Hormones and Behavior 152 (2023) 105355

Contents lists available at ScienceDirect

Hormones
and Behavior

Hormones and Behavior

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/yhbeh

Check for

Effects of accelerometry-derived physical activity energy expenditure on e
urinary C-peptide levels in a wild primate (Papio ursinus)

Angharad Morgan “, Charlotte Christensen %b" Anna M. Bracken ®¢, M. Justin O'Riain*,
Andrew J. King“, Ines Fiirtbauer *

& Biosciences, School of Biosciences, Geography and Physics, Faculty of Science and Engineering, Swansea University, SA2 8PP Swansea, United Kingdom
b Department of Evolutionary Biology and Environmental Studies, University of Ziirich, Winterthurerstrasse 190, 8057 Ziirich, Switzerland

€ School of Biodiversity, One Health and Veterinary Medicine, Graham Kerr Building, Glasgow G12 8QQ, Scotland, United Kingdom

4 Institute for Communities and Wildlife in Africa, Department of Biological Sciences, University of Cape Town, Rondebosch 7701, South Africa

ARTICLE INFO ABSTRACT

Keywords: Animals have finite energy reserves for growth, survival, and reproduction and must maintain a stable energy
Baboons balance. Measuring energy balance in the wild, however, is beset with methodological challenges. Quantification
C-peptide

of urinary C-peptide (uCP), a proxy for insulin secretion, has enabled researchers to non-invasively estimate
energy balance, and positive relationships between uCP levels and energy intake have been documented in
numerous non-human primates. Comparatively few studies show that, consistent with insulin physiology, energy
expenditure also alters levels of uCP. The timescale and extent of this relationship, however, remains unclear
given the reliance on crude measures of activity and inferred energy expenditure. Here, for the first time, we test
for effects of accelerometer-derived Vectorial Dynamic Body Acceleration (VeDBA) - a continuous measure of
physical activity energy expenditure - on urinary C-peptide (uCP) levels in n = 12 wild chacma baboons (Papio
ursinus). Applying a model selection approach, we show that VeDBA summed over short timescales (30 min to 1
h) prior to urine collection was negatively associated with uCP levels. Using the acceleration-based time in-
dividuals spent ‘non-stationary’ (i.e. locomoting) prior to urine collection as a predictor - instead of summed
VeDBA - revealed similar but less clear results. Overall, the negative relationship between VeDBA and uCP levels
highlights the importance of quantifying physical activity energy expenditure when using uCP measures to es-
timate energy balance and has potential implications for the field of energetics accelerometry.

Dynamic body acceleration
Energy balance

Energy expenditure
Tri-axial accelerometry
VeDBA

1. Introduction energy reserves to growth, maintenance, and reproduction, with the

ultimate goal of maximising fitness (Brown et al., 2004; reviewed by

All animals take in and use energy, and the ratio of intake to
expenditure, i.e. energy balance, has important physiological, behav-
ioural, and ecological consequences (reviewed by Ellison, 2008). Energy
intake, or calorie consumption, is influenced by the quality, availability,
and distribution of food in an animal's environment, as well as indi-
vidual preferences, and the level of competition (reviewed by Emery
Thompson, 2017). Energy is expended in support of internal meta-
bolism, specific dynamic action and thermoregulation, as well as in
physical activity (Bergstrom, 2015; Bonneaud et al., 2003; reviewed by
Green, 2011). Consequently, variation in physical activity leads to
variation in energy expenditure which could lead to changes in overall
energy balance unless compensated by energy intake. Insight into en-
ergy balance is crucial to understanding how animals allocate finite
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Tomlinson et al., 2014). Positive energy balance can lead to energy
storage over time, and a greater surplus of energy to allocate towards
reproduction (reviewed by Emery Thompson, 2017). Negative energy
balance, on the other hand, can increase morbidity, mortality risk, and
negatively affect reproductive success (Archie et al., 2014; reviewed by
Ellison, 2008).

The peptide hormone insulin plays a major role in energy and
glucose metabolism. In response to high blood glucose levels, insulin is
secreted to stimulate the uptake of glucose into cells and convert excess
glucose to glycogen (Goodman, 2009). This maintains glucose homeo-
stasis and supplies tissues and organs with energy. Insulin secretion is
lower in subjects with a lower body mass index, suggesting that poorer
energetic condition may lead to lower insulin secretion, and lower C-
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peptide levels (Polonsky et al., 1988; Wolden-Hanson et al., 1993;
Yoshida et al., 2006; Deschner et al., 2008; Girard-Buttoz et al., 2011).
C-peptide, a polypeptide segment cleaved during the conversion of
proinsulin to insulin, is secreted on an equimolar (1:1) basis with insulin
(Sherry and Ellison, 2007). Unlike insulin, C-peptide is excreted at a
constant rate into urine, bypassing liver metabolism, and allowing its
use as a non-invasive proxy for changes in levels of secreted insulin, and
therefore changes in individual energy balance (reviewed by Emery
Thompson, 2017; Kruszynska et al., 1987).

Positive relationships between urinary C-peptide (uCP) levels and
energy intake have been documented in several non-human primates (e.
g. Pongo pygmaeus, Emery Thompson and Knott, 2008; Sherry and Elli-
son, 2007; Pan paniscus, Georgiev et al., 2011; Papio ursinus, Fiirtbauer
et al., 2020; Papio hamadryas anubis, Lodge, 2012; Cebus imitator,
Bergstrom, 2015; Bergstrom et al., 2020; Macaca fascicularis, Girard-
Buttoz et al., 2011; Colobus guereza, Harris et al., 2010; Pan troglodytes,
Emery Thompson et al., 2009; Sherry and Ellison, 2007). Other studies
find no effects of food availability/intake on uCP levels (e.g. Pan pan-
iscus, Surbeck et al., 2015; Alouatta palliata: Rangel Negrin et al., 2021)
or show that reductions in energy intake can be compensated by lowered
energy expenditure, and thus balancing energetic condition (Macaca
fascicularis; Girard-Buttoz et al., 2014).

Physical activity can result in reduced blood glucose levels and
improved glycemic control (e.g. Solomon et al., 2018). A recent sys-
tematic review into postprandial responses in human adults suggests
that engaging in any physical activity, regardless of intensity, is effective
in lowering postprandial glycemia (Aqeel et al., 2020). This, along with
the increased insulin sensitivity associated with physical activity (Huus
et al., 2016), results in reduced secretion of insulin, and thus also
reduced secretion of C-peptide during physical activity (Krotkiewski and
Gorski, 1986). In contrast to research into effects of energy intake on
uCP levels (see above), very few studies have focused on the relationship
between uCP levels and energy expenditure, and usually rely on inferred
energy expenditure, e.g. mating activity, mate guarding and competi-
tion, or lactation (e.g., Higham et al., 2011a; Emery Thompson et al.,
2012, Surbeck et al., 2015), or calculations based on known energetic
constants (e.g. Lodge, 2012). More recently, declines in uCP levels
following physical exercise have been shown in captive tufted capuchin
monkeys (Sapajus apella, Sacco et al., 2021). In children, physical ac-
tivity (daily step counts) is negatively correlated with fasting C-peptide
(Huus et al., 2016). Although these studies suggest that energy expen-
diture, in addition to intake, alters levels of uCP, the extent and time-
scale of this relationship is unclear as previous findings are based on
small sample sizes (Sacco et al., 2021), crude measures of activity
(Higham et al., 2011a), or without time-matching of the two variables
(Huus et al., 2016).

Accelerometry-derived proxies can measure energy expenditure
during activity (Wilson et al., 2006) and have been used in various
species across taxa (see e.g. references in Supplementary Table S1). Tri-
axial acceleration measures from surge, heave, and sway dimensions can
be combined to provide measures of Dynamic Body Acceleration (DBA),
i.e. Overall DBA Acceleration (ODBA) or Vectorial DBA (VeDBA) of an
animal at any one point in time (Gleiss et al., 2011; Qasem et al., 2012).
The use of these metrics depends on the relationship between the rate of
mechanical work and the acceleration produced by muscle contraction
(Gleiss et al., 2011). Although comparative studies have shown that
ODBA and VeDBA (which are strongly correlated) can both be used as
reliable proxies of physical activity energy expenditure (Qasem et al.,
2012), VeDBA minimises error associated with device attachment and
orientation, and thus, appears to be more appropriate (Gleiss et al.,
2011).

Here, for the first time, we test for effects of VeDBA on uCP levels in
wild chacma baboons (Papio ursinus). Predicting a negative relationship
between physical activity energy expenditure and uCP levels, we first
determine the timescale over which VeDBA and uCP levels are associ-
ated through summing VeDBA across various time frames prior to urine
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excretion. Second, to inform future works and, in particular, studies
without high-resolution acceleration data, we tested whether replacing
summed VeDBA with (acceleration-based) ‘time spent non-stationary’
would reveal comparable results.

2. Methods
2.1. Study animals and site

Data were collected as part of a larger study on a troop of wild
chacma baboons, Papio ursinus, living at the urban edge in Da Gama
Park, on the Cape Peninsula, South Africa (34.1617°S, 18.4054°E) be-
tween July and November 2018. The ‘Da Gama’ troop consisted of
approximately 50 individuals (n = 21 adults). 17 adults were fitted with
tracking collars including tri-axial accelerometers (‘daily diaries’;
Wildbyte Technologies, Swansea University; for details see Christensen
et al., 2023; McCann et al., 2021; Bracken et al., 2021; Bracken et al.,
2022). All work was approved by local authorities and Swansea Uni-
versity's ethics committee (IP-1314-5). Accelerometry and uCP data
were available for n = 12 individuals (2 males, 10 females).

2.2. Acceleration data

Tri-axial acceleration was recorded at 40 Hz, allowing for the study
of locomotory behaviour and general physical activity (Fehlmann et al.,
2017). Data from the three axes — X (surge), Y (sway) and Z (heave) —
were combined to calculate VeDBA:

VeDBA = \/ (42 + A7 + A7)

where A,, Ay, and A, are the dynamic body accelerations at any point in
time from the three orthogonal axes represented by the accelerometer
(Qasem et al., 2012). Smoothed VeDBA, which uses the running mean of
values over three seconds to reduce the impact of short high-amplitude
bursts of activity (Fehlmann et al., 2017), was used in all further
analysis.

2.3. Urine collection and uCP analysis

N = 123 urine samples (10.3 £ 3.5 per individual, n = 12) had
associated acceleration data. Full details on urine sample collection and
uCP analysis are described in Fiirtbauer et al. (2020). In brief, urine
samples were collected opportunistically throughout the day, immedi-
ately after urination, using Salivettes or pipettes. To avoid uCP degra-
dation, samples were kept on ice packs throughout the day (Higham
et al., 2011b) and in the evening, Salivettes were centrifuged at 3000
rpm for five minutes, and urine was transferred to 2.0 ml Eppendorf
Safe-Lock microcentrifuge tubes. All samples were stored at —20 °C
within 12 h of collection and shipped to Swansea University on dry ice at
the end of the data collection period (CITES export permit No: 208683;
APHA import authorisation No: ITIMP18.1181) and stored frozen at
—20 °C until analysis. uCP levels were quantified using a commercially
available ELISA kit (IBL International GmbH, Hamburg, Germany; Art
No. RE 53011), used successfully in other Cercopithecines (Macaca
fascicularis & M. mulatta: Girard-Buttoz et al., 2011; Higham et al.,
2011b; Sadoughi et al., 2021; P. hamadryas anubis: Lodge, 2012) and
validated for chacma baboons (Fiirtbauer et al., 2020). Assay sensitivity
was 0.064 ng/ml and intra-assay variability <6.5 % according to the
manufacturer. Samples with inter-assay coefficients of variation >10 %
between duplicates were re-measured. Inter-assay coefficients of varia-
tion calculated from replicate determinations of low and high value
quality controls (made from pooled baboon urine) included on each
assay plate (n = 10) were 7.4 % (low) and 9.3 % (high). uCP values were
corrected for specific gravity (SG) to adjust for differences in urine
concentration (Miller et al., 2004; Fiirtbauer et al., 2020; population
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mean SG = 1.019).

2.4. Statistical analysis

Statistical analysis was carried out in RStudio version 1.1.463
(RStudio Team, 2018) using base R (version 4.2.2; R Core Team, 2022)
and the package Ime4 (Bates et al., 2011) to run linear mixed models
(LMMs). We used second-order Akaike Information Criterion (AICc)
based model selection (Burnham and Anderson, 2002) to determine the
timescale over which VeDBA and uCP levels are associated, and present
results (and null model comparison) of the model with the best fit
(lowest AICc; for full model comparison see Supplementary Material).
Models with a difference in AICc (AAICc) >2 were considered to have
less support (Burnham and Anderson, 2002).

First, to investigate the effect of physical activity on uCP levels, we
summed VeDBA over various time intervals (15 min, 30 min, 45 min, 1
h,1.5h,2h,3h,4h,8h,12h, 16 h and 24 h) prior to urine excretion
and included these as fixed effects in linear mixed models. Season,
collection method (Salivette or pipette), night fasting (before versus
after 9 AM), and reproductive state (pregnant versus non-pregnant, the
latter including the two males as no effect of sex on uCP levels was
detected in previous work; Fiirtbauer et al., 2020) have a significant
influence on uCP levels in the study troop and were therefore included as
additional fixed effects (for details see Fiirtbauer et al., 2020) in all
models, and only the summed VeDBA time interval (see above) was
replaced. Winter included July and August, and spring included
September and October. We used Fisher's z-transformation on VeDBA in
all LMMs to allow model comparison and compare fixed effect sizes.
Baboon ID and date of urine sampling were fitted as a random intercept
in all LMMs to account for individual differences in uCP levels and un-
even sampling across time, respectively. Random slopes were included
for VeDBA. We considered random slopes for other predictors that could
vary within individual ID; however, this resulted in poor model fit and
did not qualitatively affect the results. We therefore chose not to include
additional random slopes. uCP levels were log-transformed in all models
to meet assumptions of normality. Model assumptions were checked
using the package performance (Liidecke et al., 2021).

Second, using the same approach, we tested whether acceleration-
based ‘time spent non-stationary’ could also be used to predict uCP
levels (instead of summed VeDBA), which could inform future studies
without high-resolution acceleration data. To do this, we included
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minutes of non-stationary activity over the various time intervals (see
above) as a fixed effect. Time spent non-stationary included seconds
(converted to minutes) with VeDBA values equal or above 0.1 g, as
values above this threshold likely represent locomotory activities such
as running, walking and foraging (Christensen et al., 2023; Fehlmann
et al., 2017).

3. Results

VeDBA summed across different time windows prior to urine
collection was negatively correlated with uCP levels at short timescales
(Fig. la; Fig. 2). The 45-min model had the lowest AICc (381.59) and
was different from the null model (AAICc = 2.14; for model output see
Table 1). The models with VeDBA summed over 30 min and 1 h received

200 400 600 800
45-min summed VeDBA (g)
Fig. 2. Effect of Vectorial Dynamic Body Acceleration (VeDBA; g) summed over
45 min prior to urine collection on specific gravity corrected urinary C-peptide
levels (ng/ml), showing the overall effect (thick black line, with 95 % confi-
dence intervals), individual slopes (thin coloured lines), and individual data
points (coloured according to Baboon ID; n = 12).
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Fig. 1. Model estimates and 95 % confidence intervals for the LMMs testing the effect of a) summed Vectorial Dynamic Body Acceleration (VeDBA) and b) time spent
non-stationary across different time windows prior to urine collection on specific gravity corrected urinary C-peptide levels. Dot colours represent AAICc values. Note

that x-axes are on a log-scale.
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Table 1

Effects of A) summed Vectorial Dynamic Body Acceleration (VeDBA) and B) time
spent non-stationary prior to urine collection on specific gravity corrected uri-
nary C-peptide levels (ng/ml) in n = 12 chacma baboons (n = 123 samples).
Season, night fasting, urine collection method, and reproductive state were
controlled for based on results from Fiirtbauer et al. (2020). Baboon ID and date
of urine collection were included as random effects and random slopes were
included for VeDBA/time spent non-stationary.

Predictor variables Estimate + S.E. t-value
A) Summed VeDBA model (AICc = 381.6)
45 min summed VeDBA —-0.32 +£ 0.1 -3.14
Season (winter)® 0.54 + 0.19 2.83
Collection method (Salivette)” —0.65 + 0.19 —3.53
Night fasting (before 9 AM)“ —0.44 + 0.24 -1.82
Reproductive state (pregnant)’ 0.44 + 0.34 1.31
B) Time spent non-stationary model (AIC = 382.8)
Time non-stationary in 1 h —0.28 £ 0.11 —2.55
Season (winter)” 0.52 + 0.19 2.72
Collection method (Salivette)” —0.69 & 0.19 —3.69
Night fasting (before 9 AM)“ —0.55 £ 0.25 —2.22
Reproductive state (pregnant)’ 0.47 + 0.34 1.38

# Reference category = spring.

b Reference category = pipette.

¢ Reference category = after 9 AM.

d Reference category = non-pregnant.

similar support (AAICc <2; Fig. 1a; Supplementary Table S2) whereas
all other models received less support (AAICc >2; Fig. 1a; Supplemen-
tary Table S2). For time spent non-stationary, the 1-h model had the
lowest AICc (382.81) and was slightly better than the null model (AAICc
= 0.93; for model output see Table 1). Models for time intervals of 45
min and 2 h received similar support (AAICc <2; Fig. 1b; Supplementary
Table S3) whereas all other models received less support (AAICc >2;
Fig. 1b; Supplementary Table S3).

4. Discussion

Quantification of uCP allows for the non-invasive assessment of en-
ergy balance in primates and potentially other mammals (see discussion
in Fiirtbauer et al., 2020), and positive relationships between uCP levels
and measures of energy intake have been documented across species (e.
g. Emery Thompson et al., 2009; Fiirtbauer et al., 2020; Georgiev et al.,
2011; Girard-Buttoz et al., 2011; Grueter et al., 2014; Harris et al., 2010;
Sherry and Ellison, 2007). Comparatively few studies have tested or
controlled for the impact of energy expenditure on uCP levels (Emery
Thompson et al., 2009; Higham et al., 2011a; Sacco et al., 2021; Lodge,
2012; Rangel Negrin et al., 2021; Bergstrom et al., 2020; Surbeck et al.,
2015), despite known effects of acute and regular physical exercise on
insulin secretion (see below). Here, through investigating the relation-
ship between accelerometer-derived VeDBA - a continuous measure of
physical activity energy expenditure - and uCP levels, we show that
physical activity energy expenditure affects uCP levels at short
timescales.

4.1. Relationships between physical activity energy expenditure and uCP
levels

During physical activity, insulin sensitivity and effectiveness in-
crease (e.g. Huus et al., 2016), resulting in a larger physiological
response from a submaximal concentration of insulin (Heath et al.,
1983). Acute exercise also has an ‘insulin-like’ effect, increasing glucose
uptake for glycolysis and subsequent glycogen synthesis in an insulin-
independent manner via the recruitment and translocation of GLUT-4
glucose transporters (reviewed by Borghouts and Keizer, 2000; Christ-
Roberts et al., 2004; reviewed by Hayashi et al., 1997; Houmard et al.,
1996). Consequently, less insulin is secreted into the bloodstream during
and immediately after exercise, due to enhanced insulin sensitivity. As
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C-peptide is secreted on an equimolar basis to insulin, C-peptide levels
follow a similar pattern during physical activity. During recovery after
exercise, insulin and C-peptide levels promptly increase to pre-exercise
levels (Krotkiewski and Gorski, 1986; Minuk et al., 1981). Consistent
with this short-term physiological response described for humans,
recent work demonstrated that captive capuchin monkeys show reduced
uCP levels shortly after a 1-h treadmill activity, with a greater difference
between pre- and post-exercise uCP at higher speed (Sacco et al., 2021).

Here, we show that summed VeDBA is negatively associated with
uCP levels in chacma baboons at short time scales (30 min - 1 h; Fig. 1a).
This indicates that higher physical activity shortly prior to urine
collection is associated with lower uCP levels and should therefore be
quantified and controlled for to allow for more comprehensive inter-
pretation of variation in uCP measurements. Time intervals of under 30
min are likely too short to capture any potential relationship, due to the
time lag between insulin and C-peptide secretion and incorporation of C-
peptide into urine (Hodges and Heistermann, 2011). The decreasing
support of models beyond 1 h (Fig. 1a) can be explained by insulin and
C-peptide levels returning to pre-exercise levels during recovery. Models
with VeDBA summed over periods between 8 and 24 h received very
little support (Fig. 1a, Supplementary Table S2). Similarly, in olive ba-
boons, no association between uCP levels and daily energy expenditure
(based on time-activity budgets and activity-specific energy constants)
was found (Lodge, 2012). Together, this indicates that the time window
over which relationships between uCP levels and activity exist is rela-
tively short, whereas uCP-energy intake relationships are often found
over longer timeframes (e.g. Emery Thompson and Knott, 2008; Sherry
and Ellison, 2007; Emery Thompson et al., 2009), highlighting a possible
mismatch between timescales of energy intake/expenditure and uCP
levels.

For (acceleration-based) time spent non-stationary, the 1 h model
received the strongest support, with similar support for models at
timeframes of 45 min and 2 h (Fig. 1b; Supplementary Table S3). The
small difference in timeframes for the two measures of physical activity
may be due to the level of information they capture - one is a measure of
time spent active, while the other is a more detailed measure of activity,
taking into account the intensity of activity during a given timeframe.
Together, our results indicate that both direct (summed VeDBA) and
indirect (minutes of non-stationary activity; reflecting walking, running
and foraging; Christensen et al., 2023) measures of physical activity are
valid proxies of physical activity energy expenditure in chacma baboons.
This further suggests that even if high-resolution acceleration data are
not available, physical activity energy expenditure could be quantified
through measures of time spent moving or non-stationary from contin-
uous behavioural observations prior to urine sampling.

One limitation of the present study is that energy intake could not be
restricted or quantified. Previous studies demonstrating effects of
physical activity on C-peptide levels used fasting C-peptide, thereby
ruling out any effects of energy intake (humans: Huus et al., 2016; ca-
puchins: Sacco et al., 2021). Collecting urine samples from wild baboons
is challenging and restricting sample collection to fasting samples (i.e.
before 9 AM, see Fiirtbauer et al., 2020) would result in a considerably
smaller sample size. Note, however, that random non-fasting C-peptide
levels correlate with fasting C-peptide levels in humans (Berger et al.,
2000). In our study population, uCP levels are highly repeatable within
individuals, and — apart from lower uCP levels before 9 AM (Fiirtbauer
et al., 2020), we find no diurnal effects on uCP levels. These findings are
likely due to the fact that baboons spend a large portion of the day
feeding/foraging (Christensen et al., 2023; Weingrill et al., 2004) and
their natural diet mainly includes low-calorie plant-derived foods
(Johnson et al., 2013), presumably resulting in less fluctuations in
glucose, insulin, and thus C-peptide levels (e.g. Fabbrini et al., 2013).
Taken together and given the short timeframe over which physical ac-
tivity and uCP levels were associated, we believe that any potential ef-
fects due to absence/presence of energy intake on uCP levels in our
study is minimal. Future studies, however, should consider both energy
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expenditure and intake.
4.2. uCP: an endocrine tool in energetics accelerometry?

Accelerometry studies of animal energetics usually test VeDBA (and/
or ODBA) against physiological measures of energy expenditure, i.e.
doubly labelled Water (DLW) or heart rate (fH) in the wild, or the
estimation of metabolic rate in the laboratory through measurement of
the rate of oxygen consumption (VO2) (see Supplementary Table S1).
Both methods can be invasive, and often involve drawing blood samples
(DLW), or surgical implantation of data loggers (fH) (Butler et al., 2004;
although see Green, 2011 for discussion on external attachment of heart
rate loggers). DLW can only be used in the short-term, ruling out the
potential for long-term studies in natural settings (Speakman, 1997).
While heart rate loggers provide data at high temporal resolutions, heart
rate can be influenced by other factors such as stress and physical fitness,
altering its relationship with energy expenditure and oxygen consump-
tion (Green, 2011).

In addition to the shortcomings of these methods, Halsey (2017)
proposed that many reported acceleration-energy expenditure re-
lationships have been falsely interpreted, and that accelerometers do not
measure the amount of energy expended from an activity, but instead
the amount of time in an activity. Known as the ‘time trap’ hypothesis,
this suggests that relationships between summed measures of energy
expenditure, such as total oxygen consumption and summed tri-axial
acceleration values, should be treated with caution because time is
included on both sides of the equation. In diving seals and sea lions, for
instance, acceleration-energy expenditure relationships fail to persist
when total measures are converted to rates or mean values (Ladds et al.,
2017), suggesting that accelerometers do not accurately measure energy
expenditure. Since the problem arises due to the regression of two var-
iables that include time, uCP could offer a means of validating VeDBA
without falling into the time trap. This is assuming that due to C-peptide
being filtered at a consistent rate by the kidney, the resulting concen-
trations in the bladder do not change over time. Future work could
investigate the presence or absence of a relationship between uCP levels
and time since previous miction.

Overall, uCP offers a non-invasive, relatively inexpensive, and
repeated measure of energetic condition both in captivity and in the
wild. Whether relationships between VeDBA and uCP levels could be
studied in other species will depend on the practicality of using accel-
erometers and the feasibility of both urine collection and uCP detection.
Urine samples can be retrieved using pipettes, filter paper, or synthetic
Salivettes, however collection can be complicated by surfaces which
quickly absorb fluids, and the need for sufficient amounts of urine for
analysis (Danish et al., 2015). The fluid recovery rate of collection de-
vices is thus important, with synthetic Salivettes proving superior
compared to alternatives (Danish et al., 2015), however potential ab-
sorption of uCP by Salivettes should be considered (see Fiirtbauer et al.,
2020). Finally, although the majority of uCP studies to date are on non-
human primates (e.g., Girard-Buttoz et al., 2011; Sherry and Ellison,
2007), uCP has also been quantified in other mammals (e.g., Rosenfield
et al., 2017; see discussion in Fiirtbauer et al., 2020), forming a prom-
ising basis for using uCP measurements as a new tool in energetics
accelerometry also in non-primate mammals.

5. Conclusions

The negative uCP-physical activity relationship has important im-
plications for the interpretation of past studies and the design of future
studies using uCP as a proxy of energy balance. Considering both energy
intake and expenditure, and the time frames over which these two fac-
tors (and their proxies of various temporal nature) influence uCP levels
will be crucial. Future research on species where C-peptide can be
detected in urine (see above) can now use the present study (and time
frames) as a basis to explore relationships between VeDBA - or non-
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stationary activity if accelerometry is infeasible - and uCP measure-
ments, opening new avenues into understanding animal energy balance.
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