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methods used, as well as the outcome or objectives 
targeted for each method. In addition to summariz-
ing the use of complementary methods and their 
outcomes, we discuss how they supplement acoustic 
telemetry and other tracking approaches. Our review 
shows that using additional methods to support telem-
etry data helps expand the breadth of research ques-
tions that can be addressed regarding the complex 
and assorted factors influencing movement patterns. 
Doing so enables greater value in movement ecol-
ogy research and adjacent fields such as population 
dynamics, physiology, trophic ecology, reproduction, 
and health and survival, to underpin management 
decisions. This review serves as a primer and guide 
for bolstering data collection and multidisciplinary 

Abstract  Tracking the movements of aquatic ani-
mals is a primary means of understanding movement 
ecology and interactions with human activities such 
as fisheries. Despite the diverse spatiotemporal scales 
that various underwater tracking tools (e.g., acoustic, 
satellite, PIT, radio, archival telemetry) enable, there 
are still limitations associated with their application 
and ability to address diverse research questions. 
In many cases, supplementary methods are used to 
complement tracking approaches either to overcome 
such limitations or to optimize the data that can be 
collected in a study. In this review, we synthesize rel-
evant literature between 2010 and 2019 to evaluate 
the different types of complementary methods used 
with one of the main approaches for tracking fishes—
acoustic telemetry. We categorize broad and specific 
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research within the growing field of movement 
ecology.

Keywords  Movement ecology · Biotelemetry · 
Multidisciplinary · Satellite telemetry · Spatial 
ecology · Fish movement

Introduction

Movement ecology, the study of animal movements 
in relation to biotic and abiotic factors, is a rapidly 
growing field of scientific research that is directly 
applicable to the management of aquatic resources 
(Matley et  al. 2022). Knowledge of aquatic animal 
movements and their interactions with humans con-
tributes to many areas of resource management, 
including fisheries, marine protected areas, coastal 
development, tourism, and conservation (Hays et  al. 
2019; Lowerre-Barbieri et  al. 2019a). As a result, 
interest in movement ecology has flourished, par-
ticularly in the last decade, with thousands of studies 
being conducted within private, academic, and gov-
ernment organizations. The data generated from these 
studies, in addition to expansions in environmental 
monitoring, have enabled comprehensive exploration 
of diverse ecological and human-related questions 
that have otherwise remained elusive due, in large 
part, to technological limitations (Crossin et al. 2017; 
Harcourt et al. 2019).

Despite these advances, questions remain associ-
ated with how best to apply tracking technologies in 
aquatic environments to benefit social (e.g., tourism, 
heritage, recreation), ecological (e.g., climate-related 
impacts, ecosystem-wide interactions), or economic 
(e.g., fisheries) priorities (Sequeira et al. 2021; Mat-
ley et al. 2022). Given the multitude of biological and 
environmental factors that influence animal space use 
and the resultant impacts on ecosystems, there is con-
siderable potential to expand interpretation of move-
ment patterns through the combination of distinct but 
associated methodological approaches. These com-
plementary methods (also sometimes referred to as 
interdisciplinary or multidisciplinary), defined here 
based on Smith et  al. (2016) as a mode of research 
that integrates sampling tools and techniques to 
advance understanding beyond the scope of move-
ment ecology approaches alone, act to supplement 
common output of animal tracking research. The 

application of complementary methods can serve to 
bolster existing spatiotemporal findings as an alterna-
tive source of sampling or provide novel information 
altogether by applying related but independent sam-
pling methods.

As movement ecology research is increasingly 
used to inform and direct management outcomes, 
there is an ever-growing need to optimize relevant 
data that can be retrieved during sampling. There have 
been several advancements in tracking technologies 
and analytical tools to interpret movement data over 
the last decade, but little attention has been directed 
towards the use of other methodologies in conjunc-
tion with traditional approaches such as acoustic, 
satellite, radio, and archival telemetry—see Harcourt 
et al. (2019) and Matley et al. (2022) for descriptions 
of each method. The purpose of this paper is to iden-
tify, summarize, and contextualize the different com-
plementary methods used in conjunction with aquatic 
movement ecology research. We conducted a litera-
ture synthesis of peer-reviewed research articles that 
used acoustic telemetry (AT), one of the most widely 
used technologies for tracking underwater animals. 
By identifying complementary methods and the rea-
sons for using them in movement ecology research, 
this review serves as a primer to guide different data 
collection options to help optimize application and 
pertinence of research questions in animal tracking 
studies.

Methods

A literature review of research articles published 
between 2010 and 2019 that employed acoustic 
telemetry to track the movements of aquatic animals 
was carried out to identify the use of complemen-
tary sampling methods. These articles were identified 
using a multicriteria syntax in Web of Science™ as 
well as journal repositories not listed within it—see 
Matley et  al. 2022, Supplemental Information for 
more information. The abstract and methods sections 
of each article were read to identify whether a distinct 
sampling method was used in addition to AT. This 
complementary component did not require the same 
individuals to be sampled as those being tracked to 
be considered, but still needed to be applicable to the 
population or species being studied. Given their wide-
spread application directly associated with movement 
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ecology research, we did not incorporate environmen-
tal monitoring (e.g., temperature) or habitat delinea-
tion (e.g., habitat mapping) as distinct sampling (but 
see Ancillary complementary methods and outcomes 
section below). Similarly, the use of sensors built into 
AT transmitters (e.g., acceleration, depth) were not 
considered distinct as these typically provide spatially 
explicit information within AT research. Further-
more, the recapture of acoustically tagged fish was 
not considered distinct unless it was part of a broader 
and coordinated sampling effort. Finally, articles that 
focused on technical aspects of AT research (e.g., 
reviews, range testing, technological or analytical 
advancements) were not included in this synthesis.

For each article, we extracted the complementary 
method(s) used. These were broadly categorized as 
follows: traditional fisheries sampling, biological 
sampling, visual observations, hydroacoustics, exper-
imental approaches, and other telemetry technologies 
(i.e., other than AT). Although the latter category pro-
vides a similar type of data as AT (i.e., movement), 
it was included because the spatial and temporal 
scales of other tracking techniques often differ from 
AT. We were also interested in determining the fre-
quency with which they are used in combination with 
AT. Complementary methods were also categorized 
relative to associated outcomes or objectives that the 
method aimed to address. These outcome categories 
were identified as follows: population biology, repro-
duction, trophic ecology, health and survival, physi-
ology, and space use. Again, the latter category is 
similar to the usual outcomes of AT but was included 
because other types of approaches also provide spa-
tially relevant information distinct from AT. The 
complementary methods and outcome categories are 
outlined in Tables  1 and 2, respectively. The use of 
complementary method and method outcome catego-
ries (and specific subcategories) were quantified and 
presented as summary plots to explore their applica-
tion with AT.

Complementary methods used in AT research

The literature search (and consequent verification 
and review) identified 1111 AT articles published 
between 2010 and 2019. Of these, 322 articles (29%) 
incorporated complementary methods with no appar-
ent change in proportional use over the 10-year 

period reviewed (i.e., 22–35%; Fig.  1). In order of 
prevalence, the six broad complementary methods 
used with AT (Table  1) were: traditional fisheries 
sampling (n = 133 occurrences, 29% of total occur-
rences), biological sampling (n = 124, 27%), visual 
observations (n = 85, 18%), other telemetry technolo-
gies (n = 84, 18%), hydroacoustics (n = 22, 5%), and 
experimental approaches (n = 14, 3%; Fig.  2). The 
following sections briefly outline each of these meth-
ods relative to AT.

Traditional fisheries sampling

The traditional fisheries sampling group consisted 
of characterizing or quantifying conspecifics (e.g., 
individuals, eggs) or species of interest (e.g., prey) 
independent of animal tracking by capturing or col-
lecting them from the water column, surface, or ben-
thos (Table 1). Different metrics, such as the number 
of individuals captured or location of samples col-
lected, were identified depending on the objectives 
of the study. Target species were usually captured 
non-lethally without the undue stress associated with 
internal tagging or external equipment (e.g., satellite 
tags). A major advantage of this method relative to 
AT and other tracking techniques was that it is typi-
cally relatively simple and cost-effective to sample 
more individuals from a targeted population (Dunlop 
et al. 2013). Sample sizes in animal tracking studies 
are relatively small—based on our literature review, 
the median number of individuals per species tagged 
in each AT study between 2010 and 2019 was 28. 
Therefore, the use of methods that enable more rep-
resentative sampling of the target species can provide 
additional information that may not be attained using 
AT alone. For example, traditional fisheries sampling 
can be used to identify the population structure of a 
species within the study area via large-scale fishing 
activities, which may be of value when interpreting 
spawning migrations of individuals being tracked 
with AT (e.g., Andrews et al. 2020). Capturing study 
animals also inherently created opportunities to col-
laborate and engage with interested stakeholders, 
such as recreational, commercial, and Indigenous 
fisheries.
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Biological sampling

Biological sampling included the measurement 
or examination of tissues, body parts, or digested 
remains of organisms to garner information about the 
biology of individuals or the population being studied 

(Table 1). Biological sampling typically consisted of 
physical (e.g., morphometrics, visual identification of 
gut contents), chemical (e.g., otolith microchemistry, 
stable isotopes, hormone levels), or DNA sampling. 
Non-lethal sampling was commonplace by analyzing 
tissues non-invasively such as fin clips, gill, muscle, 

Table 1   Categories of complementary methods with description and examples for each

Broad complementary method Specific comple-
mentary method

Description Examples

Traditional fisheries sampling Direct capture Capture method that forms dedicated part 
of study

Fishing, netting, by hand

Recapture Repeated capture of individuals as distinct 
part of study

Mark-recapture

Benthic sampling Collection or quantification of organisms 
within substrate associated with tracked 
animals

Direct observation, survey, netting

Egg collection Collection of eggs as distinct part of study Netting, by hand, survey
Biological sampling Genetics Application of genetic (or genomic) 

analysis
Fin, gill, feces sampling

Microchemistry Measurement of elemental or isotopic 
composition

Otolith, scale, vertebrae sampling

Stable isotopes Quantification of stable isotopes Muscle, liver, blood sampling
Gut contents Identification and quantification of prey in 

gastrointestinal tract
Stomach sampling

Morphometrics Measurements of body shape and size as 
distinct part of study

Photo, direct measurement

Tissue sampling Direct sampling of tissues (not stated 
above)

Biopsy, blood collection, ultrasound

Visual observations Underwater Observations made under the surface of 
the water

Scuba, snorkel, video, survey

Above-water Observations made from above the water 
surface

Boat, shoreline, aerial, survey

Other telemetry Satellite tracking Remote tracking of animal locations (and 
other sensor or biologging info) using 
satellite transmissions

Archival tracking Tracking of animal locations (and other 
sensor or biologging info) requiring 
manual collection/download of device

Radio tracking Remote tracking of animal locations (and 
other sensor or biologging info) using 
radio wave transmissions

PIT tracking Remote tracking of animal locations 
using close proximity electromagnetic 
signals (PIT tagging for identification not 
included)

Hydroacoustics Hydroacoustics Use of underwater acoustic equipment 
distinct from acoustic tracking

Boat survey, audio recording

Experimental approaches Respirometry Measured output from respirometry 
experiment

Swim tunnel

Assessment Observations or measurements made dur-
ing a controlled experiment

Direct observation, video
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blood, and feces, and was conducted in conjunction 
with animal tracking. Conversely, lethal sampling 
(e.g., gut content analysis) was also conducted to 
obtain information that would otherwise be difficult 
or impossible to gather, but its outcomes must be 
weighed against the costs of directly removing organ-
isms from the environment (e.g., species with conser-
vation concerns; Heupel et al. 2010). Numerous sam-
ples, each with different potential avenues to answer 
ecological questions, were obtained from individuals 
making biological sampling an efficient approach to 
supplement tracking technologies, which typically 
only provide one type of information (i.e., loca-
tion data). However, when sampling multiple tissues 
or components of an individual non-lethally, prior 
experiments are needed to confirm sampling will not 
influence recovery, behaviour, and survival.

Visual observations

The application of visual observations provided 
observational data commonly relating to the presence 
or behaviour of animals (Table  1). Visual observa-
tions were conducted by researchers directly above 

(e.g., boat or drone survey) and below (e.g., scuba) 
the water surface, or indirectly via autonomous 
monitoring (e.g., video recording). Similar to the use 
of other methods, a subset of the population that is 
independent of the tracking component was gener-
ally sampled. As a result, unique or population-level 
behaviours were often identifiable from individuals 

Table 2   Categories of outcomes or objectives that complementary methods aimed to address, including descriptions and examples 
for each

Broad method objective Specific method objective Description Examples

Space use Space use Determination of spatial and temporal 
patterns of movement

movement, migration, habitat, envi-
ronment drivers

Population biology Abundance Quantification of a group of animals 
within the study area

abundance, CPUE, presence

Life history Facets of an animal’s biology relating 
to development and variation related 
to life cycles

size, growth, ontogeny, demography

Population structure Identification of distinct populations 
or characteristics/structure of a 
population

stock, population identification

Reproduction Reproduction Examination of the ability to produce 
offspring or spawning behaviour

behaviour, spawning site, reproduction

Trophic ecology Trophic ecology Foraging behaviour or diet of a focal 
animal

foraging, diet, trophic level

Health and survival Infection Examination of detrimental biologi-
cal or chemical agents affecting the 
study animal

parasite load, pathogens, toxins

Survival Quantification of mortality and 
sources of physical injury

predation, injury, mortality

Physiology Physiology Investigations of the functions and 
mechanisms controlling living 
systems

stress, activity, metabolism

Fig. 1   Summary of the number of peer-reviewed acoustic 
telemetry articles that have identified the use of complemen-
tary methods during the period of synthesis between 2010 and 
2019
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not being tracked (e.g., Lowerre-Barbieri et  al. 
2019b). Advances in technology associated with aer-
ial (e.g., drones) and underwater (e.g., baited remote 
underwater video system; BRUVS) surveys are 
increasingly being incorporated to complement track-
ing methods; however, observations are commonly 
limited by water visibility and in-person effort.

Other telemetry technologies

The implementation of other telemetry technologies 
provided presence and location data similar to that of 
AT using distinct technology (Table 1), often at vari-
able spatial and temporal resolutions (Harcourt et al. 
2019). Other types of telemetry were used in conjunc-
tion with AT for various reasons, such as to fill gaps 
in the monitoring period or study area, reduce costs, 
and use novel sensors (e.g., heart rate), among others. 
For example, satellite telemetry was sometimes used 
with AT to track an animal outside the spatial extent 
of the acoustic receiver array, since it is not limited 
by fixed monitoring stations (Strøm et al. 2017). On 
other occasions, infrastructure supporting telemetry 
types apart from AT (e.g., radio or PIT telemetry 
gates) already existed in the study area, providing 
additional opportunities to locate tagged animals, as 
well as validate AT findings. However, as with AT, 
logistical limitations of tracking technologies (e.g., 
size restrictions, equipment recovery) and the cost of 
equipment may limit applicability compared to other 
methods.

Hydroacoustics

The use of hydroacoustics consisted of using sonar 
technology or acoustic recordings to understand the 
physical or acoustic aspects of the aquatic environ-
ment, respectively (Table  1). Echosounders were 
sometimes used in addition to other tracking tech-
niques to obtain a snapshot of organisms within the 
water column. Although species, such as fishes, can 
be difficult to identify, especially if they do not have 
air-filled swim bladders, and the area of coverage is 
often limited due to processing logistics, echosound-
ers sample the water column uniformly and provide 
high spatial resolution information not always pos-
sible with tracking technologies. Like AT, acoustic 
recordings also autonomously sample the area near a 
hydrophone, which can relay presence or behaviour 
of vocal species.

Experimental approaches

Experimental approaches comprised measurements 
taken or observations made during an experiment 
in a controlled setting associated with the track-
ing approach (Table  1). Experimental procedures 
allowed for control over external factors to isolate 
the variable(s) of interest that was not otherwise 
possible in the field. For example, respirometry 
swim tunnels and visual assessments in experimen-
tal scenarios were used to identify behavioural and 

Fig. 2   Number of occur-
rences of different com-
plementary methods that 
have been used in acoustic 
telemetry research. Specific 
complementary methods 
are listed on the vertical 
axis and the colour of bars 
corresponds to the broad 
method category designa-
tions
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physiological aspects of an animal to help interpret 
its tracking data (e.g., Laskowski et al. 2016).

Outcomes of complementary methods

There were six broad categories identified regard-
ing objectives or outcomes that complementary 
methods addressed (Table  2): space use (n = 172 
occurrences, 37% of total occurrences), popula-
tion biology (n = 119, 26%), reproduction (n = 51, 
11%), trophic ecology (n = 47, 10%), health and 
survival (n = 41, 9%), and physiology (n = 33, 7%; 
Fig.  3). The following sections outline these out-
comes and identify how they supplement goals of 
AT research. Note that complementary methods 
can contribute to multiple outcome categories.

Space use

Broadly, investigations of space use cover movement 
(or location) patterns of aquatic animals in space and 

time and associated drivers such as biology, envi-
ronment, and resources, as well as their interactions 
(Table  2). The information garnered by space use 
research is typically location and timing data based 
on the presence (and absence) of organisms within a 
study area. Space use provides integral information 
about how and why animals select resources within 
their environment. As a result, this category deline-
ates spatiotemporal behaviours such as migration 
and habitat selection (Strøm et al. 2017; Whitty et al. 
2017) and helps us understand organismal or popu-
lation responses to environmental or other perturba-
tions (Raby et al. 2018). This knowledge is pertinent 
for management bodies to make effective spatial 
planning decisions, such as those related to marine 
protected areas (MPAs; Carlisle et  al. 2019), fisher-
ies closures (e.g., spawning; Adams et al. 2019), and 
movement corridors (Holbrook et al. 2015).

Space use data forms the basis of movement ecol-
ogy research and can be acquired through various 
methods. Not surprisingly, when animal tracking 
technology such as radio, PIT, archival, and satel-
lite telemetry are used with AT, it is to study space 

Fig. 3   Relative occurrence 
of broad objectives (left 
column) in acoustic telem-
etry studies and associated 
specific method categories 
(right column) used to 
address each objective. The 
size of lines is representa-
tive of the number of stud-
ies conducted using those 
methods to address the 
objective
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use patterns. Visual observations from animal-
borne, mobile, or stationary equipment, or directly 
from humans (Khan et al. 2017; Papastamatiou et al. 
2018a), hydroacoustic surveys (Bolland et al. 2019), 
and traditional fisheries sampling approaches such 
as direct capture and recapture (e.g., via fishing, 
Andrews and Quinn 2012; Bice et al. 2018) are pri-
mary alternatives that identify spatiotemporal pat-
terns of target species (Fig. 3). For example, several 
studies that applied AT also incorporated an inde-
pendent mark-recapture component, which often uses 
location data from a larger sample size of externally 
marked individuals (e.g., Zemeckis et al. 2017). Other 
non-telemetry approaches can reveal tagging bias, 
as demonstrated when blacktip reef sharks (Car-
charhinus melanopterus) were observed using shal-
low forereefs at Palmyra Atoll with BRUVs but not 
AT (Papastamatiou et  al. 2018b). By incorporating 
these additional techniques, the location of individu-
als (tagged or untagged) can be determined beyond 
the spatial extent of the telemetry approach and spe-
cific behaviours can be identified in-person, on video, 
or by other methods. Biological sampling can also 
be used to gain unique spatial resolution or verify 
consistency among findings from tracking methods 
through biomarkers such as stable isotopes (Doherty 
et al. 2010) and microchemistry (Baker et al. 2019).

Population biology

Population biology covers studies with a focus on 
the dynamic factors influencing the present or future 
status of a population within a study area (Table 2), 
helping researchers to better understand how popu-
lations change over time. The information provided 
by population biology research encompasses a 
broad range of aspects, such as species abundance, 
life history, and population structure. Traditional 
fisheries sampling such as direct capture and recap-
ture and underwater visual observations are often 
used (Fig. 3) to provide estimates of abundance and 
distribution (e.g., catch per unit effort), which are 
integral for understanding density-dependent fac-
tors impacting vulnerability to overexploitation and 
ecosystem health (e.g., Rhodes et  al. 2012). Simi-
larly, accounting for life history traits (e.g., growth, 
age), often measured following capture, enables 
understanding of how the composition of a popula-
tion varies (e.g., Crook et  al. 2016). Furthermore, 

biological sampling is commonly used to assess 
genetic components of a population (i.e., population 
structure) such as identifying the ancestry of dis-
tinct fish stocks (e.g., Andrews et al. 2020). Hence, 
population biology research can be directly applied 
to myriad areas of knowledge that are beneficial to 
ecological understanding and management such as 
fishery stock assessments.

Given the broad level impacts that population biol-
ogy has, there is significant potential for research per-
taining to it to supplement AT. Without knowledge of 
the abundance, demography, and structure of a spe-
cies within the study area, AT research is limited by 
only being representative of the individuals being 
tracked. Population biology provides context for AT 
findings. For example, Bice et  al. (2018) found that 
juvenile recruitment of congolli (Pseudaphritis urvil-
lii; quantified via direct capture) in the lower reaches 
of the River Murray, Australia increased 5–180 times 
relative to the previous year when female spawn-
ing migrations (tracked via AT) were obstructed due 
to closure of tidal barriers and diminished flow. By 
exploring recruitment in addition to adult move-
ments, this study elucidated population-wide impacts 
of human-mediated connectivity barriers to bet-
ter inform management pertaining to migration and 
population dynamics. Combining AT with traditional 
fisheries sampling (e.g., longline fishing data) has 
also been shown to improve mark-recapture models 
used to estimate demographic parameters, such as 
abundance, that inform fisheries management (e.g., 
stock assessments; Dudgeon et  al. 2015). Techno-
logical innovations, such as high-resolution cameras, 
have also been successfully applied in conjunction 
with AT to further investigate population biology, 
such as quantifying fish densities using BRUVS 
(Fontes et  al. 2014). Furthermore, several studies 
have incorporated DNA analysis with AT to address 
the genetic diversity or origin of a population (e.g., 
Raby et al. 2015; Andrews et al. 2020). In these stud-
ies, the use of genetic tools in combination with AT 
allowed for evaluation of potential differences in 
movement within populations and between distinct 
population segments.

Reproduction

Investigations into reproduction examine various 
aspects of life history as they relate to the continuation 
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of genetic material through the production of off-
spring (Table  2). Reproduction outcomes from eco-
logical studies provide information about reproduc-
tive status of individuals, as well as reproductive 
potential or success (e.g., egg density). Reproduction 
also consists of behavioural accounts such as repro-
ductive site-selection and conspecific interactions 
(e.g., fish spawning aggregations). Understanding the 
conditions (biotic or abiotic) that mediate spawning 
or reproductive behaviours in fishes can serve as an 
essential tool to facilitate conservation goals to avoid 
overexploitation from fisheries (Johnston et al. 2013; 
van Overzee et al. 2015). Identifying the maturity lev-
els of individuals or their reproductive output plays 
a significant role in evaluating the status and future 
potential of a population or stock and is often used 
in management to establish fishery quotas (Goodyear 
1993). Similarly, knowing size-, age- or sex-specific 
reproductive windows plays a crucial part in designat-
ing extractive restrictions within fisheries (Brousseau 
and Armstrong 1987). Therefore, reproduction has an 
intrinsic role in understanding populations and opti-
mizing resource use management.

Reproduction is one of the main biological driv-
ers of aquatic animal movements, commonly result-
ing in seasonal or even diel shifts in distribution at 
both small (e.g., < 100 m) and large (e.g., > 1000 km) 
scales (Sadovy de Mitcheson and Colin 2012; Ste-
vick et al. 2011). These movements have considerable 
implications at a species level, but also impact eco-
systems broadly by structuring food webs and trans-
porting nutrients from other locations (Deegan 1993). 
As a result, investigating reproduction in concert with 
movement ecology and animal tracking approaches 
provides fundamental, yet indispensable information 
regarding behaviour and population trends, as well 
as potential broader ecological impacts associated 
with reproductive drivers. Furthermore, sustainable 
resource use by humans, such as fishing at sustain-
able harvesting levels or delineating aquatic protected 
areas, is directly reliant on reproductive traits that 
are constrained spatially (e.g., aggregative spawning 
sites, Adams et  al. 2019; Matley et  al. 2020). Other 
human activities, such as habitat degradation/restora-
tion (Marsden et  al. 2016) and coastal development 
(Beatty et  al. 2018) can similarly impact reproduc-
tion of aquatic animals at specific locations. There-
fore, movement ecology and reproduction are often 
interlinked from a management context. For example, 

Lowerre-Barbieri et  al. (2016) used a multidiscipli-
nary approach representative of multiple spatial scales 
to integrate traditional stock assessment of red drum 
(Sciaenops ocellatus) with individual movements to 
better inform population spawning behaviour.

Trophic ecology

Broadly, trophic ecology involves investigations sur-
rounding the structure of feeding (or trophic) relation-
ships among organisms in an ecosystem (Table  2). 
Trophic ecology research provides information 
related to the structure of food webs, trophic posi-
tions, ecological niches, and diets of organisms in 
the study area. Trophic ecology also reveals preda-
tor–prey interactions and how they vary across differ-
ent populations (of predator or prey), demographics, 
or geographic areas. Trophic ecology research can 
also determine variation in species dietary prefer-
ences over space and time. In turn, we can understand 
feeding patterns among groups of organisms and how 
they relate to the surrounding ecosystem and available 
resources. Knowledge of trophic ecology contributes 
to the management of aquatic communities; for exam-
ple, stocking decisions are often made with the goals 
of promoting balanced ecosystems via knowledge of 
predator–prey interactions (Murry et al. 2010).

Trophic ecology can be investigated in combina-
tion with AT, generally using biological sampling 
methods such as stable isotope and gut content/feces 
analyses (Guzzo et al. 2016; Werry et al. 2011), the 
latter of which can be through traditional visual iden-
tification or more recent genetic approaches (e.g., 
Stamoulis et al. 2017), but also through visual obser-
vation, and the collection of prey species to estimate 
prey density (Fig.  3). The investigation of trophic 
ecology supplements AT by providing insight into 
movement patterns related to feeding relationships. 
Not surprisingly, food/energy acquisition and preda-
tor avoidance are major drivers influencing the move-
ments of organisms; therefore, investigating trophic 
ecology can be a major contributor to help interpret 
AT findings. By exploring stable isotope values of 
snappers (Lutjanus spp.) in the Bahamas, Hammer-
schlag-Peyer and Layman (2010) found that δ13C val-
ues were associated with movement metrics, suggest-
ing that movement patterns were indicative of distinct 
prey sources. These findings were independent of fish 
size and without the application of stable isotopes 
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as a complementary method with AT, the main fac-
tor influencing movements may not have been found. 
Trophic ecology can also supplement AT by deter-
mining whether predator–prey interactions are driv-
ing movements and predict where fish will be based 
on prey availability (e.g., Rooker et  al. 2018). This 
can assist with species management and marine pro-
tected area development to protect species’ foraging 
grounds or movement corridors to foraging grounds. 
Determining whether species are partitioning eco-
logical niches based on space use and diet or are 
competing for limited resources helps understand fish 
community composition and species’ ability to coex-
ist, which is relevant for fisheries management as well 
as ecosystem function (e.g., Guzzo et al. 2016; Mat-
ley et  al. 2016). Fish that overlap in both space and 
diet may be more vulnerable to a decline in shared 
prey than other species, which could be further influ-
enced by climate change, fisheries, pollution or other 
anthropogenic stressors.

Health and survival

Health and survival pertains to a broad range of stud-
ies that examine detrimental biological or chemical 
agents affecting the study animal and quantify mor-
tality and sources of physical injury (Table  2). The 
information garnered by health and survival research 
is typically individual fish health status, assessed 
based on tissue sampling and infection assessments 
(parasite load, toxins), as well as captures/recap-
tures within the study area as a means of quantify-
ing mortality (Fig.  3). Studies have also collected 
data on traditional fisheries sampling in contami-
nated areas for ecotoxicology research (Taylor et  al. 
2018). Health and survival studies can shed light on 
infectious disease dynamics and provide context for 
understanding the decline of wild populations (Teffer 
et  al. 2018). These studies can also identify impacts 
of contaminant exposure and bioaccumulation pat-
terns in mobile fishes (Taylor et al. 2018) and monitor 
fish welfare in fin-fish sea-cage aquaculture (Muñoz 
et  al. 2020), and through other man-made structures 
like dams (Mensinger et al. 2021). Multiple stressors, 
such as rising temperatures due to climate change, 
anthropogenic impacts such as capture and handling 
in fisheries, movement through dams or other man-
made structures (e.g., hydrokinetic devices), expo-
sure to contaminants and toxins, and aquaculture 

can affect fish health and survival. In the wild, these 
factors can affect overall population productivity if 
individuals are dying before they reproduce or are 
too sick and injured to carry out spawning migra-
tions (Cooke et al. 2006; Miller et al. 2011) and can 
impact fishery and aquaculture productivity (Muñoz 
et al. 2020). Population productivity estimates require 
an understanding of the mechanisms of mortality to 
provide reliable data for predictive modeling of loss, 
which is also pertinent to managers to effectively plan 
for seasonal fishery closures.

Multiple methods are used in conjunction with 
AT in health and survival studies, including physio-
logical sampling (e.g., Beardsall et al. 2013; McLean 
et  al. 2020), genomic testing (Miller et  al. 2011), 
identification of infectious disease agents (Teffer et al. 
2018; Mordecai et al. 2019), and other visual or tac-
tile assessments of overall organismal wellness (e.g., 
Reflex Action Mortality Predictors, McLean et  al. 
2020). Assessing animal movements in relation to 
contaminated sites can help to explain patterns of bio-
accumulation and aid managers in identifying regions 
of potential health risks associated with consump-
tion of affected organisms (Taylor et  al. 2018). At 
an industry level, identifying changes in fish move-
ment and distribution in aquaculture can promote best 
practices for fish welfare and product quality (Muñoz 
et al. 2020), and identifying sources of mortality can 
aid in the development of regulations for success-
ful fish passage in dammed rivers (Mensinger et  al. 
2021), or through regions slated for hydrokinetic 
energy devices (Lilly et al. 2021; Tsitrin et al. 2022). 
Together with AT, the collected information helps to 
robustly inform health and survival studies by provid-
ing insight into the drivers of movements and sources 
of mortality.

Physiology

Physiology represents the internal physiological state 
of an animal (Table  2) and is recognized as a key 
driver of its movement path in nature (Nathan et  al. 
2008; Wu and Seebacher 2022). Physiology encom-
passes numerous biological systems and processes 
that can interact with one another and the environ-
ment in complex (and often poorly understood) ways 
and be difficult to measure, especially in wild ani-
mals. The challenge is often taking hypotheses devel-
oped in laboratory experiments, where fine-scale 
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behaviours in artificial arenas (e.g., mirror test, 
novel object test, thigmotaxis; Webster and Laland 
2012; Cattelan et  al. 2017) are measured in relation 
to physiology (e.g., stress hormones, metabolic rate), 
and using those hypotheses to make predictions about 
movements in the wild. Combined use of physiol-
ogy and AT can bridge the gap between behaviours 
observed in a laboratory setting and movements of 
animals in the wild to further our understanding of 
the drivers of movement. For example, Miyoshi et al. 
(2014) conducted short-term lab experimentation to 
calibrate electromyogram radio transmitters against 
swimming performance and metabolic rate in masu 
salmon (Oncorhynchus masu) and chum salmon 
(Oncorhynchus keta) before releasing them to track 
their migration behaviour.

Combining movement data with physiology has 
typically involved tissue sampling (Fig.  3) such as 
biopsy of animals when tagging, which provides a 
‘snapshot’ of the physiological state of the animal at 
that time, which can be compared with its spatial ecol-
ogy. In Pacific salmon, a biopsy approach (gill, blood, 
fin sampling, and use of a microwave energy meter to 
assess somatic energy) was developed to investigate 
physiological conditions associated with successful 
migrations, confirmed using AT (Cooke et al. 2008). 
Often, physiology is investigated by exploring physi-
ological responses of animals to various stressors spe-
cifically from AT tagging procedures (Caputo et  al. 
2009), which are paramount to differentiate between 
tagging effects and natural movement and behaviour. 
Stress responses resulting from interactions with 
humans, such as fishing capture and release, aqua-
culture, as well as passage through migratory barri-
ers, are also commonplace in conjunction with AT 
(Roscoe et  al. 2011; Bordeleau et  al. 2018; McLean 
et  al. 2020). In studies such as these, understanding 
the internal factors influencing movement can help 
evaluate the impact anthropogenic activities have on 
tracked animals. Similarly, physiological investiga-
tions into the migrations of diadromous fishes often 
provide insight into the metabolic, hormonal, or other 
physiological drivers affecting the onset, timing, and 
success of these movements, which have population-
wide implications (Birnie-Gauvin et  al. 2019; Hertz 
et  al. 2019). The physiological state of organisms 
may also explain conspecific space use differences, 
as demonstrated by Rangel et al. (2022) when explor-
ing the time tiger sharks (Galeocerdo Cuvier) spent 

at tourism provisioning sites in the Bahamas. Finally, 
important gains can be made towards understanding 
fish movements using physiology as researchers pair 
novel tools with animal tracking such as transcrip-
tomics (and other ‘omics’) to assess physiological 
states of fishes (Jeffries et al. 2021).

Ancillary complementary methods and outcomes

Although not quantified in the systematic review of 
complementary methods, there were additional types 
of methods that were identified during the review pro-
cess warranting discussion: habitat and environmen-
tal monitoring, social sciences, and citizen science.

Habitat and environmental monitoring

Characterizing aquatic habitat and environmental 
conditions is fundamental for understanding relation-
ships between aquatic organisms and their environ-
ment for both basic ecology and applied management. 
To date, telemetry studies have included a range of 
concurrent environmental measures, quite commonly 
water depth and water temperature (Brownscombe 
et  al. 2019). However, a wide range of conditions 
have been measured and are essential components of 
animal habitat, including dissolved oxygen, pH, con-
taminants, turbidity and light, water flow, substrate 
types, natural or artificial structures, and aquatic 
vegetation (de Kerckhove et  al. 2008). These vari-
ables are often measured through in-person sampling 
(e.g., visual observations, benthic sampling), in  situ 
biologgers that measure near-continuously (e.g., tem-
perature, dissolved oxygen), or other means such as 
remote sensing (e.g., bathymetry, aquatic vegetation; 
Marcaccio et  al. 2021). Animals equipped with tags 
incorporating integrated sensors can also serve as 
biologgers and environmental samplers (Donaldson 
et al. 2014).

Ultimately, characterizing environmental vari-
ables concurrent with telemetry studies is essential 
to elevate research beyond simple observational stud-
ies and adopt inferential approaches that describe the 
potential drivers of animal movement and space use 
(Brownscombe et al. 2022). The latter is increasingly 
important for adapting environmental management 
approaches proactively in our rapidly changing world. 
However, a major challenge is that environmental data 
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must be measured at spatial and temporal scales that 
are congruent with animal tracking data. Acoustic 
telemetry encompasses a wide variety of approaches 
and therefore generates a range of data types, from 
fine-scale spatial positioning (e.g., < 1  m2 resolution; 
Espinoza et  al. 2011) to broader positioning rela-
tive to the detection range of receivers (e.g., < 50  m 
to > 1 km; Kessel et al. 2014). Hence, the scale of ani-
mal positioning (related to technology, study design, 
and data analysis) needs to be matched with that of 
environmental variable measurement to effectively 
generate information on animal-habitat associations 
with telemetry studies.

Social sciences

There is increasing recognition of the importance 
of integrating social and ecological sciences to 
improve our understanding of the world, and in par-
ticular to improve the ongoing, long-term sustain-
able use of natural resources (Bennett et  al. 2017; 
Moon et al. 2019). Interest is growing among move-
ment ecologists to engage with social scientists and 
social research to better understand the implications 
of their research to society, promote evidence-based 
decisions and practices, as well as engage in a more 
holistic approach to a problem or research question. 
For example, Donaldson et al. (2013) combined bio-
telemetry, physiological assessments, and social sur-
veys to illustrate effectiveness of and positive atti-
tudes towards ‘recovery bags’ as means to facilitate 
recovery of sockeye salmon after recreational angling 
capture. Similarly, a study by Raby et al. (2014) com-
bined biotelemetry and social surveys to explore solu-
tions for bycatch mortality of an endangered popu-
lation of coho salmon caught in  a Indigenous beach 
seine fishery in British Columbia. The study showed 
willingness of fishers to employ and adapt handling 
practices informed by results from the biotelemetry 
study. The utility, value, and integration of movement 
ecology data in fisheries management and decisions 
have also been increasingly explored (e.g., Brooks 
et  al. 2019; Nguyen et  al. 2019, 2021). These stud-
ies have shown that researchers who engage, collab-
orate, and develop interpersonal relationships with 
end-users (whether fishers, fisheries managers, other 
stakeholders or rightsholders) are often more suc-
cessful at supporting and informing decisions and 

practices. Still, there are few studies that integrate 
both social research and movement ecology.

Citizen science

Citizen science (also sometimes referred to as com-
munity, participatory, civic, or public science), 
defined here as the participation and engagement of 
the public or other non-scientific members of a com-
munity in a scientific project, is an effective tool to 
increase community engagement and awareness 
while contributing to scientific research (Kobori et al. 
2016). Outcomes of citizen science have the poten-
tial to inform the community, scientists, managers, 
and policy makers about a diverse range of issues in 
the natural world, but also serve to create social link-
ages across these various groups. As discussed above, 
one of the most common forms of citizen science in 
movement ecology, particularly for AT, is engaging 
recreational, commercial, or other fishers, to act as 
community scientists. These groups can provide addi-
tional spatiotemporal recapture information of tagged 
animals that typically exceeds coverage provided by 
electronic tracking methods and with greater sam-
pling effort. It is common practice to externally mark 
animals that are being electronically tracked; there-
fore, coordinated efforts to recapture individuals pas-
sively or actively are readily accomplishable. There 
are a multitude of cooperative tagging organizations 
across the world that manage long-term recapture 
databases and provide regimented guidelines to par-
ticipants about tagging (external) and processing 
recaptures (Dunlop et  al. 2013). For example, since 
its inception in 1984, the Oceanographic Research 
Institute’s Cooperative Fish Tagging Project (South 
Africa) has engaged 6000 members who have exter-
nally tagged 330,000 fish (from 368 species), result-
ing in 82 peer-reviewed journal articles (including 
the use of acoustic and satellite telemetry) and direct 
contribution to the management and sustainable use 
of resources in the Western Indian Ocean (Potts et al. 
2021).

Citizen science has also been used to complement 
movement ecology research by using re-sightings as 
opposed to recaptures. Re-sightings often incorporate 
more conspicuous animals such as sea turtles, sharks, 
and marine mammals that are observed underwater 
(e.g., scuba), at the surface (e.g., snorkel, boating), or 
onshore (e.g., nesting sites, washed ashore). Animal 
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tracking has helped validate citizen science monitor-
ing (Vianna et al. 2014) but has also highlighted limi-
tations of its use as an independent tool. For example, 
Cagua et al. (2015) showed that ecotourism observer 
bias relating to visibility of whale sharks (Rhincodon 
typus) at the surface led to conclusions that a popu-
lation in Tanzania seasonally dispersed; however, AT 
showed they were present year-round but remained 
deeper and further offshore from where operators fre-
quented. Still, the capacity for non-scientific groups 
to provide greater access to animal movement infor-
mation is evident and with applicable technology 
readily available to them (e.g., GPS- and internet-
enabled mobile devices), citizen science should be a 
consideration in project conceptualization, especially 
when societal-environmental relationships can be 
strengthened.

Future considerations

Although not widespread in the last decade, when 
complementary methods are used with AT, they help 
improve interpretation of research questions, often by 
elucidating drivers behind spatial patterns and placing 
AT findings in the context of the entire population, 
not simply a small subset of individuals. When plan-
ning animal tracking studies, we advise researchers to 
consider the strengths and limitations of the telemetry 
approach being used and whether there are additional 
ways to answer the questions being posed. Comple-
mentary methods should fit in with the specific needs 
or objectives of the study and can also be applied as 
new research questions develop throughout the study. 
Similarly, the use of multiple sampling techniques is 
dependent on the resources available to those con-
ducting the research. Pertinent considerations, such as 
financial costs, logistical concerns, potential for social 
engagement, spatial and temporal resolution, and the 
impact of the method on the animals being studied 
(e.g., lethal vs non-lethal), are some of the many fac-
tors that will determine the impetus to include addi-
tional sampling techniques (Fig.  4). Nevertheless, 
combining multiple methodologies can help reduce 
the overall number of studies and animals impacted 
by research; it may also benefit from being viewed 
as prudent and cost-effective when seeking funding 
for research. With ongoing advancements in technol-
ogy to facilitate monitoring of aquatic ecosystems 

(Heupel et  al. 2018), we see no reason why the use 
of complementary approaches should not increase. 
In conjunction with these advances, there is an ongo-
ing impetus to better address management issues 
(Brownscombe et  al. 2022; Matley et  al. 2022), and 
in many circumstances telemetry approaches alone 
have yielded new information only up to a point (e.g., 
Lowerre-Barbieri et al. 2016). Indeed, the most pow-
erful way to answer scientific questions is to use mul-
tiple lines of evidence (Munafò and Smith, 2018). 
Therefore, as more refined questions and needs in 
research and management present themselves, opti-
mizing multiple and related sampling methods should 
be increasingly expected to help generate more robust 
answers to research questions in telemetry studies. 
Examples of how AT research questions can be aug-
mented through complementary methods are outlined 
in Table  3. Effective planning and clear objectives 
will, as always, be needed to ensure these methods are 
integrated optimally. Furthermore, with directed man-
agement goals in mind, ongoing collaborative efforts 
among academic, government, and other scientists 
can facilitate complementary sampling through the 
pooling of resources (e.g., equipment) and expertise.

There is also a need to incorporate more founda-
tional complementary approaches to address the gaps 
that often exist between research output and manage-
ment integration. Building interdisciplinary connec-
tions across groups of people is a major path to inclu-
sive governance and social cohesion that has so far 
been underutilized in the field of movement ecology. 
Social science approaches that explore human dimen-
sions affecting research and management are only just 
starting to be explored in combination with animal 
movement ecology and hold significant potential to 
guide future opportunities that bridge social, cultural, 
economic, and environmental views. Engagement 
with Indigenous communities has important value, 
not the least of which is the alternate viewpoints often 
garnered due to spiritual and reciprocal relationships 
with nature, and should be prioritized. For example, 
the application of Indigenous concepts or values such 
as Two-eyed Seeing (Etuaptmumk—Mi’kmaq) and 
ScIQ (science and Inuit Qaujimajatuqangit) should 
be used to strengthen movement ecology research, by 
shifting away from solely Western science perspec-
tives and incorporating Indigenous ways of knowing 
to provide a more holistic view of ecosystems and 



48	 Rev Fish Biol Fisheries (2023) 33:35–54

1 3
Vol:. (1234567890)

human activities (Denny and Fanning, 2016; Ped-
ersen et al. 2020).

Conclusion

Compatible methods that have accompanied ani-
mal tracking research are diverse, providing addi-
tional ways to help interpret the movement ecology 
of aquatic animals. Benefits of supplementing AT 
with other methods include expanding knowledge 
of the complex and assorted factors influencing 
movement patterns, gaining population- or ecosys-
tem-level data on species being tracked, conducting 

cost-effective sampling with fewer individuals 
being impacted due to coordinated efforts, facili-
tating collaborations, and obtaining comprehensive 
ecological data to underpin management decisions. 
Greater strides should be made to design and carry 
out projects with foresight into how using addi-
tional methods can improve knowledge of species’ 
spatial patterns and other aspects of their ecology as 
well. By identifying the approaches that have been 
used in the last decade and the outcomes from using 
them, we hope to provide movement ecologists and 
others with practical resources to help plan future 
research.

Fig. 4   Major considerations for the use of different specific 
complementary methods weighted on a scale from low (1) 
to high (5). In order from top to bottom, colours indicate the 
broad method categories as follows: visual observations, other 
telemetry, hydroacoustics, experimental, traditional fisheries 

sampling, biological sampling, and ancillary methods. Note 
that the rankings were based on first-hand experience from 
authors and are context-dependent across studies; therefore, 
this output is not representative of every scenario and is only 
meant as a general guide
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