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Abstract: Measures of oxidative stress have potential for integrating positive and negative life
experiences into comprehensive cellular indicators of animal welfare. We explored this possibility
when three adult grizzly bear brothers at the Detroit Zoo were temporarily moved to a smaller
habitat while their primary home was expanded. We expected that the spatial compression and
construction activity might be sources of stress. We observed increased social play and other affiliative
behavior in the smaller habitat, and we used daily fecal samples (17 to 24 per bear) to examine
whether concentrations of fecal glucocorticoid metabolites (FGM) and 8-hydroxy-2′-deoxyguanosine
(8-OHdG, a by-product of DNA damage) were correlated with social behavior. Our overall aim was
to explore 8-OHdG as a potential indicator of welfare based on the prediction that 8-OHdG would be
lower when more positive social interactions occurred. Concentrations of fecal 8-OHdG increased
significantly with higher FGM concentrations, supporting a potential relationship between adrenal
activity and rates of DNA damage. However, we found that on days when they engaged in higher
rates of affiliative interactions, there were trends for 8-OHdG concentrations to increase for one bear
and decrease for another, and no relationship for the third bear. These preliminary results should be
interpreted with caution, but suggest a potential relationship between social behavior and 8-OHdG
that is modulated by health, personality, or other individual factors. Further validation research is
needed, but 8-OHdG may have promise as a non-invasive, cumulative indicator of animal welfare.

Keywords: 8-hydroxy-2′-deoxyguanosine; 8-OHdG; animal welfare indicator; glucocorticoids; griz-
zly bear; oxidative stress

1. Introduction

Animal welfare is a holistic concept that encompasses an individual animal’s physical,
mental, and emotional states measured over a period of time and on a scale from poor to
good [1]. The current most common model of animal welfare is based on the concept of five
domains, including the environment, nutrition, health, and behavioral interactions—which
are processed through the fifth, mental domain, representing the individual’s affective
experience [2]. Animal behavior is the most commonly used means of assessing welfare,
but investigators often employ multiple cross-disciplinary measures (e.g., behavior, hor-
mones, body condition) to account holistically for the different domains [3]. However,
interpretation challenges sometimes arise when various indicators of welfare produce po-
tentially conflicting results. These issues may occur because welfare is inherently complex,
and an animal may have positive experiences in one domain but not another. Alterna-
tively, problems may arise when it is unclear if a change in an indicator reflects positive or
negative welfare [4].

Glucocorticoids represent one indicator for which the directional effects (i.e., positive
or negative) are not always clear. Glucocorticoids are a class of metabolic hormones that
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perform a variety of regulatory functions, one of which involves mobilizing energy in
response to perceived stressors [5]. When an animal identifies an environmental threat, a
hormone cascade begins with the secretion of corticotropin-releasing hormone from the
hypothalamus and results in the release of glucocorticoids from the adrenal cortex [6].
Measuring glucocorticoids has become increasingly common in zoo and aquarium research
because these steroid hormones can be measured non-invasively in a variety of sample
types (e.g., urine, feces, saliva, and hair), and captivity exposes animals to a variety of
potential stressors that may affect their welfare [7].

Glucocorticoid data can be challenging to interpret because adrenal activity can in-
crease due to negative or positive events (e.g., mating or enrichment [8]), resulting in
conflicting or unclear relationships between behavioral and physiological welfare indi-
cators. This problem can sometimes be resolved by utilizing an integrated measure of
glucocorticoid activity. While blood values represent a point in time, integrated measures
such as fecal hormone metabolites represent glucocorticoid activity averaged over a period
of time, so results are less biased by transient responses [9]. Reactions to acute stressors are
often fleeting and adaptive, while chronic stress is known to have damaging physiological
effects and, ultimately, contributes to premature aging [10]. Biomarkers downstream of
glucocorticoids that focus on the biological consequences of exposure to frequent, uncon-
trolled stressors also may be more informative about animal welfare. Examples of these
may include DNA damage and other measures of oxidative damage [9].

The mechanisms linking glucocorticoids to organismal damage are still being eluci-
dated, but appear to be mediated through oxidative stress at the cellular level. Reactive oxy-
gen species (ROS) and other “free radicals” are normal byproducts of cellular metabolism
that are highly reactive chemically and can damage proteins, lipids, DNA, and other critical
cellular macromolecules [11]. During normal functioning, antioxidant defenses effectively
neutralize ROS, resulting in a balanced state with little oxidative damage. An organism
may experience oxidative stress and subsequent damage when this balance cannot be main-
tained, either due to lack of antioxidant capacity or an increase in conditions that promote
the formation of ROS—such as elevated glucocorticoids [11,12]. Therefore, oxidative stress
is likely an important mechanism by which life stressors (via glucocorticoid activity) can
physically damage organisms.

Oxidative damage to DNA has been studied extensively in human biomedical research,
in large part due to the role oxidative stress plays in generating carcinogenic mutations [13].
More recently, investigators have found evidence linking oxidative DNA damage to other
conditions, including major depression [14] and schizophrenia [15]. Epidemiological
studies are increasingly employing urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG) as a
non-invasive marker of DNA damage and have found meaningful relationships to lifestyle-
based risk factors (e.g., smoking, activity level) for a variety of disease states [16]. One such
study of Japanese workers found positive correlations between urinary 8-OHdG and both
average number of working hours and serum cortisol concentrations, providing support
for a relationship between glucocorticoid activity and DNA damage [17].

Increasingly, measures of oxidative stress are also being utilized to understand
how environmental factors shape survival and fitness in wildlife [18]. For example,
Larcombe et al. [19] explored relationships between body mass, activity levels, and ox-
idative damage to DNA in captive budgerigars (Melopsittacus undulatus). They used comet
assays to measure several components of oxidative DNA damage in lymphocytes, includ-
ing single-stranded DNA breaks, and found that higher body mass and greater activity
levels were both associated with more DNA damage [19]. Gormally et al. [20] also used
comet assays to measure DNA damage in house sparrows (Passer domesticus), and found
it was detectable in whole blood after as little as 30 min of restraint stress. Similarly,
Stier et al. [21] used an ELISA to find a significant increase in plasma 8-OHdG in wild
king penguins (Aptenodytes patagonicus) after 30 min of restraint. These studies, along with
in-vitro evidence, show potential for DNA damage as a biomarker for both acute and
chronic stress [9].
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Animals in captivity are exposed to a variety of potential stressors, including noise
and vibrations associated with construction activities [22]. Other relevant stressors include
space limitations that, for group-living animals, may also involve increased social density
relative to free-ranging conditions [7]. Several models have been proposed to explain
how mammals respond to elevated social density. Early research based on rodent models
linked crowding to increased aggressive behavior (density–aggression model; described
in [23]), but further research in group-living species suggests the opposite effect is more
common. Instead, group-living animals use a variety of strategies to avoid potential con-
flicts accompanying increased social density. These include the conflict-avoidance strategy,
which predicts a decrease in both aggressive and affiliative behaviors under crowded con-
ditions, and the tension-reduction strategy, in which animals increase affiliative behavior to
preempt conflict and defuse social stress (reviewed in [23,24]). At the proximate level, affil-
iative interactions can attenuate glucocorticoid activity associated with the stress response
by increasing circulating levels of oxytocin [25]. Laboratory experiments have shown
that experimentally administering oxytocin can prevent oxidative damage associated with
corticosterone treatment [26], demonstrating mechanistically how social behaviors can help
animals cope with potential stressors.

Grizzly bears (Ursus arctos horribilis) are a North American subspecies of brown bear
found in western Canada with a range that once extended south to Mexico, but is now
limited to the northwestern United States and Alaska [27]. Although brown bears are
classified as carnivores, their diets vary with season and habitat type. Home range sizes
also vary drastically with food availability and dietary strategy, ranging from an average
of 200 km2 for males in coastal populations to 30,000 km2 in the Arctic tundra [27]. Brown
bears are considered largely solitary. However, their home ranges may overlap, and they
may aggregate when food is plentiful, such as during seasonal salmon runs [28,29]. Under
these conditions, dominant individuals still have priority access to feeding sites, and
subordinate males and females use a variety of behavioral strategies to avoid potentially
lethal conflicts [29].

Zoos accredited by the Association of Zoos and Aquariums (AZA) maintain a non-
breeding population of brown bears consisting predominantly of bears placed in AZA
facilities when they were orphaned cubs by the Alaska Department of Fish and Game and
the United States Fish and Wildlife Service [30]. As of 2019, this population numbered
130 individuals in 42 AZA zoos and 3 related facilities [31]. Related individuals are
sometimes housed socially, as is the case with the three grizzly bears residing at the Detroit
Zoo in Royal Oak, MI, USA. These three bears were wild-born littermates from Alaska
who were orphaned at approximately ten months of age when their mother was killed
by a poacher. The cubs were placed with the Detroit Zoological Society by the Alaska
Department of Fish and Game in December 2011 and have resided together in the Detroit
Zoo’s American Grasslands habitats since then.

We monitored the welfare of the grizzly bears at the Detroit Zoo throughout a con-
struction process aimed at doubling the size of their former habitat, in part to assess how
the habitat expansion affected their welfare. We collected data using a combination of
behavioral observations and fecal glucocorticoid metabolite analysis. During a portion of
the construction, the bears were moved to a temporary, smaller habitat, and we noticed a
marked increase in positive social interactions (affiliative behavior and play) in that space.
We analyzed fecal samples collected from the smaller habitat for DNA damage to explore
its utility as a welfare indicator. To our knowledge, the tension-reduction model has not
been explicitly studied in bears, but based on results from other taxa, we assumed the
bears in this study were using social behavior as a buffer against stress. We also assumed
that positive social behavior was itself a positive indicator of welfare [32]. Based on these
assumptions, we predicted that DNA damage would be positively correlated with gluco-
corticoid expression, and that both measures would be lower when the bears engaged in
more positive social interactions, providing preliminary evidence for DNA damage as an
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indicator of welfare. To our knowledge, this is the first study to measure DNA damage in
wildlife non-invasively using fecal samples.

2. Materials and Methods
2.1. Ethical Statement

This study involved non-invasive observational research and fecal collection. The
research proposal was approved by the Detroit Zoological Society’s Animal Welfare and
Management Committee.

2.2. Subjects and Housing

The subjects of this investigation were three adult male grizzly bears named Boo, Mike,
and Thor. Based on an estimated birthdate of December 2010, the bears were approximately
six years and nine months old at the onset of this study. Their weights on 7 April 2018 were
385.56 kg for Boo, 410.50 kg for Mike, and 420.48 kg for Thor.

The bears occupied three spaces during the full study period, which occurred from
5 September 2017 to 30 September 2018 (Table 1). Initially, the bears occupied the same
habitat (described here as the “Original, Medium” habitat) where they had lived since 2011,
and they had access to the habitat during the day and overnight. Following their 2017–2018
winter torpor, the bears were moved to the “Temporary, Smaller” habitat to accommodate
the process of expanding their former habitat by annexing two adjacent habitats formerly
occupied by other bears. For the last month of construction (beginning 25 April 2018), the
male grizzlies began splitting time in the temporary, smaller habitat during the day with an
elderly female grizzly bear. The female typically was accessed to the habitat in the morning
and the males during the afternoon. For the entire time in the temporary habitat, the males
spent nights in the holding stalls. At the end of May 2018, the bears moved back to their
“Expanded, Largest” habitat, which they again had access to during the day and overnight.
Although some data are presented from all three habitats, the main focus of this report is to
describe relationships between behavioral and physiological measures collected while the
bears occupied the temporary, smaller habitat.

Table 1. Grizzly bear habitats occupied during the study.

Habitat (Relative
Size) Original (Medium) Temporary (Smaller) Expanded (Largest)

study period 5 September 2017–
11 November 2017

26 February
2018–30 May 2018

31 May 2018–
30 September 2018

outdoor habitat size 836.1 m2 334.4 m2 1672.2 m2

outdoor habitat
features

gunite rockwork; dirt
substrate; moat; two

access points to
holding; 246.0 m3

water feature with
variable depths and a

waterfall

gunite rockwork; dirt
substrate; moat; two

access points to
holding; 64.3 m3

water feature

gunite rockwork; dirt,
mulch, and grass

substrates; several large
trees; six access points
to holding; large cave;
same water feature as

the original habitat
(246.0 m3)

Other husbandry practices were as consistent as possible throughout the remainder of
the study, although there were some seasonal changes to the quantity of foods fed, as well
as changes to the diet composition based on produce availability. Keeper notes indicate
an effort to incorporate more variety in the diet starting in early April 2018, while the
bears occupied the temporary habitat. The typical diet shared by all three bears included:
4.5–9.1 kg of mixed fish (typically herring and capelin); 4.5–6.8 kg of mixed produce
(primarily apple, pear, carrot, sweet potato, lettuce, and berries); 4.5–6.8 kg of Nebraska
Brand® special beef (2102B, Central Nebraska Packing Inc., North Platte, NE, USA); and
2.3–13.6 kg of Wild CarnivoreTM Bear Maintenance Diet (5M4R, Mazuri® Exotic Animal
Nutrition, St. Louis, MO, USA). The bears also typically received bones a few times a week,
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as well as other novel foods or non-food enrichment opportunities on a daily basis. The
main diet was fed between 0730 and 0830 h when the bears were brought into holding
while their outdoor yard was serviced.

In all habitats, the bears participated in daily positive reinforcement training sessions.
Sessions lasted 5–15 min per bear and included training for blood draws, nail trims,
shifting between enclosures, and other husbandry-related behaviors. Mike had an old
injury that sometimes caused him to appear stiff or lame in his rear legs, and he received
between 60–90 mg of oral meloxicam daily for the entire period he occupied the smaller,
temporary habitat. His positive reinforcement training sessions also included learning a
foot presentation behavior for X-rays to monitor his medical condition.

2.3. Behavioral Observations

Observers collected behavioral data on focal bears five days per week, twice a day,
balanced across four hours in the mornings (0800 to 1200 h) and four hours in the afternoon
(1200 to 1600 h). For each session of data collection, the order of focals was determined
using an online list randomizer. Focal observations were 20 min in duration for data
collected in 2017 and 15 min for data collected in 2018, including all data in the temporary,
smaller habitat. Observations were conducted using scan sampling [33] at 1 min intervals
of behavior, social proximity, substrate (e.g., dirt, mulch, grass), and location. Addition-
ally, all occurrences of social behaviors were recorded along with initiator and recipient
identities, as well as all occurrences of undesirable behaviors and enrichment use. For the
purpose of this publication, we have included a partial ethogram of the behaviors that
were utilized in data analysis (Table 2). The full ethogram is available as a supplemental
file (Table S1) [34]. The data were collected using the ZooMonitor app [35] on iPad tablets
(Apple, Cupertino, CA, USA). Four observers collected data for this study. Inter-observer
reliability was tested in each habitat, and all observers demonstrated >90% consistency
calculated by percent difference in behaviors scored over three separate simultaneous
observations.

Table 2. Partial ethogram for grizzly bear observations. All behaviors were scored using both scan
and all-occurrence sampling. The identity of social partners was also recorded, as was the role of the
focal as the initiator or recipient or if the interaction was mutual.

Behavior Description

affiliative social
interaction

Focal is engaged in an interaction with another bear including sniffing,
licking, nuzzling, calm contact (bear initiating the contact is alert), passive

recipient to such behavior, mouthing with no injuries, etc.

social play
Focal is engaged in a positive active interaction with another bear including
wrestling, social chase, etc. Playful interactions should involve an alternating

of offensive and defensive roles, and play should stop short of injury.
agonistic social

interaction
Focal is engaged in a negative interaction with another bear including

swatting, charging, biting, or attempting to bite, etc.

Over the course of the nine-month study (and in all three habitats), 74 h of observa-
tional data were collected per bear. However, we discarded observations when the focal
bear was not visible for more than half of the time, so actual data totals were lower. The
amount of behavioral data matched to physiological data for analyzing the DNA damage
biomarker ranged from 8.5 to 12 h per bear, representing 17 days for Boo, 19 days for Mike,
and 24 days for Thor in the smaller, temporary habitat.

2.4. Sample Collection and Analysis

Animal care staff attempted to collect fecal samples from each bear on a daily basis,
although it was not always possible to find a fresh sample from each individual. Each
bear was fed approximately 1/8 to 1/4 cup of a distinct color of non-toxic glitter daily to
facilitate individual identification of fecal samples [36]. Samples were collected during
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habitat servicing (0800–0900 h), and only fresh samples were collected based on a visual
assessment of location and moisture level or by observing defecation when possible.
Samples were labeled and immediately frozen at−20 ◦C until analysis in the endocrinology
laboratory at the Detroit Zoo. Prior to further analysis, all samples were lyophilized until
they were completely desiccated (about 24 h), crushed with a rubber mallet, and sifted into
a fine powder, with glitter and other large particles removed.

We analyzed the following number of samples collected in the smaller, temporary
habitat from each bear for fecal glucocorticoid metabolites (FGM): 17 for Boo, 34 for Mike,
and 24 for Thor. We followed our standard in-house procedure to extract FGM [37]. Briefly,
0.2 ± 0.01 g of fecal powder was suspended in 2.0 mL of 80% ethanol and shaken on a
high-capacity mixer for 1 h. This suspension was then centrifuged for 20 min at 2500× g at
4 ◦C. The supernatant was poured into a clean glass culture tube and evaporated under
forced air in a heated block at 37 ◦C. The sample was then reconstituted in 2.0 mL of assay
buffer and incubated for 30 min in a sonicating water bath prior to analysis.

Samples were analyzed for FGMs in duplicate on randomly-assigned plates using
a cortisol enzyme-immunoassay (EIA) with standard, enzyme conjugate, and antibody
sourced from Arbor Assays (ISWE002; Ann Arbor, MI, USA) used with plates coated in
house with goat anti-rabbit immunoglobulin G. The assay was chemically validated in the
Detroit Zoo lab via parallelism (y = 1.115x − 9.369, R2 = 0.999, F1,4 = 3489.787, p < 0.001)
and by spiked recoveries totaling 112.261% at 800.0 pg/mL of standard and 103.754% at
100.0 pg/mL of standard. Most samples were analyzed at a 1:8 dilution, but samples were
reanalyzed at other dilutions ranging from 1:2 to 1:80 to ensure that the mean percent
binding fell between 20% and 80%, and samples with a CV > 10% between duplicates were
reanalyzed as well. The average intra-assay coefficient of variation (CV) for duplicates was
2.618%, and the average inter-assay CV based on three house controls analyzed on each
plate was 6.203%.

For analysis of DNA damage, we analyzed the same samples (17 for Boo, 34 for
Mike, and 24 for Thor). We extracted samples following a commercial protocol (Arbor
Assays, 2019), in which 0.2 ± 0.01 g of fecal powder was suspended in 2.0 mL of 100%
ethanol, shaken for 45 min on a high-capacity mixer, centrifuged for 15 min at 5000 rpm,
and evaporated to dryness at 37 ◦C under forced air. Samples were reconstituted in
1.0 mL assay buffer/2% ethanol, incubated in a sonicating water bath for 20 min and
analyzed in duplicate using a commercial EIA for DNA damage (K059; Arbor Assays,
Ann Arbor, MI, USA). The DNA damage EIA detects all three oxidized guanine species:
8-hydroxy-2′-deoxyguanosine (8-OHdG) from DNA, 8-hydroxyguanosine from RNA, and
8-hydroxyguanine from digested DNA. The primary analyte is 8-OHdG, which is used to
generate the standard curve for the EIA. The EIA was validated chemically in the Detroit
Zoo lab via parallelism (y = 0.924x + 16.096, R2 = 0.941, F1,6 = 96.017, p < 0.001) and by
spiked recoveries totaling 102.765% at 2000.0 pg/mL of standard, 105.804% at 1000 pg/mL
of standard, and 89.898% at 500.0 pg/mL of standard. All samples were analyzed at a
dilution of 1:16 or 1:20, which fell between 20% and 80% binding on the standard curve,
and duplicates with a CV > 10% were reanalyzed as well. The average intra-assay CV
for duplicates was 2.538%, and the average inter-assay CV based on the standard percent
binding values was 7.836%.

2.5. Additional Assay Validation Tests

We conducted four additional small-scale tests to explore how fecal sample/extract
storage and exposure to sunlight affected measured DNA damage concentrations. To test
the effects of exposure to sunlight, we divided a single, fresh (i.e., defecation was observed)
fecal sample into four parts. One part was frozen immediately, and the rest were exposed
to sunlight (under a net cover to avoid insect activity or other sources of contamination) on
a hot (32.2 ◦C), cloudless day and frozen after two, four, or six hours of exposure to these
conditions. To test the effects of sample storage, we compared concentrations between
fecals that were stored in powdered form and re-extracted after six months (n = 3 samples),
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and between initial measured concentrations and fecal extracts stored at −20 ◦C for three
(n = 4) and six (n = 4) months. Note that all the fecal samples analyzed for DNA damage
were from the temporary habitat and were initially analyzed in early 2019, meaning that
the powdered fecal samples had already been stored at −20 ◦C for approximately one year
before any analysis for DNA damage was conducted.

2.6. Statistical Analyses

We performed descriptive data analysis in Excel 2016 (Microsoft Corporation, Redmond, WA, USA).
We summarized behavioral data by day for each bear based on visible time during their
focal observations only, so the total number of scans per day was adjusted by subtracting
scans scored as “not visible” to calculate the percent of time each scan behavior occurred.
We also used the total number of not visible scans to estimate (one scan = one min) the
number of minutes visible per day to calculate rates of all-occurrence behaviors. We focused
our analysis on counts of social interactions from all-occurrence data rather than scan data
because the former captured more interactions.

We used an iterative process to calculate FGM baseline concentrations for each bear
using samples from the smaller, temporary habitat. The process consisted of taking the
mean FGM value, eliminating values two standard deviations above or below the mean,
recalculating the mean, and repeating the process until no values fell more than two
standard deviations from the mean. Based on initial tests with the glitter fecal marker, we
adjusted dates for concentrations of FGM backwards by 24 h to account for the lag time to
hormone excretion. We also adjusted dates by 24 h to compare behavior to 8-OHdG based
on its correspondence with FGMs in individual hormone profiles.

We performed all inferential statistics using SPSS v. 25 (IBM Corporation, Armonk, NY, USA).
We compared the behavior of the bears in the three habitats using generalized linear mixed
models (GLMM) to account best for the large number of repeated observations on the
same bears. To examine differences in counts of affiliative and agonistic behavior among
habitats, we used GLMM with Poisson distributions and log link functions. Fixed effects
included habitat and study month. The models were offset by ln (number of visible scans)
to account for visibility differences across observations. These models included a random
intercept for subject, a random slope for subject x exhibit, and a first-order autoregressive
(AR1) covariance structure. Degrees of freedom were calculated using a Satterthwaite
approximation, and pairwise comparisons were made with estimated marginal means
corrected for multiple comparisons using the least significant difference. The GLMM
for all-occurrence counts of social play was constructed similarly, but utilized a negative
binomial distribution and a log link function. It would not support a random slope but
included a random intercept for individual bear.

Due to the size of the dataset, we were unable to fit mixed models for analyses limited
to the time when the bears occupied the temporary, smaller habitat. Thus, we applied
more traditional statistics to this dataset, acknowledging that these techniques do not fully
account for the repeated measurements taken on individuals. Our intention was to identify
areas of potential significance for further study, rather than to infer population trends.
Therefore, we urge caution in extrapolating these results to other individuals or groups.

Physiological data were not normally distributed, so we log-transformed values
of FGM and 8-OHdG for all analyses. To examine correlations between log(FGM) and
log(8-OHdG), we used Pearson correlation coefficients on all samples. We used one-way
ANOVAs to compare log-transformed FGM and 8-OHdG concentrations among the three
bears and applied Dunnett T3 tests for pairwise comparisons.

To analyze relationships between physiological measures and behavior, we used only
samples from days when behavioral data was collected. First, we examined behavioral dif-
ferences among the three bears in the smaller, temporary habitat using one-way ANOVAs
with Dunnett T3 tests for pairwise comparisons. For these analyses, we transformed rates
of social interactions by adding a constant (+1) and taking the log of the rate per min to
approximate normality. However, we compared the untransformed percent of time active,
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because inspection of q-q plots showed that it better approximated normality without a
transformation. Next, we compared relationships between physiological and behavioral
variables for the group and for each bear individually using Pearson correlation coeffi-
cients. We utilized the log-transformed versions of all variables in these analyses except
for the mean daily temperature and the percent of time active. We compared binary daily
keeper reports of Mike’s mobility (i.e., limping or not) to log(FGM) and log(8-OHdG) using
non-parametric Spearman correlation coefficients. We limited our comparisons to rates of
behaviors to minimize the number of tests performed to prevent Type I error. We elected to
take this approach rather than controlling for multiple comparisons given the exploratory
nature of this preliminary study.

Finally, to assess parallelism between pooled fecal extracts and standard curves, we
used linear regression. We used paired t-tests to compare differences in DNA damage
concentrations measured after different storage methods or times. We did not conduct
statistical analyses on the sunlight/exposure test, which utilized a single sample, so we
report these results descriptively.

For all analyses, we considered p < 0.05 to represent statistical significance, and p < 0.1
to represent statistical trends.

3. Results
3.1. Behavioral Comparisons among the Three Habitats

Counts of affiliative interactions did not vary by study month (F1,244 = 1.210, p = 0.272)
but did vary significantly among habitats (F2,7 = 28.747, p < 0.001; Figure 1). Counts of
affiliative interactions were higher in the temporary (smaller) habitat compared to both
the original (medium) habitat (t3 = 6.379, p = 0.013) and the expanded (largest) habitat
(t3 = 4.841, p = 0.020); the difference between the medium and largest habitats was also
significant (t3 = −3.017, p = 0.017). Counts of social play also varied significantly by habitat
(F2,245 = 21.277, p < 0.001) but not by month (F1,244 = 0.060, p = 0.807). Social play occurred
more frequently in the smaller habitat compared to both the medium (t244 = 3.367, p = 0.001)
and largest (t244 = 4.943, p < 0.001) habitats. The difference between the medium and largest
habitats was not significant (t244 = 1.484, p = 0.139). Rates of agonistic interactions did not
differ among the three habitats (F2,10 = 0.154, p = 0.860) or by study month (F1,244 = 0.117,
p = 0.733; Figure 1).
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Figure 1. Mean rates per minute ± SE of social interactions for n = 3 male grizzly bears when they
occupied three different-sized habitats.

The full activity budget for the bears in the temporary habitat is available as a supple-
mental file (Figure S1).
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3.2. Patterns of FGMs and 8-OHdG in the Temporary, Smaller Habitat

Mean± standard error FGM concentrations in the temporary habitat were 15.675± 1.546 ng/g
dry feces for Boo (Figure 2a), 14.765± 1.980 ng/g for Mike (Figure 2b), and 17.140± 2.580 ng/g
for Thor (Figure 2c). Log(FGM) concentrations did not vary significantly among the three
bears in a one-way ANOVA (F2,72 = 0.559, p = 0.574).
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Mean concentrations of 8-OHdG in the temporary habitat were 56.947 ± 6.231 ng/g
dry feces for Boo, 97.474 ± 9.889 ng/g for Mike, and 79.234 ± 11.243 ng/g for Thor. In
a one-way ANOVA, log(8-OHdG) varied significantly among the bears (F2,72 = 4.808,
p = 0.011). Post-hoc tests revealed that log(8-OHdG) varied significantly between Boo and
Mike (mean difference = −0.220 ± 0.071, p = 0.012). Pairwise comparisons between Boo
and Thor, as well as between Mike and Thor, were non-significant. Concentrations of
log(FGM) and log(8-OHdG) were significantly correlated (Figures 2a–c and 3) across all
bears and individually for Boo, Mike, and Thor (Table 3).
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Table 3. Pearson correlation coefficients among physiological, environmental, and behavioral variables for three male
grizzly bears. All variables were log-transformed to approximate normality except for the mean daily temperature and the
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Predictor log(FGM) log(8-OHdG)

Subjects Group Boo Mike Thor Group Boo Mike Thor

log(FGM) - - - -
r = 0.492

p < 0.001 *
n = 75

r = 0.597
p = 0.011 *

n = 17

r = 0.472
p = 0.005 *

n = 34

r = 0.698
p < 0.001 *

n = 24

daily mean
temperature

r = 0.134
p = 0.252

n = 75

r = 0.646
p = 0.005 *

n = 17

r = 0.105
p = 0.554

n = 34

r = 0.057
p = 0.790

n = 24

r = 0.382
p = 0.001 *

n = 75

r = 0.155
p = 0.551

n = 17

r = 0.504
p = 0.002 *

n = 34

r = 0.268
p = 0.205

n = 24

log(rate affiliative)
r = 0.015
p = 0.907

n = 60

r = −0.134
p = 0.609

n = 17

r = 0.093
p = 0.705

n = 19

r = 0.059
p = 0.785

n = 24

r = 0.075
p = 0.567

n = 60

r = −0.417
p = 0.096

n = 17

r = 0.445
p = 0.056

n = 19

r = −0.150
p = 0.484

n = 24

log(rate social play)
r = −0.090
p = 0.496

n = 60

r = 0.293
p = 0.253

n = 17

r = −0.014
p = 0.956

n = 19

r = −0.220
p = 0.302

n = 24

r = −0.074
p = 0.574

n = 60

r = 0.178
p = 0.495

n = 17

r = −0.072
p = 0.768

n = 19

r = −0.250
p = 0.239

n = 24

log(rate agonistic)
r = −0.138
p = 0.292

n = 60

r = −0.019
p = 0.942

n = 17

r = −0.166
p = 0.498

n = 19

r = −0.176
p = 0.410

n = 24

r = 0.071
p = 0.589

n = 60

r = 0.200
p = 0.442

n = 17

r = −0.144
p = 0.556

n = 19

r = 0.045
p = 0.836

n = 24

percent active
r = 0.265

p = 0.041 *
n = 60

r = −0.238
p = 0.358

n = 17

r = 0.442
p = 0.058

n = 19

r = 0.363
p = 0.082

n = 24

r = 0.091
p = 0.490

n = 60

r = −0.170
p = 0.513

n = 17

r = 0.137
p = 0.575

n = 19

r = 0.376
p = 0.071

n = 24
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3.3. Behavioral Comparisons with Physiological Measures

The overall percent of time (mean ± SE) engaged in active behaviors in the small
habitat was 86.099± 4.573 for Boo, 73.459± 5.426 for Mike, and 65.597± 5.700 for Thor. The
difference among the bears was significant in a one-way ANOVA (F2,57 = 3.543, p = 0.035).
Post-hoc tests showed that this difference was significant only between Boo and Thor (mean
difference = 20.503 ± 7.308, p = 0.023). For the bears as a group, log(FGM) concentrations
were higher when they spent a greater percentage of time engaged in active behaviors
(Table 3). This relationship was not significant at the individual level for any of the bears,
although it came close for Mike. Log(FGM) concentrations were also higher for Boo on
days when the mean temperature was higher.

All the bears engaged in positive social interactions at a similar rate. Unadjusted
rates of affiliative social interactions (mean ± SE) were 0.115 ± 0.025 events per min
for Boo, 0.196 ± 0.058 for Mike, and 0.112 ± 0.033 for Thor. Log-transformed affiliative
rates did not vary significantly among the bears in a one-way ANOVA (F2,57 = 1.180,
p = 0.315) and were not correlated with log(FGM) concentrations (Table 3). Unadjusted
rates of social play were 0.098 ± 0.024 events per min for Boo, 0.128 ± 0.032 for Mike,
and 0.110 ± 0.033 for Thor, and log-transformed rates also did not vary among them in
a one-way ANOVA (F2,57 = 0.195, p = 0.823). Rates of agonistic social behaviors were low
overall and were allocated evenly among the bears, occurring at an untransformed rate per
min of 0.014 ± 0.010 for Boo, 0.021 ± 0.008 for Mike, and 0.029 ± 0.010 for Thor. Individual
differences in log-transformed rates of agonistic interactions were non-significant in a one-
way ANOVA (F2,57 = 0.657, p = 0.522) and were also not correlated with log(FGM) (Table 3).
Log-transformed FGM concentrations were also not correlated with daily caretaker records
of Mike’s mobility (ρ = 0.166, p = 0.355, n = 33).

For the bears as a group, log(8-OHdG) concentrations were significantly higher on
warmer days (Table 3). Temperature was positively correlated with log(8-OHdG) for
Mike, and there was a nearly significant trend for Mike’s log(8-OHdG) to increase with
log-transformed rates of affiliative interactions. There was a slight trend for Boo to have
lower log(8-OHdG) on days with more positive social interactions, and there was no
relationship between these two variables for Thor (Table 3; Figure 4). Neither the log(rate)
of social play nor the log(rate) of agonistic interactions was correlated with log(8-OHdG)
for any bears. The percent of time active also was not correlated with log(8-OHdG) for
any bears, although Thor did show a trend towards a positive relationship (Table 3). The
relationship between Mike’s mobility score and log(8-OHdG) was also non-significant
(ρ = 0.090, p = 0.618, n = 33).
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3.4. Assay Validation Tests

Exposing a fresh fecal sample to outdoor conditions under bright sunlight at 32.2 ◦C
led to reductions in measured concentrations of 8-OHdG. After two hours, the sample
concentration decreased by 28.400%, from 79.289 ng/g dry feces to 56.771 ng/g. After four
hours, the concentration had decreased by 36.971%, to 49.975 ng/g. Finally, after six hours,
the sample concentration had decreased by 40.805% to 46.935 ng/g.

The next set of tests compared samples under three storage conditions and lengths
(Figure 5). There was no significant difference in the measured concentrations of n = 4
samples after the original sample extract was stored at−20 ◦C for three months (t3 =−0.957,
p = 0.409), but after six months under the same conditions, the measured concentration
in n = 4 samples increased significantly (t3 = −4.523, p = 0.020). For n = 3 samples that
were re-extracted and analyzed after the dried fecal powder was stored at −20 ◦C for three
months, measured concentrations increased close to, but did not reach, a significant level
(t2 = −3.245, p = 0.083).
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4. Discussion
4.1. Summary

We examined the correspondence between an established (but sometimes difficult
to interpret) physiological marker of animal welfare, FGMs, and a new potential non-
invasive marker, fecal 8-OHdG, while three male grizzly bears temporarily occupied a
smaller space. In that space, the bears exhibited a marked increase in their rates of positive
social interactions (affiliative behavior and play), suggesting that they may have been
using social support to cope with the challenges of their temporary living conditions. Our
results showed a strong correspondence between daily values of FGMs and 8-OHdG,
which is consistent with the hypothesis that adrenal activity contributes to oxidative
stress and subsequent DNA damage. We also saw a trend for 8-OHdG to increase with
rates of affiliative interactions in one bear, while there was a decreasing trend for another.
The relationship between 8-OHdG and behavior should be interpreted with caution due
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to the small sample size employed in this study. These results could reflect individual
differences related to health, dominance and personality, or perception of social interactions
as a stressor. These findings, as well as preliminary laboratory validation tests, suggest
that 8-OHdG has links to animal welfare that may be promising to explore, but further
investigations are necessary to unravel its implications.

4.2. Behavioral Patterns in the Three Habitats

The patterns of social behavior we observed among the grizzly bears in their three
different habitats were striking. In spite of the large reduction in space available to them dur-
ing the construction process, rates of agonistic interactions among the bears did not change
in the temporary habitat relative to both their original and expanded habitats. Similarly,
Montaudouin and Pape [34] observed brown bears (Ursus arctos) across 28 European zoos
and did not find a relationship between enclosure design and agonistic behavior in the
groups they observed. They found agonistic behavior was more common in groups with
three or more bears, but they did not link group size and enclosure size to form an overall
metric of social density [34].

In this study, agonistic behaviors did not change in the temporary habitat, but the
bears engaged in significantly more positive social interactions while they lived there,
including frequent social play and other affiliative interactions. These trends are very
consistent with the tension-reduction model [24], and the lack of an increase in agonistic
behavior in the temporary habitat suggests this coping strategy was effective.

4.3. Relationships between Physiological and Behavioral Indicators of Welfare

Each of the three bears showed a strong positive correlation linking increases in fecal 8-
OHdG concentrations to elevated FGMs. This relationship is consistent with the metabolic
role of glucocorticoids, as is the positive relationship we found between FGM concentra-
tions and the percent of time engaged in active behaviors for the group. Metabolic activity
is also the primary source of ROS, and increasing metabolic activity is the mechanism
by which glucocorticoids likely contribute to oxidative stress [38]. Studies in nonhuman
animals confirm that oxidative stress increases after physical activity. For example, high-
intensity exercise causes rapid increases in markers of oxidative stress in domestic horses
(Equus ferus caballaus) [39], and activity levels were correlated with DNA damage in captive
budgerigars [19]. However, we did not find a relationship between overall activity levels
and 8-OHdG in this study. This relationship did trend towards significance for Thor, who
was also the least active of the three bears. Our definition of active behaviors included
relatively low-energy activities such as eating or grooming. Perhaps relationships between
FGMs, 8-OHdG, and activity levels would have been clearer had we employed a more
rigorous measure of physical exertion.

Given the abundance of evidence linking adrenal activity to aggressive behavior in
other animals [40], it is surprising that the bears showed no statistical relationship between
agonistic behavior and either FGM or 8-OHdG concentrations. However, in contrast to our
overall results, Mike showed the largest spike in both FGMs and 8-OHdG the day after
animal care staff reported that he and Thor had been regularly in conflict for a few days
while indoors. Perhaps this extended period of conflict was detectable in our integrated
fecal measure, while the typically brief agonistic encounters we observed in the habitat
were not. Unfortunately, we do not have samples from Thor during this time, but the data
from Mike do provide some biological validation for our FGM assay. Overall, relationships
between behavior and adrenal activity are not well-studied in captive bears. One case
study did not find an expected increase in FGMs for a female Himalayan black bear
(Ursus thibetanus laniger) following agonistic interactions with a male [41], suggesting that
for bears, the relationship between agonistic interactions and FGMs may need further
research. Other factors to consider are the relatively low rates of agonistic behavior seen
in the current data and the effects of this on the statistical power of the analysis, as well
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as the relatively low stakes of these conflicts for three related individuals who have lived
together for their entire lives.

Given the limited number of available social partners, it is unsurprising that rates of
agonistic, affiliative, and social play behaviors did not vary statistically among the bears.
It is also unclear why affiliative behavior was linked to 8-OHdG while social play was
not; perhaps, it was because affiliative behavior was more frequent. Each bear expressed a
different relationship between affiliative behavior and 8-OHdG. For Mike, there was a trend
to have higher 8-OHdG on days when he engaged in higher rates of affiliative behavior,
while higher affiliative behavior rates were associated with lower 8-OHdG for Boo and
showed no relationship for Thor. These three different patterns reflect one weakness of
this study, the small sample size, and these statistical trends are intriguing but preliminary.
Still, potential explanations for these individual differences in 8-OHdG related to affiliative
behavior may reveal hypotheses for future investigations.

The different relationships between affiliative interactions and 8-OHdG for Boo and
Mike may parallel their dominance relationships. Studies in wild mandrills (Mandrillus
sphinx) [42] and cichlid fish (Astatotilapia burtoni) have both linked dominance status to
oxidative physiology [43]. Animal care staff generally regard Mike as the least dominant
individual in the group, and he is often the odd man out in social interactions. Perhaps even
positive social interactions were a source of stress for Mike, and the greater DNA damage
he incurred reflects a biological cost of maintaining harmony under greater conditions of
social density for a subordinate individual. There could also be a relationship between
diet, dominance, and DNA damage. When wild brown bears aggregate, larger, dominant
individuals tend to displace others aggressively and gain access to more salmon as a
result [29]. As the least dominant bear, Mike could have reduced access to preferred food
items, and dietary antioxidant levels can also impact the oxidative stress response [44].
Interestingly, the most dominant individual, Boo, had the lowest overall average 8-OHdG
concentrations, which were significantly lower than Mike’s. Although animal care staff
have not reported changes in these dominance relationships over time, the connection
between dominance and DNA damage is speculative given that we did not systematically
assess dominance over the course of the study.

Differences in their physiological responses to environmental stressors and affilia-
tive interactions may also be related to individual personalities or coping styles [45].
Costantini et al. [46] found that changes in oxidative status related to restraint in Alpine
marmots (Marmota marmota) depended on the coping styles of the individual marmots,
as measured during an open field test [46]. Personality also significantly impacted base-
line oxidative status in strains of mice (Mus musculus) bred to exhibit different levels of
aggression [47]. Additionally, Mike had chronic bouts of lameness, which is associated
with oxidative stress in dairy cows [48]. Any of these factors could have interacted with
Mike’s social position or unique personality to render him more susceptible to oxidative
stress under challenging conditions.

The relationship between social behavior and 8-OHdG in this study is fascinating but
difficult to interpret due to the multiple competing explanations for the results. Had we
been able to analyze samples from all three habitats for 8-OHdG, perhaps these relation-
ships would have been clearer. However, we were reluctant to do so without knowing more
about the stability of 8-OHdG in freezer storage, introducing time as a potential confound
in our interpretations. Alternatively, measuring an indicator even further downstream
might provide clarification. Techniques for measuring DNA damage typically employ oxi-
dized guanine and related molecules as their targets, because guanine bases are particularly
susceptible to oxidation [13]. Telomeres, which are the guanine-rich ends of chromosomes,
shorten with every cell division and at higher rates under oxidative stress [49]. Rates
of telomere attrition are both predictive of a species’ lifespan [50] and are accelerated in
organisms exposed to repeated and/or intense environmental stressors [51]. The cumula-
tive effects of stress on telomere attrition led Bateson [52] to identify this measure as the
potential “holy grail” of animal welfare indicators. Telomere attrition has shown promise
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in recent studies exploring welfare-related questions; for example, African grey parrots
(Psittacus erithacus erithacus), a highly social species, have significantly shorter telomeres
when housed alone than with conspecifics [53]. The relationships between adrenal activity,
oxidative stress, and telomere attrition may prove to be illuminating about the biological
costs accrued by animals due to life challenges—following further validation.

4.4. Origins and Measurement of Fecal 8-OHdG

The results of the present study are intriguing but should be interpreted with caution
due to a variety of questions that will require further validation studies. First of all, it is
important to establish the source of the oxidized DNA detected in this study. Because
cell replication and death are ongoing processes, early researchers cautioned that the
presence of DNA lesions in urine could be due to these processes rather than oxidative
stress. However, numerous studies have since confirmed that the lesions result from
oxidative damage [54].

Given the fecal matrix employed, it is also reasonable to question if the DNA lesions
were from the grizzly bears themselves or the food they consumed. Studies compar-
ing normal dietary intake to a nucleic acid-free diet in humans [55] and mice [56] have
indicated that dietary composition does not affect levels of urinary DNA damage. Al-
though, to our knowledge, there are no diet comparison studies utilizing fecal samples,
Bogdanov et al. [57] found that DNA lesions in food are destroyed under laboratory condi-
tions mimicking digestion. Other studies utilizing ingested radiolabeled DNA have found
evidence for excretion in feces, suggesting there is still reason to be cautious, and that there
may be interspecific differences in excretion pathways [54].

We assert that the strong relationship we observed between longitudinal profiles of
FGMs and 8-OHdG provide some (albeit circumstantial) evidence that the DNA lesions
we measured came from the grizzly bears, rather than their diet. However, the exact
origin of the DNA lesions remains an open question. Kato et al. [58] reviewed potential
fecal biomarkers for colorectal cancer, including 8-OHdG, and concluded that the most
likely source of DNA measured in these assays is endothelial cells exfoliated from the
gastrointestinal (GI) tract during the digestion process. However, this raises further ques-
tions. The effects of glucocorticoids on oxidative stress vary in different tissues [12], and
Wilson et al. [59] also found that levels of superoxide dismutase, an antioxidant enzyme,
in grizzly bear skin varied based on the location on the body they sampled. Thus, we
do not know if the 8-OHdG concentrations we measured were specific to the GI system
or reflect physiological processes on a broader level in the bears. Although we found no
evidence that the bears experienced GI distress during this time, gut health is another
factor that would presumably influence concentrations of 8-OHdG in intestinal cells [58].
A related issue is the time course of these lesions and whether they represent an integrated
measure like FGMs, or they reflect DNA damage accrued as the feces pass through the
lower digestive tract over a shorter period.

Diet could also have affected levels of DNA damage by modulating antioxidant
capacity. Grizzly bears are omnivorous, with diets that vary drastically by season [60], and
diet is known to exert a strong influence on grizzly FGMs [61]. In this study, the period
while the grizzly bears occupied the smaller habitat was relatively brief but coincided with
a reported increase in the variety of produce in their primary diet. However, we saw no
evidence that either FGMs or 8-OHdG changed drastically around this time, and it is not
clear how meaningful the diet change really was compared to the great variety of foods the
bears already received. Antioxidants that can neutralize DNA damage are both developed
endogenously and acquired through food [62], so ideally, studies should control for the
effects of diet.

Finally, there are still issues related to sample collection and storage to consider.
Environmental factors such as temperature and precipitation are known to affect grizzly
bear FGMs [63], and both FGMs and 8-OHdG showed some relationships with temperature
in this study. Interestingly, both FGM and 8-OHdG concentrations were higher on warmer
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days, while our validation study showed that 8-OHdG concentrations decreased by half
after a sample was exposed to a very warm, sunny day for six hours. Therefore, it is
not clear if these relationships are artifacts of sample collection or reflect responses to
thermal conditions in the bears. Additionally, we would also like to offer a word of
caution regarding the use of fecal markers in such research. We took pains during the
homogenizing and weighing process to remove all the glitter from the dried fecal samples.
These efforts were warranted, because when we extracted a small mass of glitter using our
fecal extraction process and then analyzed it, the EIA showed low but detectable values
for 8-OHdG. For this reason, we would recommend against using food dye or any type of
marker for sample identification that cannot be removed prior to analysis.

Although exposure to the elements resulted in decreased concentrations of 8-OHdG in
our study, measured concentrations tended to increase over time in fecal extracts and dry
feces stored at −20 ◦C. Similarly, Gormally et al. [20] found that freezing blood samples,
even for a few weeks, increased DNA damage. All of the samples we analyzed were
collected within a few weeks of each other, and thus we believe that sample storage likely
had a minimal effect, if any, on our results. However, this is yet another area where further
validation research is needed.

5. Conclusions

The crux of oxidant physiology is maintaining a balance between reactive oxygen
species and the antioxidants that neutralize them. The factors that affect this balance include
(but are not limited to) nutrition, health, coping style, personality, and environmental
stress [64]. Our data add to the body of evidence suggesting that the oxidative balancing act
has meaningful parallels to how animal welfare is shaped by the net effects of positive and
negative factors experienced across different domains. Similarly to telomere attrition [52],
markers of oxidative stress seem to take into account both environmental insults and the
organism’s ability to cope with them. The sum of these factors may add up to a biological
cost that is ultimately reflected in physiological aging, health, reproductive output, survival,
and perhaps animal welfare.

The results of this preliminary study in one group of bears should not be overstated
or generalized to other captive groups. Ultimately, it is unclear whether the idiosyncratic
findings of this study are a result of the small sample size, the complexity of various factors
shaping individual oxidative physiology, or methodological issues related to measuring
DNA damage in feces. Thus, we are unable to confidently validate DNA damage as an
indicator of welfare on the basis of these results. However, we hope that this investigation
inspires others to explore relationships between oxidative stress and animal welfare, and
to conduct the validation studies that are strongly needed to employ these techniques
non-invasively in wildlife. There is much still to learn, but there is reason to believe that
measures of oxidative stress such as 8-OHdG could be a useful addition to the animal
welfare scientist’s toolkit.
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