
Research 

Cite this article: Ben Mocha Y, Keynan O, Radford 
AN, Arbon JJ. 2026 Practical implications of 
temporal body mass variation for biologging and 
comparative studies. R. Soc. Open Sci. 13 : 260127. 
https://doi.org/10.1098/rsos.260127 

Received: 19 January 2026 
Accepted: 30 June 2026 

Subject Category: 
Organismal and evolutionary biology 

Subject Areas: 
behaviour, ecology 

Keywords: 
animal telemetry, biologging, weight, bird ringing, 
animal welfare, 5% rule, mammals, birds, body 
mass 

Author for correspondence: 
Yitzchak Ben Mocha 
e-mail: yitzchakbm@gmail.com 

Supplementary material is available online at 
https://doi.org/10.6084/m9.figshare.c.8641555 . 

Practical implications of 
temporal body mass 

variation for biologging and 

comparative studies 

Yitzchak Ben Mocha1 , Oded Keynan2 , Andrew N. Radford3 

and Josh J. Arbon3 ,4 

1 Centre for the Advanced Study of Collective Behaviour, University of Konstanz, 
Universitätsstrasse 10, 78457 Konstanz, Germany 
2 Dead Sea and Arava Science Center, Neve Zohar, Israel 
3 School of Biological Sciences, University of Bristol, 24 Tyndall Avenue, Bristol BS8 1TQ, UK 
4 Department of Zoology, University of Cambridge, Downing Street, Cambridge, CB2 3EJ, UK 

YBM, 0000-0002-9946-1936 ; OK, 0000-0002-0943-0889 ; 
ANR, 0000-0001-5470-3463 

Body mass is an important factor in studying animal behaviour 
and helps determine the permissible mass of animal-borne de- 
vices. However, body mass varies over time, and ignoring tem- 
poral variation may risk (i) overestimating the permissible mass 
to be deployed on animals and (ii) biasing comparative research. 
Here, we quantify how daily and annual variation in body mass 
may result in these biases using data from wild populations of 
birds (Arabian babbler ( Argya squamiceps ), n = 2281 body-mass 
measurements, 145 individuals) and mammals (dwarf mon- 
goose ( Helogale parvula ), n = 10602 body-mass measurements, 
170 individuals). First, for both species, we demonstrate that 
when a 5% body mass threshold is calculated when the ani- 
mals are usually heavier (e.g. evening), the deployed device 
may be equivalent to 5.4% − 6% of body mass when the animals 
are lighter (e.g. on the following morning). Second, we simu- 
late our data to quantify the relationship between imbalanced 

weighing times and type-I and type-II error rates. For example, 
a true sex difference may be missed, if Arabian babbler females 
tend to be weighed in the evenings but males in the mornings. 
We conclude with practical recommendations for how to avoid 

these issues, thereby improving both data reliability and animal 
welfare. 
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1. Introduction 

Body mass is a fundamental measurement that can help answer
diverse questions about animal life history [1 ,2 ], behaviour [3 ,4 ],
physiology [5 ,6 ] and health [7 ,8 ]. Furthermore, it is a vital con-
sideration when deploying animal-borne research devices, such as
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use, provided the original author and source are credited. 
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a als [9 ,10 ]. Animal-borne devices can 
p h [11 ,12 ] and facilitate conservation 
[ al’s behaviour, welfare and survival 
[ safe biologging and reliable research 
o

nown to exhibit considerable within- 
d  tinnunculus ), southern yellow-billed 

h ( Sigmodon hispidus ), prairie voles ( Mi- 
c ing this temporal variation may com- 
p stimation of the permissible mass of 
a ammals forbid animal-borne devices 
t  although accumulating studies warn 
a  a biologically relevant threshold for 
e dividual animal should therefore be 
w s, however chosen, are not exceeded. 
H n it has relatively high mass, such as 
b vice will exceed the target threshold 

d ass, such as the following morning. 
C affect physiology and/or behaviour, 
w n survival [26 ,27 ,30 –34 ]. 

that if weighing times in comparative 
s  more likely to be weighed at different 
d or type-II error rates. A type-I error 
w  mistakenly interpreted as between- 
g wer body mass in the morning and 

h is often weighed in the mornings but 
a  drive a transect in the same direction 
a rpreted as population differences. A 

t s are overlooked. For instance, a true 
s f males are more likely to be weighed 

w  individuals are heavier. This could 

o re are temporal sex differences in nest 
a lica atra ) and house sparrows ( Passer 
d [36 ,37 ]. 

ls [38 –40 ] and continued attention to 
t o are rarely synthesized. We are also 
a ral variation in body mass may bias 
c ay be the difficulty in collecting re- 
p  maintain natural behaviour (see, for 
e uantify the extent to which temporal 
v measures datasets from individually 
i ammals (dwarf mongooses, Helogale 
p , we examined whether mass thresh- 
o e weighed at specific times of day or 
y duce type-I and type-II errors when 
a the example of sex differences, quan- 
t ales and males to avoid type-I and 

t

2
2

2

A of the Arabian and Sinai Peninsulas, 
P groups of 2–20 individuals [42 ]. They 
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udio recorders, geolocators and identification tags on wild anim
rovide various pieces of valuable information for animal researc
13 ,14 ], but, to do so, they must not considerably affect the anim
15 ,16 ]. Accurate evaluation of body mass is therefore critical for 
n wild animals [17 ,18 ]. 
While body mass is often treated as a fixed characteristic, it is k

ay and within-year variation in a range of birds (e.g. kestrel ( Falco
ornbills ( Tockus leucomelas ) [19 ,20 ]) and mammals (e.g. cotton rats 
rotus ochrogaster ) and meerkats ( Suricata suricatta ) [21 ,22 ]). Neglect
romise research in two important ways. First, it may lead to overe
nimal-borne devices. Common recommendations for birds and m
hat, in total, exceed 1%, 3% or 5% of the animal’s body mass [23 –25 ],
gainst using these fixed thresholds and emphasize the need to set
ach study (e.g. according to the animal’s ‘lifestyle’ [25 –28 ]). Each in
eighed before the deployment of research devices to ensure limit
owever, if the animal is weighed at a time of day or season whe
efore entering the night roost [20 ,29 ], the mass of the research de
uring study periods in which the animal has a relatively lower m
onsequently, the burden of carrying extra mass may negatively 
hich in turn compromises data reliability, animal welfare and eve
A second issue with ignoring temporal variation in body mass is 

tudies are not standardized (e.g. if the compared animal groups are
ay times), body mass estimates will potentially generate type-I 
ould be if natural temporal variation in individual body mass is
roups differences. For example, diurnal species usually exhibit lo
igher body mass in the evening [29 ,35 ]. Hence, if one population 
nother population later in the day (e.g. because researchers always
nd start time), within-day mass variation may mistakenly be inte
ype-II error would be if true body mass differences between group
ex difference (e.g. males are heavier than females) may be missed i
hen individuals are lighter, and females are often weighed when
ccur if, for example, automatic scales are placed at the nest and the
ttendance; females of many species, including Eurasian coots ( Fu
omesticus ), incubate at night while males incubate during the day 
Despite broad interest in patterns of body mass change in anima

he ethics involving animal-borne research devices [27 ,34 ], the tw
ware of only limited efforts to quantify the extent to which tempo
omparative research [22 ]. One reason for this research paucity m
eated mass measurements from the same wild animals while they
xample, [22 ]). To address these methodological concerns, we here q
ariation in body mass may bias research using extensive repeated-
dentifiable wild birds (Arabian babbler, Argya squamiceps ) and m
arvula ) ( figure 1 ). The specific goals of the study are twofold. First
lds for animal-borne devices may be violated when individuals ar
ear. Second, we tested whether temporal sampling bias could pro
ttempting to answer comparative questions. To this end, we used 

ifing how much weighing times need to be balanced between fem
ype-II errors. 

. Methods 
.1. Arabian babblers 

.1.1. Study species. 

rabian babblers are songbirds inhabiting the hyper-arid deserts 
alestine and Israel [41 ]. They live in cooperatively breeding social 
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260127/​6167736/​rsos.​260127.​pdf
tol user
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a ody mass is attained around the age 
o

Figure 1. Model species and sample sizes. Photos: Arabian babbler: Yitzchak Ben Mocha; dwarf mongoose: Josh Arbon. 

2

W a of 62 km2 that includes the Shezaf 
N Israel (30.73N, 35.27E). The popula- 
t  desert habitats (agricultural fields 
a se solar radiation [46 ], high temper- 
a t is concentrated between December 
a rological Services, 2011 − 2025). Tem- 
p  the Israeli Meteorological Services 
( tation at our study site (30.778675N, 
3 dentified by a unique combination of 
t umber. Monitoring of the population 
s ge, sex (males older than 1 year have 
y

2

M  2011–February 2014 [50 –52 ] and July 
2 s before civil twilight [49 ,53 ] and ob- 
s ite. To avoid influencing the natural 
t nts were taken after all group mem- 
b  or about 10–15 min after leaving the 
r ns of 2011–2013, a second body mass 
m e group left its roosting site). Midday 
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re omnivores, but primarily feed on invertebrates [43 ,44 ]. Adult b
f 11 months [45 ], and males are heavier than females [5 ]. 

.1.2. Study population. 

e study a wild population of Arabian babblers within a total are
ature Reserve and its surrounding areas in the Arava Desert, 

ion includes groups living in both natural and human-modified
nd human settlements). The study site is characterized by inten
tures (annual mean 1995–2024: 24.4◦C) and minimal rainfall tha
nd February (annual mean ± SE: 46.8 ± 7.6 mm; Israeli Meteo
erature and rainfall metrics were calculated based on data from
 https://ims.gov.il/en/data_gov ) using records from the Hazeva S
5.239025E). All Arabian babblers at the study site are individually i
hree coloured plastic rings and one aluminium ring with a serial n
ince 1971 has provided knowledge about individual life history, a
ellow/brown irises [47 ,48 ]) and roosting sites of groups [49 ]. 

.1.3. Weighing procedure. 

orning and evening observations were made throughout October
023–May 2026. In the mornings, we waited at known roosting site
erved the group between 30 min and 6 h after it left its roosting s
ime of daily activity onset, first morning body mass measureme
ers left their roosting site and started foraging (during 2011–2014)
oosting site (during 2023–2026). During most morning observatio
easurement was taken at the end of the session (i.e. 1–5 h after th
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260127/​6167736/​rsos.​260127.​pdf
tol user
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b  opportunistic basis, with most mea- 
s by following the group 1–2 h before 
d  we took a body mass measurement 
a e could reliably anticipate this timing 
s osting sites shortly before the usual 
t

ccuracy 0.1 g) placed on flat ground 

a afe. Each bird was lured with small 
b ass was recorded only after the bird 

s mately 2 s. While individuals varied 

i ls in the study population could be 
w tially be weighed during each obser- 
v e timing of each mass measurement 
a e using CyberTracker software [54 ]. 
D .186 g) and 0–3 plastic rings (0.05 g 
e ’s ring composition at the time. 

2

2

D frica, predominantly living in semi- 
a g social groups of 3–20 individuals 
[ at snakes, lizards, smaller mammals 
a warf Mongoose Research Project, un- 
p  ], and there is no sexual dimorphism 

i

2

A  Lodge Reserve, Limpopo Province, 
S  Dwarf Mongoose Research Project’s 
l anna biome characterized by warm, 
w rgely wild habitat free from human 
m ere habituated to the close presence 
o small blond hair-dye marks that were 
r

2

M ange for a few crumbs of hard-boiled 

e  masses were recorded after the scale 
h as oscillating between values within 
a ation day. The first weighing session 
o vernight sleeping burrow (counted 

i mmenced daily foraging, as groups 
u re commencing daily foraging [29 ]. 
G ng had begun (i.e. after 50% of group 

m ing was conducted once at least 50% 

o ey would go on to sleep that evening. 
T g burrow was considered the time at 
w ected voluntarily, most individuals in 
t embers could potentially be weighed 

i
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ody mass measurements (5 − 9 h after waking up) were taken on an
urements taken during 2025 − 2026. Evening observations started 

usk until it reached its roosting site. During these observations,
pproximately 30 min before the group entered their night roost. W
ince we observed the group approaching one of its permanent ro
ime of roosting (i.e. evening civil twilight [53 ]). 

Weighing was performed using an electronic top-pan balance (a
nd near vegetation into which the birds could flee if feeling uns
readcrumbs into standing on the scale one at a time ( figure 1 ). M
tood still on the balance, and the reading was stable for approxi
n their readiness to stand on the scale long enough, all individua
eighed after an initial period of habituation [49 ] and could poten
ation. The timing of onset and termination of daily activity [53 ], th
nd the corresponding body mass were recorded on a smartphon
uring data preparation, the total mass of one aluminium ring (0
ach) was subtracted from the measured mass according to the bird

.2. Dwarf mongooses 

.2.1. Study species. 

warf mongooses are mammals found throughout sub-Saharan A
rid savanna habitats [55 ,56 ]. They live in cooperatively breedin
55 ,57 ] and feed primarily on invertebrates but opportunistically e
nd eggs [58 ]. Young reach adult mass around the age of 2 years (D
ublished data) at which age breeding positions can be obtained [57
n adult body mass [55 ]. 

.2.2. Study site. 

ll dwarf mongoose data were collected on the 4 km2 Sorabi Rock
outh Africa (24◦11 ′ S, 30◦46 ′ E) between 2013 and 2023 as part of the
ong-term data collection protocol. The study site is part of the sav
et summers and cool, dry winters [55 ,59 ]; all groups live in a la
odification with the exception of access roads. Study mongooses w
f human observers, and individuals were uniquely identifiable by 
outinely applied to their fur. 

.2.3. Weighing procedure. 

ongooses were trained to climb onto an electronic balance in exch
gg that formed a negligible proportion of daily food intake. Body
ad settled on a fixed value, or a mean value was taken if the scale w
 small range. Three weighing sessions were conducted per observ
ccurred once the majority of the group had emerged from the o
n this study as the onset of daily activity), but before they had co
sually spend some time sunning themselves and grooming befo
roups were then weighed approximately 3 h after morning foragi
embers had left the area of the sleeping refuge). The third weigh
f the group had ceased foraging activity at the burrow in which th
he time when 50% of group members went into the evening sleepin
hich daily activity ceased. All body mass measurements were coll

he study population could be regularly weighed, and all group m
n each session. 
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260127/​6167736/​rsos.​260127.​pdf
tol user
26



5
royalsocietypublishing.org/rsos

R.Soc.OpenSci.
13:

260127
................................................................................

2
I mi-arid environments [53 ,58 ]. These 
s imilar daily time frames and annual 
s goose body mass enables simulating 
t ral sex differences in Arabian babbler 
b x difference). Finally, the habituation 
o ed recording of body mass multiple 
t l behaviour between measurements 
[ rapping [22 ]. 

2
D ersion 4.2.2 [60 ]). To avoid variance 
c  12 months old [45 ] and dwarf mon- 
g arch Project, unpublished data). An- 
i e excluded to avoid obscuring differ- 
e sent the number of minutes from the 
o

81 Arabian babbler body mass mea- 
s within a short time window around 

c t known, we used the time of activity 
o  data were not available, we used the 
a l twilight [53 ]). Similar proxies were 
u 5 min before termination of daily ac- 
t t known (total n = 192 evening body 
m ing and evening civil twilight were 
e  for morning and ‘dusk’ for evening 
c oordinated Universal Time). 

repeated measurements (lme4 pack- 
a g the performance package (version 
0 ity, homoscedasticity, multicollinear- 
i xamined by their variance inflation 
f  R2 package and 1000 boots (version 
0

2

T ith body mass as the response vari- 
a g factors, previously shown to affect 
b time of day (number of minutes since 
o ally tested the effect of habitat type 
(  ], habitats were classified as human- 
m man settlement or agricultural fields. 
S ns of Julian date, which capture cycli- 
c  calendar years. A nonlinear effect of 
t rsion 4.2.2 [60 ]), with three knots (i.e. 
t ay bend and adapt to changes in the 
d  date (as a factor to account for the 
n epts. Having year (as a factor) as an 
a  1 and 2 for sample sizes. The statisti- 
c odel with its reduced version without 
t  with the test argument ‘Chisq’ [67 ]. 
T use it consisted of two terms that are 
o tary material code). 
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.3. Study species 
n sum, both study species are diurnal [29 ,49 ] and live in arid/se
imilarities allow for investigating variation in body mass during s
easonality. In addition, the absence of sex differences in dwarf mon
he type-I error rate (i.e. detecting a false sex difference), while natu
ody mass enable simulating type-II error rates (i.e. missing a true se
f individuals from both species to the weighing procedure allow
imes per day from unstressed wild animals that maintain natura
29 ,49 ], thereby avoiding a reduction in body mass from repeated t

.4. Data preparation and statistical analyses 
ata preparation and statistical analyses were conducted in R (v
aused by early-life growth [17 ], only Arabian babblers more than
ooses more than 24 months old were used (Dwarf Mongoose Rese
mals of unknown sex and pregnant dwarf mongoose females wer
nces related to sex per se . Weighing time was standardized to repre
nset of daily activity. 
The exact time of activity onset was not known for 64% of the 22

urements. Arabian babblers were shown to initiate daily activity 
ivil twilight [53 ]. Hence, when the exact activity onset time was no
nset from the closest date within 2 weeks of the focal date. If these
verage time of activity onset as a proxy (4 min post morning civi
sed for 5% of evening mass measurements (less than or equal to 4
ivity) for which the exact termination time of daily activity was no
asses; i.e. 4 min before evening civil twilight [53 ]). Time of morn
xtracted using the ‘suncalc’ package (version: 0.5.1, keep: ‘dawn’
ivil twilight [61 ]). All local times were converted to UTC times (C
Linear mixed-effect models (LMMs) were used to account for 

ge: version 1.1-35.1 [62 ]). Model assumptions were assessed usin
.17.0 [63 ]), which provides diagnostic checks for residual normal
ty and overall model fit. Collinearity between fixed effects was e
actor, and all were less than 1.1; R2 was calculated using the part
.9.2 [64 ]). 

.4.1. Temporal variation in body mass 

o examine factors affecting body mass, we constructed an LMM w
ble. For both study species, we modelled the effect of the followin
ody mass in birds and mammals: (i) sex [5 ], (ii) season [5 ] and (iii) 
nset of daily activity [17 ,65 ]). For Arabian babblers, we addition
wild/human-modified). Following the criteria of Alamán et al . [66
odified if the group’s territory at least partly overlapped with hu
easonal effects were modelled using sine and cosine transformatio
al annual patterns without imposing abrupt boundaries between
ime of day was tested using a natural spline (‘splines’ package: ve
he number of points along the predictor where the spline curve m
ata). The models included the animal ID, its social group ID and
on-independence of multiple records per date) as random interc
dditional random intercept did not improve the model. See tables
al significance of each term was evaluated by comparing the full m
hat fixed effect via a likelihood ratio test using the drop1 function
he significance of the seasonal term was compared manually beca
nly meaningful together (sine_date + cosine_date, see supplemen
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260127/​6167736/​rsos.​260127.​pdf
tol user
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Table 1. Results of a linear mixed model testing determinants of body mass in adult dwarf mongoose. 

response variable: body mass (gram). 
random effects: animal ID, group ID and date of observation. 
n = 10 602 body masses, 1337 dates, 170 animals, 12 groups. Significant terms are in bold. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

term estimate SE χ2 df p 
R2 estimate 
(lower − upper CI) 

intercept 272 .40 6.394 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sex (male) 4 .38 3.33 1 .72 1 0 .19 0.21 (0–2.7) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

season 184 .49 2 < 0 .001 3.44 (2.4–6.0) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

season (sine_date) 8 .51 0.60 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

season (cosine_date) 1 .2 0.66 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

time of day 1756 .67 3 < 0.001 2.71 (1.7–5.2) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Knot 1 13 .78 0.93 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Knot 2 14 .14 0.76 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Knot 3 11 .17 0.60 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Results of a linear mixed model testing determinants of body mass in adult Arabian babblers. 

response variable: body mass (gram). 
random effects: animal ID, group ID and date of observation. 
n = 2281 body masses, 488 dates, 145 birds, 44 groups. Significant terms are in bold. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

term estimate SE χ2 df p 
R2 estimate 
(lower–upper CI) 

intercept 68 .74 0.67 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sex (male) 4 .97 0.61 53.11 1 < 0.001 21.70 (13.5–31.1) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

season 72.21 2 < 0.001 2.90 (0–14.1) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

season (sine_date) 0 .89 0.14 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

season (cosine_date) 0 .91 0.13 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

time of day 674.36 3 < 0.001 6.54 (0–17.3) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Knot 1 3 .36 0.39 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Knot 2 5 .54 0.25 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Knot 3 2 .83 0.25 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

habitat (natural desert) − 1 .98 0.74 6.80 1 0.009 2.84 (0–14.1) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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2

R ated as a percentage from the mass 
t  mass] ×100). This formula was used 

t nd (iii) between seasons. To calculate 
b less than 30 min after activity onset) 
t daily activity) taken from the same 
i e night, we compared evening mass 
t o calculate seasonal change, we first 
i ch species. To this end, we extracted 

t holding the other fixed effects in the 
m d daily body mass values was then 
d ted mass values of 33rd percentile or 
b ted mass values of 67th percentile or 
m ass values between these thresholds 
w  of body mass measurements taken 
f n of body mass measurements taken 
d

2

T animal-borne devices, we first calcu- 
l re usually heavier (e.g. evening). We 
t  at a future time point when the ani- 
m mass at heavier time point/ mass at 
l g body mass measurements as time 
p me individual during the following 
m

2  

T se data because this species does not 
e f type-II error was quantified using 
t hism in body mass ( table 2 [5 ]). We 
c s started with initial samples that are 
m  random sample of 60 male evening 
b at were compared to a random sam- 
p xes are usually lighter). The Arabian 
b  mass evening measurements (when 
b mple of 60 male morning body mass 
m und, we ran 100 LMMs (each with a 
d and individual ID as a random effect. 
T ies, in addition to time of day. To test 
t  was only missing the sex fixed effect 
v comparisons with p -values < 0.05 was 
c ificant sex difference. In the next five 
r creased by 20% per round ( figure 2 ). 
F ose simulation, an additional 10% of 
t rning measurements and 10% of the 
f ning measurements. At the sixth and 

fi female measurements were morning 
b

3
3
I and increased significantly across the 
d latively sharply until around midday, Downloaded from ro

by University of Bris
on 30 September 20
.4.2. Temporal body mass change 

elative body mass change between two time points was calcul
aken during the earlier time point (i.e. [(2nd mass – 1st mass)/1st
o calculate mass change: (i) during the day, (ii) during the night a
ody mass gain during the day, we compared morning mass (i.e. 
o evening mass (i.e. less than 45 min before the termination of 
ndividual on the same day. To calculate body mass loss during th
o the following morning mass taken from the same individual. T
dentified annual periods with relatively high and low mass for ea
he predicted values for the seasonal terms in each model (while 
odel at reference or mean values). The distribution of predicte
ivided into three categories based on quantiles. Days with predic
elow were classified as the low-mass season, and days with predic
ore were classified as the high-mass season. Days with predicted m
ere classified as a transition season. We then compared the mean

rom the same individual during the high-mass season to the mea
uring the following low-mass season. 

.4.3. Temporal body mass variation and animal-borne devices 

o estimate the potential to exceed the permissible body mass for 
ated 5% of the body mass recorded at a time when the animals a
hen calculated how much this absolute mass will be equivalent to
als are normally lighter (e.g. morning), using the formula (5% ×

ighter time point). For the daily analysis, we considered all evenin
oints with heavier mass and morning measurements from the sa
orning as time points with lighter body mass. 

.4.4. Within-day body mass variation and type-I and type-II error rates

he rate of type-I error was quantified based on the dwarf mongoo
xhibit sexual dimorphism in body mass ( table 1 [55 ]). The rate o
he Arabian babbler data since this species exhibits sexual dimorp
onstructed a separate simulation for each species. Both simulation
aximally biased. The dwarf mongoose simulation started with a
ody mass measurements (when both sexes are usually heavier) th
le of 60 female morning body mass measurements (when both se
abbler simulation started with a random sample of 60 female body
oth sexes are usually heavier) that were compared to a random sa
easurements (when both sexes are usually lighter). At the first ro
ifferent random sample), with body mass as the response variable 
he fixed effects were those specified in tables 1 and 2 for each spec
he effect of sex, each model was compared to its ‘null’ version that
ia a Likelihood Ratio Test. The proportion of these full-null model 
onsidered as the proportion of models detecting a statistically sign
ounds, the proportion of sex-wise balanced measurements was in
or instance, in each round (of 100 LMMs each) of the dwarf mongo
he male evening body mass measurements were replaced with mo
emale morning body mass measurements were replaced with eve
nal round, the sample was fully balanced (i.e. 50% of male and 

ody masses and 50% evening body masses). 

. Results 
.1. Temporal variation in body mass 
n both species, body mass was lowest at the onset of daily activity 
ay ( figure 3 , tables 1 and 2 ). In Arabian babblers, body mass rose reyalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260127/​6167736/​rsos.​260127.​pdf
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a eir night roost. In dwarf mongooses, 
b u in the afternoon. Both species lost 
b son ( figure 4 , tables 1 and 2 ). 

Figure 2. The effect of sampling balance on type-I and type-II error rates. (a) Schematic representation of the simulation design of the 
dwarf mongoose analysis. Each shape represents six sampled body masses from either males (squares) or females (circles) in either the 
morning (orange) or evening (blue) that were modelled against the body mass of the opposite sex. Across the six rounds, balance was 
increased as individuals were more evenly sampled from the two time points. Each simulation was repeated 100 times, resulting in 600 
total simulations. The Arabian babbler simulation had a similar structure, but started with all females sampled in the evenings. The 
distribution of p -values (box-plots) and proportion of models (black solid line and points) detecting (b) a false sex difference in dwarf 
mongoose body mass (i.e. rate of type-I error) and (c) failing to detect the true sex difference in Arabian babbler body mass (i.e. rate of 
type-II error). 

3
D ss (less than or equal to 5% of the an- 
i lly heavier (supplementary material, 
t re 5 ). 

3
A  in body mass ( figure 3 and table 1 ). 
H lt in finding a statistically significant 
s

3
A  than females ( N = 220/152 morning, 
n gure 3 and table 2 ). The proportion of 
s  on the proportion of measurements 
t f weighing is completely imbalanced 

b nd 100% of females are weighed in 

Downloaded from ro
by University of Bris
on 30 September 20
nd then increased more moderately until the birds retreated to th
ody mass increased slowly throughout the day, reaching a platea
ody mass overnight and were lighter during a specific annual sea

.2. Temporal body mass variation and animal-borne devices 
evices deployed on animals will often exceed their permissible ma
mal’s body mass) if it is calculated when diurnal animals are typica
able S2). That is, after midday and in a certain annual season ( figu

.3. Within-day mass variation and type-I 
dult dwarf mongooses did not exhibit a significant sex difference
owever, bias in weighing time between the sexes will often resu
exual dimorphism in body mass (i.e. type-I error, figure 2 b ). 

.4. Within-day mass variation and type-II error 
dult Arabian babbler males were 7.8% ± 0.6% heavier (mean ± SE)
ot-summer measurements of 45/42 males/females, respectively; fi
tatistical models detecting this true sexual dimorphism depended
aken at the same time of the day per sex ( figure 2 c ). For example, i
etween the sexes (i.e. 100% of males are weighed in mornings a
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260127/​6167736/​rsos.​260127.​pdf
tol user
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Figure 3. Within-day body mass change in wild adult (a) Arabian babblers and (b) dwarf mongooses. Blue (and solid lines) and red 
(and dashed lines) represent males and females, respectively. Lines are the predicted curves from the models for time of day per sex. The 
shaded areas represent the predicted 95% confidence intervals. Predicted body mass by date in (c) Arabian babblers and (d) dwarf mon- 
gooses. Low/high mass seasons were defined as dates with predicted body mass less than 33rd percentile/more than 67th percentile, 
respectively. Dates with predicted body mass between these thresholds were classified as a transition season (grey line). 

Figure 4. Within-day, overnight and seasonal changes in body mass from consecutive measurements of wild adult (a) Arabian babblers 
and (b) dwarf mongooses. The horizontal bars represent the median, boxes represent the 25% and 75% quartiles and points beyond 
the vertical lines (whiskers) are considered outliers. See table S1 in the supplementary material for a summary of the information in this 
figure. 
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e ence in body mass (i.e. 30% rate for 
t

Figure 5. Histogram of the percentage of observations according to the relative percentage of body mass of an animal-borne device 
when measured (a) the following morning and (b) the following season. Assuming the permissible mass of animal-borne devices was 
set according to the animal’s body mass during the previous midday or previous season, which is typically greater. Observations that 
exceed 5% of the animal’s body mass are in red. See table S2 in the supplementary material for a summary of the information in this 
figure. 

4
4
B ure 4 ): (i) mass gain during the day, 
( ermoregulation needs without ener- 
g le. Similar daily and annual patterns 
w is chloris ), yellowhammers ( Emberiza 
c tits ( Periparus ater ), marsh tits ( Poecile 
p itta europaea ) [20 ,35 ,68 ,69 ]). Temporal 
t rtion of body mass variation in our 
A pectively, tables 1 and 2 ). Hence, ig- 
n udies among other diurnal birds and 

m octurnal species. The magnitude of 
t inance categories, which should thus 
b nce, temporal variation in body mass 
s ases if ignored in smaller than larger 
s

4
T cause of error when determining the 
p ifically, if the permissible mass of the 
d mals tend to be heavier (e.g. evenings 
a ithin the permissible ranges (1%, 3% 

Downloaded from ro
by University of Bris
on 30 September 20
venings), only approximately 70% of models detected sex differ
ype-II error). 

. Discussion 

.1. Temporal variation in body 
oth study species exhibited temporal variation in body mass ( fig
ii) mass loss during the night (probably due to metabolic and th
etic intake) and (iii) mass gain/loss across parts of the annual cyc
ere reported in other diurnal birds (kestrels, greenfinches ( Chlor
itrinella ), great tits ( Parus major ), blue tits ( Cyanistes caeruleus ), coal 
alustris ), willow tits ( Poecile montanus ) and European nuthatch ( S
erms (time of day and seasonality) accounted for a significant po
rabian babbler and dwarf mongoose models (9.4% and 6.2%, res
oring temporal variation in body mass could considerably bias st
ammals, and would potentially result in a similar bias among n

emporal variation would also depend on age, sex and social dom
e accounted for according to the specific animals studied. For insta
eems to be larger in small bird species [35 ], resulting in greater bi
pecies ([16 ], but see also [24 ]). 

.2. Temporal body mass variation and animal-borne devices 
emporal variation in body mass represents an under-appreciated 

ermissible mass of animal-borne research devices [18 ,26 ,70 ]. Spec
evice is determined according to daily or annual periods where ani
nd winters), it could be overestimated ( figure 5 ). Even devices w
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260127/​6167736/​rsos.​260127.​pdf
tol user
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Table 3. Recommended safety margins for deployment of animal-borne research devices on adult Arabian babblers and dwarf mon- 
gooses. 

1% 3% 5% 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

species sex 
grams to be deduced 
from body massa 

mean body 
massb of mean body mass (grams) 

Arabian babblers females 4.8 65.3 0.65 1.96 3.26 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

males 5.9 72.1 0.72 2.16 3.16 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

dwarf mongooses females 44 272 2.72 8.15 13.16 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

males 39 278 2.78 8.35 13.9 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

a Each cell presents the mass to be deduced from the body mass measured after midday. Safety margins represent the maximal 
mass the animals usually gain between onset and termination of daily activity (excluding outliers of the interquartile range: 
Q3 + 3 * IQR, figure 4 ). 
b At the onset of daily activity during the season of low mass. 

o and survival [16 ,25 ,27 ,30 –32 ]. Hence, 
d rease the handicap imposed on the 
s imal welfare [25 ]. The magnitude of 
t racteristics, such as the lifestyle [26 ] 
a mpact flying [27 ,28 ], diving [33 ] and 

b al-borne devices on breeding females 
m  mass is added to that of the offspring 
b  mass of a device from the body mass 
o  of a given percentage mass (e.g. 5%) 
f

nderestimating the permissible mass 
o y lighter. Such under-estimation may 
e ough the animals apparently carried 

h ass may result in making the attach- 
i  ], with especially significant impacts 
o

4
F biologgers, harnesses, identification 
r ss during the entire research period, 
n calculated as a proportion of the low- 
e udy period. If the lowest body mass 
o m the available mass measurements. 
I  animal. For example, greater safety 
m avoid greater handicap during preg- 
n le 3 lists safety margins for Arabian 
b set of repeated mass measurements, 
t riation in body mass of other species 
a rchers should tailor the device’s mass 
a e particular individual to whom the 
d ass during the study period. 

e device to animals should be flexi- 
b uring the study, avoiding excessive 
t hroughout the study period [24 ,72 ]. 

Downloaded from ro
by University of Bris
on 30 September 20
r 5% of body mass) may compromise wildlife behaviour, welfare 
eploying additional mass, small as it may seem, will further inc
tudy animal and subsequently compromise data accuracy and an
his additional mass’s negative effects also depends on other cha
nd morphology [28 ] of the animal. Excess mass may especially i
reeding animals [27 ] more severely. Notably, deployment of anim
ay be problematic in at least two different ways. First, the device’s
eing carried by the female [71 ]. Second, calculating the permissible
f reproducing females would result in even greater over-estimation
or that individual. 

Neglecting temporal variation in body mass may also result in u
f the device if it is determined based on when the animal is usuall
xplain why, in some cases, no negative effect was measured alth
eavy devices. Furthermore, natural decrease or increase in body m
ng harnesses of animal-borne devices too loose or too tight [24 ,72
n flight and dive performance. 

.3. Recommendations for animal-borne devices 
irst, the total mass of all devices deployed on the animal (e.g. 
ings/tags) should remain below the target percentage of body ma
ot just mass at deployment. To this end, the target mass should be 
st body mass the animal is expected to attain during the entire st
f the animal is unknown, a ‘safety margin’ should be deduced fro
deally, safety margins would be tailored according to the specific
argins should be used for females during the breeding season to 
ancy [27 ], egg laying [71 ] or female and male incubation [73 ]. Tab
abblers and dwarf mongooses as examples. Given a similar data
he R code provided as ESM can be used to map daily and annual va
nd produce population-specific safety margins. In sum, field resea
nd form of attachment according to (i) the current condition of th
evice is attached and (ii) its predicted natural variation in body m
A second recommendation is that harnesses used to attach th

le enough to accommodate the expected change in body mass d
ightness or looseness caused by natural variation in body mass t
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260127/​6167736/​rsos.​260127.​pdf
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T valuate the effect that animal-borne 
d re presence [25 ,28 ,74 ]. 

4 h 
B studies. For example, masses are of- 
t egnancy/incubation [73 ,75 ,76 ]), cate- 
g sses [3 ,77 ,78 ]) and locations [65 ]. Our 
s ss can inflate type-I and type-II error 
r d groups ( figure 2 ). Even if sampling 
i rs in terms of statistical significance, 
t tes of mass in statistical models. 

een the difference of the compared 

g  sex difference between Arabian bab- 
b  mass (e.g. mean mass gain between 
m tio between these factors is in favour 
o ce), the more likely that a true group 

d nstance, because the mean sex differ- 
e ference (group-difference/temporal- 
d table even if most samples were tem- 
p o be higher when sex differences are 
s al differences (i.e. if group-difference 
< nce will mask true group differences 
( ce (e.g. type-I error as in the dwarf 
m ces, comparative studies should bal- 
a ection phase and statistically control 
f

5
als, we demonstrate that neglecting 
ting the permissible mass of animal- 
-I and type-II error rates in compara- 

peated calls to evaluate the effects of 

 and provide an R code to generate 
sible mass of animal-borne devices. 

E  on Arabian babblers was 0.336 g, which 
i ummer [5 ]. It is thus not expected to af- 
f li National Parks Authority (2014/40304, 
4  conducted under permission from the 
L sm (permit number: 001-CPM403-00013), 
a Ethics Committee: NAS321/2022) and the 
U 7/074), and in line with ASAB guidelines 
f loyed on dwarf mongooses as part of this 
o
D  provided as R data frames and R code in 
t
D ng the R code used for this study. 
A lysis, funding acquisition, investigation, 
m , writing—original draft, writing—review 

a , writing—review and editing; J.J.A.: data 
c  editing. 

ountable for the work performed therein. 
C
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hird, we encourage field studies to include a control group to e
evices may cause due to their mass, shape, position, colour or me

.4. Within-day body mass variation and comparative researc
ody mass is a common and important trait used in comparative 
en compared between periods (e.g. seasons, before versus after pr
ories of individuals (e.g. between sexes, dominance or breeding cla
imulations demonstrate that even within-day changes in body ma
ates if weighing times are not standardized between the compare
s not imbalanced to the degree of resulting type-I or type-II erro
emporally imbalanced sampling would result in inaccurate estima

The rates of type-I and type-II errors depend on the ratio betw
roups (e.g. between sexes or populations) in body mass (e.g. mean
ler males and females: 7.8%) and the temporal difference in body
orning and evening in Arabian babblers: 4.8%). The higher the ra
f the group difference (i.e. if group-difference > temporal-differen
ifference will be detected despite a more imbalanced sample. For i
nce in Arabian babblers is much greater than the daily temporal dif
ifference ratio = 1.6), the true sex difference in this species is detec
orally imbalanced ( figure 2 c ). However, type-II error is expected t
ubtler. In contrast, the greater this ratio is in favour of the tempor
 temporal-difference), the greater the risk that the temporal differe
i.e. type-II error) or lead to the detection of a false group differen
ongoose simulation in figure 2 b ). To avoid such erroneous inferen
nce weighing times between the compared groups at the data coll
or weighing times at the data analysis phase. 

. Conclusions 
(1) Leveraging extensive datasets from wild birds and mamm

temporal variation in body mass can lead to (i) overestima
borne research devices ( figure 5 ) and (ii) an increase in type
tive studies ( figure 2 ). 

(2) We provide further empirical evidence in support of the re
animal-borne devices in research. 

(3) We make practical recommendations to avoid these biases
species-specific safety margins when calculating the permis

thics. The total mass of three plastic rings and one aluminium ring placed
s approximately 0.5% of the mean body mass of adult females during s
ect the birds significantly. Research permits were obtained from the Israe
2538/2020, 43151/2022, 43511/2024). Work on dwarf mongooses was
impopo Department of Economic Development, Environment and Touri
nd ethical approval from the University of Pretoria, South Africa (Animal 
niversity of Bristol, UK (Animal Welfare and Ethics Review Body: UIN/1
or the ethical treatment of animals [79 ]. No animal-borne devices were dep
r any other associated study. 
ata accessibility. The data and code used for all analyses and all results are
he supplementary material [80 ]. 
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