality

(Price and Stoinski, 2007). As this information was not

documented in the literature included in our analysis,

examination of those details could shed light on this trend.

The relationships between geography and viral pres-

ence, prevalence, and spread have long been investigated in

human and animal systems (Hjelle et al. 1995; Munster

et al. 2007; Abubakar et al. 2009; Han et al. 2016). This

framework is particularly relevant for animals housed

outside their natural geographic range, where they can be

exposed to novel pathogens. However, our results did not

reveal differences in seropositivity between animals housed

within and outside the continent of their natural range. The

absence of pattern could be explained by similar prophy-

laxis and disease management plans among facilities. For

example, the Transmissible Diseases Handbook, compiled

by the European Association of Zoos and Wildlife Veteri-

narians’ Infectious Diseases Working Group (IDWG) offers

guidelines on many diseases that are freely available

worldwide. Similarly, related species within a zoo can be

administered the same vaccines, medications, and sanitary

measures irrespective of the species geographic origin.

Restrictions in the data also meant that this analysis was

performed at the continent level without taking into ac-

count cultural differences in veterinary practices, and dif-

ferences may be detected at a finer scale.

While zoos in Europe had the highest overall sampling

effort, North American zoos were sampled in only five

articles within our criteria, suggesting that high seroposi-

tivity rates can be an artefact of disproportionate sampling.

However, zoos in North America tend to have higher

species diversity than those in Africa, Asia, Australasia, and

Europe (Brereton and Brereton 2020). As WNV was one

virus tested in these studies, it is possible that increasing

diversity of hosts likewise increases the probability of

encountering this virus, since it can infect many species.

There is evidence suggesting that increasing host species

diversity can increase disease prevalence (Keesing et al.

2006), which may result in higher seropositivity rates in

species-rich North American zoos. However, the relation-

ship between species diversity and disease risk is highly

dependent on the transmission method, virulence, and

more importantly study systems and testing occurrence

(Keesing et al. 2006). Moreover, the Simian foamy virus

was also extensively tested in American zoos, which is

known to be naturally present in many Primates and has

limited health consequences to date (Pinto-Santini et al.

2017).

We found the highest overall seropositivity for species

in highly represented taxa in zoo collections. These taxa are

well-studied as they are considered visitor favourites

(sometimes referred to as charismatic animals, Carr 2016;

Albert et al. 2018). Increased prevalence in viruses targeting

specific hosts was found such as Equine herpesvirus in

Perissodactyla. High seropositivity of EEHV within multi-

ple articles was also identified, as well as high seropositivity

in elephants for the Bluetongue virus and Schmallenberg

virus, especially considering that Elephantidae represented

1.6% of the dataset. The high seropositivity found for

Bluetongue virus was suggested to occur from outbreaks

from free-ranging wildlife or livestock surrounding the zoo

(Dowgier et al. 2018, Caballero-Gomez et al. 2021). In the

same way, increased seroprevalence of WNV was found for
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captive Canidae and Felidae, a possible consequence of the

role of various peridomestic mesocarnivores in WNV

amplification cycles (Root, 2013). For EEHV, the virus can

be naturally present in free-ranging elephant populations,

but is the most common cause of death in Western captive

elephant populations globally over the last few decades

(including E. maximus, but also E. loxodonta; Hoornweg

and Schaftenaar 2021). Detection methods for EEHV have

improved over time, and further research is required to

understand the process of virus activation and tools for

prevention. Thus, viral transmission must be monitored at

a larger scale to limit disease spread.

Our results showed that transmission through direct

contact yields more seropositive animals than other trans-

mission types. Because captive animals are held in enclo-

sures that are often more densely populated compared to

free-ranging conspecifics, increased transmission rates may

occur between co-housed susceptible species. We also ob-

served high seroprevalence for viruses with currently un-

known transmission type, mainly from the Simian virus 40.

However, since the discovery of animal viral particles from

the foot and mouth disease virus in 1898, the number of

virus discoveries and available genomes continues to grow

(Gibb et al. 2022) and so is our knowledge and prevention

of viral diseases. Despite not finding significant difference

in seroprevalence between zoonotic and non-zoonotic

viruses, the close contact between humans and collection

animals in zoos, and the potential for spillover events, re-

mains a key area for future study. Transmission of infec-

tious diseases from zoo animals to workers has been

identified in the past (Sandstrom et al. 2000; Cadar et al.

2021), as well as from workers to animals (McAloose et al.

2020), highlighting an area of research worth further

investigation.

RECOMMENDATIONS

We have identified trends in seroprevalence of viral diseases

in zoos with sample size, location, and between host taxa,

which can inform recommendations to improve the feasi-

bility of using zoos as sentinels for disease monitoring.

These recommendations reflect the limitations we have

seen in this literature search.

(1) Our results support established research that has

identified preference in the scientific literature on zoo

collections for well-represented, charismatic mammals

that are typically considered visitor favourites (Carr

2016; Albert et al. 2018). It may be the case that this

preference is indirectly motivating health research on

these animals given their popularity. Therefore, we

recommend that zoos should increase sampling effort

to include less-charismatic species to develop a more

comprehensive understanding of disease prevalence in

these institutions.

(2) To fully understand the interconnectivity of zoos and

surrounding wildlife we suggest more studies should

evaluate the seroprevalence of free-ranging and

domestic animals in zoo areas due to the bidirectional

nature of disease transmission. This will be an

important link to monitor disease spread outside the

zoo, and possible transmission to humans.

(3) We suggest increasing public availability of data to

increase understanding and prevent transmission and

outbreaks. New discoveries of viruses have been

increasing rapidly and our understanding of viral sys-

tems is still expanding (ICTV Executive Committee

2020). Without further improvements on reporting

and availability of data on viral diseases, we cannot use

zoos as sentinels to their full potential.

These recommendations can promote the potential

role of zoos as sentinels of infectious diseases monitoring

and assist zoos in providing crucial information to further

understand prevalence and transmission while also acting

as an early warning system for disease spread.
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zón O, Almerı́a S, Garcı́a-Bocanegra I (2015) Epidemiological
survey of zoonotic pathogens in feral pigeons (Columba livia
var. domestica) and sympatric zoo species in Southern Spain.
Comparative Immunology, Microbiology and Infectious Diseases
43:22–27. https://doi.org/10.1016/j.cimid.2015.10.003

Carr N (2016) An analysis of zoo visitors’ favourite and least
favourite animals. Tourism Management Perspectives 20:70–76.
https://doi.org/10.1016/J.TMP.2016.07.006

Cunningham AA (1996) Disease Risks of Wildlife Translocations.
Conservation Biology 10(2):349–353

Dowgier G, Lahoreau J, Lanave G, Losurdo M, Varello K, Lucente
MS, Ventriglia G, Bozzetta E, Martella V, Buonavoglia C,

Decaro N (2018) Sequential circulation of canine adenoviruses 1
and 2 in captive wild carnivores France. Veterinary Microbiology
221(May):67–73. https://doi.org/10.1016/j.vetmic.2018.05.025

Earl JE, Chaney JC, Sutton WB, Lillard CE, Kouba AJ, Langhorne
C, Krebs J, Wilkes RP, Hill RD, Miller DL, Gray MJ (2016)
Ranavirus could facilitate local extinction of rare amphibian
species. Oecologia 182(2):611–623. https://doi.org/10.1007/
s00442-016-3682-6

Everard M, Johnston P, Santillo D, Staddon C (2020) The role of
ecosystems in mitigation and management of Covid-19 and
other zoonoses. Environmental Science and Policy 111(May):7–
17. https://doi.org/10.1016/j.envsci.2020.05.017

Fouque F, Reeder JC (2019) Impact of past and on-going changes
on climate and weather on vector-borne diseases transmission:
A look at the evidence. Infectious Diseases of Poverty 8(1):1–9.
https://doi.org/10.1186/s40249-019-0565-1

Gibb, R., Albery, G. F., Mollentze, N., Eskew, E. A., & Brierley, L.
(2022). Mammal virus diversity estimates are unstable due to
accelerating discovery effort. Biology Letters, 18(20210427). doi:
https://doi.org/10.1098/rsbl.2021.0427

Greenwood AD, Tsangaras K, Ho SYW, Szentiks CA, Nikolin VM,
Ma G, Damiani A, East ML, Lawrenz A, Hofer H, Osterrieder N
(2012) A potentially fatal mix of herpes in zoos. Current Biology
22(18):1727–1731. https://doi.org/10.1016/j.cub.2012.07.035

Gusset M, Dick G (2011) The global reach of zoos and aquariums
in visitor numbers and conservation expenditures. Zoo Biology
30(5):566–569. https://doi.org/10.1002/zoo.20369

Han BA, Kramer AM, Drake JM (2016) Global patterns of zoo-
notic disease in mammals. Trends in Parasitology 32(7):565–577.
https://doi.org/10.1016/j.pt.2016.04.007

Hjelle B, Anderson B, Torrez-Martinez N, Song W, Gannon WL,
Yates TL (1995) Prevalence and geographic genetic variation of
Hantaviruses of New World harvest mice (Reithrodontomys):
Identification of a divergent genotype from a Costa Rican Rei-
throdontomys mexicanus. Virology 207(2):452–459. https://
doi.org/10.1006/viro.1995.1104

Hoornweg TE, Schaftenaar W, Maurer G, van den Doel PB,
Molenaar FM, Chamouard-Galante A, Vercammen F, Rutten
VP, de Haan CAM (2021) Elephant endotheliotropic her-
pesvirus is omnipresent in elephants in European zoos and an
asian elephant range country. Viruses 13(2):1–15. https://
doi.org/10.3390/v13020283

Huang CC, Chiang YC, Chang CD, Wu YH (2009) Prevalence and
phylogenetic analysis of hepatitis b virus among nonhuman
primates in Taiwan. JOurnal of Zoo and Wildlife Medicine
40(3):519–528. https://doi.org/10.1638/2008-0150.1

International Committee on Taxonomy of Viruses Executive
Committee (2020) The new scope of virus taxonomy: parti-
tioning the virosphere into 15 hierarchical ranks. Nature
Microbiology 5(5):668. https://doi.org/10.1038/s41564-020-
0709-x

Jeffrey Root, J. (2013). West Nile virus associations in wild
mammals: A synthesis. In Archives of Virology (Vol. 158, Issue 4,
pp. 735–752). Springer-Verlag Wien. https://doi.org/10.1007/s
00705-012-1516-3

Karesh WB, Dobson A, Lloyd-Smith JO, Lubroth J, Dixon MA,
Bennett M, Heymann DL (2012) Ecology of zoonoses: Natural
and unnatural histories. The Lancet 380(9857):1936–1945.
https://doi.org/10.1016/S0140-6736(12)61678-X

Keesing F, Holt RD, Ostfeld RS (2006) Effects of species diversity
on disease risk. Ecology Letters 9:485–498. https://doi.org/
10.1111/j.1461-0248.2006.00885.x

Zoos as Sentinels? A Meta-Analysis of Seroprevalence 51

https://doi.org/10.1007/s11250-008-9300-9
https://doi.org/10.1007/s11250-008-9300-9
https://doi.org/10.1371/journal.pone.0199149
https://doi.org/10.1371/journal.pone.0199149
https://doi.org/10.1016/j.worlddev.2020.105163
https://doi.org/10.7589/0090-3558-20.4.289
https://doi.org/10.7589/0090-3558-20.4.289
https://doi.org/10.1111/IZY.12264
https://doi.org/10.1111/tbed.13196
https://doi.org/10.1111/tbed.13196
https://doi.org/10.1111/tbed.14147
https://doi.org/10.1080/22221751.2021.1902752
https://doi.org/10.1080/22221751.2021.1902752
https://doi.org/10.1016/j.cimid.2015.10.003
https://doi.org/10.1016/J.TMP.2016.07.006
https://doi.org/10.1016/j.vetmic.2018.05.025
https://doi.org/10.1007/s00442-016-3682-6
https://doi.org/10.1007/s00442-016-3682-6
https://doi.org/10.1016/j.envsci.2020.05.017
https://doi.org/10.1186/s40249-019-0565-1
https://doi.org/10.1098/rsbl.2021.0427
https://doi.org/10.1016/j.cub.2012.07.035
https://doi.org/10.1002/zoo.20369
https://doi.org/10.1016/j.pt.2016.04.007
https://doi.org/10.1006/viro.1995.1104
https://doi.org/10.1006/viro.1995.1104
https://doi.org/10.3390/v13020283
https://doi.org/10.3390/v13020283
https://doi.org/10.1638/2008-0150.1
https://doi.org/10.1038/s41564-020-0709-x
https://doi.org/10.1038/s41564-020-0709-x
https://doi.org/10.1007/s00705-012-1516-3
https://doi.org/10.1007/s00705-012-1516-3
https://doi.org/10.1016/S0140-6736(12)61678-X
https://doi.org/10.1111/j.1461-0248.2006.00885.x
https://doi.org/10.1111/j.1461-0248.2006.00885.x


McAloose D, Laverack M, Wang L, Killian ML, Caserta LC, Yuan
F, Mitchell PK, Queen K, Mauldin MR, Cronk BD, Bartlett SL
(2020) From people to Panthera: Natural SARS-CoV-2 infection
in tigers and lions at the Bronx Zoo. Mbio 11(5):e02220–e2320.
https://doi.org/10.1128/mBio.02220-20

McNamara T (2007) The role of zoos in biosurveillance. Inter-
national Zoo Yearbook 41(1):12–15. https://doi.org/10.1111/
j.1748-1090.2007.00019.x

Mellish S, Ryan JC, Pearson EL, Tuckey MR (2019) Research
methods and reporting practices in zoo and aquarium conser-
vation-education evaluation. Conservation Biology 33(1):40–52.
https://doi.org/10.1111/COBI.13177

Munnink BBO, Sikkema RS, Nieuwenhuijse DF, Molenaar RJ,
Munger E, Molenkamp R, Koopmans MPG (2021) Transmis-
sion of SARS-CoV-2 on mink farms between humans and mink
and back to humans. Science 371(6525):172–177. https://
doi.org/10.1126/science.abe5901

Munster VJ, Baas C, Lexmond P, Waldenstrom J, Wallensten A,
Fransson T, Rimmelzwaan GF, Beyer WE, Schutten M, Olsen B,
Osterhaus A, Fouchier R (2007) Spatial, temporal, and species
variation in prevalence of influenza A viruses in wild migratory
birds. Plos Pathogens 3(5):e61. https://doi.org/10.1371/journal.-
ppat.0030061

Narrod C, Zinsstag J, Tiongco M (2012) One health framework
for estimating the economic costs of zoonotic diseases on
society. EcoHealth 9(2):150–162. https://doi.org/10.1007/
s10393-012-0747-9

Ostfeld RS, Keesing F (2012) Effects of host diversity on infectious
disease. Annual Review of Ecology, Evolution, and Systematics
43:157–182. https://doi.org/10.1146/annurev-ecolsys-102710-
145022

Pendell DL, Lusk JL, Marsh TL, Coble KH, Szmania SC (2014)
Economic assessment of zoonotic diseases: An illustrative study
of Rift Valley Fever in the United States. Transboundary and
Emerging Diseases 63(2):203–214. https://doi.org/10.1111/
TBED.12246

Pinto-Santini, D. M., Stenbak, C. R., & Linial, M. L. (2017).
Foamy virus zoonotic infections. Retrovirology, 14(1). https://d
oi.org/10.1186/s12977-017-0379-9

Price EE, Stoinski TS (2007) Group size: Determinants in the wild
and implications for the captive housing of wild mammals in
zoos. Applied Animal Behaviour Science 103(3–4):255–264.
https://doi.org/10.1016/j.applanim.2006.05.021

Pulliam JRC, Epstein JH, Dushoff J, Rahman SA, Bunning M,
Jamaluddin AA, Hyatt AD, Field HE, Dobson AP, Daszak P

(2012) Agricultural intensification, priming for persistence and
the emergence of Nipah virus: A lethal bat-borne zoonosis.
Journal of the Royal Society Interface 9(66):89–101. https://
doi.org/10.1098/rsif.2011.0223

R Core Team (2021). R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL: https://www.R-project.org/

Rabozzi G, Bonizzi L, Crespi E, Somaruga C, Sokooti M, Tabibi R,
Vellere F, Brambilla G, Colosio C (2012) Emerging zoonoses:
The ‘‘one health approach’’. Safety and Health at Work 3(1):77–
83. https://doi.org/10.5491/SHAW.2012.3.1.77

Robinette C, Saffran L, Ruple A, Deem SL (2017) Zoos and public
health: A partnership on the One Health frontier. One Health
3:1–4. https://doi.org/10.1016/j.onehlt.2016.11.003

Sandstrom PA, Phan KO, Switzer WM, Fredeking T, Chapman L,
Heneine W, Folks TM (2000) Simian foamy virus infection
among zoo keepers. Lancet 355(9203):551–552. https://doi.org/
10.1016/S0140-6736(99)05292-7

Scaglione, F. E., Biolatti, C., Pregel, P., Berio, E., Cannizzo, F. T.,
Biolatti, B., & Bollo, E. (2019). A survey on zoo mortality over a
12-year period in Italy. PeerJ, 7(e6198). doi: https://doi.org/10.
7717/peerj.6198

Waits A, Emelyanova A, Oksanen A, Abass K, Rautio A (2018)
Human infectious diseases and the changing climate in the
Arctic. Environment International 121(June):703–713. https://
doi.org/10.1016/j.envint.2018.09.042

Wang N. (2016). How to Conduct a Meta-Analysis of Proportions
in R: A Comprehensive Tutorial. John Jay College of Criminal
Justice, (June), 1–63. doi: https://doi.org/10.13140/RG.2.2.2719
9.00161

White RJ, Razgour O (2020) Emerging zoonotic diseases origi-
nating in mammals: a systematic review of effects of anthro-
pogenic land-use change. Mammal Review 50(4):336–352.
https://doi.org/10.1111/mam.12201

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing agreement
with the author(s) or other rightsholder(s); author self-archiving
of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and
applicable law.

52 P. Van Leeuwen et al.

https://doi.org/10.1128/mBio.02220-20
https://doi.org/10.1111/j.1748-1090.2007.00019.x
https://doi.org/10.1111/j.1748-1090.2007.00019.x
https://doi.org/10.1111/COBI.13177
https://doi.org/10.1126/science.abe5901
https://doi.org/10.1126/science.abe5901
https://doi.org/10.1371/journal.ppat.0030061
https://doi.org/10.1371/journal.ppat.0030061
https://doi.org/10.1007/s10393-012-0747-9
https://doi.org/10.1007/s10393-012-0747-9
https://doi.org/10.1146/annurev-ecolsys-102710-145022
https://doi.org/10.1146/annurev-ecolsys-102710-145022
https://doi.org/10.1111/TBED.12246
https://doi.org/10.1111/TBED.12246
https://doi.org/10.1186/s12977-017-0379-9
https://doi.org/10.1186/s12977-017-0379-9
https://doi.org/10.1016/j.applanim.2006.05.021
https://doi.org/10.1098/rsif.2011.0223
https://doi.org/10.1098/rsif.2011.0223
https://www.R-project.org/
https://doi.org/10.5491/SHAW.2012.3.1.77
https://doi.org/10.1016/j.onehlt.2016.11.003
https://doi.org/10.1016/S0140-6736(99)05292-7
https://doi.org/10.1016/S0140-6736(99)05292-7
https://doi.org/10.7717/peerj.6198
https://doi.org/10.7717/peerj.6198
https://doi.org/10.1016/j.envint.2018.09.042
https://doi.org/10.1016/j.envint.2018.09.042
https://doi.org/10.13140/RG.2.2.27199.00161
https://doi.org/10.13140/RG.2.2.27199.00161
https://doi.org/10.1111/mam.12201

	Zoos as Sentinels? A Meta-Analysis of Seroprevalence of Terrestrial Mammalian Viruses in Zoos
	Abstract
	Introduction
	Methods
	Data Extraction
	Meta-Analysis of Data

	Results
	Literature Search
	Overall Heterogeneity Assessment and Publication Bias
	Moderator Analysis
	Publication-Related Moderators
	Host-Related Moderators
	Virus-Related Moderators

	Meta-Regression Analysis
	Overall Model
	Host and Viral Taxonomy Moderators


	Discussion
	Recommendations
	Data Availability
	References




