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abstract: Unifying models have shown that the amount of space
used by animals (e.g., activity space, home range) scales allometrically
with body mass for terrestrial taxa; however, such relationships are
far less clear for marine species. We compiled movement data from
1,596 individuals across 79 taxa collected using a continental passive
acoustic telemetry network of acoustic receivers to assess allometric scal-
ing of activity space. We found that ectothermic marine taxa do exhibit
allometric scaling for activity space, with an overall scaling exponent
of 0.64. However, body mass alone explained only 35% of the varia-
tion, with the remaining variation best explained by trophic position
for teleosts and latitude for sharks, rays, and marine reptiles. Taxon-
specific allometric relationships highlighted weaker scaling exponents
among teleost fish species (0.07) than sharks (0.96), rays (0.55), and
marine reptiles (0.57). The allometric scaling relationship and scaling
exponents for the marine taxonomic groups examined were lower
than those reported from studies that had collated both marine and
terrestrial species data derived using various tracking methods. We
propose that these disparities arise because previous work integrated
summarized data across many studies that used differing methods for
collecting and quantifying activity space, introducing considerable
uncertainty into slope estimates. Our findings highlight the benefit
of using large-scale, coordinated animal biotelemetry networks to ad-
dress cross-taxa evolutionary and ecological questions.

Keywords: acoustic telemetry, Brownian bridge kernel utilization
distribution (KUD), continental network, Integrated Marine Ob-
serving System (IMOS), metabolic theory, spatial ecology.
Introduction

An animal’s activity space generally reflects essential activ-
ities, such as seeking food, shelter, reproduction, and suit-
able habitats as well as avoiding potential predators or un-
favorable conditions (Burt 1943). Identifying the factors
that contribute to an animal’s activity space is important
for predicting population health under a changing climate
anddeveloping effectivemanagement or conservation strat-
egies for ecological communities under threat (Hirt et al.
2021). Within guilds of animals, activity space (i.e., space
use) generally varies as a function of body weight (Turner
et al. 1969; Hendriks 2007) because larger animals tend to
move over larger spatial extents than smaller animals be-
cause of their greater energy requirements (McNab 1963;
Lindstedt et al. 1986) and the relatively lower energetic cost
of movement (Schmidt-Nielsen 1972). Allometry of activ-
ity space across animal guilds is also influenced by a range
of other factors, such as locomotive strategy, trophic level,
social conditions, habitat dimensionality, andprey size (Ha-
restad and Bunnel 1979; Carbone et al. 2004; Jetz et al.
2004; Tamburello et al. 2015; Rosten et al. 2016; Sequeira
et al. 2018; Boratyński et al. 2020; Todd and Nowakowski
2021).
The relative influence of intrinsic and extrinsic factors

on patterns of activity space among taxa has been long de-
bated in the scientific literature. In his seminal article,
McNab (1963) proposed that the allometric body mass
exponent for determining activity space size is similar
to that for metabolism, 0.75. However, more recent stud-
ies have revealed much more complex relationships. For
example, the scaling exponent is greatly influenced by the
habitats within which species forage, with scaling expo-
nents increasing with foraging dimensionality (Witting
1995). Comparative studies of lake- and river-dwelling
freshwater fishes have shown that while the relationship
between body size and activity space produced homoge-
nous slopes across environments, lake fish always had
larger activity spaces than river fish of equal body mass
(Minns 1995). Furthermore, movement patterns and ac-
tivity spaces of endothermic marine animals are signifi-
cantly influenced by whether they forage on or off the con-
tinental shelf, with species that occupy offshore pelagic
habitats displaying more directed daily movements than
their coastal counterparts (Sequeira et al. 2018). Species
that feed at higher trophic levels need to forage over greater
distances to find their relatively less abundant prey (Lind-
stedt et al. 1986). Evenwithin trophic groups, the sources of
diet and prey size explain a large proportion of variation in
allometric scaling of activity space (Gompper and Gittle-
man 1991; Tamburello et al. 2015).
Most studies assessing allometric scaling of activity

space have used meta-analyses and focused on terrestrial
birds, mammals, and reptiles. Terrestrial vertebrate activ-
ity spaces scale allometrically with body size, with loga-
rithmic exponents between 0.95 and 1.14 (Jetz et al. 2004;
Hatton et al. 2019). By contrast, studies of freshwater fishes
have reported a far lower scaling exponent of only 0.58
(Minns 1995). Allometric scaling in the marine environ-
ment was, until recently, poorly studied. Only a limited
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number of studies have reported allometric scaling of
activity space for marine animals (i.e., Nash et al. 2015;
Tamburello et al. 2015). These studies reported that the
scaling exponent for marine fishes is steeper than those
of either terrestrial vertebrates or freshwater fish at 1.12
and 1.71, respectively (Nash et al. 2015; Tamburello et al.
2015). Nash et al. (2015) highlighted an important poten-
tial confounding factor: most allometric studies derived
scaling coefficients using animal activity space data from
multiple studies that used a range of techniques (i.e., visual
tracking, mark-recapture, telemetry, mixed methods), po-
tentially affecting scaling coefficients. They also highlighted
that over time, the principal method used to define ac-
tivity space shifted from minimum convex polygons up to
the early 1990s to kernel utilization distributions (KUDs).
This change in approach could readily add a methodolog-
ical source of uncertainty, as opposed to a biological source,
in describing the relationship between activity space and
body size. Tamburello et al. (2015) recognized that there
was likely to be significant variability among the source
data and attempted to account for the method by which
activity space was measured by including it as a random ef-
fect in the model. However, Tamburello et al. (2015) did
not consider interstudy differences in the probability den-
sity estimator used (i.e., KUD smoothing factor). Presum-
ably similar confounding factors also affected data collec-
tion, since data were drawn from essentially the same body
of literature as that used in Nash et al. (2015). Additionally,
measures of activity space and mass used to construct al-
lometric scaling in the past have used species average val-
ues, with limited consideration of the effect of intraspecific
variability in both measures (Welsh et al. 2013). Therefore,
at this juncture the allometry of activity space in marine
animals remains unclear.
To address these methodological issues, we compiled

and assessed allometric scaling in a data set comprising
1,596 animals across 79marine species and 34,890,047 lo-
cation detections, collected over a decade and across 32 de-
grees of latitude. The data were collated by the Integrated
Marine Observing System’s (IMOS’s; https://www.imos.org
.au) Animal Tracking Facility. Since 2007, the IMOS Ani-
mal Tracking Facility has coordinated a continental-scale
network of acoustic receiver stations that covers a signifi-
cant portion of Australia’s coastline (fig. 1a; Hoenner et al.
2018). This collaborative network of receivers and asso-
ciated information infrastructure is used by independent
researchers, universities, and government organizations
to understand animal movement patterns and collect
continental-scale detection data around Australia (fig. 1b).
This study used a comprehensive quality-controlled data
set of the movements of a range of marine taxa monitored
using the IMOS Animal Tracking Facility network (Hoen-
ner et al. 2018). Using this database, we assessed activity
space scaling laws across four major marine taxonomic
groups—teleost fish, sharks, rays, and reptiles—that in-
habit Australia’s coastal waters, with our a priori hypoth-
esis being that allometric scaling would be apparent and
similar across these taxa. In contrast to earlier efforts (e.g.,
Nash et al. 2015; Tamburello et al. 2015), we examined
marine ectotherms that forage in benthic and pelagic
habitats and assessed activity space against body size, tax-
onomic group, geographic location, and trophic group.
Given that activity space for all taxa was estimated at an
individual level, using the same technology and analyzed
using the same standardized approach (Udyawer et al.
2018), rather than summarized species-level data, this study
overcomes the potential biases incurred by varying meth-
ods used to estimate activity space and incorporates intra-
specific variability in measurements used to define allome-
tric scaling relationships.
Methods

Data Collection and Processing

Metrics of activity space used to examine allometric scal-
ing relationships for marine animals were calculated from
acoustic telemetry detection data of tagged organisms col-
lated over a decade (2007–2017) by the IMOS Animal
Tracking Facility (fig. 1) and stored in an openly accessi-
ble data repository (https://animaltracking.aodn.org.au).
Data available in the repository undergoes strict quality
control, eliminating erroneous raw detections using spe-
cific rules that interrogate each data point in light of spa-
tiotemporal patterns in detection and known species
ranges (for the primary quality control process, see Hoen-
ner et al. 2018). Raw detections were processed to esti-
mate short-term centers of activity (COAs) for 60-min
intervals. COAs were estimated prior to subsequent activ-
ity space estimation, to account for the varied transmis-
sion settings across tagging projects and spatial biases
in raw detection data inherent in node-based telemetry
studies as well as to incorporate movements of tagged
animals between fixed receivers (Udyawer et al. 2018).
We conducted a second round of data filtering by exclud-
ing individuals that were not detected at five unique COA
locations. Aminimumof five unique COA locationsmeant
that tagged individuals recorded on a minimum of two
receivers were included, provided that sufficient move-
ments were recorded between the receivers over the track-
ing period. This process ensured that subsequent estimates
of activity space were not biased based on lack of positional
data. Detection data were used to calculate standardized
metrics of activity space using the Animal Tracking Tool-
box functions within the R package VTrack (Campbell
et al. 2012; Udyawer et al. 2018), which allowed for direct

https://www.imos.org.au
https://www.imos.org.au
https://animaltracking.aodn.org.au


Fi
gu

re
1:

M
ap

of
ge
og
ra
ph

ic
lo
ca
ti
on

s
of

ac
ou

st
ic

re
ce
iv
er
s
de
pl
oy
ed

(a
;r
ed

po
in
ts
;n

p
6,
06
7)

as
pa
rt
of

th
e
In
te
gr
at
ed

M
ar
in
e
O
bs
er
vi
n
g
Sy
st
em

’s
A
ni
m
al

T
ra
ck
in
g
Fa
ci
lit
y,

re
le
as
e

lo
ca
ti
on

s
(b
;n

p
1,
59
6)
,a
n
d
nu

m
be
r
of

in
di
vi
du

al
s
tr
ac
ke
d
fr
om

ea
ch

sp
ec
ie
s
w
it
hi
n
fo
ur

br
oa
d
ta
xo
n
om

ic
gr
ou

ps
(c
):
te
le
os
t
fi
sh
es

(o
ra
ng

e)
,s
ha
rk
s
(b
lu
e)
,r
ay
s
(y
el
lo
w
),
an
d
m
ar
in
e

re
pt
ile
s
(g
re
en
).
P
hy

lo
ge
n
y
be
tw
ee
n
gr
ou

ps
di
sp
la
ye
d
he
re

ar
e
us
ed

fo
r
ph

yl
og
en
et
ic

co
rr
ec
ti
on

s
in

m
od

el
s.



590 The American Naturalist
comparison across taxa and sites. For each tagged individual,
activity space included the area within the 95% contour
of a utilization distribution estimated using a Brownian
bridge movement model including all detections (Horne
et al. 2007; fig. S1a). A uniform smoothing parameter as-
sociated with the listening range of acoustic telemetry
methods was applied to all of the data to ensure compara-
bility. The smoothing parameter for Brownian bridge
models associated with relocation error (j2) was deter-
mined using an ad hoc approach (Kie 2013) and aligned
with measured listening ranges of acoustic arrays within
the IMOS network (e.g., Knip et al. 2012; Matley et al.
2015; Pillans et al. 2017). The smoothing parameter associ-
ated with animal speed (j1) was estimated using a maxi-
mum likelihood estimator following methods outlined by
Calenge (2006).
We collated species identity, release location, body mass,

trophic group, and foraging habitat data for each tagged
individual. Each species used was classified into one of
four broad taxonomic groupings: teleost fish, shark, ray,
or marine reptile. Where information on body mass was
not recorded, it was estimated from total length, snout-
vent length, or carapace length using length-weight rela-
tionships in published literature (Webb and Messel 1978;
Hirth 1982; Froese et al. 2014; Froese and Pauly 2017;
fig. S1b). Trophic level indices for each species were sourced
from published literature that used standardized indices
based on diet composition (Cortés 1999; Jacobsen and
Bennett 2013; Froese and Pauly 2017). Each individual was
then categorized into one of three broad trophic groups:
primary consumers, secondary consumers, and tertiary con-
sumers. Foraging habitat of each species was assessed by
classifying each species as either pelagic or benthic foragers
(table S1).
Statistical Modeling

Metrics of individual-level activity space and body mass
were used to construct a series of subset hierarchical models
to identify patterns in activity space ∼mass allometry. The
series of subset models used information on taxonomy,
trophic grouping, foraging habitat, and release location
as covariates to identify biological and geographic factors
that may influence activity space ∼mass allometry in ma-
rine animals. In all models, Individual-level metrics of ac-
tivity space and body mass were log10 transformed prior
to model construction. Random intercept, random slope
generalized linear models were fitted to obtain intercept
(a) and scaling exponent (b) values for each combination
of explanatory variable, with scaling relationships presented
here in the form AS p aMb, where AS indicates activity
space (in square kilometers) and M indicates the mass of
tagged individual (in grams).
All models and scaling relationships were constructed
with a Markov chain Monte Carlo (MCMC) sampler ac-
counting for correlated random effects arising from phyloge-
netic correlations between all species using the MCMCglmm
package (Hadfield 2010) in the R statistical environment
(R Core Team 2021). Model coefficients were estimated
using diffuse prior specifications, with 104 MCMC itera-
tions, thinned every 10 iterations with a burn-in value of
3,000. Model convergence was assessed using the Gelman-
Rubin statistic. Measures of variance in models were quanti-
fied by calculating marginal and conditional coefficients of
determination (R2) using custom R scripts as formulated
by Nakagawa and Schielzeth (2013). Marginal R2 values
provided the variance explained by the fixed effects inmod-
els, whereas conditional R2 values provided the variance
explained by the full model.
Phylogenetic correction in models were applied follow-

ing methods described by Hadfield and Nakagawa (2010)
by including a phylogenetic covariance matrix within models
calculated using branch distances from published phylo-
genetic trees (henceforth indicated as “1 phylo” in formu-
las). The phylogenetic covariance matrix was generated
using the inverseA function before applying it to each
model using the ginverse parameter in the MCMCglmm
function (Hadfield 2010). Taxonomic relationships be-
tween species for phylogenetic corrections was extracted
from the Open Tree of Life (OTL) taxonomy database
(https://tree.opentreeoflife.org). The OTL project assembles
current phylogenetic relationships across all organisms on
Earth by synthesizing published phylogenetic trees across
multiple taxonomies (Hinchliff et al. 2015). The phylogenetic
tree utilized in this study was built by subsetting the OTL
data set for the species for which activity space data was
available and combining results into a single phylogenetic
tree (fig. S2; Udyawer 2022). Accessing the OTL data set,
subsetting, and building the phylogenetic tree used in this
analysis was conducted using the rotl R package (Michon-
neau et al. 2016). To allow for comparisons between taxo-
nomic groups and with previous studies (e.g., Tamburello
et al. 2015), model coefficients were used to predict the
area of activity space, with estimated standard errors, for
a 1-kg individual (AS1kg, in square kilometers).
Activity Space ∼ Mass Allometric Scaling

Allometric relationships were constructed to assess how
activity space scales with body mass in marine animals.
Allometric relationships were calculated (i) across all
marine species combined (log10(AS) ∼ log10(M)1 phylo),
(ii) across each of the four marine taxonomic groups
(log10(AS) ∼ log10(M)# taxonomicgroup1 phylo), and
(iii) for each trophic group within each taxonomic group.
To account for limited numbers of representative individuals

https://tree.opentreeoflife.org
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within some taxa-trophic groupings (e.g., marine reptiles)
and facilitate comparisons with previous studies (Tamburello
et al. 2015), we developed models on taxon-specific subsets
(log10(AS) ∼ log10(M) # trophicgroup 1 phylo). Model
coefficient estimates and their associated standard errors
were used to calculate marginal R2 and AS1kg values for each
subset model.
Factors Influencing Activity Space ∼ Mass
Allometric Scaling

Two sets of models were used to assess how biological and
geographic factors influence activity space ∼ mass allom-
etry in marine animals. First, a model selection framework
was used where 16 candidate models were constructed to
identify the most parsimonious combination of covariates
that best explained variance in allometric scaling relation-
ships. Candidate models were phylogenetically corrected
additive models with all possible combinations of covariates
(and mass as a constant variable in all models), including
taxonomic group (t), trophic group (TG), foraging habitat
(FH), and latitude of release site (Ltt; full model: log10(AS) ∼
log10(M)1 t 1 TG1 FH1 Ltt1 phylo). Prior to model
construction, a multicollinearity analysis using a Spearman’s
rank order correlation was conducted using the correlation
R package (Makowski et al. 2020). A multilevel correlation
structure was used with taxonomic group as a random ef-
fect to account for the lack of independence of observations
within taxonomic groups. Collinearity testing highlighted
that all variables used in subsequent models were not strongly
correlated (Spearman coefficients ! j0:5j; fig. S3). Candi-
date models were compared using a deviance information
criterion (DIC) index (Spiegelhalter et al. 2002) using the
MuMIn package (Bartoń 2020) in R, with the marginal R2

estimated for each candidate model. Only main effects were
considered in the model selection process. Variables present
in themodels with the lowest DIC score were regarded as in-
fluential biological or geographic factors.
Second, the influence of each covariate on allometric

relationships was explored using a series of simple bivar-
iate interaction models. All interaction models were built
from the base phylogenetically corrected activity space ∼
mass allometrymodel (log10(AS) ∼ log10(M)1 phylo), with
the influence of taxonomic group (log10(AS) ∼ log10(M)#
t 1 phylo), trophic group (log10(AS) ∼ log10(M)#TG1
phylo), foraging habitat (log10(AS) ∼ log10(M)#FH1
phylo), and release latitude (log10(AS) ∼ log10(M)#
Ltt1 phylo) tested. Intersect (a) and scaling exponent
(b) coefficients with associated credibility intervals for
each interaction term within models were estimated.
DIC and conditional R2 measures were estimated to as-
sess the fit of each model, and how much of the variation
in activity space ∼ mass allometry was explained by in-
cluding each biological or geographic covariate. Model
coefficients were also used to estimate AS1kg values for
each grouping of interaction terms to allow for within- and
between-model comparisons.
Results

Scaling relationships for activity space with body mass over
the complete data set showed positive correlations with an
exponent of 0.64 (fig. 2; table 1). At the taxon level, teleosts
displayed small scaling exponents for activity space (0.07;
table 1), with secondary consumer fish species displaying
a negative slope (20.12), indicating that smaller secondary
consumer fish species tended to display marginally larger
activity spaces than larger species. Marine reptiles and rays
displayed scaling relationships closer to the overall scaling
relationship (marine reptiles p 0:57, rays p 0:55; fig. 2).
Sharks displayed high scaling exponents (0.96) compared
with other taxonomic groups and the 0.75 scaling exponent
proposed by McNab (1963), indicating that metabolism is
not the sole driver of this scaling relationship. Body mass
alone explained 35% of variation in overall allometric scal-
ing relationships (fig. 2; table 1).
Model comparisons across 16 candidate additive models

showed that including taxonomic group (t), trophic group
(TG), and release latitude (Ltt) in models explained the
largest portion of variance in scaling relationships (44%;
table 2), with the full model (explaining 43% variance) in-
cluded within the first four best-fittingmodels. Release lat-
itude was represented in the top eight most parsimonious
models in scaling relationships (table 2). The allometric
scaling exponent of species examined in the present study
varied significantly with latitude, with species tagged in
midlatitudes (between 207S and 357S) displaying scaling
exponents closest to 1 (fig. 3), with teleosts displaying a
high level of variability in allometric scaling across the full
range of latitudes (fig. S4). Within the shark taxonomic
group, species monitored at the northernmost (107S–157S)
and southernmost (407S–457S) sites displayed negative
scaling exponents compared with counterparts in midlat-
itudes (fig. 3). This is likely an effect of migratory or widely
dispersing sharks (e.g., sandbar sharks, bull sharks, and dusky
whaler sharks) being predominantly found and tagged in
midlatitude sites.
Taxonomic group (t) was included as a covariate in the

top twomodels (table 2), suggesting that allometric scaling
of activity space for marine animals is taxon specific and
significantly varies across latitudes. Trophic group (TG) was
represented in the top four models, highlighting the influ-
ence of prey type targeted by tagged animals across the full
size range and latitudinal gradient (table 2). Activity space
scaling exponents of teleosts across the three trophic groups
identified that second- and third-order consumers displayed
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significantly lower scaling exponents (fig. 4) and potentially
drive the overall scaling exponent (fig. 2). This pattern was
likely driven by the large number of secondary consumer
teleosts in the data set that displayed large activity spaces
despite smaller body size (table 1). Predicted activity space
for 1-kg individuals (AS1kg) of secondary consumerswas con-
siderably larger than tertiary consumers (table 3; fig. S4).
Interaction models that assessed the effect of each bi-
ological and geographic covariate on allometric relation-
ships showed that taxa and tagging location individually
explained a larger proportion of the variance in scaling
relationship than mass alone (table 3). Bivariate interac-
tion models including release latitude explained the larg-
est proportion of variance. However, the optimal additive
a

b

Figure 2: a, Allometry between log-transformed mass and activity space in marine animals tracked using the IMOS ATF continental-scale
acoustic receiver network. The broken gray vertical line represents predicted activity space at 1 kg of mass (AS1kg). b, Taxon-level scaling
exponent values displayed for the full data set (black) and for the four major marine taxa (orange p teleost; blue p sharks; yellow p rays;
greenpmarine reptiles) with 95% credible intervals represented. The broken black line in both panels represents the 0.75 body mass scaling
exponent proposed by McNab (1963). Numbers of species and individuals within each taxa group used to create allometric relationships are
shown at the top.



Table 2: Model selection used to examine the influence of biological and geographic
covariates on the allometric relationships between activity space and body mass across
four major marine taxonomic groups
Rank
 Model
 df
 Marginal R2
 DIC
1
 AS ∼ M 1 t 1 TG 1 Ltt
 10
 .44 (.14–.78)
 4,568.55

2
 AS ∼ M 1 t 1 TG 1 FH 1 Ltt
 11
 .43 (.15–.77)
 4,570.51

3
 AS ∼ M 1 TG 1 Ltt
 7
 .27 (.22–.33)
 4,573.14

4
 AS ∼ M 1 FH 1 TG 1 Ltt
 8
 .28 (.22–.34)
 4,575.47

5
 AS ∼ M 1 t 1 Ltt
 8
 .36 (.16–.77)
 4,602.10

6
 AS ∼ M 1 Ltt
 5
 .26 (.20–.33)
 4,602.23

7
 AS ∼ M 1 t 1 FH 1 Ltt
 9
 .42 (.15–.78)
 4,603.85

8
 AS ∼ M 1 FH 1 Ltt
 6
 .26 (.19–.34)
 4,604.37

9
 AS ∼ M 1 t 1 FH 1 TG
 10
 .41 (.12–.79)
 4,678.96

10
 AS ∼ M 1 FH 1 TG
 7
 .26 (.17–.37)
 4,678.99

11
 AS ∼ M 1 t 1 TG
 9
 .36 (.11–.76)
 4,682.04

12
 AS ∼ M 1 TG
 6
 .26 (.18–.37)
 4,682.27

13
 AS ∼ M 1 t 1 FH
 8
 .27 (.15–.68)
 4,701.82

14
 AS ∼ M 1 FH
 5
 .26 (.16–.40)
 4,702.09

15
 AS ∼ M 1 t
 7
 .32 (.14–.78)
 4,705.17

16
 AS ∼ M
 4
 .35 (.16–.38)
 4,705.33
Note: Presented within parenthesis for each model are 95% credible intervals for marginal R2. All 16 can-
didate models displayed were ranked using a deviance information criterion (DIC) framework. All models
were run using a Markov chain Monte Carlo sampler and phylogenetically corrected using species-level
phylogeny (see fig. 1c for phylogeny used). AS p log10(activity space; km2); M p log10 (body mass; g);
t p taxonomic group (teleost fish, shark, ray, reptile); TG p trophic group (primary, secondary, tertiary
consumer); Ltt p release latitude; FH p foraging habitat (benthic, pelagic).
Table 1: Overall and taxon-level allometric scaling relationships between activity space (AS, in square kilometers)
and body mass (M, in grams) in marine animals by trophic group
Taxonomic group,
trophic group
 nspp
 nind
 a
 b
 Marginal R2
 AS1kg
Overall
 79
 1,596
 .27 (.19 to .37)
 .64 (.61 to .68)
 .35 (.16 to .38)
 4.065 2.58

Teleost fish:
Overall
 30
 530
 1.95 (1.51 to 2.51)
 .07 (2.01 to .15)
 .20 (.11 to .51)
 7.475 1.79

Primary
 5
 63
 .31 (0 to .53)
 .57 (.31 to .84)
 .26 (.01 to .51)
 3.665 4.95

Secondary
 13
 294
 3.96 (.01 to 12.3)
 2.12 (2.2 to 2.02)
 .22 (.01 to .38)
 10.25 2.06

Tertiary
 12
 173
 1.65 (.01 to 5.32)
 .11 (2.08 to .31)
 .19 (.01 to .42)
 6.645 4.37
Sharks:

Overall
 30
 775
 .09 (.06 to .12)
 .96 (.90 to 1.02)
 .34 (.15 to .59)
 2.925 1.82

Primary
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .

Secondary
 6
 206
 .16 (.01 to 3.85)
 .81 (.68 to .93)
 .31 (.11 to .63)
 3.955 3.09

Tertiary
 24
 569
 .08 (.01 to 14.54)
 1.01 (.92 to 1.07)
 .43 (.20 to .64)
 2.615 2.09
Rays:

Overall
 15
 113
 .32 (.23 to .43)
 .55 (.48 to .62)
 .42 (.14 to .73)
 3.145 2.02

Primary
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .

Secondary
 14
 109
 .36 (.01 to .62)
 .53 (.46 to .60)
 .42 (.14 to .72)
 3.575 2.03

Tertiary
 1
 4
 .06 (.01 to .09)
 .77 (.56 to .98)
 .74 (.34 to .99)
 .295 12.5
Marine reptiles:

Overall
 4
 178
 .27 (.20 to .37)
 .57 (.50 to .63)
 .38 (.11 to .68)
 2.505 2.01

Primary
 1
 50
 .18 (.01 to .86)
 .50 (.37 to .64)
 .34 (.11 to .68)
 .615 4.02

Secondary
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .

Tertiary
 3
 128
 .40 (.05 to .82)
 .55 (.46 to .61)
 .44 (.16 to .74)
 5.175 1.89
Note: Scaling coefficients presented here are in the form AS p aMb , with number of species (nspp), number of individuals (nind), and marginal R2 values for
each relationship represented. Presented in parentheses for each model are 95% credible intervals for coefficients and marginal R2. Predicted activity space at
1 kg of mass (AS1kg, in square kilometers) with standard error is estimated for each taxonomic–trophic group combination.
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model including taxonomic group and release latitude still
outperformed models where both variables were used as in-
teraction variables (table 3). The inclusion of trophic group
as an interaction term reduced the amount of variability
explained in the scaling relationship (table 3). This lower
performance was likely due to the increased variation in-
troduced by larger activity spaces of smaller secondary con-
sumer teleosts in the data set.
Discussion

Analysis of continental-scale acoustic telemetry data for
79 marine species from four marine taxa revealed that
marine animals exhibit allometric scaling for activity space
very similar to terrestrial taxa, with an overall scaling ex-
ponent of 0.64. The latitude at which animals were tagged
and their trophic group significantly influenced the allo-
metric scaling of activity space. In this study, all species
were tracked using the same technology, and the metrics
for activity space were computed for all tags using the same
approach (Udyawer et al. 2018). This standardized method-
ology provided precise cross-taxa comparisons of allome-
tric scaling. The use of discrete arrays of passive acoustic
receivers may limit measurements of the full extent of some
animals’ activity space. However, we are confident that the
large geographic footprint (spanning 32 degrees of latitude)
of the receiver network augmented by the high number of
animal location records ensured a good approximation of
activity space for larger species while enabling the use
of a consistent analytical method across a broad size range
of species. The different values derived between this and
previous studies (Nash et al. 2015; Tamburello et al. 2015;
Rosten et al. 2016) highlight the complexity of natural sys-
tems and the ambiguity in allometric scaling relationships
Number of individuals

a

b

Figure 3: a, Release locations and numbers of individuals from each of the four major marine taxonomic groups monitored across 57 lat-
itudinal subsets using the Integrated Marine Observing System’s Animal Tracking Facility continental-scale network. b, Scaling exponent for
subsets of individuals within each of the four major marine taxonomic groups (orange p teleost; blue p sharks; yellow p rays; green p
marine reptiles) and within the seven latitudinal subsets represented as points with 95% credible intervals. The colored vertical line within
each subpanel in b represents the overall taxon-level scaling exponent, the vertical black line represents the scaling exponent across the full
data set, and the broken line represents the 0.75 body mass scaling exponent (McNab 1963).
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defined in marine systems. Here, we demonstrate the value
of using individual-level measures (compared with sum-
marized species-level measures), a consistent method of
calculating activity space (e.g., smoothing parameters),
and the utility of a coordinated continental-scale research
infrastructure.
The overall scaling exponent derived from allometric

scaling of activity space across marine taxa (0.64) was sim-
ilar to that derived for terrestrial mammals and birds (fig. 5),
but the exponent was substantially smaller than the 1.12–
1.71 previously reported for marine fishes, in which activity
space information was summarized using values derived
from multiple published studies (Nash et al. 2015; Tam-
burello et al. 2015). We also found a very small scaling re-
lationship in teleost fishes, which suggests that the allome-
tric relationship in this taxonomic group is highly variable
and not as strong as previously estimated (Tamburello et al.
2015). There are a number of possible reasons for this con-
trast with the published literature. First, we compared species
across a much broader range of latitudes and habitat types
than used in previous studies. Nash et al. (2015) compared
activity space only for coral reef fishes, which exist in a
narrow latitude band (!307) and inhabit the same habitat
throughout their distributions (coral reef ). Tamburello et al.
(2015) deliberately omitted pelagic fish and instead selected
only benthic fish, primarily perciform and scorpaeniform
fishes. These tend to be slow-moving and sedentary species,
again reducing the potential for interspecies variation. In
our study, fish data were collected across a wide range of
orders (30 teleost species within 18 orders), habitats, and
temperature regimes. The broad range of teleost species
examined here may have overridden any significant allo-
metric effects of body mass on activity space found in pre-
vious studies and provides a more accurate picture of allo-
metric scaling in teleost fishes.
Much of the literature around allometric scaling of ac-

tivity space has been developed from location data collected
for bird and mammal species (although see Hirt et al. 2017).
In these groups, basal metabolic rate appears to be a good
size predictor of activity space, and variation in allometric
Table 3: Influence of biological and geographic variables on activity space ∼ mass allometric scaling in marine animals
Model, variable
 nspp
 a
 b
 Conditional R2
 DIC
 AS1kg
AS ∼ M
 79
 .27 (.19 to .37)
 .64 (.61 to .68)
 .31 (.19 to .51)
 4,705.33
 4.065 2.58

AS ∼ M# t
 .75 (.24 to .98)
 4,633.07
Taxon:

Teleost fish
 30
 1.95 (1.51 to 2.51)
 .07 (2.01 to .15)
 7.475 1.79

Sharks
 30
 .09 (.06 to .12)
 .96 (.90 to 1.02)
 2.925 1.82

Rays
 15
 .32 (.23 to .43)
 .55 (.48 to .62)
 3.145 2.02

Marine reptile
 4
 .27 (.20 to .37)
 .57 (.50 to .63)
 2.505 2.01
AS ∼ M#TG
 .28 (.21 to .39)
 4,642.47

Trophic group:

Primary
 6
 .73 (.04 to 15.03)
 .24 (.04 to .44)
 2.285 7.32

Secondary
 33
 .95 (.79 to 1.13)
 .34 (.29 to .39)
 9.225 1.51

Tertiary
 40
 .17 (.12 to .24)
 .78 (.73 to .83)
 3.755 2.08
AS ∼ M# FH
 .32 (.20 to .52)
 4,627.06

Foraging habitat:

Benthic forager
 58
 1.06 (.81 to 1.38)
 .28 (.23 to .34)
 7.955 1.84

Pelagic forager
 21
 .04 (.01 to .10)
 1.10 (1.03 to 1.16)
 .965 6.56
AS ∼ M# Ltt
 .29 (.21 to .43)
 4,584.79

Release latitude:

107S–157S
 9
 2.06 (1.5 to 2.83)
 .22 (.15 to .29)
 23.885 2.08

157S–207S
 26
 .12 (.08 to .19)
 .80 (.72 to .88)
 1.995 2.63

207S–257S
 30
 .04 (.02 to .08)
 1.02 (.97 to 1.07)
 .585 5.40

257S–307S
 8
 .15 (.07 to .29)
 1.10 (.89 to 1.3)
 22.675 5.06

307S–357S
 21
 .78 (.44 to 1.39)
 .47 (.32 to .61)
 14.295 3.75

357S–407S
 12
 .71 (0 to 1969.46)
 .52 (.38 to .66)
 16.215 8.57

407S–457S
 4
 9.96 (2.33 to 42.55)
 2.06 (2.21 to .1)
 134.75 28.2
Note: Scaling coefficients presented are in the form AS p aMb , with numbers of species (nspp), conditional R2, and deviance information criterion (DIC)
values for interaction models. Only simple uni- and bivariate interaction models were considered to identify the influence of each variable on activity space ∼
mass allometric scaling. All models were run using a Markov chain Monte Carlo sampler and phylogenetically corrected using species-level phylogeny (see fig. 1c
for phylogeny used). Presented within parenthesis are 95% credible intervals for coefficients for each model. Predicted activity space at 1 kg of mass (AS1kg,
in square kilometers) with standard error is estimated for each interaction model. AS p log10(activity space; km2); M p log10(body mass; g); t p taxonomic
group (teleost fish, shark, ray, reptile); TG p trophic group (primary, secondary, tertiary consumer); Ltt p release latitude; FH p foraging habitat (benthic,
pelagic).
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scaling can be explained by factors such as geographical
location, resource availability, habitat dimensionality, pop-
ulation density, and trophic level (Jetz et al. 2004). Here, we
demonstrate that allometric scaling relationships of activity
space across marine taxa are similar to that of terrestrial
animals, with latitude and trophic group exerting a strong
influence on activity space allometry across taxa. Formany
pelagic animals there is little or no decrease in mass-specific
metabolic rate with body mass, and in many cases pelagic
animals have metabolic rates that scale proportionately
(isometrically) rather than disproportionately (allometrically)
to body mass (Glazier 2006). In the marine environment,
it appears thatmetabolic scaling is not simply a function of
body size and that additional ecological processes beyond
energetic requirements also influence this relationship.
The latitudinal effect on activity space allometry observed

in this study likely reflects the influence of other factors
that correlate with latitude (e.g., temperature, productivity).
Figure 5: Allometric scaling relationships between activity space and body mass in four marine taxa from this study compared with scaling
relationships from aquatic and terrestrial taxa from previous studies (Nash et al. 2015; Tamburello et al. 2015; Rosten et al. 2016). The bro-
ken gray vertical line represents predicted activity space at 1 kg of mass (AS1kg). See table 1 for taxon-specific coefficients and marginal R2

values for relationships from the present study.
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Seasonal changes in temperature often drive specific be-
haviors in animals and modify movement patterns (Fiedler
et al. 2021); therefore, animals in areas with greater sea-
sonal change or species with highly seasonal behaviors
(i.e., breeding or feeding) are expected to have more var-
iable allometric scaling relationships between seasons. Pre-
vious metabolic scaling theories show that temperature-
dependentmetabolic performance is highly conserved across
taxa and environments (Savage et al. 2004), with metabolic
rates generally higher at warm temperatures (Huey and
Kingsolver 1989; Gillooly et al. 2001; Payne et al. 2016). Ecto-
thermic organisms might be expected to increase foraging
and activity space at warmer temperatures to meet higher
metabolic andenergeticdemandsuntil critical thermal thresh-
olds are reached. In the present study, animals tagged at
warmer latitudes generally displayed larger activity spaces
than those observed inmore temperate species (fig. S4). This
reflects similar trends seen in the range extent of animals,
where the breadth of a species’ environmental tolerance
reflects the variability of the environment (the climate vari-
ability hypothesis; Stevens 1989; Pintor et al. 2015).
Productivity and density of food can particularly influ-

ence the size of the area used by animals (Lindstedt et al.
1986; Smith et al. 2013; Tucker and Rogers 2014). Species
mostly occurring at localized regions of very high food avail-
ability at low latitudes (e.g., coral reefs) would be expected
to have smaller activity space than species that inhabit broader
regions in temperate or pelagic areas where food resources
are patchier andmore dynamic (Harcourt et al. 2002; Benoit-
Bird andMcManus 2012; Carroll et al. 2016). Sincemany of
the species from low latitudes were tagged at coral reefs that
are composed of isolated reef systems, habitat fragmenta-
tion might have further constrained the area used by some
tropical species (Espinoza et al. 2015; Momigliano et al.
2015). Additionally, the relative lack of tracking infrastruc-
ture and tracking studies across the north and south coasts,
compared with the east and west coasts of Australia, may
have had a potential effect on the longitudinal relationship,
with more exaggerated scaling effects expected in species
occurring at the extremities of the latitudinal scale.
Our findings provide limited support for earlier studies

that showed an increase in activity space allometrywith tro-
phic position in marine taxa (Tamburello et al. 2015). As
high-trophic-level organisms typically feed on resources that
are sparsely distributed, mobile, and unpredictable across
the landscape, such species typically require a large home
range (Kelt and Van Vuren 2001; Carbone et al. 2007; Jaine
et al. 2014; Tucker and Rogers 2014). In our study, activity
space allometry of tertiary consumers was lower than that
of secondary consumers. Such discrepanciesmight be related
to a range of mechanisms that were not examined in previ-
ous studies because of a small number of taxa across trophic
position and limited spatial range.
1. Foraging strategy. Many secondary consumers can be
considered patch foragers, while many benthic marine ter-
tiary consumers use a sit-and-wait strategy (Webb 1984). The
latter strategy means that tertiary consumers can optimize
energy intake by reducing foraging costs (e.g., searching)
compared with actively foraging across patchily distributed
resources (Carbone et al. 1999; Thompson and Fedak 2001).
The effect of feeding strategy on activity space has previously
been shown for estuarine crocodiles (Crocodylus porosus)
that transition ontogenetically from a highly active foraging
mode that exploits estuarine prey to a less active sit-and-
wait feeding strategy focused on killing terrestrial ungulates
along riverbanks (Hanson et al. 2015). Similarly, social hier-
archy and territorial interactions among individuals may
influence activity space, where the larger dominant individ-
uals maintain discrete territories, whereas the smaller subor-
dinates move over much larger areas (Campbell et al. 2013).
2. Dimensionality of foraging habitat. Differences in the

dimension of foraging habitat have been shown to affect ac-
tivity space (Pearce et al. 2013; Sequeira et al. 2018) and to
lower exponents of the bodymass–home range relationship
in mammals (Carbone et al. 2004). As the present study es-
timated two-dimensional activity space, it might have also
underestimated the true home range of tertiary consumers
species that feed in a three-dimensional habitat (Bestley et al.
2015; Udyawer et al. 2015; Lee et al. 2017).
3. Resource quality. Space required by an organism to

meet its metabolic needs is partly determined by resource
supply, which is affected by both resource abundance and
quality (Yeager et al. 2014). When comparing across tro-
phic groups, species consuming higher-quality prey (e.g.,
tertiary consumers) often feed less frequently than species
that consume lower-quality resources (e.g., primary con-
sumers; Arrington et al. 2002; Vinson and Angradi 2011).
One mechanism by which species may compensate for lower-
quality food is by increasing the quantity of food resources
consumed. This would likely result in greater activity space
needed to source more food and maintain similar levels of
energy balance and growth. Conversely, species occupying
highly productive habitats may not have a requirement to
move far to acquire adequate food and shelter resources
than in otherwise lower-quality habitats (Pillans et al. 2017,
2021).
4. Antipredatory behavior. The extent of activity space

is not solely driven by foraging and could be a result of
animals making movement decisions to minimize preda-
tion risk. Secondary consumers are likely to be more prone
to this influence while trying to meet energy demands
(Brown 1988; Heithaus et al. 2002; Laundré 2010; Mitchell
and Harborne 2020).
While other factors might be affecting activity space

variations across trophic groups (e.g., seasonality in move-
ments, reproduction), the mechanisms described above may
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all contribute to larger and more variable activity spaces and
dispersal capacities in secondary consumers than tertiary
consumers. In addition to these factors, there are likely other
mechanistic drivers of inter- and intraspecific variability in
allometries that have not been considered here (e.g., non-
linear allometry) but should be considered in future meta-
analytical approaches to further understand inter- and
intraspecific variation in activity space ∼ mass allometric
relationships across marine taxa.
An important consideration inherent to allometric scal-

ing studies is the method used to collect data and compute
the scaling factors. Macroecological relationships requiring
empirical data spanning multiple species and across large
geographical scales often rely on numerous species- or
location-specific work conducted across a wide community
of researchers (e.g., Ellis et al. 2019; Lowerre-Barbieri et al.
2021). While allometric scaling relationships have previ-
ously been derived using diverse data sources (e.g., Nash
et al. 2015; Tamburello et al. 2015), there are likely un-
avoidable biases in doing so, as acknowledged by the authors
of these studies. The approach used in our study reduces
these uncertainties and provides robust estimates by re-
stricting estimation of activity space to a single technology
(passive acoustic telemetry) and simultaneously applying
a standardized analysis across all taxa (e.g., same smooth-
ing factors). The IMOS continental acoustic telemetry net-
work has now been successfully used to identify intra- and
interspecific functional movement behaviors (Brodie et al.
2018), stock structure of commercially important marine
species (Lédée et al. 2021), and impacts of changes in hu-
man activity on animal populations during global disrup-
tions such as the COVID-19 pandemic (Huveneers et al.
2021). However, as with all technology, there are inherent
limitations to using data derived from acoustic telemetry
to estimate a species activity space. First, acoustic telemetry
is not suited to tracking movements of all aquatic species
(Hussey et al. 2015; Harcourt et al. 2019). Second, acoustic
receivers can have variable detection ranges, influenced by
a variety of factors including transmitter power output, bio-
fouling, ambient noise, and environmental conditions (Heu-
pel et al. 2008; Kessel et al. 2014; Huveneers et al. 2016, 2017).
Finally, infrastructure deployments across the continent
and within individual acoustic telemetry networks can vary
in space and time according to active research projects, with
smaller arrays potentially introducing a bias in underesti-
mating activity spaces for some species that move over larger
distances than that being covered by the continental net-
work (Steckenreuter et al. 2017).
The use of unifying models to understand how animals

occupy space can provide important information on popu-
lation structure and distribution of species across land-
scapes and seascapes. Many of these unifying models have
been tested primarily in terrestrial and freshwater systems,
where there are many fine-scale and long-term data on an-
imal movements. In marine ectotherms, a hierarchical ap-
proach to examining allometric scaling exponents reveals a
more complex relationship between bodymass and activity
space across taxa, trophic groups, and foraging behaviors.
Here, we demonstrated the utility of collaborative passive
telemetry networks to assess activity space–body mass al-
lometry in a range of marine taxa and across a wide geo-
graphic scale, an approach not previously feasible because
of the difficulty of obtaining long-term and standardized
metrics of activity space over biologically relevant spatial
scales.
Acknowledgments

Data were sourced from Australia’s Integrated Marine Ob-
serving System (IMOS). IMOS is enabled by the National
Collaborative Research Infrastructure Strategy (NCRIS).
It is operated by a consortium of institutions as an unincor-
porated joint venture, with the University of Tasmania as
lead agent. Quality-checked telemetry data used in this
study were accessed via the Australian Ocean Data Network
portal (https://portal.aodn.org.au/) and the IMOS Austra-
lian Animal Acoustic Telemetry database (https://animal
tracking.aodn.org.au).We thankM. Braccini, R. Bradford,
M. Davidson, A. Hobday, I. Keay,M. Lansdell, P.McDowall,
S. Mountford, J. van den Broek, B. Walker, and J. Welch for
their contributions. We thank S. O’Donnell and two anony-
mous reviewers for their insightful suggestions on the man-
uscript and C.Mull for advice during the reanalysis. We also
acknowledge the contributions of all collaborators and their
institutions to the contents of the IMOS Australian Animal
Acoustic Telemetry database and data. This work was sup-
ported by the Fisheries Research and Development Corpo-
ration (FRDC; project 2018-091). Authors acknowledge the
following grants and funding organizations that supported
this research: ARC Linkage (LP110200572, LP0883720,
LP10010036, LP120100652, LP150100669, LP110100712);
ARC Future Fellowship (FT099172, FT100101004); ARC
DECRA (DE120102459); NERP Tropical Ecosystems Hub
projects 6.1 and 6.2; Fisheries Research and Development
Corporation (2010/062, 2012/020); LabexMER (ANR-10-
LABX-19); PRESTIGE program (PCOFUND-GA-2013-
609102); SeaWorld Research and Rescue Foundation; Save
Our Seas Foundation; Oceania Chondrichthyan Society/
Passions of Paradise; ECOCEAN;Winifred Violet Scott Es-
tate; Holsworth Wildlife Research Endowment; Ningaloo
Whale Shark Industry; Caring for Coasts; Department of
the Environment, Water and Natural Resources; New South
Wales Department of Primary Industries; Sydney Aquarium
Conservation; Neiser Foundation; Adelaide and Mount
Lofty Ranges Natural Resources Management Board; Na-
ture Foundation of South Australia; Tracking Research for

https://portal.aodn.org.au/
https://animaltracking.aodn.org.au
https://animaltracking.aodn.org.au


600 The American Naturalist
Animal Conservation Society (TRACS); Australian Academy
of Science; Thyne Reid Trust Doctoral Fellowship; Earth-
watch Australia; Lady Elliot Island Eco Resort; Manta Lodge
and Scuba Centre; Redland City Council; SE QLD Catch-
ments; Kaufmann Productions; West Australian Marine
Science Institution; Western Australian Department of Bio-
diversity Conservation and Attractions; Gorgon Barrow Is-
land Net Conservation Benefits Fund; BHP-CSIRO Nin-
galoo Outlook Marine Research Partnership; Gas Industry
Social and Environmental Research Alliance; and University
of Queensland Research Scholarship.

Statement of Authorship

Conceptualization: V.U., C.H., F.J., R.C.B., X.H., H.A.C.,
S.B., R.G.H., C.A.S., M.R.H.; funding acquisition: F.J.,
R.G.H., C.A.S., M.R.H.; methods development: V.U., X.H.,
F.J., C.H., C.A.S., M.R.H.; data collection: V.U., C.H., F.J.,
R.C.B., S.B., H.A.C., R.G.H., X.H., E.J.I.L., C.A.S., M.D.T.,
A.A., A.B., C.B., B.B., P.A.B., G.C., L.I.E.C., L.C.-R., A.F.,
D.H., A.R.H., N.A.K., K.L., M.L., M.L., T.M., J.M., J.D.M.,
R.M., F.M., M.M., K.M., B.M.N., B.O., N.L.P., V.P., T.P.,
R.D.P., R.D.R., P.R., J.M.S., A.S., C.W.S., D.v.d.M., M.R.H.;
data analysis: V.U., X.H., M.-J.B., F.J., C.H.; data validation:
V.U., X.H., F.J., C.H.; writing original draft: V.U., V.H.,
F.J., R.C.B., S.B., M-J.B., H.A.C., X.H., C.A.S., M.D.T.,
M.R.H.; review and editing: V.U., C.H., F.J., R.C.B., S.B.,
H.A.C., R.G.H., M-J.B., X.H., E.J.I.L., C.A.S., M.D.T., A.A.,
A.B., C.B., B.B., P.A.B., G.C., L.I.E.C., L.C.-R., A.F., D.H.,
A.R.H., N.A.K., K.L., M.L., M.L., T.M., J.M., J.D.M., R.M.,
F.M., M.M., K.M., B.M.N., B.O., N.L.P., V.P., T.P., R.D.P.,
R.D.R., P.R., J.M.S., A.S., C.W.S., D.v.d.M., M.R.H.

Data and Code Availability

Data used in this article are available through the Dryad
Digital Repository (https://doi.org/10.5061/dryad.h70rxw
dmx; Udyawer 2022).

Literature Cited

Arrington, D. A., K. O. Winemiller, W. F. Loftus, and S. Akin. 2002.
How often do fishes “run on empty”? Ecology 83:2145–2151.

Bartoń, K. 2020. MuMIn: Multi-model inference. R package ver-
sion 1.43.17. https://CRAN.R-project.org/packagepMuMIn.

Benoit-Bird, K. J., and M. A. McManus. 2012. Bottom-up regula-
tion of a pelagic community through spatial aggregations. Biol-
ogy Letters 8:813–816.

Bestley, S., I. D. Jonsen, M. A. Hindell, R. G. Harcourt, and N. J.
Gales. 2015. Taking animal tracking to new depths: synthesizing
horizontal-vertical movement relationships for four marine preda-
tors. Ecology 96:417–427.

Boratyński, Z., M. Szyrmer, and P. Koteja. 2020. The metabolic
performance predicts home range size of bank voles: a support
for the behavioral-bioenergetics theory. Oecologia 193:547–556.
Brodie, S., E. J. I. Lédée, M. R. Heupel, R. C. Babcock, H. A. Camp-
bell, D. C. Gledhill, X. Hoenner, et al. 2018. Continental-scale an-
imal tracking reveals functional movement classes across marine
taxa. Scientific Reports 8:3717.

Brown, J. S. 1988. Patch use as an indicator of habitat preference,
predation risk, and competition. Behavioral Ecology and Socio-
biology 22:37–47.

Burt, W. H. 1943. Territoriality and home range concepts as ap-
plied to mammals. Journal of Mammalogy 24:346–352.

Calenge, C. 2006. The package “adehabitat” for the R software: a
tool for the analysis of space and habitat use by animals. Ecolog-
ical Modelling 197:516–519.

Campbell, H. A., R. G. Dwyer, T. R. Irwin, and C. E. Franklin.
2013. Home range utilisation and long-range movement of es-
tuarine crocodiles during the breeding and nesting season. PLoS
ONE 8:e62127.

Campbell, H. A., M. E. Watts, R. G. Dwyer, and C. E. Franklin.
2012. V-Track: software for analysing and visualising animal
movement from acoustic telemetry detections. Marine and Fresh-
water Research 63:815–820.

Carbone, C., G. Cowlishaw, N. J. Isaac, and J. M. Rowcliffe. 2004.
How far do animals go? determinants of day range in mammals.
American Naturalist 165:290–297.

Carbone, C., G. M. Mace, S. C. Roberts, and D. W. Macdonald.
1999. Energetic constraints on the diet of terrestrial carnivores.
Nature 402:286.

Carbone, C., A. Teacher, and J. M. Rowcliffe. 2007. The costs of
carnivory. PLoS Biology 5:e22.

Carroll, G., J. D. Everett, R. Harcourt, D. Slip, and I. Jonsen. 2016.
High sea surface temperatures driven by a strengthening current
reduce foraging success by penguins. Scientific Reports 6:22236.

Cortés, E. 1999. Standardized diet compositions and trophic levels
of sharks. ICES Journal of Marine Science 56:707–717.

Ellis, R. D., K. E. Flaherty-Walia, A. B. Collins, J. W. Bickford, R.
Boucek, S. L. Walters Burnsed, and S. K. Lowerre-Barbieri. 2019.
Acoustic telemetry array evolution: from species- and project-
specific designs to large-scale, multispecies, cooperative networks.
Fisheries Research 209:186–195.

Espinoza, M., M. R. Heupel, A. J. Tobin, and C. A. Simpfendorfer.
2015. Movement patterns of silvertip sharks (Carcharhinus albi-
marginatus) on coral reefs. Coral Reefs 34:807–821.

Fiedler, A., G. Blouin-Demers, G. Bulté, and V. Careau. 2021. Phy-
logenetic analysis of macroecological patterns of home range area
in snakes. Oecologia 195:479–488.

Froese, R., and D. Pauly. 2017. Fishbase. Version 06/2017. http://www
.fishbase.org.

Froese, R., J. T. Thorson, and R. Reyes. 2014. A Bayesian approach
for estimating length-weight relationships in fishes. Journal of
Applied Ichthyology 30:78–85.

Gillooly, J. F., J. H. Brown, G. B. West, V. M. Savage, and E. L.
Charnov. 2001. Effects of size and temperature on metabolic
rate. Science 293:2248–2251.

Glazier, D. S. 2006. The 3/4-power law is not universal: evolution
of isometric, ontogenetic metabolic scaling in pelagic animals.
AIBS Bulletin 56:325–332.

Gompper, M. E., and J. L. Gittleman. 1991. Home range scaling: intra-
specific and comparative trends. Oecologia 87:343–348.

Hadfield, J. D. 2010. MCMC methods for multi-response general-
ized linear mixed models: the MCMCglmm R package. Journal
of Statistical Software 33:1–22.

https://doi.org/10.5061/dryad.h70rxwdmx
https://doi.org/10.5061/dryad.h70rxwdmx
https://CRAN.R-project.org/package%3DMuMIn
http://www.fishbase.org
http://www.fishbase.org


Scaling of Activity Space 601
Hadfield, J. D., and S. Nakagawa. 2010. General quantitative genetic
methods for comparative biology: phylogenies, taxonomies and
multi-trait models for continuous and categorical characters. Jour-
nal of Evolutionary Biology 23:494–508.

Hanson, J. O., S. W. Salisbury, H. A. Campbell, R. G. Dwyer, T. D.
Jardine, and C. E. Franklin. 2015. Feeding across the food web:
the interaction between diet, movement and body size in estu-
arine crocodiles (Crocodylus porosus). Austral Ecology 40:275–
286.

Harcourt, R., A. M. M. Sequeira, X. Zhang, F. Roquet, K. Komatsu,
M. Heupel, C. McMahon, et al. 2019. Animal-borne telemetry:
an integral component of the ocean observing toolkit. Frontiers
in Marine Science 6:326.

Harcourt, R. G., C. J. Bradshaw, K. Dickson, and L. S. Davis. 2002.
Foraging ecology of a generalist predator, the female New Zealand
fur seal. Marine Ecology Progress Series 227:11–24.

Harestad, A. S., and F. L. Bunnel. 1979. Home range and body
weight—a reevaluation. Ecology 60:389–402.

Hatton, I. A., A. P. Dobson, D. Storch, E. D. Galbraith, and M.
Loreau. 2019. Linking scaling laws across eukaryotes. Proceedings
of the National Academy of Sciences of the USA 116:21616.

Heithaus, M. R., L. M. Dill, G. J. Marshall, and B. Buhleier. 2002.
Habitat use and foraging behavior of tiger sharks (Galeocerdo
cuvier) in a seagrass ecosystem. Marine Biology 140:237–248.

Hendriks, A. J. 2007. The power of size: a meta-analysis reveals con-
sistency of allometric regressions. Ecological Modelling 205:196–
208.

Heupel, M. R., K. L. Reiss, B. G. Yeiser, and C. A. Simpfendorfer.
2008. Effects of biofouling on performance of moored data log-
ging acoustic receivers. Limnology and Oceanography Methods
6:327–335.

Hinchliff, C. E., S. A. Smith, J. F. Allman, J. G. Burleigh, R.
Chaudhary, L. M. Coghill, K. A. Crandall, et al. 2015. Synthesis
of phylogeny and taxonomy into a comprehensive tree of life.
Proceedings of the National Academy of Sciences of the USA
112:12764–12769.

Hirt, M. R., A. D. Barnes, A. Gentile, L. J. Pollock, B. Rosenbaum,
W. Thuiller, M. A. Tucker, et al. 2021. Environmental and an-
thropogenic constraints on animal space use drive extinction risk
worldwide. Ecology Letters 24:2576–2585.

Hirt, M. R., W. Jetz, B. C. Rall, and U. Brose. 2017. A general scal-
ing law reveals why the largest animals are not the fastest. Na-
ture Ecology and Evolution 1:1116.

Hirth, H. F. 1982. Weight and length relationships of some adult
marine turtles. Bulletin of Marine Science 32:336–341.

Hoenner, X., C. Huveneers, A. Steckenreuter, C. Simpfendorfer, K.
Tattersall, F. Jaine, N. Atkins, et al. 2018. Australia’s continental-
scale acoustic tracking database and its automated quality control
process. Scientific Data 5:170206.

Horne, J. S., E. O. Garton, S.M. Krone, and J. S. Lewis. 2007. Analysing
animal movements using Brownian bridges. Ecology 88:2354–
2363.

Huey, R. B., and J. G. Kingsolver. 1989. Evolution of thermal sen-
sitivity of ectotherm performance. Trends in Ecology and Evo-
lution 4:131–135.

Hussey, N. E., S. T. Kessel, K. Aarestrup, S. J. Cooke, P. D. Cowley,
A. T. Fisk, R. G. Harcourt, et al. 2015. Aquatic animal telemetry: a
panoramic window into the underwater world. Science 348:1255642.

Huveneers, C., F. R. A. Jaine, A. Barnett, P. A. Butcher, T. M. Clarke,
L. M. Currey-Randall, R. G. Dwyer, et al. 2021. The power of na-
tional acoustic tracking networks to assess the impacts of human
activity on marine organisms during the COVID-19 pandemic.
Biological Conservation 256:108995.

Huveneers, C., C. A. Simpfendorfer, S. Kim, J. M. Semmens, A. J.
Hobday, H. Pederson, T. Stieglitz, et al. 2016. The influence of
environmental parameters on the performance and detection
range of acoustic receivers. Methods in Ecology and Evolution
7:825–835.

Huveneers, C., K. M. Stehfest, C. A. Simpfendorfer, J. Semmens,
A. J. Hobday, H. Pederson, T. Stieglitz, et al. 2017. Application of
the acoustic propagation model to a deep-water cross-shelf cur-
tain. Methods in Ecology and Evolution 8:1305–1308.

Jacobsen, I. P., and M. B. Bennett. 2013. A comparative analysis of
feeding and trophic level ecology in stingrays (Rajiformes; Mylio-
batoidei) and electric rays (Rajiformes: Torpedinoidei). PLoS ONE
8:e71348.

Jaine, F., C. Rohner, S. Weeks, L. Couturier, M. Bennett, K. Town-
send, and A. Richardson. 2014. Movements and habitat use of
reef manta rays off eastern Australia: offshore excursions, deep
diving and eddy affinity revealed by satellite telemetry. Marine
Ecology Progress Series 510:73–86.

Jetz, W., C. Carbone, J. Fulford, and J. H. Brown. 2004. The scaling
of animal space use. Science 306:266–268.

Kelt, D. A., and D. H. Van Vuren. 2001. The ecology and macro-
ecology of mammalian home range area. American Naturalist
157:637–645.

Kessel, S. T., S. J. Cooke, M. R. Heupel, N. E. Hussey, C. A.
Simpfendorfer, S. Vagle, and A. T. Fisk. 2014. A review of detec-
tion range testing in aquatic passive acoustic telemetry studies.
Reviews in Fish Biology and Fisheries 24:199–218.

Kie, J. G. 2013. A rule-based ad hoc method for selecting a band-
width in kernel home-range analyses. Animal Biotelemetry 1:1–12.

Knip, D. M., M. R. Heupel, and C. A. Simpfendorfer. 2012. Habitat
use and spatial segregation of adult spottail sharks, Carcha-
rhinus sorrah, in tropical nearshore waters. Journal of Fish Bi-
ology 80:767–784.

Laundré, J. W. 2010. Behavioral response races, predator-prey shell
games, ecology of fear, and patch use of pumas and their ungulate
prey. Ecology 91:2995–3007.

Lédée, E. J. I., M. R. Heupel, M. D. Taylor, R. G. Harcourt, F. R. A.
Jaine, C. Huveneers, V. Udyawer, et al. 2021. Continental-scale
acoustic telemetry and network analysis reveal new insights into
stock structure. Fish and Fisheries 22:987–1005.

Lee, K., C. Huveneers, T. Duong, and R. Harcourt. 2017. The ocean
has depth: two- versus three-dimensional space use estimators in a
demersal reef fish. Marine Ecology Progress Series 572:223–241.

Lindstedt, S. L., B. J. Miller, and S. W. Buskirk. 1986. Home range,
time, and body size in mammals. Ecology 67:413–418.

Lowerre-Barbieri, S. K., C. Friess, L. P. Griffin, D. Morley, G. B.
Skomal, J. W. Bickford, N. Hammerschlag, et al. 2021. Movescapes
and eco-evolutionary movement strategies in marine fish: assessing
a connectivity hotspot. Fish and Fisheries 22:1321–1344.

Makowski, D., M. S. Ben-Shachar, I. Patil, and D. Lüdecke. 2020.
Methods and algorithms for correlation analysis in R. Journal of
Open Source Software 5:2306.

Matley, J., M. Heupel, and C. Simpfendorfer. 2015. Depth and space
use of leopard coralgrouper Plectropomus leopardus using passive
acoustic tracking. Marine Ecology Progress Series 521:201–216.

McNab, B. K. 1963. Bioenergetics and the determination of home
range size. American Naturalist 97:133–140.



602 The American Naturalist
Michonneau, F., J. W. Brown, and D. J. Winter. 2016. rotl: an R
package to interact with the Open Tree of Life data. Methods
in Ecology and Evolution 7:1476–1481.

Minns, C. K. 1995. Allometry of home range size in lake and river
fishes. Canadian Journal of Fisheries andAquatic Sciences 52:1499–
1508.

Mitchell, M. D., and A. R. Harborne. 2020. Non-consumptive ef-
fects in fish predator-prey interactions on coral reefs. Coral Reefs
39:867–884.

Momigliano, P., R. Harcourt, W. D. Robbins, and A. Stow. 2015.
Connectivity in grey reef sharks (Carcharhinus amblyrhynchos)
determined using empirical and simulated genetic data. Scien-
tific Reports 5:13229.

Nakagawa, S., and H. Schielzeth. 2013. A general and simple method
for obtaining R2 from generalized linear mixed-effects models.
Methods in Ecology and Evolution 4:133–142.

Nash, K. L., J. Q. Welsh, N. A. Graham, and D. R. Bellwood. 2015.
Home-range allometry in coral reef fishes: comparison to other
vertebrates, methodological issues and management implications.
Oecologia 177:73–83.

Payne, N. L., J. A. Smith, D. E. van der Meulen, M. D. Taylor, Y. Y.
Watanabe, A. Takahashi, T. A. Marzullo, et al. 2016. Tempera-
ture dependence of fish performance in the wild: links with spe-
cies biogeography and physiological thermal tolerance. Functional
Ecology 30:903–912.

Pearce, F., C. Carbone, G. Cowlishaw, and N. J. B. Isaac. 2013.
Space-use scaling and home range overlap in primates. Proceedings
of the Royal Society B 280:20122122.

Pillans, R., R. Babcock, D. Thomson, M. Haywood, R. Downie, M.
Vanderklift, and W. Rochester. 2017. Habitat effects on home
range and schooling behaviour in a herbivorous fish (Kyphosus
bigibbus) revealed by acoustic tracking. Marine and Freshwater
Research 68:1454–1467.

Pillans, R. D., W. Rochester, R. C. Babcock, D. P. Thomson,
M. D. E. Haywood, and M. A. Vanderklift. 2021. Long-term acous-
tic monitoring reveals site fidelity, reproductive migrations, and
sex specific differences in habitat use and migratory timing in
a large coastal shark (Negaprion acutidens). Frontiers in Marine
Science 8:616633.

Pintor, A. F., L. Schwarzkopf, and A. K. Krockenberger. 2015.
Rapoport’s rule: do climatic variability gradients shape range ex-
tent? Ecological Monographs 85:643–659.

R Core Team. 2021. R: a language and environment for statistical
computing. Version 4.0.3. R Foundation for Statistical Comput-
ing, Vienna.

Rosten, C. M., R. E. Gozlan, and M. C. Lucas. 2016. Allometric
scaling of intraspecific space use. Biology Letters 12:20150673.

Savage, V. M., J. Gillooly, W. Woodruff, G. West, A. Allen, B. J.
Enquist, and J. Brown. 2004. The predominance of quarter-power
scaling in biology. Functional Ecology 18:257–282.

Schmidt-Nielsen, K. 1972. Locomotion: energy cost of swimming,
flying, and running. Science 177:222–228.

Sequeira, A. M. M., J. P. Rodríguez, V. M. Eguíluz, R. Harcourt, M.
Hindell, D. W. Sims, C. M. Duarte, et al. 2018. Convergence of
marine megafauna movement patterns in coastal and open oceans.
Proceedings of the National Academy of Sciences of the USA
115:3072–3077.
Smith, J. A., L. J. Baumgartner, I. M. Suthers, D. S. Fielder, and
M. D. Taylor. 2013. Density-dependent energy use contributes
to the self-thinning relationship of cohorts. American Naturalist
181:331–343.

Spiegelhalter, D. J., N. G. Best, B. P. Carlin, and A. Van Der Linde.
2002. Bayesian measures of model complexity and fit. Journal of
the Royal Statistical Society B 64:583–639.

Steckenreuter, A., X. Hoenner, C. Huveneers, C. Simpfendorfer,
M. J. Buscot, K. Tattersall, R. Babcock, et al. 2017. Optimising the
design of large-scale acoustic telemetry curtains. Marine and Fresh-
water Research 68:1403–1413. https://doi.org/10.1071/MF16126.

Stevens, G. C. 1989. The latitudinal gradient in geographical range: how
somany species coexist in the tropics.AmericanNaturalist 133:240–256.

Tamburello, N., I. M. Côté, and N. K. Dulvy. 2015. Energy and the
scaling of animal space use. American Naturalist 186:196–211.

Thompson, D., and M. Fedak. 2001. How long should a dive last? a
simple model of foraging decisions by breath-hold divers in a
patchy environment. Animal Behaviour 61:287–296.

Todd, B. D., and A. J. Nowakowski. 2021. Ectothermy and the
macroecology of home range scaling in snakes. Global Ecology and
Biogeography 30:262–276.

Tucker, M. A., and T. L. Rogers. 2014. Examining predator-prey body
size, trophic level and body mass across marine and terrestrial
mammals. Proceedings of the Royal Society B 281:20142103.

Turner, F. B., R. I. Jennrich, and J. D. Weintraub. 1969. Home
ranges and body size of lizards. Ecology 50:1076–1081.

Udyawer, V. 2022. Data from: Scaling of activity space in marine
organisms across latitudinal gradients. American Naturalist, Dryad
Digital Repository, https://doi.org/10.5061/dryad.h70rxwdmx.

Udyawer, V., R. G. Dwyer, X. Hoenner, R. C. Babcock, S. Brodie,
H. A. Campbell, R. G. Harcourt, et al. 2018. A standardised frame-
work for analysing animal detections from automated tracking
arrays. Animal Biotelemetry 6:17.

Udyawer, V., C. Simpfendorfer, and M. Heupel. 2015. Diel patterns
in three-dimensional use of space by sea snakes. Animal Biotelem-
etry 3:1–9.

Vinson, M., and T. Angradi. 2011. Stomach emptiness in fishes:
sources of variation and study design implications. Reviews in
Fisheries Science 19:63–73.

Webb, G. J., and H. Messel. 1978. Morphometric analysis of Cro-
codylus porosus from the north coast of Arnhem Land, northern
Australia. Australian Journal of Zoology 26:1–27.

Webb, P. 1984. Body form, locomotion and foraging in aquatic
vertebrates. American Zoologist 24:107–120.

Welsh, J., C. Goatley, and D. Bellwood. 2013. The ontogeny of home
ranges: evidence from coral reef fishes. Proceedings of the Royal
Society B 280:20132066.

Witting, L. 1995. The body mass allometries as evolutionarily de-
termined by the foraging of mobile organisms. Journal of The-
oretical Biology 177:129–137.

Yeager, L., C. Layman, and C. Hammerschlag-Peyer. 2014. Diet vari-
ation of a generalist fish predator, grey snapper Lutjanus griseus,
across an estuarine gradient: trade-offs of quantity for quality? Jour-
nal of Fish Biology 85:264–277.

Associate Editor: Sean O’Donnell
Editor: Daniel I. Bolnick

https://doi.org/10.1071/MF16126
https://doi.org/10.5061/dryad.h70rxwdmx

