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Abstract: We used the COVID-19 pandemic closure at the Saint Louis Zoo to examine visitor effects
on space use and glucocorticoid levels in banteng, grizzly bears, polar bears, and western lowland
gorillas. The study was divided into four six-week phases: closure in spring 2020, reopening in
summer 2020, fall 2020, and spring 2021 as a seasonal comparison. Space use data were collected
using video, and fecal samples were assayed for glucocorticoids. Generalized linear models were
used to examine differences in zone occupancy and glucocorticoids between phases. The banteng
spent more time near visitors, and glucocorticoids were only temporarily elevated in two of five
animals when visitors returned. The grizzly bears spent more time in their habitat than in the den,
and the polar bear spent more time near viewing areas after visitors returned. Glucocorticoids did
not differ significantly between the closure and reopening for any bears. The gorillas spent less time
close to visitors immediately after reopening but this effect waned by fall; glucocorticoid data were
not available. Overall, based on space use and glucocorticoid levels, we suggest visitor effects on the
gorillas are neutral, on the grizzly bears are neutral or positive, and are positive on the banteng and
polar bear.
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1. Introduction

The effect of visitors on zoo-housed animals is frequently characterized as positive,
negative, or neutral based on the behavioral or physiological responses of various species.
For example, Mexican wolves (Canis lupus baileyi) spent less time resting and eating and
had higher fecal glucocorticoid levels on days with larger crowds [1], suggesting a negative
visitor effect. In contrast, behavioral diversity in Gentoo penguins (Pygoscelis papua) was
associated with higher visitor counts [2], indicating a positive or stimulating effect. To
lesser anteaters (Tamandua tetradactyla), visitors may be a neutral stimulus, as they showed
no differences in behavior, the timing of activity, or space use when visitors were present or
absent [3]. Although visitor effects are frequently studied in zoos, substantial inter- and
intra-specific variation in responses have made it difficult to draw definitive conclusions
about the effect of visitors, even within a single species. For example, one study reported
no significant effect of crowd size on pacing by jaguars (Panthera onca) [4], while another
reported a positive association [5]. For a recent comprehensive review of visitor effect
research in zoos, see [6].

Visitors present a wide array of stimuli, including visual, auditory, and olfactory. As
it is often difficult to distinguish between these stimuli and determine the exact cause of
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changes in behavior and/or physiology, many studies focus instead on whether visitors
are present or absent [7–9]. One challenge in these studies is that times without visitors
in a zoo are infrequent. As such, zoo closures in early 2020 as a result of the COVID-19
pandemic provided a unique opportunity to study visitor effects without this limitation.
Importantly, to minimize the disruption to the animals in their care, many zoos worked to
maintain normal husbandry and management routines during the closures.

Several published studies have already compared behavioral and physiological data
collected during COVID-19 closures with data collected prior to the closure or after reopen-
ing. As seen in other visitor effects studies, a mixture of positive, negative, and neutral
effects was reported. Nile crocodiles (Crocodylus niloticus) spent more time in proximity
to conspecifics when the zoo was open compared to closed [10], and Japanese macaques
(Macaca fuscata) seemed to prefer completing trials in testing booths closest to the public
when the zoo reopened [11]. Five primate species, including Eastern black-and-white
colobus (Colobus guereza), Allen’s swamp monkeys (Allenopithecus nigroviridis), DeBrazza’s
monkeys (Cercopithecus neglectus), Bolivian gray titi monkeys (Callicebus donacophilus), and
crowned lemurs (Eulemur coronatus), showed a slight but significant increase in proximity
to the glass when open versus closed [12]. Catalina Island rattlesnakes (Crotalus catali-
nensis) showed more social and investigative behaviors after reopening [13]. Beaded
lizards (Heloderma horridum exasperatum) [14] and multiple bear species, including Andean
(Tremarctos ornatus), sloth (Melursus ursinus), sun (Helarctos malayanus), grizzly (Ursus arc-
tos horribilis), and black bears (Ursus americanus), were more visible when visitors were
present [15], suggesting a positive effect of visitors. On the other hand, European glass
lizards (Pseudopus apodus) [13], meerkats (Suricata suricatta) [16], African penguins (Sphenis-
cus demersus) [16], and red kangaroos (Macropus rufus) [17] used more of their enclosure
when the zoo was closed, Chilean flamingos (Phoenicopterus chilensis) decreased activity and
feeding when the zoo reopened (although the authors indicate these changes may be more
due to weather) [18], and European glass lizards [13], Chinese crocodile lizards (Shinisaurus
crocodilurus), and tokay geckos (Gekko gecko) [14] were less visible under open conditions.

Overall, however, most studies conducted during COVID-19 closures reported entirely
or mainly neutral effects that suggest a minimal impact from visitors. There were no
significant differences in behavior between the closures and open periods reported for
western lowland gorillas (Gorilla gorilla gorilla) [19], African penguins [16], greater flamingos
(Phoenicopterus roseus) [18], Amur leopards (Panthera pardus orientalis), snow leopards
(Panthera uncia), Rothschild giraffes (Giraffa camelopardalis), Chapman’s zebras (Equus quagga
chapmani), nyala (Tragelaphus angasii), swamp wallabies (Wallabia bicolor) [20], Eastern
black-and-white colobus, Allen’s swamp monkeys, DeBrazza’s monkeys, Bolivian gray titi
monkeys, or crowned lemurs [12]. Additionally, Nile crocodiles [10], greater and Chilean
flamingos [18], Amur leopards, snow leopards, Rothschild giraffes, Chapman’s zebras,
nyala, swamp wallabies, and Chinese gorals (Naemorhedus griseus) [20] showed no difference
in space use between open and closed periods. There also were minimal differences in levels
of behavior, space use, and/or visibility in multiple species of reptiles [13,14]. Similarly,
while visibility initially declined with the return of visitors for several amphibian species,
that effect waned with time, and visibility returned to or increased above closure levels [21].
In Japanese macaques, there was no difference between the closure and reopening on
the number of cognitive trials animals chose to participate in, the number of trials they
completed per session, or their accuracy on the tasks [11]. Physiologically, neither cheetahs
(Acinonyx jubatus) nor giraffes (G. c. reticulata, G. tippelskirchi) showed significant differences
in fecal glucocorticoid levels between matched open and closed periods [22].

Many COVID-19 closure studies also showed variation in visitor effects on a single
species, either within the same group or between groups at different locations. For example,
although not significant, the silverback male in a gorilla troop increased his foraging time
and decreased his inactivity during the closure, while the other five members of his group
decreased foraging and increased inactivity [19]. Nile crocodiles showed more agonism
but also more conspecific bunting, a positive social behavior, during the closure [10].
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Meerkats behaved differently across three zoos, with some groups showing increases in
environmental interaction, positive social interaction, or vigilance during the closure, while
other groups did not [16].

Our objective was to use the COVID-19 closure to gain insight into how visitors impact
space use and physiology in four species housed at the Saint Louis Zoo, including banteng
(Bos javanicus), grizzly bears, polar bears (U. maritimus), and western lowland gorillas.
Increased time spent in proximity to viewing areas when guests returned was interpreted
to indicate a positive effect of visitors and vice versa. A similar approach has been used in
other studies. Gorillas and chimpanzees (Pan troglodytes) did not vary their use of a zone
within 1m of the viewing glass based on crowd size [23]. Eastern black-and-white colobus,
Allen’s swamp monkeys, DeBrazza’s monkeys, Bolivian gray titi monkeys, and crowned
lemurs showed an increase in proximity to viewing windows, both with larger crowd sizes
and when the zoo was open than during the COVID-19 closure [12]. Other COVID-19
studies also examined proximity to guests as an indicator of visitor effects. For example,
Grevy’s zebra spent more time in spaces close to public viewing areas than expected by
chance when the zoo was closed and less time than expected by chance when the zoo was
open [20]. Additionally, Chilean flamingos used a hill zone near visitor viewing areas more
frequently after reopening [18], and meerkats at one zoo spent more time in the area closest
to visitors while meerkats at two other zoos spent more time in the area furthest from
visitors after reopening [16].

As an indicator of hypothalamic-pituitary-adrenal (HPA) axis activity, glucocorticoid
levels can provide information on levels of arousal experienced by an individual, with
higher levels generally indicating increased arousal, either positive or negative [24,25].
Fecal glucocorticoids are commonly used to investigate how animals respond to envi-
ronmental changes and events from a physiological perspective and, as such, have been
incorporated into visitor effect research. For example, clouded leopards (Neofelis nebulosa)
on display had higher fecal glucocorticoids than those not on display [26], black-capped
capuchins (Cebus apella) had lower glucocorticoids on average when one-way viewing
screens were in place [27], and meerkats showed a positive association between crowd
size and fecal glucocorticoids [28]. On the other hand, there were no significant correla-
tions between visitor numbers and glucocorticoids in African penguins [29] or kangaroos
(Macropus fuliginosus) and red kangaroos [30], and fecal glucocorticoids in gorillas did
not vary based on crowd size, noise levels, or frequency of camera flashes [31]. While
glucocorticoids can provide insight into how animals perceive experiences, there are also
limitations to their use, especially as increases are frequently interpreted as evidence of
stress. Glucocorticoids play functions outside of stress responses, such as the awakening
response and energy metabolism [24,32], and fluctuations can be associated with season,
breeding, or a variety of factors other than stress [33–35]. Glucocorticoid responses also
have been shown to vary widely between individuals and even within the same individual
at different points in time [33–39]. As such, it is critical to keep in mind that an increase in
glucocorticoid levels is not synonymous with a negative experience or perspective, or with
“stress” [24,25,40,41].

In this study, we compared the spring 2020 COVID-19 closure with three additional
periods, including immediately following reopening in summer 2020, in fall 2020 after a
period of potential re-acclimation to guests, and a time-matched period in spring 2021. The
comparison one year following the closure was critical to determine if any changes observed
were likely due to season rather than visitor presence, as some animals can show seasonal
variation in both behavior and physiology. Recent research investigating visitor effects in
ring-tailed lemurs (Lemur catta) [42], hornbills (Ceratogymna atrata) [43], and flamingos [18]
has shown that observed changes in behavior and/or physiology were primarily explained
by variables such as time, temperature, and weather rather than guests. Because these
variables are correlated with visitor number, both accounting for and disentangling them
from visitor effects is critical but difficult. Some of the previously published research on
COVID-19 closures controlled for seasonal variation as well, such as by comparing the
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closure with time-matched data collected in 2019 [10], analyzing data for multiple years
across seasons [15], or studying species housed in indoor controlled-climate habitats [14,21].
Other results may be confounded by seasonal variation. For example, red kangaroos spent
more time inactive and in proximity to other group members when the zoo was open
compared to closed [17]. While these results suggest a negative impact of visitors, both
inactivity and proximity were positively correlated with temperature as well [17], which
increased between the spring closure and summer reopening. Similarly, a study on giraffes
and cheetahs examined two transition periods related to their COVID-19 closure, one in
winter and spring and one in summer [22]. While there were no significant differences
in fecal glucocorticoids during either transition period, both species showed a significant
increase from the winter/spring transition period to the summer transition period [22].

2. Materials and Methods
2.1. Subjects and Space Use Data

We collected data on space used by four species housed at the Saint Louis Zoo during
four six-week phases (Table 1). Phase 1 took place during the zoo’s closure for the COVID-19
pandemic in spring 2020. Phase 2 occurred in summer 2020 and was the first six weeks after
the zoo was reopened, with guest counts limited to one-third capacity. Phase 3 occurred in
fall 2020 after a potential period of re-acclimation to visitors, with visitor capacity increased
to one-half. Phase 4 occurred in spring 2021, with capacity still at one-half, and was
date-matched with the zoo’s closure the previous year to serve as a seasonal comparison.
To compare guest counts during the study with those prior to the COVID-19 pandemic,
minimum, maximum, and average weekday and weekend guest counts on space use data
collection days are presented alongside guest counts from time-matched periods from 2019
in Table 2.

Table 1. Space use data were collected during four six-week phases.

Phase Dates Description Average
Temp. (◦C)

Phase 1 20 April–30 May 2020 Zoo closed for COVID-19 17.3◦

Phase 2 9 June–18 July 2020 Zoo reopened, one-third capacity 26.9◦

Phase 3 14 September–24 October 2020 Half capacity, following
re-acclimation in Phase 2 16.5◦

Phase 4 19 April–29 May 2021
3 May–12 June 2021 1

Half capacity, seasonal
comparison with Phase 1

17.3◦

20.5◦

1 Technical issues with gorilla habitat cameras delayed recordings for Phase 4 by two weeks.

Table 2. Comparison of guest counts on weekdays and weekends on space use collection days during
the study periods with time-matched periods from 2019.

Project Phases in 2020 & 2021 Time-Matched Comparisons from 2019
Weekdays Weekends Weekdays Weekends

Phase 1 Range
COVID-19 closure

3484–20,516 4595–24,976
x 9066.8 17,040.8

Phase 2 Range 2928–9837 4418–10,187 5417–17,044 7825–20,824
x 5644.6 7660.3 10,310.4 14,650.8

Phase 3 Range 2438–7147 3312–13,531 2742–12,827 2581–22,982
x 3318.7 8810.9 5369.9 12,552.0

Phase 4 Range 630–7892 5175–15,312 3484–20,516 4595–24,976
x 5034.3 10,176.5 9066.8 17,040.8

Phase 4 1 Range 2270–14,178 7238–15,312 7215–20,516 4595–24,717
x 6593.5 12,012.3 10,543.2 17,917.6
1 Guest count data for Phase 4 dates for gorillas only, as Phase 4 was delayed by two weeks for this species.

We observed two pair-housed sibling grizzly bears (1 male and 1 female, both aged
5 years), one singly housed polar bear (male, aged 7 years), and a bachelor group of four
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western lowland gorillas (4 males, aged 14–23 years). We also observed the banteng herd,
consisting of four females at the start of the study (aged 8–13 years); a bull (aged 5 years)
was introduced prior to the start of Phase 3 in fall 2020. Cameras mounted in the outdoor
habitats were used to collect space use data to eliminate observer effects. During each
phase, outdoor habitats were recorded on two weekdays and two weekend days each week.
Two videos, two hours in length, were recorded each day (10:00–12:00 and 13:00–15:00).

Each outdoor habitat was divided into two or three zones based on proximity to the
public. For the banteng (Figure 1), grizzly bears (Figure 2), and polar bear (Figure 3), Zone
1 was the section of the habitat closest to visitor viewing areas, while Zone 2 was the back
of the habitat away from viewing areas. The grizzly and polar bears also had access to
their dens during the day. Due to its shape, the gorilla habitat was divided into three zones
(Figure 4), with Zone 1 bordering visitor viewing areas, Zone 2 in the middle, and Zone 3 at
the back of the habitat furthest from visitors. Scan sampling was used to record the number
of animals in each zone every 3 min during each two-hour video. As we were unable
to distinguish between individuals on video, space use data were collected at the group
level. Observers were trained to distinguish between zones and determine the locations of
animals within their habitats with at least 85% accuracy before collecting data using the
camera feeds. Five observers collected data for this study.
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2.2. Physiological Data

During each project phase, fecal samples were collected two or three times per week
for the banteng (17–18 samples per animal per phase, a total of 69–71 samples per animal)
and five or more times per week for the grizzly and polar bears (31–41 samples per animal
per phase, a total of 143–156 samples per animal), depending on the already established
routines of the animal care teams, to compare fecal glucocorticoid levels across the phases.
We were not able to collect samples for gorillas. Samples were collected in the morning
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(within 16 h of defecation) after animals had been housed indoors overnight. Samples were
stored at −20 ◦C until extraction. Fecal steroids were solubilized according to [44]. Briefly,
approximately 0.5 g of fecal material was shaken overnight in 5 mL modified phosphate-saline
buffer containing 50% methanol. Supernatants were decanted and stored in evaporation-proof
vials at −80 ◦C until assay following centrifugation at 4000× g for 60 min. Solid matter
remaining in the extraction vials was weighed after drying overnight at 80 ◦C.

Fecal glucocorticoid concentrations were quantified using a commercially available
corticosterone radioimmunoassay (DA I-125 Corticosterone RIA, ICN MP Biomedicals,
Solon, OH, USA). Although cortisol is the primary circulating glucocorticoid in bears and
banteng, it is excreted in feces as a mixture of glucocorticoid metabolites [45]. This assay
has been previously validated for grizzly bears, polar bears [46], and banteng [47] through
adrenocorticotropic hormone (ACTH) challenges. The assay’s lower and upper detection
limits were 0.26 ng/mL and 20 ng/mL, respectively. Assays were performed according to
the manufacturer’s protocols, except that standard diluent was added to the fecal extracts,
and fecal extraction buffer (containing 50% methanol) was added to the kit standards.
For all assays, standards, samples, and quality control pools were assayed in duplicate.
Hormone concentrations were determined as ng/mL and then divided by the dry weight
of the extracted feces to give the results as ng/g feces. The mean intra-assay variation of
duplicate samples was 9.1%. The mean inter-assay coefficient of variation for two quality
control pools was 8.7%.

2.3. Quantitative Analyses

Depending on the species and phase, total hours observed ranged from 70.5–92.6,
and total observed data points for space use ranged from 1409–1851 for the whole group
(Table 3). Data were collected as the number of animals per zone per phase, but for analysis,
this was dichotomized as a 1–0 zone occupancy variable (1 = zone is occupied by at least
one animal; 0 = zone is not occupied by any animals). We used linear mixed-effect models
to test if the occupancy of each zone differed significantly across project phases for each
species. To determine if space use patterns varied by day of week or time of day, weekday
vs. weekend and morning vs. afternoon variables were included in the models as fixed
effects. As the data are not independent, we used a split-plot design by including the date
and interaction of date with time as random effects. Pairwise comparisons between all
phases were then analyzed using Tukey’s Honest Significant Difference (HSD) test. In
case any initial differences in space use were driven by novelty immediately following the
return of visitors, data were also analyzed with the first week of Phase 2 removed; there
was no difference in results when the first week of Phase 2 was excluded (data not shown).

Table 3. Total number of hours observed (out of 96 possible hours) and observation points (out of
1920 possible data points) per species for each phase.

Project Phase
Species Phase 1 Phase 2 Phase 3 Phase 4

Banteng Hours 70.5 82.6 79.6 79.5
Observation Points 1409 1651 1591 1589

Grizzly bears Hours 73.3 87.2 92.6 87.8
Observation Points 1466 1744 1851 1756

Polar bear Hours 83.8 87.0 88.3 84.3
Observation Points 1676 1739 1765 1686

Gorillas Hours 82.4 85.3 91.5 85.7
Observation Points 1647 1705 1829 1714

The glucocorticoid data for all individuals were right-skewed. As such, generalized
linear models with a gamma distribution and log link function were used to examine
differences in glucocorticoids between phases for each animal. Average daily temperature
and weekday vs. weekend were included as fixed effects. Pairwise comparisons between
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phases were analyzed using Tukey’s HSD test. To ensure the lack of visitors during Phase 1
did not mask differences in glucocorticoids between weekdays and weekend days, we
also analyzed glucocorticoid data with Phase 1 removed; there was no difference in results
for glucocorticoid differences between weekdays and weekend days when Phase 1 was
removed (data not shown). Both space use and fecal glucocorticoid data were analyzed
using the lme4 [48] and multComp [49] packages in R [50]. Results are described as
significant at p ≤ 0.05. However, as statistical significance is not necessarily equivalent to
biological importance [51–53], we also discuss trends in the data.

3. Results
3.1. Banteng

Pairwise comparisons of zone occupancy by phase for the banteng are presented in
Table 4 and Figure 5. There was a significant increase in Zone 1 occupancy and a significant
concomitant decrease in Zone 2 occupancy during Phase 2 when guests first returned to the
zoo. Zone 1 occupancy declined but not significantly while Zone 2 occupancy significantly
increased during Phases 3 and 4 compared to Phase 2. Zone 1 trended toward significantly
higher occupancy on the weekend (β = 0.120, SE = 0.065, p = 0.067) but was not affected
by time of day (β = 0.040, SE = 0.030, p = 0.186), while Zone 2 occupancy was significantly
higher in the morning (β = −0.078, SE = 0.026, p = 0.003) but was not affected by day of the
week (β = −0.048, SE = 0.043, p = 0.274).

Table 4. Pairwise comparisons of zone occupancy by phase for each species.

Banteng Grizzly Bears Polar Bear Gorillas
Phase

Comparison β SE p β SE p β SE p β SE p

Zone 1
Phase 2 vs.

Phase 1 0.322 0.092 0.002 0.069 0.057 0.629 0.136 0.068 0.195 −0.076 0.041 0.243

Phase 3 vs.
Phase 1 0.180 0.090 0.190 0.206 0.057 0.002 0.232 0.068 0.004 0.044 0.040 0.696

Phase 4 vs.
Phase 1 0.108 0.092 0.643 0.035 0.057 0.929 0.198 0.069 0.022 0.003 0.041 0.999

Phase 3 vs.
Phase 2 −0.142 0.091 0.401 0.137 0.056 0.071 0.096 0.067 0.476 0.120 0.041 0.017

Phase 4 vs.
Phase 2 −0.214 0.093 0.094 −0.034 0.057 0.933 0.063 0.068 0.796 0.079 0.041 0.225

Phase 4 vs.
Phase 3 −0.072 0.091 0.860 −0.171 0.056 0.013 −0.034 0.068 0.960 −0.041 0.041 0.754

Zone 2
Phase 2 vs.

Phase 1 −0.233 0.061 0.001 0.101 0.049 0.156 −0.026 0.033 0.850 −0.015 0.044 0.986

Phase 3 vs.
Phase 1 0.059 0.060 0.757 −0.038 0.048 0.861 0.081 0.032 0.062 −0.224 0.044 <0.001

Phase 4 vs.
Phase 1 −0.047 0.061 0.872 −0.046 0.048 0.775 −0.018 0.033 0.947 −0.201 0.044 <0.001

Phase 3 vs.
Phase 2 0.293 0.061 <0.001 −0.139 0.047 0.018 0.107 0.032 0.005 −0.209 0.044 <0.001

Phase 4 vs.
Phase 2 0.186 0.062 0.013 −0.148 0.048 0.010 0.008 0.033 0.994 −0.185 0.045 <0.001

Phase 4 vs.
Phase 3 −0.106 0.061 0.302 −0.008 0.047 0.998 −0.099 0.032 0.012 0.024 0.045 0.952

Den/Zone 3
Phase 2 vs.

Phase 1 −0.015 0.060 0.994 −0.109 0.061 0.273 0.253 0.063 <0.001

Phase 3 vs.
Phase 1 −0.059 0.059 0.751 −0.314 0.060 <0.001 0.261 0.063 <0.001
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Table 4. Cont.

Banteng Grizzly Bears Polar Bear Gorillas
Phase

Comparison β SE p β SE p β SE p β SE p

Phase 4 vs.
Phase 1 −0.047 0.059 0.857 −0.181 0.061 0.016 0.162 0.064 0.054

Phase 3 vs.
Phase 2 −0.044 0.059 0.880 −0.205 0.059 0.003 0.007 0.064 0.999

Phase 4 vs.
Phase 2 −0.032 0.059 0.949 −0.072 0.060 0.630 −0.091 0.065 0.494

Phase 4 vs.
Phase 3 0.012 0.059 0.997 0.133 0.060 0.117 −0.098 0.064 0.417

Values in bold are significant at p ≤ 0.05. Underlined values are trending toward significance at p ≤ 0.10.
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Means and standard deviations for fecal glucocorticoid levels by phase for each species
are presented in Table 5. Pairwise comparisons of fecal glucocorticoid levels between phases
and associations with temperature and day of the week for the banteng are presented in
Table 6 and Figure 6. The banteng showed considerable intra-individual variation in
changes in glucocorticoids across the study periods. For banteng female 1, glucocorticoids
in Phase 4 were significantly lower than in Phase 2. For female 2, glucocorticoid levels in
Phase 2 were significantly higher than in Phases 1, 3, and 4; for female 4, glucocorticoid
levels in Phase 2 were significantly higher than in Phases 3 and 4. Glucocorticoid levels
did not vary significantly by phase in female 3. There were no other significant differences
in glucocorticoid levels observed between phases for the female banteng. The banteng
bull was not housed with the females or in an area that was viewable to the public in
Phases 1 and 2, and glucocorticoids from Phase 3 are not presented due to an injury and
temporary removal from the group. There were no significant differences in glucocorticoid
levels between Phases 1, 2, and 4 for the bull. Temperature neared a significant inverse
relationship with fecal glucocorticoids in female 1 but was not a significant variable in the
models for any other banteng. There were no significant differences in fecal glucocorticoids
between weekdays or weekend days for any banteng.
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Table 5. Means and standard deviations for fecal glucocorticoids by phase for individual banteng,
grizzly bears, and the polar bear.

Fecal Glucocorticoid Levels (ng/g)
Species Sex Phase 1 Phase 2 Phase 3 Phase 4

Banteng Male x ± SD 24.5 ± 2.3 25.0 ± 3.9 27.9 ± 9.8 22.4 ± 3.5
Female 1 x ± SD 25.8 ± 6.3 30.4 ± 6.8 31.9 ± 18.2 23.9 ± 4.6
Female 2 x ± SD 26.2 ± 4.8 186.1 ± 183.9 30.4 ± 11.2 37.7 ± 8.4
Female 3 x ± SD 75.6 ± 106.2 74.4 ± 63.7 34.8 ± 10.8 48.0 ± 13.6
Female 4 x ± SD 58.4 ± 97.6 125.5 ± 179.1 26.3 ± 7.2 34.7 ± 10.8

Grizzly bear Male x ± SD 116.9 ± 159.4 181.0 ± 277.0 152.5 ± 197.0 187.6 ± 198.8
Female x ± SD 106.6 ± 125.4 165.6 ± 249.3 85.4 ± 102.1 119.8 ± 105.6

Polar bear Male x ± SD 105.4 ± 99.2 75.8 ± 82.6 52.5 ± 76.4 135.5 ± 166.9

Table 6. Pairwise comparisons of glucocorticoids by phase as well as associations with temperature
and day of the week (weekday vs. weekend) for each banteng.

Male 1 Female 1 Female 2 Female 3 Female 4
Phase

Comparison β SE p β SE p β SE p β SE p β SE p

Phase 2 vs. Phase 1 0.043 0.069 0.808 0.326 0.143 0.100 1.924 0.234 <0.001 0.021 0.349 1.000 0.788 0.444 0.281
Phase 3 vs. Phase 1 0.181 0.109 0.344 0.145 0.179 0.847 −0.468 0.264 0.283 −0.696 0.338 0.163
Phase 4 vs. Phase 1 −0.090 0.048 0.142 −0.060 0.109 0.945 0.365 0.179 0.177 −0.156 0.265 0.935 −0.468 0.343 0.519
Phase 3 vs. Phase 2 −0.146 0.143 0.735 −1.779 0.234 <0.001 −0.489 0.342 0.477 −1.484 0.444 0.005
Phase 4 vs. Phase 2 −0.132 0.066 0.107 −0.387 0.140 0.029 −1.562 0.230 <0.001 −0.176 0.335 0.952 −1.257 0.434 0.020
Phase 4 vs. Phase 3 −0.241 0.109 0.120 0.217 0.179 0.616 0.261 0.261 0.624 0.228 0.343 0.909

Temperature −0.001 0.003 0.674 −0.010 0.005 0.068 0.002 0.008 0.837 0.014 0.012 0.265 0.014 0.016 0.384
Day of Week 0.042 0.042 0.315 −0.102 0.083 0.224 −0.070 0.136 0.609 −0.212 0.199 0.290 −0.152 0.261 0.562

1 Due to injury and temporary removal from the herd, glucocorticoids from Phase 3 were excluded from analyses.
Values in bold are significant at p ≤ 0.05. Underlined values are trending toward significance at p ≤ 0.10.
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3.2. Grizzly Bears

Pairwise comparisons of zone occupancy by phase for the grizzly bears are presented
in Table 4 and Figure 7. In Phase 2 when guests returned, there was a non-significant
increase in occupancy for both Zone 1 and Zone 2, and a non-significant decrease in Den
occupancy. Zone 1 occupancy was significantly higher in Phase 3 compared to Phase 1 and
neared significantly higher than in Phase 2. Zone 1 occupancy then significantly decreased
in Phase 4, which was higher than but not significantly different from Phase 1. Zone 2
occupancy was significantly lower during Phases 3 and 4 than in Phase 2. There were no
significant differences in Den occupancy by phase. Neither day of the week (β = −0.050,
SE = 0.040, p = 0.212) nor time of day (β = −0.002, SE = 0.030, p = 0.955) significantly
impacted Zone 1 occupancy, Zone 2 occupancy was significantly higher in the morning
(β = −0.129, SE = 0.027, p < 0.001) but was not affected by day of the week (β = −0.051,
SE = 0.034, p = 0.134), and Den occupancy was significantly higher on weekend days
(β = 0.096, SE = 0.042, p = 0.024) and afternoons (β = 0.088, SE = 0.033, p = 0.009).
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Figure 7. Percent occupancy of each zone by phase for the grizzly bears.

Means and standard deviations for fecal glucocorticoid levels by phase for each species
are presented in Table 5. Pairwise comparisons of fecal glucocorticoid levels between phases
and associations with temperature and day of the week for the grizzly bears are presented
in Table 7 and Figure 8. There were no significant differences in glucocorticoid levels
between phases for either grizzly bear. Temperature was significantly associated with fecal
glucocorticoid levels in the female grizzly bear but not the male. Fecal glucocorticoids did
not significantly vary between weekdays and weekends for either grizzly bear.



J. Zool. Bot. Gard. 2022, 3 339

Table 7. Pairwise comparisons of glucocorticoids by phase as well as associations with temperature
and day of the week (weekday vs. weekend) for each grizzly bear.

Male Female
Phase Comparison β SE p β SE p

Phase 2 vs. Phase 1 0.358 0.378 0.777 0.079 0.341 0.996
Phase 3 vs. Phase 1 0.263 0.301 0.817 −0.223 0.273 0.844
Phase 4 vs. Phase 1 0.471 0.295 0.379 0.218 0.269 0.848
Phase 3 vs. Phase 2 −0.096 0.382 0.994 −0.302 0.338 0.806
Phase 4 vs. Phase 2 0.112 0.375 0.991 0.139 0.344 0.978
Phase 4 vs. Phase 3 0.208 0.299 0.898 0.441 0.273 0.367

Temperature 0.005 0.013 0.701 0.024 0.012 0.051
Day of Week 0.057 0.217 0.794 −0.157 0.198 0.428

Values in bold are significant at p ≤ 0.05.
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Figure 8. Means and standard deviations for fecal glucocorticoids by phase for individual griz-
zly bears.

3.3. Polar Bear

Pairwise comparisons of zone occupancy by phase for the polar bear are presented in
Table 4 and Figure 9. Occupancy of Zone 1 increased across Phases 2–4, with the increases
reaching significance in Phases 3 and 4. Zone 2 occupancy was significantly higher in
Phase 3 than in Phases 1, 2, or 4. Den occupancy was significantly lower in Phase 3 than
in Phases 1 and 2, and in Phase 4 than in Phase 1. Zone 1 occupancy was higher during
morning hours (β = −0.224, SE = 0.037, p < 0.001) and Den occupancy was higher in the
afternoon (β = 0.190, SE = 0.037, p < 0.001), but Zone 2 occupancy was not affected by
time of day (β = 0.030, SE = 0.022, p = 0.175). Day of the week did not significantly impact
occupancy of Zone 1 (β = −0.054, SE = 0.048, p = 0.268), Zone 2 (β = −0.008, SE = 0.023,
p = 0.710), or the Den (β = 0.063, SE = 0.043, p = 0.146).
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Figure 9. Percent occupancy of each zone by phase for the polar bear.

Means and standard deviations for fecal glucocorticoid levels by phase for each species
are presented in Table 5. Pairwise comparisons of fecal glucocorticoid levels between phases
and associations with temperature and day of the week for the polar bear are presented in
Table 8 and Figure 10. Glucocorticoid levels in Phase 3 neared being significantly lower
than those observed in Phase 1 and were significantly lower than those observed in Phase 4.
Glucocorticoid levels were not significantly different for any other phase comparisons.
Fecal glucocorticoid levels also did not vary significantly by temperature or weekday
versus weekend day.

Table 8. Pairwise comparisons of glucocorticoids by phase as well as associations with temperature
and day of the week (weekday vs. weekend) for the polar bear.

Phase Comparison β SE p

Phase 2 vs. Phase 1 −0.433 0.362 0.627
Phase 3 vs. Phase 1 −0.676 0.290 0.090
Phase 4 vs. Phase 1 0.285 0.299 0.775
Phase 3 vs. Phase 2 −0.244 0.358 0.903
Phase 4 vs. Phase 2 0.717 0.359 0.187
Phase 4 vs. Phase 3 0.961 0.281 0.003

Temperature 0.008 0.013 0.548
Day of Week −0.037 0.207 0.860

Values in bold are significant at p ≤ 0.05. Underlined values are trending toward significance at p ≤ 0.10.
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3.4. Western Lowland Gorillas

Pairwise comparisons of zone occupancy by phase for the gorillas are presented
in Table 4 and Figure 11. There was a small decrease in Zone 1 occupancy in Phase 2,
when guests returned, compared to Phase 1. However, in Phase 3, Zone 1 occupancy
was significantly higher than in Phase 2. Zone 2 occupancy decreased significantly in
Phases 3 and 4 compared to Phases 1 and 2. Occupancy in Zone 3 was significantly higher
in Phases 2–4 relative to Phase 1. Time of day did not impact the occupancy of Zones 1
(β = 0.009, SE = 0.023, p = 0.688) or 2 (β = −0.053, SE = 0.031, p = 0.095) but the occupancy
of Zone 3 was significantly higher in the morning (β = −0.176, SE = 0.029, p < 0.001).
There were no significant associations between day of the week and occupancy for Zones 1
(β = −0.012, SE = 0.029, p = 0.684), 2 (β = 0.028, SE = 0.031, p = 0.374), or 3 (β < 0.001,
SE = 0.045, p = 0.994).
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4. Discussion

This study examined space use and fecal glucocorticoids during the COVID-19 closure
in comparison with multiple periods after reopening to investigate the effects of visitors
on four species housed at the Saint Louis Zoo. For the banteng, in Phase 2, when guests
first returned to the zoo, there was a more than 20% increase in Zone 1 occupancy near
visitor viewing areas. While zone occupancy is not mutually exclusive (i.e., both zones in
the banteng habitat could be occupied simultaneously), the increase in Zone 1 occupancy
coincided with a nearly 23% decrease in Zone 2 occupancy, suggesting a change in space
use by the herd toward visitor viewing areas. This is especially notable as Phase 2 occurred
during summer, which had the highest average temperatures of any phase, and the primary
shade structures for the banteng are in Zone 2. During Phases 3 and 4, space use shifted
back toward patterns observed while the zoo was closed, although occupancy of Zone
1 remained higher than Phase 1 levels. Additionally, Zone 1 occupancy neared being
significantly higher on weekends, which has higher visitation rates. Behaviorally, these
data suggest the return of guests may have stimulated the banteng to use areas of their
habitat closer to visitors. The bull was introduced to the herd at the start of Phase 3, and
changing social dynamics may also have impacted space used by the herd.

One cow showed significantly higher fecal glucocorticoids in Phase 2, when the zoo re-
opened to guests, compared to any other phase. Another cow had a non-significant increase
in fecal glucocorticoids in Phase 2 compared to Phase 1, and these levels were significantly
higher than those in Phases 3 and 4. These data suggest that, at least for these individuals,
the return of guests may have presented an aversive stimulus. However, glucocorticoids
can elevate in response to non-negative stimuli. For example, our previous measures of
fecal glucocorticoids in the banteng herd have found distinct seasonal differences, with
the highest concentrations overall during the summer months [47]. These months may
correspond with the breeding season for most banteng in human care, although this species
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can breed year-round in North America [54]. In a number of species, glucocorticoid pro-
duction is known to increase during the breeding season [55], likely reflecting the increase
in energy expenditure during this time. Unfortunately, space use data were not collected at
the individual level and so it is not possible to determine where these two females spent
their time, which may have provided insight into how they perceived visitors. Ultimately, if
visitors returning was initially stressful for these females, the impact was short-term as their
glucocorticoids returned to lower levels in Phases 3 and 4. While some other comparisons
in the cows showed significant differences in fecal glucocorticoids between phases, the
absolute differences are minimal and within the normal range of variation based on our
routine hormone monitoring (data not shown), suggesting the differences are unlikely to
be biologically meaningful. The fecal glucocorticoid data also suggest the bull did not find
visitors aversive; his fecal glucocorticoid levels were similar when he was not exposed
to visitors (Phases 1 and 2) and when he was (Phase 4). There also was no difference in
fecal glucocorticoids between weekdays and weekends for any of the banteng despite
differences in visitation levels.

To our knowledge, this is the first study to examine visitor effects on zoo-housed
banteng. Our results are inconsistent with previous research in other bovid ungulates
such as Indian blackbuck (Antelope cervicapra) [56] and Indian gaur (Bos gaurus gaurus) [8],
which showed increased activity and aggression and decreased resting in response to
visitors. Alternatively, at two zoos, bison (Bison bonasus) showed no difference in fecal
glucocorticoids between weekdays and weekends, as we observed in this banteng herd, and
bison at another zoo had lower glucocorticoid levels on weekends than on weekdays [57],
suggesting a neutral or even positive impact of visitors, depending on the herd. Although
little has been published on banteng in zoos, they have been described as resilient and not
timid [58–60], suggesting banteng may thrive in the zoo environment, especially if they
find visitors positively stimulating.

The grizzly bears showed an 8% increase in Zone 1 occupancy during Phase 2 and
another 12% increase in Phase 3. Additionally, Zone 2 occupancy increased 13%, while Den
occupancy declined 5.5% in Phase 2 and stayed low throughout the remaining phases. With
less time in the Den and similar amounts of time in Zones 1 and 2 during Phase 2, these
data indicate the grizzly bears were more visible in their habitat when guests returned,
suggesting a neutral or potentially positive effect of visitors on these two individuals.
This suggestion is further supported by the physiological evidence, as neither grizzly
bear showed significant differences in fecal glucocorticoid levels by phase. Our routine
hormonal monitoring of the grizzly bears has shown high levels of variation in fecal
glucocorticoid levels in the past (data not shown), as was also observed during this study.
Fecal glucocorticoids in the female were positively associated with temperature, but there
was no significant variation between weekdays and weekend days for either grizzly bear.

Zone 1 occupancy by the polar bear was 13–24% higher after visitors returned than
during the COVID-19 closure, Zone 2 occupancy was minimal throughout the study, and
Den occupancy declined following reopening. This result suggests a positive impact of
visitors on the polar bear, as he chose to spend substantial proportions of his time near visi-
tor viewing areas. While the polar bear’s pool is located in Zone 1, occupancy of this zone
was highest during the fall and seasonal comparison the following spring, suggesting the
initial increase in Zone 1 occupancy when guests returned was not simply due to pool use
in summer. The polar bear’s fecal glucocorticoids also declined in Phases 2 and 3, although,
like the grizzly bears, this individual shows substantial variation in fecal glucocorticoid
levels during routine monitoring (data not shown). Neither temperature nor day of the
week was significantly associated with the polar bear’s fecal glucocorticoid levels. The lack
of a significant association with temperature is interesting given a recent study showing
significant increases in fecal glucocorticoids in adult polar bears when temperatures were
above 20 ◦C [61]. In our study, approximately half of the fecal samples (73 of 143) were
collected on or immediately after days with temperatures over this threshold.
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Few studies have investigated visitor effects on bears of any species. However, contrary
to our results, previous research has suggested that visitors may have a negative impact
on both grizzly [62] and polar bears [63]. For example, grizzly bears spent more time in
areas away from visitor viewing, regardless of visitor presence, and engaged in high levels
of stereotypic behavior, inactivity, activity, and vigilance when visitors were present [62].
Our results do, however, support the findings of a study conducted partially during
a COVID-19 closure on multiple bear species, including grizzly bears, that found no
significant behavioral changes when visitors were absent, including in stereotypical or
social behavior. Additionally, the results indicated that bears were more visible after visitors
returned [15].

The gorillas showed a slight decrease in occupancy of Zones 1 and 2 and a more than
25% increase in occupancy of Zone 3 in Phase 2 when guests first returned to the zoo. These
results indicate that, unlike the banteng, grizzly bears, and polar bears, the return of guests
may have initially been aversive to the gorilla troop. However, it should be noted that some
of the shade structures in the gorilla habitat are located in Zone 3. As Phase 2 occurred
during the summer months with the highest average temperature, it is possible that the
space used by the gorillas in Phase 2 had less to do with visitors and more to do with the
season. Additionally, while there was initially a decrease in time spent in Zone 1 in Phase 2,
occupancy of the zone nearest visitor viewing areas returned to levels higher than observed
during the COVID-19 closure during Phases 3 and 4. Due to a camera malfunction, the
seasonal comparison in Phase 4 for the gorillas happened two weeks later than Phase 4
for all the other animals in the study, pushing the timeline for that phase toward summer
months with higher temperatures. This demonstrates that even as temperatures started
increasing toward those observed in Phase 2, the gorillas still spent as much time in Zone 1
in Phase 4 as they did in Phase 1. Together, these results suggest that if the return of visitors
initially had a negative impact on the gorillas (rather than changes in space use being due
to shade availability or other factors), the negative impacts were short-lived, supporting an
overall neutral effect of visitors.

Although well-studied relative to banteng and bears, visitor effect research on gorillas
has been inconclusive thus far. When monitored over the long term, our results are
consistent with those that indicate a potentially neutral impact of visitors on gorillas. For
example, studies have shown no impact of visitors on the use of habitat space [23,64,65],
aggression [23], wounding rates [66], timing of parturition [67], or fecal glucocorticoid
levels [31]. Our results also support a study of western lowland gorillas during a COVID-19
zoo closure, which similarly demonstrated a neutral effect of visitors on behavior [19].
However, there are studies that suggest visitors may have a negative impact, at least on
some behaviors, such as a reduction in time spent foraging [31,68–70] or engaged in active
behaviors [68,70] as well as an increase in time spent out of sight [70,71] or engaged in
anxiety- or vigilance-related behaviors [70,72]. Alternatively, one recent study documented
locomotion was significantly more likely with increasing crowd size [70], and another
that gorillas spent less time inactive and more time foraging with larger crowd sizes [69],
suggesting visitors may positively impact some behaviors in some troops. Although much
of the research conducted on gorillas has indicated that visitors may have a negative
impact, multiple researchers have recently stated that the effects are likely not as negative
as typically hypothesized in the early literature [31,66,67].

The inability to identify animals on camera required collecting space use data at
the group level and prohibited us from understanding how visitors impact space use in
individuals. Research on visitor effects in a variety of species has shown there can be
variation in responses between individuals [19,72]. However, this limitation was partially
overcome with our individual data on glucocorticoid levels across the phases for the
banteng, grizzly bears, and polar bears. This study would have been further improved by
the ability to document certain types of behaviors for a better understanding of how these
species may behave when visitors have a positive or neutral effect, as research has typically
emphasized signs of negative welfare instead [73]. Instead of specific behaviors, we used
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zone occupancy as a proxy for visitor effects, but it may not always be the case that space
use is directly impacted by proximity to guests. Especially for those taxa where visitors
are a neutral stimulus, group dynamics may be a more important regulator of space use.
For example, gorillas manage potential conflict through increased social distance [74,75]
and thus may occupy different habitat zones to maintain group dynamics rather than be
closer to or further from guests. All four gorillas were located in a single zone in 12% or
fewer scans, depending on the phase, and even during the closure, the gorillas spent more
than 90% of their time spread across multiple zones. However, if guests were a strongly
aversive stimulus, we believe it would be evident in the space use data. Additionally, the
social housing of these species may have influenced how they responded to visitors overall.
Male gorillas could be more responsive to visitors when housed in breeding groups than in
bachelor groups due to their role in protecting females and offspring. Similarly, changing
social dynamics among the banteng with the introduction of the bull into a previously
all-female herd could have affected how individuals chose to occupy their habitat space.

One common constraint that visitor effect studies face is the inability to have extended
periods with no visitors without other confounding variables such as construction or main-
tenance. This study overcame that limitation by taking advantage of the COVID-19 closure
to compare the closure with periods after reopening to determine if there was a difference
in space use and fecal glucocorticoid levels for multiple species. We demonstrated that
visitors have a potentially positive effect on the banteng and polar bear, and a potentially
neutral or positive effect on the grizzly bears and gorillas. Our conclusion of neutral and
positive effects is further supported by a lack of differences in fecal glucocorticoids between
weekdays and weekend days, the latter of which have higher guest counts. Like many of
the other visitor effect studies that occurred during COVID-19 closures [18–20,22] and as
has been suggested elsewhere [31,66,67,76–78], this study contributes to the recent evidence
across multiple taxa indicating that the effects of visitors are not as negative as typically
predicted based on some of the early research in this area. Identifying the impacts of visitors
as well as the factors that contribute to these impacts is important for ensuring that animals
in human care can thrive.
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