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Abstract

Zoo animal husbandry is a skill that should be developing constantly. In theory, this

should lead to an improvement of zoo animal survivorship over time. Additionally, it

has been suggested that species that are at a comparatively higher risk of extinction

in their natural habitats (in situ) might also be more difficult to keep under zoo

conditions (ex situ). Here, we assessed these questions for three zoo‐managed

rhinoceros species with different extinction risk status allocated by the IUCN: the

“critically endangered” black rhino (Diceros bicornis), the “vulnerable” greater one‐

horned (GOH) rhino (Rhinoceros unicornis), and the “near threatened” white rhino

(Ceratotherium simum). Comparing zoo animals ≥1 year of age, the black rhino had

the lowest and the white rhino the highest survivorship, in congruence with their

extinction risk status. Historically, the survivorship of both black and white rhino in

zoos improved significantly over time, whereas that of GOH rhino stagnated.

Juvenile mortality was generally low and decreased even further in black and white

rhinos over time. Together with the development of population pyramids, this shows

increasing competence of the global zoo community to sustain all three species.

Compared to the continuously expanding zoo population of GOH and white rhinos,

the zoo‐managed black rhino population has stagnated in numbers in recent years.

Zoos do not only contribute to conservation by propagating ex situ populations, but

also by increasing species‐specific husbandry skills. We recommend detailed

research to understand specific factors responsible for the stagnation but also the

general improvement of survivorship of zoo‐managed rhinos.
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1 | INTRODUCTION

Historically, rhinoceroses (“rhinos”) were a speciose group, with

more than 50 genera recognized in the fossil record (Geraads,

2011; Prothero, 2005; Wang et al., 2013). Currently, the group

comprises only four genera (Ceratotherium, Dicerorhinus, Diceros,

Rhinoceros) with five species, which show a generally low level of

genetic diversity that has been exacerbated recently, most likely

due to man‐made declines of available habitat and population

sizes (Liu et al., 2021). The five species range in terms of

conservation status from “critically endangered” (Javan rhino

Rhinoceros sondaicus, Sumatran rhino Dicerorhinus sumatrensis,

black rhino Diceros bicornis) over “vulnerable” (greater one‐

horned [GOH] rhino Rhinoceros unicornis) to “near threatened”

(white rhino Ceratotherium simum) (IUCN, 2021).

The main threats are poaching and habitat loss; additionally,

comparatively slow reproduction and long gestation length for

their body size (Clauss et al., 2019) is a biological constraint for

the recovery of populations. Reduced habitats may particularly

affect solitary species, and the social nature of the white rhino

(Owen‐Smith, 1974)—in contrast to the solitary nature of the

other species (Hubback, 1939; Kandel & Jhala, 2008; Mukinya,

1973; Sody, 1959)—may be a contributing factor to their least

threatened status; on the other hand, a higher degree of sociality

may make a species more vulnerable to poaching.

Rhinos are a prime example for conservation efforts. Highly

professionally operating NGOs dedicated to rhino conservation

exist, such as the International Rhino Foundation (www.rhinos.

org) and Save the Rhino International (www.savetherhino.org).

Conservation efforts range from attempts to rescue a basically

extinct (sub)species, the Northern white rhino (Ceratotherium

simum cottoni), via cryopreservation and in vitro reproduction

(Biasetti et al., 2022; Callender, 2021; Ryder et al., 2020), to in

situ breeding centers for the Sumatran rhino (Dicerorhinus

sumatrensis) (Zafir et al., 2011), and, more generally, in situ

protection programs for all species. Zoos, while maintaining these

animals, generate awareness for the situation of rhinos and

finances donated to in situ protection efforts, and also act as

locations where rhino husbandry knowledge and skills are

maintained and increased.

Black, GOH and white rhinos are kept in zoos around the

world today. Managing rhinos in human care is challenging from a

logistical point of view, especially due to the substantial amounts

of space and infrastructure required (Miller & Buss, 2003). In the

European Association of Zoos and Aquaria, for example, for black

rhino individuals, outside enclosures of at least 1000 m2 per

animals (with an option to connect the enclosures for a male and a

female) and additional inside enclosures of at least 60 m2 are

recommended in climates that prohibit year‐round access to

the outside (Pilgrim & Biddle, 2020). For GOH rhinos, indoor pools

are considered mandatory (von Houwald, 2015). For white rhinos,

a minimum group of one male and three females is recommended

with at least 10,000 m2 of outside enclosure and facilities to

ensure that the male is not in constant contact with the females,

and 45 m2 indoor enclosures for a mother and calf (Versteege,

2018). Hence, expanding the number of institutions that sustain a

managed rhino population is not easily achieved.

The three rhino species differ in several aspects of zoo

husbandry. Whereas white and GOH rhinos are considered

grazers and are thus comparatively easy to manage in terms of

feeding, the black rhino is a strict browser (Clauss & Hatt, 2006).

Due to the logistical challenges of providing non‐grass forage in

large quantities (Clauss & Dierenfeld, 2008), this alone makes their

husbandry more complex; for example, the deviation in dental

wear in zoos from the typical state in the wild is most pronounced

in black rhinos (Taylor et al., 2014). Aggression towards

conspecifics, e.g., during mating, can occur in all species, but is

particularly dangerous in GOH, because in contrast to white and

black rhinos, GOH have incisors and can inflict serious wounds

(Miller & Buss, 2003). Even though difficult to quantify objec-

tively, black rhinos appear, as a species, more nervous and more

easily stressed than GOH or white rhinos (Pilgrim & Biddle, 2020).

Finally, while no particular diseases appear typical for white rhinos

(Versteege, 2018), and for GOH rhinos only foot problems appear

as a major concern across facilities (von Houwald, 2016), there is a

suite of specific diseases affecting only black rhinos (Dennis

et al., 2007; Miller & Buss, 2003; Schook et al., 2015) that make

their management even more challenging, such as Idiopathic

Haemorrhagic Vasculopathy Syndrome, Haemolytic Anaemia,

Leucoencephalomalacia, and Iron Overload Disorder.

Here, we evaluate birth and death data for zoo‐kept black,

GOH and white rhinos to test whether there is a difference in

age‐related mortality between the species (that would indicate

greater husbandry challenges in BR), and to test whether there is

directional development in the juvenile mortality (reduction)

and adult longevity (increase) in zoos over time. Because similar

data for wild populations are not available for rhinos (Tidière

et al., 2016), we use reports on rhino populations in natural

habitats to compare their age structure with that of the zoo

populations, discussing the effect of changes in husbandry

success on these structures.

2 | MATERIALS AND METHODS

Our evaluation followed the principles outlined by Roller et al.,

(2021) and Scherer et al., (2022). We obtained global records

for three zoo‐kept rhino species from Species360 (ZIMS for

Husbandry), an online database platform in current use by more

than 1200 zoos worldwide (and also including historic data from a

further 600 zoos) to manage their animal data, with known dates

of birth and death, from which the subsequent data were

calculated (Species360 Research Data Agreement # 2019‐Q3‐

RR3). The reporting of animal data into this repository is
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mandatory for zoos accredited by the European Association of

Zoos and Aquaria (EAZA) but not for others such as members of

the American Association of Zoos and Aquaria (AZA), and

providing historical data in the database is not required for any

region. It must be noted that while it is very unlikely that adult

animals alive at member zoos are not entered into the system due

to their visibility, there is no independent control of whether

newborns are consistently entered. In the experience of one of

the co‐authors (LBL), the practice of not entering newborn animals

until they survived to about 1 month of age was more common in

earlier decades of the last century than it is now, especially when

entering historical data into the database. This would result in an

underestimation of positive developments in neonate mortality.

The dataset that we worked with did not contain indications of

the cause of death or the location of zoological institutions, but

did include information on the sex and whether the animal was

born in the wild or at a zoo. We did not know ages at which

wildborn animals were imported; therefore, these animals were

excluded from the assessment of juvenile mortality (up to 1 year

of age). Note that birth dates given in the dataset for wildborn

animals were typically estimated at the time of import, and their

reliability cannot be ascertained.

For all three rhino species investigated, we assumed 50 years

to be the maximum lifespan (de Magalhães & Costa, 2009); thus,

no corrections for species‐specific maximum lifespans were

necessary. Data were available from 1905 onwards. The final

dataset included 716 black rhinos, 433 GOH rhinos, and 1422

white rhinos.

The dataset was used to depict population pyramids as of

the 31st of December for 1969, 1979, 1989, 1999, 2009, and

2019. For comparison, data for free‐ranging populations was

extracted to also depict population pyramids (Ferreira et al., 2011;

Hitchins & Anderson, 1983; Mukinya, 1973; Owen‐Smith, 1988;

Pienaar, 1994; Subedi et al., 2017). Due to the lesser age

resolution in studies on free‐ranging populations, where e.g., an

age range of 5–10 years is summarized by a single number of

animals, these pyramids were constructed by distributing such a

number of animals equally across the yearly age classes.

To indicate this uncertainty of the final shape, and to prevent

that these graphs are taken as robust data, these construed

pyramids are marked by a question mark. For each population

pyramid, we also calculated the ratio of animals ≥7 years of age to

younger animals.

For statistical analyses, the dataset was pruned in different

ways to yield only animals born from 1960 onwards, animals that

survived to at least 1 year or at least 5 years of age, or only zoo‐

born animals. The endpoint of survival was set to the end of

March 2022. Analyses were performed in R (R CoreTeam, 2017) in

the survival package (Therneau, 2022), using the Cox proportional

hazard analysis, with the age of an individual and “event” (death or

living; the latter is treated as right‐censored). In these analyses, a

coefficient <1 (i.e., the 95% confidence interval excludes 1)

indicates that the group in question has a lower overall mortality

risk than the reference group, or that there is a mortality‐reducing

effect of a continuous variable. Proportionality of hazards was

tested either by comparing birth cohorts (for the periods of

1960–1979, 1980–1999, 2000–2020) as discrete categories or

the year of birth as a continuous variable. The approach using

discrete categories is considered less informative and was mainly

chosen to facilitate visualization. The approach using the year of

birth as a continuous variable is considered the most appropriate.

The significance level was set to 0.05, and p values between .05

and .09 were considered trends. The proportional hazards are

reported with their 95% confidence interval.

Because the interpretation of these statistical results is, in our

own experience, not intuitive, we provide example narrative

interpretations of these tables under each table in a footnote. It

must be noted that the statistical approach we chose does not

allow the extrapolation of “longevity” for different cohorts (such

as cohorts of which a large part of the animals are still alive). Such

extrapolations would require other methods (e.g., Aburto

et al., 2020; Colchero et al., 2016). Survivorship analyses can

generate data such as the “median life expectancy” if, of the

cohort included in the analysis, 50% of animals have already died.

For a description of the shape of the survivorship curves, we

follow Pearl & Miner, (1935) and Deevey, (1947): Survivorship

curves for large precocial mammals with reduced exposure to

predation (such as rhinos in zoos) should have a convex or “type I”

shape; a straight‐line pattern in survivorship is called “type II,”

whereas a concave or “type III” shape would be representative for

animals with a high early‐life mortality, which would not be

expected for large precocial mammals.

3 | RESULTS

At the early onset of rhino zoo husbandry, the population pyramids

(Figure 1) did not have the typical shape, with the large number of

newborn and juvenile animals typical of free‐ranging populations

(Figure 2). In the black rhino, such a pattern was achieved in the

1990s, but the most current pyramid shows a relatively even

distribution of animals across age classes. For the GOH rhino, a

pyramid shape has emerged in more recent times. The data for the

white rhinos bespeaks the lack of breeding in this species, with a

high number of (imported) adults in prime breeding age in the

1970s, yet very few offspring. Subsequently, breeding increased,

and currently the white rhino is the species with the clearest

pyramid shape with a larger number of juvenile animals (Figure 1).

Between 1969 and 2019, the number of zoo‐kept black rhinos

increased from 109 to 209 (192%), that of GOH rhinos from 33 to

178 (539%), and that of white rhinos from 204 to 657 (322%); these

increases were due to both, reproduction and import of animals.

Between 1999 and 2019, there was a stagnation in zoo‐kept black

rhino numbers (from 194 to 202, 104%) in contrast to GOH rhinos

(from 112 to 178, 159%) and white rhinos (490 to 657, 134%).

When also counting the minimum of 21 black rhinos that were sent
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from EEP zoos to African countries during this period (R. Biddle,

pers. comm.), the global black rhino zoo population increased by

115%. The current adult‐to‐young ratios in all three species are

comparatively high in zoos (Figure 1) as compared to values

described for free‐ranging populations (Figure 2).

By comparison, population pyramids reconstructed for free‐

ranging populations indicated a distinct decrease from juvenile to

adult animals, although the uncertainty how the number of adult

animals was distributed across ages in years of life does not rule out a

more gradual decrease (Figure 2).

When comparing the survivorship of the three rhino species, the

black rhino has the least survivorship with a relatively straight, type II

pattern; the GOH rhino has an intermediate position but a concave,

type I pattern; and the white rhino has the best survivorship with a

concave, type I pattern (Figure 3 and Table 1). For the whole cohort

from 1905 until 2020, this translates into a median life expectancy of

about 21 years for black rhinos, 30 years for GOH rhinos and 35

years for white rhinos that reached their first year of life. It should be

noted that this median life expectancy does not apply for most recent

cohorts. The general difference between the species is statistically

significant, irrespective of whether animals born since 1905 or only

animals since 1960 are included in the analysis, or whether the

analysis includes all animals or only those that reached their first year

of life (Table 1). However, whether all animals or only those ≥1 year

of age were included had an effect on whether a general

improvement in survivorship was detected in this comparative

analysis: Whereas no such improvement was evident for the dataset

including all animals, birth year had a significant, negative effect in

the analysis including only animals ≥1 year of age, indicating that with

advancing birth year, survivorship improved (Table 1). When

assessing the survivorship of only zoo‐born animals up to their first

year of life, there was also an improvement over time; for the period

of 1960‐today, no difference between the species was evident, but

for 1980‐today, the white rhino had an increased juvenile survivor-

ship compared to the black rhino (Table 1).

When assessing the black rhino alone, there was a distinct

improvement in survivorship between 1960 and today, irrespective

of whether this was assessed using birth year as a continuous

variable, or by splitting the data into three 20‐year‐cohorts (Table 2

and Figure 4a). In particular, the survivorship curve changed from a

rather straight, type II pattern in the 1960–79 cohort to a convex,

type I pattern in the most recent cohort (Figure 4a). Survivorship was

lower in males compared to females (Figure 5a), and lower in zoo‐

born than in wild‐born individuals (Figure 6a). However, the effect of

zoo‐ versus wild‐born was less distinct when analysing only animals

≥5 years of age, indicating that this effect could possibly be an

artefact due to the importation of comparatively old wild‐born

individuals (Figure 6d). Among zoo‐born animals, 1st year survivor-

ship did not differ between the sexes, and did not change over time

when assessed from 1960 till today, but showed a significant increase

from 1980 till today (Table 2). The day 0, day 30 and first year

mortality was 8.9%, 13.6%, and 17% for animals born between 1980

and 1999, and 11%, 14.1%, and 16.9% for animals born between

2000 and 2021.

When assessing the GOH rhino alone, there was no change in

survivorship over time (Figure 4b), and no difference in survivorship

F IGURE 1 Global population “pyramids” for zoo‐managed rhinoceros species in different decades. The data represent the number of animals
alive on December 31 of the respective year. Males on the left side, females on the right side. The large bold number represents the ratio of
adult (≥7 years) to subadult and juvenile animals (<7 years). [Color figure can be viewed at wileyonlinelibrary.com]
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between the sexes (Figure 5b) or between zoo‐born and wild‐born

animals (Figure 6b and 6e, Table 3). In the animals ≥5 years of age,

there was a trend for a higher survivorship in females. Among zoo‐

born animals, 1st year survivorship did not differ between the sexes,

and did not change over time, although there was a statistical trend

for a peak in the 1980–1999 period (Table 3). The day 0, day 30 and

first year mortality was 17.5%, 21.9%, and 30.7% for animals born

between 1980 and 1999, and 13.5%, 17.4%, and 19.6% for animals

born between 2000 and 2021.

When assessing the white rhino alone, there was a distinct

improvement in survivorship between 1960 and today (Figure 4c),

irrespective of whether this was assessed using birth year as a

continuous variable, or by splitting the data into three 20‐year‐

cohorts (Table 4). Survivorship did not differ between the sexes

(Figure 5c). Survivorship was significantly lower in zoo‐born than in

wild‐born individuals for all animals ≥1 year of age (Figure 6c).

However, this latter effect of zoo‐ versus wild‐born was no longer

significant when analysing only animals ≥5 years of age (Figure 6f),

indicating that this effect could possibly be an artefact due to the

importation of comparatively old wild‐born individuals of an age

group between 1 and 5 years. Among zoo‐born animals, 1st year

survivorship did not differ between the sexes, but improved

significantly over time, especially in the 2000–2021 period

(Table 4). The day 0, day 30 and first year mortality was 7.7%,

13.5%, and 16.5% for animals born between 1980 and 1999, and

8.9%, 11.25%, and 12.9% for animals born between 2000 and 2021.

F IGURE 2 Population “pyramids” for free‐ranging rhinoceros populations from the literature. Black rhino: Olduvai, Tanzania (Goddard,
1967), Masai Mara, Kenya (Mukinya, 1973), Kruger NP, South Africa (Ferreira et al., 2011); greater one‐horned rhino: Chitwan NP, Nepal (Subedi
et al., 2017); white rhino: Umfolozi NP, South Africa (Owen‐Smith, 1988), Kruger NP, South Africa (Pienaar, 1994). The question mark reminds
that data from the literature that referred to age groups that spanned several years of age were distributed equally between the years covered;
therefore, the uncertainty of the distribution. The large bold number represents the ratio of adult (≥7 years) to subadult and juvenile animals
(<7 years), which is subject to the uncertainty in the original data around this cutoff. [Color figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

The results of this study demonstrate distinct differences in

survivorship between the main three rhino species managed in those

zoos that contribute data to Species360. Mason et al., (2013)

suggested that species more threatened by extinction in their natural

habitats might also be more difficult to maintain under managed care.

Thus, zoo‐kept rhinos might be an example illustrating the theory

that extinction risk level in the wild and ease of management in

human care may share a common biological background (Mason

et al., 2013), with the most difficult of the three zoo‐kept species

being the most vulnerable in terms of natural populations. The most

threatened species, the black rhino, has the lowest zoo survivorship,

and the least threatened species, the white rhino, has the highest zoo

survivorship. Evidently, to ascertain this relationship as a rule, a larger

number of species would have to be tested, and it needs to be

remembered that the hypothesis does not claim that all species

difficult to maintain in zoos are also threatened in the wild. Whether

the trend that the number of black rhinos kept in zoos increased

distinctively less than that of the other species is due to deliberate

decisions by zoos to focus on the easier‐to‐keep rhino species

remains to be investigated. Regardless of whether the hypothesis of

Mason et al., (2013) is considered a general rule or not, the example

of the black rhino points out a dilemma, where zoos might have to

choose between keeping species of higher conservation value or

species easier to maintain.

The results demonstrate an improvement in survivorship over

time, particularly in animals ≥1 year of age, suggesting a certain

degree of improvement of husbandry success. The black and the

white rhino thus join the list of species for which a historical

improvement of husbandry success is detectable (Havercamp

et al., 2019; Jaakkola & Willis, 2019; Jett & Ventre, 2015; Roller

et al., 2021; Scherer et al., 2022; Wich et al., 2009). As stated

previously, this development is to be expected and should not induce

complacency (Scherer et al., 2022).

Some limitations of the present study need to be mentioned.

While the demographic data available allows survivorship calcula-

tions, it does not contain information on the causes of death, and

hence reasons for the improvement of black and white rhino

husbandry success and the stagnation in GOH rhinos must remain

speculative. For the black rhino, a comparison of the evaluation of

different sets of necropsy reports over the years suggests that

several diseases, such as hemolytic anemia, that were once

considered important in the species, have recently occurred less

frequently (Radeke‐Auer et al., 2023). This might indicate a higher

success in the management of particularly longevity‐reducing

diseases.

Another limitation is that the reliability of data on newborn

mortality cannot be estimated; as mentioned in the Methods section,

not all zoos have followed the practice of reporting every birth,

especially if the neonate died on the same day. Notably, the same

uncertainty must be assumed for observations of free‐ranging

populations (see below). The difference in survivorship between

zoo‐born and wild‐born white rhinos, evident when assessing all

animals ≥1 year of age but no longer discernible when assessing

animals ≥5 years of age (Figure 6c and 6f), suggests that animals older

than 1 year of age were imported from the wild. For example, an

animal imported at the age of 4 will automatically be counted as

“alive” at 0–4 years of age due to its reconstructed birth date, but its

cohort mates that died at these ages in the wild were evidently not

imported, not known, and are therefore not considered in survivor-

ship analyses. Because information on the age of importation was not

available to us, this effect could not be controlled for but only gauged

by assessing survivorship repeatedly, using different age cut‐offs.

Neonate mortality in zoos can be considered moderate. Owen‐

Smith (1988) summarizes the literature as neonatal losses for black

rhinos at two locations of 9%–16% (with a substantially higher

mortality due to hyena predation at another location), those for white

rhinos at 3.5%–8.3%, and those for GOH rhinos at 5.6%. For free‐

ranging black rhinos, first‐year mortalities of 20% have been reported

(Brodie et al., 2011). For GOH rhinos, Subedi et al., (2017) reported a

mortality of dependent young of 13%. Owen‐Smith, (1988) discusses

the problems of quantifying neonate mortality because detecting

each birth reliably is a prerogative, even if the resulting neonate died

on the same day. Given this difficulty, the neonate mortality derived

from the data used in the present study—with the exception of the

peak for GOH rhinos in 1980–1999—does not appear excessive or

remarkable.

The historical population pyramids of zoo‐managed rhinos

indicate first a development from a barrel‐shape (most likely

consisting of animals imported from the wild) towards a structure

typical for a breeding population with a broader basis of juvenile

animals (Figure 1). It must be kept in mind that especially at the

beginning of zoo husbandry, reproduction need not have automati-

cally been an aim. Over the initial decades, breeding increased, also

supported by increased husbandry skills. Nevertheless, low repro-

ductive rates have more recently been mentioned as an issue of

concern for the black rhino (Edwards et al., 2015). Assuming a

F IGURE 3 Survivorship of zoo‐kept black (Diceros bicornis,
critically endangered), greater one‐horned (Rhinoceros unicornis,
vulnerable) and white (Ceratotherium simum, near threatened) rhinos
from 1905 until 2020 in animals ≥1 year of age. The thin gray line
notes the median life expectancy (black rhino: 21.2 years, GOH rhino
30 years, white rhino 35 years). Note that survivorship decreases in
correspondence to the IUCN threat categories. For statistics, see
Table 1. [Color figure can be viewed at wileyonlinelibrary.com]
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saturation of available holding space, and longer occupation of this

space by individual animals due to the documented improvements in

survivorship, one might expect a gradual shift again to comparatively

barrel‐shaped population pyramids. This is because in the absence of

more holding space, studbook coordinators may impose breeding

restrictions. In recent years, a deviation is thus evident from the

pattern typical of free‐ranging populations—a larger basis of neonate

and juvenile animals—, also evident in different ratios of adult‐to‐

subadult/juvenile animals (Figures 1 and 2). The pyramids in Figure 1

provide some evidence of the attempts to keep the numbers of

newborns at a comparatively low level.

Whereas a careful prolongation of inter‐birth intervals, as

specifically recommended for the GOH rhino for this reason, does

not appear problematic (Pluháček et al., 2017), there is evidence that

a longer cessation of breeding activity can be detrimental to female

health (Hermes et al., 2006, 2014). The “use it or lose it” adage

(Penfold et al., 2014), suggesting that reproductive potential must be

used relatively consistently in order not to be lost, applies to rhinos as

TABLE 1 Comparative survivorship analyses (Cox proportional hazards) for black rhino (Diceros bicornis), greater one‐horned rhino
(Rhinoceros unicornis) and white rhino (Ceratotherium simum) in zoos worldwide.

Model Coef (95% CI) z p

All animals

Born 1905–2021

Reference: D. bicornis (n = 716) R. unicornis (n = 433) 0.86 (0.74, 1.00) −3.47 .047

C. simum (n = 1422) 0.49 (0.44, 0.55) −12.18 <.001

Birth year 0.998 (0.995, 1.001) −1.25 .211

Born 1960–2021

Reference: D. bicornis (n = 612) R. unicornis (n = 411) 0.87 (0.74, 1.02) −1.74 .083

C. simum (n = 1400) 0.49 (0.43, 0.56) −11.12 <.001

Birth year 0.997 (0.993, 1.001) −1.62 .106

All animals ≥1 year of age

Born 1905–2020

Reference: D. bicornis (n = 602) R. unicornis (n = 332)a 0.72 (0.60, 0.87) −3.47 <.001

C. simum (n = 1210)a 0.43 (0.38, 0.49) −12.18 <.001

Birth yeara 0.990 (0.987, 0.994) −5.11 <.001

Born 1960–2020

Reference: D. bicornis (n = 503) R. unicornis (n = 310) 0.71 (0.58, 0.87) −3.35 <.001

C. simum (n = 1188) 0.41 (0.35, 0.47) −11.94 <.001

Birth year 0.988 (0.983, 0.993) −4.47 <.001

Zooborn animals: survival till the first year

Born 1960–2021

Reference: D. bicornis (n = 492) R. unicornis (n = 340) 1.24 (0.92, 1.69) 1.41 .159

C. simum (n = 934) 1.02 (0.79, 1.32) 0.17 .866

Birth year 0.988 (0.981, 0.995) −3.51 <.001

Born 1980–2021

Reference: D. bicornis (n = 391) R. unicornis (n = 300) 1.05 (0.84, 1.31) 0.42 .672

C. simum (n = 834) 0.73 (0.60, 0.87) −3.44 <.001

Birth year 0.981 (0.973, 0.988) −4.99 <.001

Abbreviation: CI, confidence interval.
aExample interpretation: compared to the reference species D. bicornis, both R. unicornis and C. simum have a significantly (p < .001) lower (both 0.72 and
0.43 are <1, and the confidence intervals do not include 1) mortality, i.e. a higher survivorship; because “birth year” has a significant (p < .001) factor that is
lower than 1 (0.990, and the confidence interval does not include 1), there is a significantly lower mortality (=higher survivorship) for animals of higher
birth year (=more recently born).
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TABLE 2 Survivorship analyses (Cox proportional hazards) for black rhino (Diceros bicornis) in zoos worldwide for different age groups and
cohorts.

Model Coef (95% CI) z p

Diceros bicornis ≥1 year of age (n = 503)

Born 1960–2020 reference:

Females (n = 262) Males (n = 241) 1.24 (0.99, 1.56) 1.88 .061

Wildborn (n = 115) Zooborn (n = 388) 1.53 (1.16, 2.02) 3.01 .003

Birth year 0.968 (0.958, 0.978) −6.31 <.001

Born 1960–2020 reference:

Females (n = 262) Males (n = 241) 1.22 (0.97, 1.53) 1.72 .086

Wildborn (n = 115) Zooborn (n = 388) 1.33 (1.02, 1.75) 2.12 .034

Born 1960–1979 (n = 155) Born 1980–1999 (n = 195) 0.64 (0.50, 0.83) −3.38 <.001

Born 2000–2020 (n = 153) 0.25 (0.15, 0.41) −5.31 <.001

Diceros bicornis ≥5 years of age (n = 422)

Born 1960–2020 reference:

Females (n = 220) Males (n = 202)a 1.38 (1.08, 1.76) 2.54 .011

Wildborn (n = 106) Zooborn (n = 316)a 1.42 (1.05, 1.92) 2.30 .021

Birth yeara 0.967 (0.955, 0.978) −5.58 <.001

Born 1960–2020 reference:

Females (n = 220) Males (n = 202) 1.34 (1.05, 1.72) 2.35 .019

Wildborn (n = 106) Zooborn (n = 316) 1.24 (0.93, 1.66) 1.47 .141

Born 1960–1979 (n = 136) Born 1980–1999 (n = 171)a 0.61 (0.46, 0.81) −3.39 <.001

Born 2000–2020 (n = 115)a 0.25 (0.13, 0.47) −4.33 <.001

Diceros bicornis up to 1 year of age, zooborn (n = 492)b

Born 1960–2021 reference:

Females (n = 246) males (n = 241) 1.08 (0.72, 1.63) 0.38 .706

Birth year 0.991 (0.978, 1.003) −1.46 .144

Born 1960–2021 reference:

Females (n = 246) Males (n = 241) 1.08 (0.72, 1.62) 0.35 .727

Born 1960–1979 (n = 101) Born 1980–1999 (n = 201) 0.79 (0.48, 1.29) −0.95 .342

Born 2000–2021 (n = 190) 0.70 (0.41, 1.18) −1.34 .181

Diceros bicornis up to 1 year of age, zooborn (n = 391)b

Born 1980–2021 reference:

Females (n = 194) Males (n = 194) 1.11 (0.84, 1.47) 0.75 .451

Birth year 0.975 (0.960, 0.990) −3.17 .002

Born 1980–2021 reference:

Females (n = 194) Males (n = 194) 1.11 (0.84, 1.47) 0.76 .449

Born 1980–1999 (n = 201) Born 2000–2021 (n = 190) 0.62 (0.44, 0.88) −2.71 .007

Abbreviation: CI, confidence interval.
aExample interpretation: compared to the reference females and wildborn, males and zooborn have a significantly (p = .011 and .021) higher (both 1.38

and 1.42 > 1, and the confidence interval does not include 1) mortality, i.e. a lower survivorship; because “birth year” has a significant (p < .001) factor that
is lower than 1 (0.967, and the confidence interval does not include 1), there is a significantly lower mortality (=higher survivorship) for animals of higher
birth year (=more recently born); this is also evident when comparing the two cohorts (1980–1999 and 2000–2021) against the reference cohort of
1960–1979.
bThe difference between the total and the sum of females and males is due to animals of unknown sex.
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(a) (b) (c)

F IGURE 4 Survivorship of the three zoo‐managed rhino species over time in animals ≥1 year of age. For statistics, seeTables 2–4. Note that
statistics were also done using year of birth as a continuous variable rather than the arbitrary 20‐year‐cohorts. [Color figure can be viewed at
wileyonlinelibrary.com]

(a) (b) (c)

F IGURE 5 Survivorship of the three zoo‐managed rhino species since 1960, compared between the sexes in animals ≥1 year of age. For
statistics, see Tables 2–4. [Color figure can be viewed at wileyonlinelibrary.com]

(a) (b) (c)

(d) (e) (f)

F IGURE 6 Survivorship of the three zoo‐managed rhino species since 1960, compared between zoo‐born and wild‐born animals ≥1 year of
age (a–c) or ≥5 years of age (d–f). For statistics, see Tables 2–4. [Color figure can be viewed at wileyonlinelibrary.com]

WITTWER ET AL. | 9

 10982361, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/zoo.21793 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [01/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


TABLE 3 Survivorship analyses (Cox proportional hazards) for greater one‐horned rhino (Rhinoceros unicornis) in zoos worldwide for
different age groups and cohorts.

Model Coef (95% CI) z p

Rhinoceros unicornis ≥1 year of age (n = 310)

Born 1960–2020 reference:

Females (n = 146) Males (n = 164) 1.32 (0.94, 1.86) 1.62 .106

Wildborn (n = 55) Zooborn (n = 255) 0.91 (0.62, 1.34) −0.49 .628

Birth year 1.000 (0.986, 1.015) 0.04 .968

Born 1960–2020 reference:

Females (n = 146) Males (n = 164) 1.32 (0.94, 1.86) 1.62 .106

Wildborn (n = 55) Zooborn (n = 255) 0.89 (0.60, 1.31) −0.62 .539

Born 1960–1979 (n = 57) Born 1980–1999 (n = 95) 0.91 (0.61, 1.36) −0.47 .636

Born 2000–2020 (n = 158) 1.21 (0.69, 2.11) 0.68 .499

Rhinoceros unicornis ≥5 years of age (n = 261)

Born 1960–2020 reference:

Females (n = 121) Males (n = 140)a 1.42 (0.97, 2.07) 1.79 .073

Wildborn (n = 46) Zooborn (n = 215)a 1.09 (0.71, 1.69) 0.42 .673

Birth yeara 0.998 (0.980, 1.016) 0.04 .812

Born 1960–2020 reference:

Females (n = 121) Males (n = 140) 1.42 (0.97, 2.08) 1.80 .072

Wildborn (n = 46) Zooborn (n = 215) 1.07 (0.69, 1.65) 0.30 .763

Born 1960‐1979 (n = 50) Born 1980–1999 (n = 89)a 0.99 (0.64, 1.52) −0.06 .951

Born 2000–2020 (n = 122)a 1.28 (0.63, 2.58) 0.69 .492

Rhinoceros unicornis up to 1 year of age, zooborn (n = 340)

Born 1960–2021 reference:

Females (n = 154) Males (n = 186) 0.99 (0.63, 1.56) −0.06 .956

Birth year 0.997 (0.983, 1.012) −0.40 .687

Born 1960–2021 reference:

Females (n = 154) Males (n = 186) 0.97 (0.61, 1.53) −0.14 .886

Born 1960–1979 (n = 40) Born 1980–1999 (n = 101) 2.24 (0.93, 5.38) 1.80 .072

Born 2000–2021 (n = 199) 1.36 (0.58, 3.22) 0.71 .480

Rhinoceros unicornis up to 1 year of age, zooborn (n = 300)

Born 1980–2021 reference:

Females (n = 135) Males (n = 166) 1.22 (0.87, 1.74) 1.17 .241

Birth year 0.990 (0.974, 1.007) −1.14 .254

Born 1980–2021 reference:

Females (n = 135) Males (n = 166) 1.23 (0.88, 1.75) 1.21 .225

Born 1980–1999 (n = 101) Born 2000–2021 (n = 199) 0.86 (0.59, 1.25) 0.71 .426

Abbreviation: CI, confidence interval.
aExample interpretation: compared to the reference females and wildborn, males and zooborn do not have a significantly (p > .05) different mortality, i.e.

no difference in survivorship (note that the confidence interval of the coefficient includes 1); because “birth year” is also not significant (p > .05), there is no
change in mortality (survivorship) over time; this is also evident when comparing the two cohorts (1980–1999 and 2000–2021) against the reference
cohort of 1960–1979 (no significance; coefficient confidence intervals include 1).
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TABLE 4 Survivorship analyses (Cox proportional hazards) for white rhino (Ceratotherium simum) in zoos worldwide for different age groups
and cohorts.

Model Coef (95% CI) z p

Ceratotherium simum ≥1 year of age (n = 1187)

Born 1960–2020 reference:

Females (n = 684) Males (n = 503) 1.15 (0.96, 1.37) 1.54 .124

Wildborn (n = 462) Zooborn (n = 725) 1.55 (1.24, 1.94) 3.79 <.001

Birth year 0.983 (0.974, 0.992) −3.85 <.001

Born 1960–2020 reference:

Females (n = 684) Males (n = 503) 1.15 (0.96, 1.37) 1.52 .128

Wildborn (n = 462) Zooborn (n = 725) 1.46 (1.18, 1.82) 3.45 <.001

Born 1960–1979 (n = 358) Born 1980–1999 (n = 304) 0.73 (0.57, 0.94) −2.42 .015

Born 2000–2020 (n = 525) 0.54 (0.38, 0.77) −3.42 <.001

Ceratotherium simum ≥5 years of age (n = 995)

Born 1960–2020 reference:

Females (n = 587) Males (n = 408)a 1.15 (0.94, 1.39) 1.34 .172

Wildborn (n = 446) Zooborn (n = 549)a 1.22 (0.94, 1.58) 1.50 .133

Birth yeara 0.984 (0.973, 0.995) −2.86 .004

Born 1960–2020 reference:

Females (n = 587) Males (n = 408) 1.15 (0.94, 1.39) 1.37 .171

Wildborn (n = 446) Zooborn (n = 549) 1.15 (0.90, 1.47) 1.12 .265

Born 1960–1979 (n = 330) Born 1980–1999 (n = 273)a 0.74 (0.56, 0.99) −2.00 .045

Born 2000–2020 (n = 392)a 0.62 (0.38, 0.99) −2.00 .045

Ceratotherium simum up to 1 year of age, zooborn (n = 934)b

Born 1960–2020 reference:

Females (n = 478) Males (n = 445) 1.06 (0.78, 1.44) 0.35 .730

Birth year 0.984 (0.974, 0.994) −3.28 .001

Born 1960–2020 reference:

Females (n = 478) Males (n = 445) 1.07 (0.78, 1.45) 0.40 .687

Born 1960–1979 (n = 100) Born 1980–1999 (n = 267) 1.00 (0.63, 1.60) 0.00 .998

Born 2000–2020 (n = 567) 0.63 (0.40, 0.98) −2.03 .043

Ceratotherium simum up to 1 year of age, zooborn (n = 834)b

Born 1980–2021 reference:

Females (n = 431) Males (n = 393) 1.20 (0.95, 1.53) 1.54 .124

Birth year 0.977 (0.967, 0.987) −3.28 <.001

Born 1960–2021 reference:

Females (n = 431) Males (n = 393) 1.20 (0.95, 1.53) 1.54 .124

Born 1980–1999 (n = 267) Born 2000–2021 (n = 567) 0.61 (0.47, 0.78) −3.86 <.001

aExample interpretation: compared to the reference females and wildborn, males and zooborn do not have a significantly (p > .05) different mortality, i.e.
no difference in survivorship (note that the confidence interval of the coefficient includes 1); because “birth year” has a significant (p = .004) factor that is
lower than 1 (0.984, and the confidence interval does not include 1), there is a significantly lower mortality (=higher survivorship) for animals of higher
birth year (=more recently born); this is also evident when comparing the two cohorts (1980–1999 and 2000–2021) against the reference cohort of
1960–1979.
bThe difference between the total and the sum of females and males is due to animals of unknown sex
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well. For highly charismatic conservation flagship species such as

rhinos, that in addition are only present in any one facility at low

numbers of individuals, a breed‐and‐cull strategy, even though likely

more rational than a cessation of breeding (Bertelsen, 2018), may be

particularly hard to communicate, and not be intuitive for many

people. Ideally, more holding space for rhinos, not only in zoos but

also in dedicated, separate breeding centers, both in the respective

home countries and in ex situ countries, should become available in

the near future. In the absence of such options, a debate to which

extent differences in population pyramid shape between zoos and

the natural habitat (Figures 1 and 2) are desirable or acceptable might

have to be held.

Based on survivorship analyses only, we cannot identify the

reasons for increased husbandry success in rhinos. Yet, the results

clearly suggest that knowledge of rhino biology, and the skill of

rhino husbandry, have increased. The relevance of this knowledge

and skill for ex situ population management is evidently beyond

doubt. However, it is difficult to objectively estimate the exact

relevance of this knowledge and skill for the protection of in situ

populations. The extent to which the ex situ efforts are considered

crucial for the survival of the species, and to which the ex situ

derived insights are considered crucial for in situ efforts, will decide

how justified individual stakeholders may consider zoo rhino

management. Especially for “mammalian megafauna,” ex situ

efforts have been described as crucial for species survival

(Farhadinia et al., 2020). Under the premise that no animals are

taken from protected natural habitats that could also thrive there,

we authors consider zoo rhino management an important contri-

bution to global rhino conservation—not only because of the

numbers of animals kept alive ex situ and the ambassador and

education function of zoo animals, but also due to the expertize

gained in managing the species.
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