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Abstract
Around the globe, ecological restoration projects are being undertaken to mitigate anthropogenic impacts and recover lost 
biodiversity; however, evaluations of efficacy can lack robustness or, more often, are not completed at all. In this perspective  
piece, to demonstrate the utility of acoustic telemetry to assess ecological restoration in aquatic systems, we synthesize two 
case studies in coastal freshwater and marine urban ecosystems: Toronto, Canada, and Bergen, Norway. In Toronto Harbour,  
a Before-After-Control-Impact experimental design was instrumental in detecting differences attributed to ecological  
restoration across multiple species of fish. Additionally, acoustic telemetry data were paired with catch and community  
traits derived from electrofishing, which provided a more complete understanding of fish responses to restoration. In Bergen  
Harbour, the acoustic telemetry array was deployed before restoration, providing a Before-After comparison of habitat use by several  
fish species and European lobster (Homarus gammarus). In addition to acoustic telemetry, blood samples were taken from 
multiple fishes, to examine the levels of contaminants before and after restoration, adding an ecotoxicological dimension 
to the assessment. Incorporating these complementary methods contributed to a more holistic understanding of animal 
response to ecological restoration. Finally, we also identified indicators that could be calculated using acoustic telemetry 
data, including those derived from addition sensors (e.g., pressure). As we look to the future within the Anthropocene, it will 
be imperative that ecological restoration achieves intended goals and we contend that acoustic telemetry has a bigger role 
to play in the evaluation of efficacy as it provides continuous monitoring compared to more traditional, discrete sampling.
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Introduction

Both marine and freshwater ecosystems face increasing 
threats imposed by anthropogenic activities (Arthington 
et al. 2016). Across the many different types of stressors 
including non-native species, pollution, overexploitation, 
and global climate change, habitat alteration continues  
to be among the most damaging to fish populations for 
both freshwater (Dudgeon et al. 2006) and marine species 
(Musick et al. 2000). Anthropogenic alterations to habitats 
can be broadly categorized into fragmentation, degradation, 
and loss, each resulting in deleterious effects on species and  
the ecosystems they inhabit (see Piczak et  al. 2023a).  
First, habitat fragmentation, related to habitat loss, occurs 
when contiguous habitat patches are altered, leading to 
smaller, isolated areas, which disrupts connectivity therefore  
impacting animal movements and life history processes 
(Jeffrey et al. 2015). Within both freshwater and marine 
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systems, an example of habitat fragmentation can include 
barriers from roads or bridges (Choy et al. 2018; Moore 
and Berejikian 2022). Next, habitat degradation occurs 
when anthropogenic activities reduce the quality of habitats, 
impacting their physical, chemical, or biological attributes, 
even if the quantity remains intact (Dudgeon et al. 2006). 
Examples of degradation can stem from the application of 
excessive road salts creating run-off into freshwater streams 
(Lawson and Jackson 2021) or the increase of hypoxic  
“dead zones” in marine systems stemming from increased 
nutrient run-off (Diaz and Rosenberg 2008), among others. 
Finally, habitat loss occurs when the destruction of areas 
no longer provide the necessary resources or conditions of 
the pre-existing ecosystem, leading to a decrease in habi-
tat quantity (Pardini 2018). An example of habitat loss that 
applies to both marine and freshwater ecosystems is the 
infilling of fish habitat (Whillans 1979; Shen et al. 2016). 
Unfortunately, these habitat alterations often occur together, 
which can result in cumulative negative effects to aquatic 
ecosystems, of which remain poorly understood (Reid et al. 
2019).

In response to anthropogenic habitat alterations, envi-
ronmental managers have turned to ecological restoration. 
The goal of ecological restoration is to manage, conserve, 
or repair ecosystems in an attempt to return to a more natu-
ral state through deliberate management actions (Hobbs 
and Harris 2001). To date, negative impacts associated with 
anthropogenic activities have resulted in billions of dollars 
spent to restore aquatic habitat with the aim of conserv-
ing biodiversity and ecosystem services (Bernhardt 2005). 
Despite the promise of restoration ecology as a discipline, 
there remains work to produce robust, evidence-based data 
in support of efficacy (Cooke et al. 2018). Without these 
evaluations, environmental managers are left with minimal 
evidence as to the success of such efforts and how to improve 
and inform best practices (Wortley et al. 2013). Assessing the 
efficacy of ecological restoration has been undertaken with 
discrete sampling to estimate indicators such as richness, bio-
mass, or abundance, which can provide a ‘snapshot’ in time 
(Ruiz-Jean and Mitchell Aide 2005). However, there remains 
opportunity to improve our understanding of ecological res-
toration with continuous monitoring longitudinally through 
space and time, as opposed to more traditional, discrete meth-
ods. Continuous monitoring can be achieved with acoustic 
telemetry (Brooks et al. 2017), which permits a level of detail 
that allows researchers to assess the efficacy of habitat resto-
ration on an ecologically relevant scale.

As acoustic telemetry remains underutilized in the 
evaluation of ecological restoration projects (e.g., Lapointe 
et al. 2013; Crossin et al. 2017), it is our intention to high-
light the utility of this technology to help guide more effec-
tive restoration efforts in the future. Here in this perspec-
tive piece, we examine the use of acoustic telemetry to 

assess restoration efforts within aquatic urban habitats to 
inform best practices for undertaking future evaluations 
and associated indicators. Specifically, we turned to two 
case studies for each a freshwater and marine ecosystem, 
to showcase the utility of acoustic telemetry for studying 
the response of diverse fish communities to ecological 
restoration. For each case study, we provide details of the 
ecological restoration including anthropogenic stressors, 
restoration goals, stakeholders involved, restoration tech-
niques used, and target species. From there, we identify 
lessons learned and future opportunities to help refine the 
application of acoustic telemetry for evaluating restoration 
actions intended to benefit fish populations. We provide 
recommendations stemming from the case studies for users 
of acoustic telemetry that help address paucities in our 
understanding of ecological restoration across freshwater 
and marine ecosystems. Finally, we identify and describe 
indicators that could be calculated from acoustic telemetry 
data to assess the efficacy of ecological restoration. It is 
our hope that by showcasing the utility of acoustic telem-
etry, lessons learned through real world examples, and 
indicators, that this powerful technology could contribute 
to a more comprehensive understanding of fish responses 
to ecological restoration.

Acoustic telemetry

Acoustic telemetry is a rapidly growing method used across 
the globe to study the movements, behaviours, and spatial 
ecology of free-roaming animals across diverse aquatic 
habitats (Matley et al. 2022a, b). Briefly, acoustic telemetry 
involves the deployment of stationary or mobile receivers 
into the aquatic environment, which detect the presence of 
animals with encoded signals emitted from transmitters that 
are fixed to the animal either internally (e.g., gastrically, 
Kennedy et al. 2018; or surgically implanted, Gahagan and 
Bailey 2020) or externally (Jepsen et al. 2015). Acoustic 
telemetry arrays are highly customizable in that they can be 
deployed to cover habitats from small scales (e.g., ponds) to 
large areas (e.g., ocean wide; Hellström et al. 2022). Com-
pared to discrete sampling (e.g., mark-recapture studies 
with nets), acoustic telemetry permits monitoring to occur 
near-continuously and longitudinally (e.g., up to 10 years) 
as opposed to a ‘snapshot’ in space and time (Heupel et al. 
2006). This technology has become a mainstay in fisheries 
research and management as acoustic telemetry is low-cost, 
low-maintenance, and autonomous (Hellström et al. 2022). 
Acoustic telemetry also provides the opportunity to capture 
movements of animals beyond their home receiver array via 
extended telemetry networks such as the Great Lakes Acous-
tic Telemetry Observation System (GLATOS) or the Ocean 
Tracking Network (OTN; Lennox et al. 2023).
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Acoustic telemetry can address diverse questions across 
both fundamental and applied topics. Specifically regard-
ing fundamental questions, acoustic telemetry has been 
used to examine life history, survival, morphology, fitness, 
and energetics (Donaldson et al. 2014). On the other hand, 
acoustic telemetry has increasingly been used to aid in 
conservation and management by shedding light on topics 
such as habitat associations, environmental drivers, pro-
tected areas, non-native species control/management, stock 
assessments, marine spatial planning, and defining manage-
ment units (Crossin et al. 2017). In addition to timestamped 
locational information, environmental (e.g., temperature or 
depth), behavioural (e.g., acceleration), and physiological 
(e.g., heart rate) data can also be collected with additional 
sensors on the transmitters (Crossin et al. 2017). As tech-
nological advances of acoustic telemetry continue to rap-
idly progress (e.g., additional sensors, miniaturization of 
tags), there will be further expansion of the biologging field 
(Hellström et al. 2022).

Evaluations of ecological restoration are often not under-
taken or provide weak evidence of success or failure, but 
acoustic telemetry could provide opportunities to assess 
responses of fish to interventions (Crossin et al. 2017). 
Reviewed in 2013, at the time there was only one study 
that used acoustic telemetry to assess restoration efforts 
(Lapointe et al. 2013), but since then there has been more 
research. Acoustic telemetry has been used in fresh water to 
assess the habitat use and predictors of movement for river 
blackfish (Gadopsis marmoratus) in a restored Australian 
river (O’Connor et al. 2023), and in marine ecosystems, to 
study the response of Atlantic cod (Gadus morhua) after reef 
restoration in Denmark (Kristensen et al. 2017). Acoustic 
telemetry has also been used successfully throughout the 
North American Laurentian Great Lakes to inform restora-
tion designs and management by examining seasonal habi-
tat associations, identifying exposure to pollutants and con-
tamination sources, informing fish passage, and assessing 
use of restored/created habitat (Brooks et al. 2017). Further 
adoption of acoustic telemetry provides an opportunity to 
advance our understanding of restoration efficacy from the 
fish’s perspective with acoustic telemetry.

Toronto harbour: area of concern

Site history

The Toronto Harbour (TH) and waterfront, located in the 
western portion of Lake Ontario, is directly connected to 
Canada’s largest urban center (5 million people) and has 
experienced extensive aquatic habitat loss (400 ha; Whillans 
1979; Fig. 1A). While fish species have historically suffered 
from overexploitation attributed to subsistence, recreational, 

and commercial fisheries (Christie 1972), other stressors 
have impacted populations more recently (Doka et al. 2018). 
The extensive habitat degradation and loss throughout the 
waterfront can be attributed to a number of anthropogenic 
activities including urbanization, port expansion, industrial 
activity, and transportation (Barnes et al. 2020). Specifi- 
cally, aquatic habitat has been lost due to infilling, shoreline  
hardening, stonehooking, and dredging. Habitat fragmenta-
tion has also occurred through the burying of rivers, therefore  
impacting the connectivity of fish habitat (Eidelman 2018). 
Habitats in TH have also been degraded through impaired 
water quality stemming from pollution, salinization, urban 
runoff, and wastewater (overflow during storms; Howell 
et al. 2018). Additionally, there have been a number of non-
native species that have further contributed to habitat degra-
dation and altered food web dynamics within TH including 
dreissenid mussels (zebra mussels, Dreissena polymorpha; 
quagga mussels, Dreissena rostriformis bugensis), crus-
taceans (e.g., spiny water flea, Bythotrephes longimanus), 
and fish (e.g., common carp, Cyprinus carpio, see Piczak 
et al. 2023b; round goby, Neogobius melanostomus). Collec-
tively, habitat loss, fragmentation, and degradation as well 
as the establishment of non-native species have contributed 
to the impairment of native fish populations (Midwood et al. 
2022).

Ecological restoration

To mitigate the long history of anthropogenic impacts and 
associated negative ecological effects, the International  
Joint Commission drafted the Great Lakes Water Quality  
Agreement, which identified Toronto and Region as an  
Area of Concern (AOC), along with 42 other degraded  
areas across the Great Lakes (IJC 2012). As a part of the  
AOC designation, 13 different Beneficial Use Impairments 
(BUIs) were designated to act as indicators of change in  
chemical, physical, or biologist integrity. The main  
relevant BUIs that acted as goals throughout ecological resto-
ration in TH include a) degradation of fish and wildlife popu-
lations, and b) loss of fish and wildlife habitat. The Toronto 
Waterfront Aquatic Habitat Restoration Strategy (TWAHRS) 
was developed to support habitat restoration efforts in support 
of these BUIs (Barnes et al. 2020). Aquatic Habitat Toronto 
(AHT), a consensus-based partnership across various agen-
cies, was subsequently established to lead the implementation 
of the TWAHRS and facilitate research in support of aquatic 
habitat restoration via knowledge co-production (Piczak 
et al. 2022). Other involved agencies include the Toronto and 
Region Conservation Authority, which manages and moni-
tors the land/water of TH, Environment and Climate Change 
Canada, which provides funding for research, and Fisheries 
and Oceans Canada, which undertakes supporting research 
with Carleton University using acoustic telemetry (Table 1).
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A large system (18  km2) of open or exposed embayments, 
TH has four zones; Toronto Islands, Outer Harbour, Inner 
Harbour (IH), and Tommy Thompson Park (TTP; Fig. 1B). 
The Toronto Islands have remained relatively natural com-
pared to the rest of the harbour and have not received as 
extensive ecological restoration efforts as other locations 
within TH. Next, the Outer Harbour has deeper habitat with 
low submergent aquatic vegetation, which has been dredged 
to accommodate shipping activities and has also not been the  
focus of extensive ecological restoration. The IH has under-
gone habitat restoration at two slips between 2007 and 
2009, which has included increased complexity of habitat 
through the addition of large substrate, overhead coverage, 
and in-water structure (Barnes et al. 2020). Finally, TTP is 
a human-made peninsula consisting of a series of embay-
ments and a confined disposal facility (CDF) comprised of 
three ponds, two of which were subsequently modified to 

enhance habitat for diverse aquatic species (Barnes et al. 
2020). Specifically, the embayments have had restoration 
efforts including increases in shoreline complexity, crea-
tion of thermal refugia, construction of sheltering islands 
and berms, planting of aquatic vegetation, and installation 
of woody materials and substrate. With the exception of 
one embayment (2012 to 2015; Embayment D), restora-
tion activities were undertaken at the embayments between 
2009 and 2011. Next, dredged contaminated materials have 
been deposited in the CDF ponds, which ceased in the first 
two ponds (1985 and 1997), but is ongoing in the last pond. 
Subsequently, the first two ponds were capped and restored 
(2015–2020; Fig. 1B) with techniques designed to increase 
shoreline complexity, encourage the establishment of aquatic 
vegetation, increase structural habitat complexity, and use 
exclusion barriers to limit access for common carp (Barnes 
et al. 2020).

Fig. 1  A Extent of urbanization throughout Toronto Harbour and 
B receiver network with colors according to receiver groupings. 
IH = Inner Harbour, OH = Outer Harbour, TTP = Tommy Thompson 
Park, TI = Toronto Islands and restoration sites are labeled (Toronto 
Islands are a control site). C Extent of urbanization throughout Ber-

gen Harbour, and D receivers labeled according to restoration zone, 
whereby Restoration Zone 1 was from 2017–2018 (P = Puddefjorden), 
Restoration one 2 from 2023–2024 (Store Lungegårdsvannet), and Res- 
toration Zone 3 (V = Vågen)  which is in review for environmental 
measures
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Acoustic telemetry & examination of restoration efficacy

While the ecological restoration efforts throughout TH in 
the IH and TTP have broadly focused on improving habitat 
conditions to increase native fish populations, the evaluation 
of ecological restoration using acoustic telemetry has been 
primarily focused on larger bodied species including large-
mouth bass (Micropterus nigricans, a warmwater piscivore), 
northern pike (Esox lucius, a coldwater piscovere; Fig. 2A), 
and common carp (a non-native benthivore). Close to 500 
fish have been tagged throughout the entire project, where 
the main capture method was electrofishing with subsequent 
internal transmitter implantation (for surgery details see Pic-
zak et al. 2023b). The majority of the telemetry array within 
TH was installed in spring 2011, with fluctuations thereafter 
in coverage due to the loss of receivers or expansion of cov-
erage into new areas of interest. Key movement corridors, as 
well as various habitat types were strategically instrumented 
with VR2W 69 kHz acoustic receivers (Innovasea, Bedford, 
Nova Scotia; Fig. 1B). Receivers have been combined into 
37 groups based on habitat consistency/proximity (Midwood 
et al. 2019; Fig. 1B), as well as range-testing results (con-
servative estimate of 350 m; see Veilleux 2014).

Acoustic telemetry has been used throughout TH to assess 
the efficacy of restoration efforts. As restoration within the 

IH at the two slips was completed prior to the deployment of 
the telemetry array, only post-restoration data were available 
and the amount of time spent within each slip was calculated 
for seven species using fine-scale positioning and contrasted 
with use of none-restored slips (Veilleux et al. 2018). Results 
from this study suggest that only northern pike use the slips, 
with clear preferences for the ones that have been restored, 
particularly during the spawning period. Degraded water 
quality at the two un-restored slips (i.e., habitat degradation) 
stemming from the highly urbanized Don River was proposed 
as one factor that may limit use, but in general the hardened 
shoreline and deeper water of the slips were not deemed 
suitable habitat for a majority of tracked species (Veilleux 
et al. 2018). Next, a multi-species evaluation of restoration 
within the embayments and ponds of TTP and Spadina Slip 
of the IH was undertaken; however, similar to the previous 
study, only post-restoration data were available as the restora-
tion was completed prior to the deployment of the receiver 
array (Rous et al. 2017). In this study, the Toronto Islands 
acted as a control site, where the experimental design used 
was Control-Impact (i.e., restoration; Rous et al. 2017). The 
findings from this study found that restoration efficacy was 
species-specific, where yellow perch (Perca flavescens) and 
northern pike had higher site fidelity at restored sites com-
pared to largemouth bass and common carp.

Table 1  Details of the main agencies involved with research using acoustic telemetry to assess ecological restoration for each Toronto Harbour, 
Canada and Bergen Harbour, Norway

Site Agency Name Type Primary Role Jurisdiction

Toronto Harbour Fisheries and Oceans Canada Government Department Policy implementation and research 
in support of Canada's oceans and 
inland waters

Federal

Environment and Climate Change 
Canada

Government Department Funding in support of the natural 
environment and renewable resources

Federal

Toronto and Region Conservation 
Authority

Agency Local watershed management and 
regulator, research support and 
monitoring

Municipal

Carleton University Academic Conduct research studies using 
acoustic telemetry in support of 
ecological restoration

N/A

Aquatic Habitat Toronto Consensus-based partnership Implement the Toronto Waterfront 
Aquatic Habitat Restoration Strategy

Municipal

Bergen Harbour Norwegian Research Centre Research Institute Conduct research studies using 
acoustic telemetry in support of 
ecological restoration

N/A

University of Bergen Academic Ecotoxicological analysis: Analyzing 
blood samples of fish

N/A

Institute of Marine Research Research Institute Ecotoxicological analysis: Analyzing 
tissue samples of fish and  
crustaceans

N/A

Bergen Kommune Municipal Government Funding body and conducting the 
restoration efforts

Municipal

Norwegian Environmental Directorate Government Agency Funding body Federal
Regional Research Fund Federal Funding Body Funding body Federal
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In response to previous limitations of experimental design 
(i.e., lack of before-restoration data), more recent studies have 
aimed to implement a Before-After-Control-Impact design  
(Piczak 2024). Specifically, later restoration projects occurring  
in Embayment D (2012–2015) and Cell 2 (2015–2020;  
Fig. 1B) permitted an examination of fish response to restoration  
both before and after restoration as the acoustic receiver array 
had been operational, with the Toronto Islands acting as a control  
throughout the entire study period: 2010 to 2023. To assess  
the response of fishes to restoration, habitat use was examined 
by calculating the proportion of tagged individuals present  
(i.e., residency index; see Kessel et al. 2016), and depth use with 
pressure sensors (Table 2). In addition to acoustic telemetry, 

long-term monitoring data from electrofishing transects across  
the restoration and control sites were also included in this  
evaluation. Specifically, to complement the acoustic telemetry 
data, catch of target species and community indices derived  
from the electrofishing data were calculated for a more complete 
picture of fish response to restoration. Results indicated that at 
both restoration sites there was continued use by largemouth 
bass; however, there was also reduced access to both systems 
for northern pike and non-native common carp as a result of the  
installation of carp barriers (Piczak 2024). In addition to  
the acoustic array within the harbour, fish movements beyond 
TH were captured via the extended receiver network through 
GLATOS (see Piczak et al. 2023b).

Fig. 2  A Transmitter  
implantation within a  
northern pike (Esox lucius)  
in Toronto Harbour. B Long-
term electrofishing sampling 
throughout Toronto Harbour, 
Canada has complemented the 
acoustic telemetry data, with 
discrete indicators such as  
biomass and community indices.  
C Transmitter implantation 
in Atlantic cod (Gadus morhua) 
with simultaneous blood 
sampling to examine individual 
endocrine disruption within 
Bergen Harbour, Norway. D 
European lobster (Homarus 
gammarus) with acoustic tag 
(yellow circle) to examine 
efficacy of restoration efforts on 
invertebrate species in Bergen 
Harbour
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Lessons learned

The TH telemetry project has been a valuable resource 
for furthering our understanding of the spatial ecology of 
fishes and how it relates to ecological restoration; how-
ever, there is some room for improvement and lessons 
learned. Initial studies (i.e., Veilleux et al. 2018 and Rous 
et al. 2017) were limited in terms of data availability in 
that the acoustic array was deployed after ecological res-
toration had been completed, so there was not ‘before’ 
data and they were limited to a Control-Impact design. 
The Before-After-Control-Impact (BACI) design is the 
‘gold standard’ for assessing changes in the environment 
to determine the effects of the treatment (i.e., ecologi-
cal restoration; Smokorowski and Randall 2017). Further, 
it is important to have sufficient sample sizes to ensure 
statistical power, ideally with an even amount of time 
across time periods (i.e., before and after restoration; see 
Smokorowski and Randall 2017). Unfortunately due to 
the COVID-19 pandemic (i.e., disrupted sampling) and 
potentially high rates of angling, the sample size for the 
post-restoration period was relatively small compared to 
before, therefore limiting the statistical power. To mitigate 
this issue, it is important to ensure a sufficient number 
of individuals tagged at regular intervals (as transmitters 
used last three years) across both restoration and control 
sites. Adding to our small sample sizes, it is highly likely 
that many of the tagged fish were angled and removed 
from the system. Although t-bar anchor tags were initially 
used to help externally identify tagged fish, we noted poor 
retention and this was stopped. Recent works have noted 

poor long-term retention for this type of external tag and 
recommended the use of internal anchor tags (Colborne 
et al. 2024), which should be adopted. Although the acous-
tic telemetry array was used to assess ecological restora-
tion on a larger spatial scale (i.e., site-level), determining 
which specific restoration techniques benefitted fish the 
most could be examined with more fine-scale approaches 
such as the positioning using hyperbolic multilateration 
(see Vellieux et al. 2018).

We also learned via acoustic telemetry that the exclusion 
barriers installed as a part of the ecological restoration 
aimed at decreasing passage to common carp may also be 
blocking movements of native species (i.e., largemouth 
bass and northern pike; Piczak et al. 2023c). Beyond the 
acoustic telemetry, the evaluation of ecological restoration 
benefitted from monitoring with electrofishing throughout 
all restoration periods, where indicators including catch 
and community indices were able contribute to a more 
comprehensive understanding of fish response (Fig. 2B; 
Piczak 2024). Another aspect that contributed to the success 
of the TH telemetry project was that the science produced 
was conducted using knowledge co-production with AHT 
(see Piczak et al. 2022). Specifically, benefits to this approach 
that aided in ecological restoration included access to diverse 
expertise and local knowledge, increased understanding of 
regional fish habitat, adoption of novel restoration techniques 
and improved knowledge exchange across agencies. Finally, 
acoustic telemetry data have also been paired with habitat 
information (i.e., water temperatures, submerged aquatic 
vegetation, depth, and fetch) to determine species-specific 
habitat associations (Midwood et al. 2018a, b; Midwood et al. 

Table 2  Comparison of acoustic telemetry projects to evaluate ecological restoration across each Toronto Harbour, Canada and Bergen Harbour, 
Norway

Aspect Toronto Harbour Bergen Harbour

Ecosystem Type Freshwater coastal wetlands Marine fjords
Fish Capture Electrofishing Angling (both conventional and fly) and nets/traps
Sedation Electroimmobilization

Chemical (eugenol)
Chemical (MS-222)

Species Multiple fish species including both native and non-native 
fishes

Multiple fish species, as well as benthic invertebrate 
(European lobster)

Size of Tags Due to tag burden, both projects were limited in terms of fish tagged, where small-bodied species and juveniles 
were tagged less frequently

Complementary Methods Discrete sampling: Electrofishing monitoring contributed 
to estimates of catch (catch-per-unit-effort) and 
community traits (e.g., abundance of warmwater 
species).

Ecotoxicological studies including muscle tissue 
(biopsies) and vitellogenin (necropsies) to 
study contamination levels across both fish and 
crustaceans

Challenges associated with 
Urban Setting

Tampering with acoustic receivers and potential high rates 
of angling

Tampering with nets and traps used for capture

Use of Controls The Toronto Islands did not receive any major ecological 
restoration and remained relatively natural, these sites 
acted as a control.

No control or reference sites were available

Experimental Design Before-After-Control-Impact Before-After
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2019; Brownscombe et al. 2023) that can in turn identify 
habitat supply limitations. These works, while informative, 
have relied on static habitat information (i.e., missing 
seasonal senescence of vegetation) and not explicitly assessed 
restoration status. To better understand fish response to 
changes in habitat, we recommend pairing acoustic telemetry 
data with habitat information on a finer temporal scale (i.e., 
at least seasonally).

Bergen harbour

Site history

The city fjord of Bergen in Western Norway has undergone 
significant changes during the last decades to accommodate 
urban use (Fig. 1C). This includes excavation for ship pas-
sage, sea wall construction, and the construction of docks 
and piers. These urban developments have contributed to 
the degradation of the marine ecosystem. Issues like urban 
runoff, boat pollution, and the effects of sewage channels 
have arisen, along with concerns about the disposal of indus-
trial waste, including organic pollutants and heavy metals 
as drainage from the city pours into the harbour. Sources of 
such pollution range from road traffic around the city centre 
to facade materials and old paint, collectively impacting the 
water quality and general ecological condition of the harbour 
(COWI 2019).

Store Lungegårdsvannet (SL) is a 44 ha fjord basin with 
a maximum depth of 26 m in the inner part of the city fjord 
(Fig. 1D). The inner basin is connected to the outer part of the  
city fjord via a small and relatively shallow area leading into 
Puddefjorden. Tidal influx of seawater is combined with a top  
layer of freshwater running in from the river Møllendalselva 
south-east of the basin (Fig. 1D). However, Møllendalselva 
is greatly affected by channelisation and water removal that 
limits freshwater input. Indeed, the river is mostly a concrete  
channel, which supports a small population of spawning 
sea trout (Salmo trutta) that use the concrete features (Pulg, 
personal communication). The sea bottom of SL is highly 
polluted, and portions of the bottom layer of water is anoxic, 
due to the historical urbanization of the city fjord system 
and the buildup of polluted sediments near the mouth of 
the fjord around the bridges, limiting the water exchange. 
In addition, replenishment of the water basin in SL is lim-
ited due to its tenuous link to Puddefjorden and the outer 
fjord. SL is thereby especially predisposed to accumulation 
of organic pollutants and heavy metals. Despite these poor 
conditions, the system surprisingly hosts a diverse commu-
nity of aquatic species, such as European lobster (Homarus 
gammarus), crabs (e.g., Cancer pagurus), European eel 
(Anguilla anguilla), Atlantic cod, Atlantic pollock (Polla-
chius pollachius), brown trout, and multiple species of wrasse 

(Labrus spp). The sea bottom is primarily characterized by 
soft sediment, but larger rocks on the side along the water 
basin promotes growth opportunities for kelp forests, and 
creates natural habitats that function as refugia for aquatic 
animals.

Ecological restoration

To prevent the further dispersal of environmental toxins and 
pollution to both human populations and the aquatic envi-
ronment, the municipality of Bergen collaborated together 
with the Environmental Directorate of Norway on the project 
Renere Havn Bergen (“A Cleaner Harbour Bergen”) in 2008. 
Now that most pollution has either ceased or been heavily 
reduced, the project focuses on preventing new spread, and 
in later years, capping pre-existing pollution on the seabed. 
The area of interest, Bergen Harbour, is divided into the three 
sub-areas (1) Puddefjorden, (2) SL and (3) Vågen (Fig. 1D). 
Various research has been conducted within these sub-areas 
in support of restoration. The city fjord study, which included 
quantitative benthic surveys, revealed changes in species 
composition due to sewage cleanup efforts, offering valuable 
insights into benthic fauna before clean masses were applied 
(COWI 2017). Dietary surveys of fish filet, liver samples, 
and crustaceans like edible crab and mussels showed elevated 
levels of pollutants such as mercury, PCBs, and dioxin-like 
PCBs, resulting in advisories against consumption (COWI 
2017). An assessment of habitat types in Puddefjorden and 
SL highlighted a heavily modified area, with lack of valuable 
species or habitats, except for the red-listed European eel 
(Anguilla anguilla) in the system (COWI 2017). The current 
biodiversity in the soft-bottom environment was assessed as 
negligible to low, and previous evaluations of pollutants in 
sand trap material from Bergen's stormwater system have 
shown contamination with PCBs, PAHs, heavy metals, and, 
in some instances, tributyltin (COWI 2017).

Area 1, Puddefjorden, was the first to undergo restora-
tion efforts in July 2017, and restoration was completed 
in August 2018. The comprehensive process of cleaning 
up the sea bottom combined traditional and innovative 
methods: the sea bottom was covered using crushed stone 
masses (from the construction of a new tunnel), which was 
environmentally friendly as the materials were reused in 
the restoration process. Since restoration, Puddefjorden has 
now moved into a phase of monitoring the response. In 
addition, the seabed is also surveyed for the recolonization 
and regeneration of benthic fauna and species diversity. 
Area 2, SL, is currently in the last phase of seabed restora-
tion. Since 2021, the municipality of Bergen has mapped 
the seabed conditions and habitats, removed > 80 tons of 
scrap metal, shipwrecks, and garbage off the seabed, and 
begun the process of covering the seabottom with sand 
and gravel. In addition, the municipality is simultaneously 
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running a second project to restore the river Møllendal-
sel, which drains into SL (Asplan Viak 2010), improving 
spawning ground for fish and creating public park areas 
around the river as part of the Renere Havn Bergen project. 
Area 3, Vågen, will be the next area to be restored in the 
project.

Acoustic telemetry & examination of restoration efficacy

In order to achieve Renere Havn Bergen’s environmental 
goals (i.e., reduce toxic levels in fish and seafood, improve 
habitat conditions for the marine community, and enhance 
the use of harbor areas for the local community), it is crucial 
to know the state of the environment and how it is used by 
marine species before any restoration measures have been 
done. That way, responses can be documented following 
major changes to the environment, with an assessment of 
the ecological impact of the restoration efforts.

In the period from 2021–2023, movement, behavioral,  
and physiological data were collected for various marine  
species in SL as part of a Before-After study. A total of 
around 125 individual fish of corkwing wrasse (Symphodus 
melops) and ballan wrasse (Labrus bergylta), Atlantic cod, 
pollock, and European lobster were tagged either internally 
(vertebrates) or externally (invertebrates) with acoustic 
transmitters (methods as per Nilsen et al. 2022). Over the 
course of the tracking period, an array with approximately 
50 acoustic receivers of the types TBR800, TBR700 and 
TBR700L 69 kHz (Thelma Biotel AS, Trondheim, Nor- 
way) were deployed, and covered both SL, Puddefjorden, 
and Vågen to track tagged species. Capture gear and methods 
varied between the target species: traditional spinning rods 
and trap nets were used for Atlantic cod and pollock, and 
traps were used for both lobster and wrasse. For the larger 
bodied animals (i.e., cod, pollock, wrasse, and lobster), tags 
were equipped with additional sensors including acceleration 
and temperature. These tags are both larger, with long lasting 
batteries (lifetime of 3–5 years), which enables continuous 
monitoring of tagged individuals not only throughout the 
entire restoration process, but also in the subsequent period 
after restoration. In addition to using acoustic telemetry, eco-
toxicological samples were also taken to examine trends in 
contaminant levels and estrogen exposure before and after the 
seafloor was restored. Specifically, blood (for vitellogenin, a 
biomarker for environmental estrogen) and tissue (for mer-
cury levels) samples were taken from tagged fish (Fig. 2C).

As the Renere Havn Bergen project is nearly finished with 
the completion of the seabed restoration phase in SL, more 
individuals of the target species will be sampled, tagged, 
and tracked during the subsequent phase of the Before-After 
study. The plan will be to investigate differences in estimated 
habitat use, residence time, and physiological samples of 
the target species over the course of the restoration efforts. 

Combined with a monitoring phase after restoration, these 
results can contribute to understanding how the organisms 
within the city fjord system respond to major changes to 
their environment.

Lessons learned

SL has been a beneficial area to implement a Before-After 
study with its accessible location, historical time series  
documenting abiotic and biotic factors, and a diverse  
ecosystem to track multiple organisms. Based on these  
characteristics, several important knowledge gaps were filled 
through acoustic telemetry, which permitted an examination 
of movement and behavior of marine species in response to 
ecological restoration. To examine the responses to major  
habitat changes, it would have been beneficial to track tagged 
animals during the restoration efforts, yielding a unique 
insight into the in-situ behavioral responses. Unfortunately, 
this could not be implemented due to practical difficulties 
with receivers becoming buried during the sea floor capping.  
The dataset is therefore limited to tracking marine species  
before and after the restoration efforts. Next, the study 
revealed a robust population of the red-listed European  
lobster in SL through capture for tagging. Invertebrates are  
at a high risk of being buried in the sandy bottom during  
such a restoration of the sea bottom, and therefore a key  
group for assessing the response to restoration 
efforts (Fig. 2D). It was also beneficial to experimentally 
assess the activity sensor in the transmitter on some of our 
study species (Atlantic cod and European lobster) within  
a controlled environment: the Bergen Aquarium. Here, we 
conducted trials with underwater video cameras to observe 
the behavior of the species when they were instrumented 
with accelerometer transmitters. Video recorded behaviour 
was then linked with the acceleration signals sent to a receiver 
to use these sensors to assess behavioral states in different 
habitats. This approach introduces an additional dimension 
to the study, in which evaluating acoustic sensors can provide  
a more comprehensive explanation of the marine species’ 
behavior. In terms of tagging procedures, the brackish water 
basin in SL also posed challenges for handling marine fish. 
Species such as Atlantic cod and pollock were typically 
caught in lower salinity layers and then brought to upper 
freshwater layers for tagging. Handling protocols during this 
process should therefore prioritize maintaining similar water 
quality at the location of capture to maximize animal welfare. 
Fine-scale positions were calculated for multiple species from 
the acoustic telemetry data (see Baktoft et al. 2017), which 
will provide crucial insights into the high resolution habitat 
use, particularly emphasizing the role of habitat structure. 
Despite the importance of fine-scale positioning, smaller 
tags (7 mm) proved ineffective for positioning, possibly due 
to environmental noise. Therefore, thorough consideration  
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of target species (i.e., tag burden) and range testing of  
the acoustic array is essential prior to the deployment of 
tags. Finally, one goal of the ecological restoration was to 
decrease the biological availability of environmental toxins 
by capping the sea floor using sediments. Initial attempts to 
collect muscle tissue samples (biopsies) from Atlantic cod  
and pollock for ecotoxicological studies were unsuccessful 
due to inadequate size, therefore, necropsies were required  
to collect larger samples. To examine ecotoxicological  
trends in crustaceans, brown crabs (Cancer pangerus) were 
euthanized (i.e., necropsy for tissue samples) as an alternative  
to European lobster, since this species is red-listed (see  
Oug et al. 2006). This highlights the necessity of exploring 
alternative methods (i.e., necropsies) and species (brown 
crab), particularly when studying threatened species where 
not all individuals may be suitable for sampling.

Comparison of evaluations

There are many decisions to be made when planning  
and undertaking evaluations of efficacy for ecological 
restoration in terms of experimental design and methods; 
here we explore differences across each project (Table 2). 
First, as these projects occurred in different ecosystems 
(i.e., freshwater versus marine), capture methods differed 
whereby electrofishing was used in Toronto Harbour and 
in Bergen Harbour fish and invertebrates were caught  
with nets and angling. Next, sedation protocols were  
different in that in Toronto, fish were primarily sedated  
with electroanesthesia (see Rous et al. 2015), which is  
generally associated with quick recovery time and increased 
welfare (Jennings and Looney 1998); whereas in Bergen, 
MS-222 was used to sedate fish for surgery, with a longer 
recovery period. Both harbours used a multiple-species 
approach (which is a benefit of acoustic telemetry), but in 
Bergen an invertebrate was also tagged and samples for 
ecotoxicological assessment were harvested from brown 
crab, resulting in a broader understanding of the impacts  
of ecological restoration on the ecosystem. The size of 
taggable fish was limited for both Toronto and Bergen, 
whereby small-bodied and/or juvenile individuals were 
tagged less frequently, but as transmitters continue to  
miniaturize (see Lennox et al. 2017), adding these smaller 
fishes to evaluations of efficacy could lead to more  
comprehensive understanding of response to ecological  
restoration. Complementary methods (see Matley et al. 
2022a) for both harbours also contributed to further 
understanding of the response to ecological restoration: in 
Toronto Harbour, electrofishing (i.e., discrete sampling) 
permitted an examination of trends in catch and community 
indices and in Bergen Harbour, blood and tissue samples of 
target species contributed to a ecotoxicological dimension 

to examine trends in contaminants in response to seafloor 
restoration. Logistical challenges arose for both projects 
stemming from the urban settings, whereby receivers and 
nets were tampered with, and in Toronto there were high 
rates of presumed angling of tagged fishes, therefore limit-
ing sample sizes in some studies (see Piczak et al. 2024). 
Fortunately in Toronto Harbour, there was a comparator 
site that did not receive major ecological restoration and 
remained relatively natural (i.e., Toronto Islands), which 
was used as a control to compare to the ecological restora-
tion sites before and after. Finally, both harbours were able 
to deploy the acoustic telemetry arrays prior to some of the 
ecological restoration efforts, which provided a baseline to 
compare to after ecological restoration: BACI and Before-
After for Toronto and Bergen, respectively.

Recommendations

Based on the professional experience derived from under-
taking evaluations of ecological restoration with acoustic 
telemetry, we have compiled recommendations to effec- 
tively undertake future studies. First, we reinforce long-
standing guidance that using a BACI experimental design  
to detect changes attributable to ecological restoration 
is essential (Underwood 1991). Unfortunately, monitor-
ing before ecological restoration to establish a baseline is 
rarely prioritized or resourced, and can often suffer from 
poor design (Block et al. 2001). We emphasize the impor-
tance of conducting monitoring as a part of a BACI design 
before, during, and after, ecological restoration ideally with 
even sampling periods (i.e., configuration; same number 
of years and sample sizes before and after restoration; see 
Smokorowski and Randall 2017) and at both control and 
treatment sites. Within the large system of embayments 
throughout TH, we were fortunate to have a control site, 
which has remained relatively intact despite a long history 
of anthropogenic degradation throughout the harbour. As 
the availability of control sites within ecological restora-
tion sites can be rare, an alternative could include the use 
of a reference site (White and Walker 1997), which should 
approximate the conditions of the restoration site. Although 
selecting appropriate reference sites can be challenging; tra-
ditional and local ecological knowledge could help guide 
site selection by identifying the most relevant target species 
and providing historical knowledge about land management 
(Uprety et al. 2012). In Toronto, it was difficult to maintain 
sufficient sample sizes of fish possibly due to a number of 
reasons: the COVID-19 pandemic, high rates of angling 
or the openness of the system (fish forays from the area). 
Because our restoration and control sites were not accessible 
by boat for electrofishing, we resorted to capturing and tag-
ging fish outside these site throughout the harbour; however, 
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it would have been more ideal to capture fish from the study 
sites instead (especially given that both largemouth bass and 
northern pike tend to be resident). Taken together, we high-
light the need to tag additional individuals to compensate 
for losses in sample size and to capture individuals from the 
study sites (i.e., treatment and control).

In Bergen, surgery protocols and investigations of tag 
burden were undertaken prior to studies in the wild, which 
improved animal welfare. In addition to the acoustic telem-
etry, both projects benefited from additional complementary 
methods: electrofishing (i.e., discrete fisheries sampling) 
and blood sampling (i.e., biological sampling). Moreover, 
electronic tags can be equipped with sensors (e.g., accelera-
tion, temperature, depth) to provide additional information 
on fish-environment interactions. Depth sensors in particular 
have proven to be critical additions to base sensors because 
they support more accurate determination of fate (i.e., dead/
alive) of tagged individuals. These are just a few examples 
of additional types of complementary sampling that could be 
undertaken to bolster animal tracking with acoustic telem-
etry (see Matley et al. 2022a). We also recommend pairing 
the acoustic telemetry data with habitat information that is 
scaled temporally (e.g., across seasons and restoration peri-
ods) and spatially (e.g., each receiver group). Finer-scale 
investigations with tools such as position solvers (see Orrell 
and Hussey 2022; Baktoft et al. 2017; Lennox et al. 2023) 
could provide additional details to determine which restora-
tion techniques are contributing the most to habitat use.

Data processing and indicators

Prior to data analysis and calculation of indicators, it is 
essential to filter the detection data to increase accuracy. 
False detections attributable to transmission error (e.g., 
ambient noise or multiple transmitter collisions) are com-
mon and need to be removed based on criteria such as real-
ism of distance moved or speed (see Brownscombe et al. 
2019). Next, the fate of animals should also be assigned, 
which can be inferred from tag signals (Villegas-Rios 
et al. 2020) or probabilistically (e.g., mark-recapture models; 
McQueen et al. 2022). Examples of realistic fates include 
departure from the study area, removed from the system via 
angling, faulty transmitter, or death (Villegas‐Ríos et al. 
2020). Further, death can be interpreted carefully through 
investigations of depth or location (Klinard and Matley 
2020).

Across both projects, we used multiple indicators that 
could be calculated with data collected using acoustic 
telemetry detections to assess animal responses to ecologi-
cal restoration (Table 3). A number of different indica-
tors including time spent, site fidelity, and residency indi-
ces provide insight into the timing, duration, and spatial 

distribution of habitat use, which can be compared before and  
after restoration as an experimental evaluation of the effec-
tiveness of measures. The proportion of tagged individuals  
present can also help understand lag times between restora- 
tion action and the ecological response, where the amount 
of time taken for animals (i.e., lag times) to access restored 
sites can be estimated. A residency index (see Appert et al.  
2023; Kraft et al. 2023) was calculated on a seasonal basis 
in Toronto Harbour to examine how habitat use changed 
across seasons throughout the restoration process and high-
lighted a change in the springtime habitat use by large-
mouth bass after restoration, which is the known spawning 
period of the species and suggests a shift towards increased 
usage for reproductive habitat (see Piczak 2024). At a 
larger spatial scale, whole system residence can be esti-
mated to determine what proportion of tagged animals stay 
within the system after ecological restoration (e.g., Piczak  
et al. 2023a, b). Home ranges calculated with methods 
such as kernel density estimates or generalized additive 
modeling can highlight hotspots of habitat use across res-
toration periods, thereby shedding light on if the restored 
habitat is suitable. Movement paths (e.g., network analysis) 
have been used in Toronto Harbour to identify important 
movement corridors or routes used by animals to access 
restored sites.

Positioning, either with specialized arrays (e.g., Vemco  
Positioning Systems) or with modeling (e.g., Yet Another  
Positioning Solver-YAPS), are particularly valuable in that  
these methods can measure responses habitat associations  
in response to specific restoration techniques (e.g., the addi- 
tion of spawning shoals) at a higher spatial resolution than  
a configuration of receivers providing detection data. For  
example, in Toronto, while a detection at a single receiver 
would have suggested northern pike were using a restored  
boat slip, a fine-scale array showed that they were using the 
margins or central portion of the slip rather than directly  
interacting with the root wads and tree structures that had  
been added during restoration (Veilleux et al. 2018). Hav- 
ing precise locations calculated from these approaches can 
allow the identification of habitat associations to determine 
what types of habitats could be created or restored (e.g., 
Brownscombe et al. 2021) If more detail is desired, behav-
ioural states can be derived from continuous time data derived 
from positioning using hidden Markov models. Bacheler et al. 
(2019) identified behavioural states of grey triggerfish (Bal-
istes capriscus) from fine-scale positioning data and mapped 
how these behaviours occurred on different habitats. This 
framework is conducive to an experimental design where 
behavioural states are estimated before and after restoration 
to determine changes in resting and active times and locations 
within a study area; a very promising tool for evaluating resto-
ration in-situ using instrumented animals as reliable ecological 
indicators.



 Urban Ecosystems

Ta
bl

e 
3 

 In
di

ca
to

rs
 th

at
 h

av
e 

be
en

 c
al

cu
la

te
d 

us
in

g 
ac

ou
sti

c 
te

le
m

et
ry

 in
 T

or
on

to
 a

nd
 B

er
ge

n 
H

ar
bo

ur
 to

 a
ss

es
s t

he
 e

ffi
ca

cy
 o

f e
co

lo
gi

ca
l r

es
to

ra
tio

n

a  In
di

ca
te

s t
ha

t a
dd

iti
on

al
 se

ns
or

s a
re

 re
qu

ire
d 

on
 th

e 
ac

ou
sti

c 
tra

ns
m

itt
er

s
YA

PS
 Y

et
 A

no
th

er
 P

os
iti

on
in

g 
So

lv
er

, V
PS

 V
em

co
 P

os
iti

on
in

g 
Sy

ste
m

In
di

ca
to

rs
D

es
cr

ip
tio

n
Ex

am
pl

e 
of

 A
pp

lic
at

io
n 

fo
r 

R
es

to
ra

tio
n 

Effi
ca

cy
R

ef
er

en
ce

Ti
m

e 
sp

en
t

To
ta

l t
im

e 
(h

ou
rs

) s
pe

nt
 a

t e
ac

h 
re

ce
iv

er
 g

ro
up

in
g

Lo
ng

er
 d

ur
at

io
n 

co
ul

d 
in

di
ca

te
 m

or
e 

su
ita

bl
e 

ha
bi

ta
t 

co
nd

iti
on

s
Ve

ill
eu

x 
et

 a
l. 

(2
01

8)

Si
te

 fi
de

lit
y

Pr
op

or
tio

n 
of

 d
et

ec
tio

ns
 p

er
 in

di
vi

du
al

 p
er

 re
ce

iv
er

 
st

at
io

n 
pe

r d
ay

 to
 e

sti
m

at
e 

re
la

tiv
e 

us
e

Re
pe

at
ed

 u
se

 d
ur

in
g 

sp
ec

ifi
c 

tim
es

 c
ou

ld
 in

di
ca

te
  

us
e 

fo
r l

ife
 h

ist
or

y 
ev

en
ts

 (e
.g

., 
sp

aw
ni

ng
)

Ro
us

 e
t a

l. 
(2

01
7)

Pr
op

or
tio

n 
of

 ta
gg

ed
 in

di
vi

du
al

s
Th

e 
to

ta
l n

um
be

r o
f i

nd
iv

id
ua

ls
 d

et
ec

te
d 

pe
r w

ee
k 

at
 

ea
ch

 si
te

 o
ve

r t
he

 to
ta

l n
um

be
r o

f i
nd

iv
id

ua
ls

 a
ct

iv
e 

w
ith

in
 th

e 
ar

ra
y 

pe
r y

ea
r

Sp
ik

es
 in

 p
ro

po
rti

on
s c

ou
ld

 in
di

ca
te

 h
ig

he
r u

se
 

du
rin

g 
sp

ec
ifi

c 
tim

es
 fo

r l
ife

 h
ist

or
y 

ev
en

ts
Pi

cz
ak

 (2
02

4)

Re
si

de
nc

y 
In

de
x

Th
e 

nu
m

be
r o

f d
ay

s a
n 

in
di

vi
du

al
 fi

sh
 w

as
 d

et
ec

te
d 

at
 e

ac
h 

re
ce

iv
er

 o
r r

ec
ei

ve
r g

ro
up

 d
iv

id
ed

 b
y 

th
e 

to
ta

l n
um

be
r o

f d
ay

s t
he

 fi
sh

 w
as

 d
et

ec
te

d 
an

yw
he

re
 w

ith
in

 th
e 

ac
ou

sti
c 

ar
ra

y

H
ig

he
r R

es
id

en
cy

 In
de

x 
is

 re
fle

ct
iv

e 
of

 h
ab

ita
t 

se
le

ct
io

n 
at

 a
 g

iv
en

 lo
ca

tio
n

K
es

se
l e

t a
l. 

(2
01

6)
,

M
id

w
oo

d 
et

 a
l. 

(2
01

9)
, P

ic
za

k 
(2

02
4)

Sy
ste

m
 re

si
de

nc
e

Pr
op

or
tio

n 
of

 ta
gg

ed
 fi

sh
es

 th
at

 re
m

ai
ne

d 
w

ith
in

 th
e 

ar
ra

y
H

ig
he

r p
ro

po
rti

on
 o

f t
ag

ge
d 

in
di

vi
du

al
s r

em
ai

ni
ng

 
w

ith
in

 th
e 

ar
ra

y 
co

ul
d 

in
di

ca
te

 su
ita

bl
e 

ha
bi

ta
t 

co
nd

iti
on

s

M
id

w
oo

d 
et

 a
l. 

(2
01

9)
, P

ic
za

k 
et

 a
l. 

(2
02

3b
)

M
ov

em
en

t p
at

hs
Li

ke
ly

 p
at

h 
of

 m
ov

em
en

t f
or

 fi
sh

es
 w

ith
in

 a
 sy

ste
m

 
ba

se
d 

on
 se

qu
en

tia
l d

et
ec

tio
ns

 o
n 

th
e 

ar
ra

y
Id

en
tifi

ca
tio

n 
of

 im
po

rta
nt

 m
ov

em
en

t c
or

rid
or

s o
r 

ro
ut

es
 ta

ke
n 

to
 a

cc
es

s r
es

to
re

d 
ar

ea
s

M
id

w
oo

d 
et

 a
l. 

(2
01

8a
, b

)

K
er

ne
l d

en
si

ty
 e

sti
m

at
es

H
ea

t m
ap

s o
f h

om
e 

ra
ng

es
 d

er
iv

ed
 d

en
si

ty
 o

f a
ni

m
al

 
de

te
ct

io
ns

In
cr

ea
se

d 
de

ns
ity

 c
ou

ld
 re

fle
ct

 h
ig

he
r u

se
Ve

ill
eu

x 
et

 a
l. 

(2
01

8)
,

M
id

w
oo

d 
et

 a
l. 

(2
01

9)
H

ab
ita

t a
ss

oc
ia

tio
n

D
er

iv
ed

 fr
om

 te
le

m
et

ry
 d

at
a 

pa
ire

d 
w

ith
 h

ab
ita

t 
in

fo
rm

at
io

n 
to

 id
en

tif
y 

th
e 

ha
bi

ta
t c

on
di

tio
ns

 fi
sh

es
 

ar
e 

se
le

ct
in

g 
or

 a
ss

oc
ia

te
d 

w
ith

. C
an

 b
e 

ca
lc

ul
at

ed
 

at
 d

iff
er

en
t t

em
po

ra
l s

ca
le

s (
e.

g.
, s

ea
so

na
l, 

du
rin

g 
sp

aw
ni

ng
)

C
an

 in
fo

rm
 o

r g
ui

de
 h

ab
ita

t r
es

to
ra

tio
n 

eff
or

ts
, b

ut
 

if 
ap

pl
ie

d 
to

 h
ab

ita
t c

on
di

tio
ns

 a
fte

r w
or

ks
 a

re
 

co
m

pl
et

ed
 c

an
 a

ls
o 

id
en

tif
y 

th
e 

ty
pe

s o
f s

pe
ci

es
 

th
at

 a
re

 li
ke

ly
 to

 b
e 

as
so

ci
at

ed
 w

ith
 th

e 
si

te

B
ro

w
ns

co
m

be
 e

t a
l. 

(2
02

1)
,

B
ro

w
ns

co
m

be
 e

t a
l. 

(2
02

3)

Po
si

tio
ni

ng
G

rid
de

d 
re

ce
iv

er
 a

rr
ay

 w
ith

 o
ve

rla
pp

in
g 

de
te

ct
io

n 
ra

di
i t

o 
es

tim
at

e 
an

im
al

 p
os

iti
on

s u
si

ng
 ti

m
e 

of
 

ar
riv

al
 (e

.g
., 

YA
PS

) o
r t

im
e 

di
ffe

re
nc

e 
of

 a
rr

iv
al

 
(e

.g
., 

V
PS

) o
f t

ra
ns

m
is

si
on

s a
t r

ec
ei

ve
rs

Fi
ne

-s
ca

le
 p

os
iti

on
in

g 
ca

n 
pr

ov
id

e 
a 

le
ve

l o
f 

de
ta

il 
ne

ce
ss

ar
y 

to
 e

sti
m

at
e 

an
im

al
 re

sp
on

se
s t

o 
re

sto
ra

tio
n 

at
 fi

ne
 sc

al
es

B
ak

to
ft 

et
 a

l. 
(2

01
7)

,
Ve

ill
eu

x 
et

 a
l. 

(2
01

8)

D
ep

th
  U

se
a

M
ea

n 
de

pt
h 

us
e 

(m
) w

hi
ch

 c
an

 b
e 

bi
nn

ed
 a

cr
os

s 
va

rio
us

 te
m

po
ra

l s
ca

le
s (

e.
g.

, s
ea

so
na

l)
D

iff
er

en
ce

s i
n 

de
pt

h 
us

e 
be

fo
re

 a
nd

 a
fte

r r
es

to
ra

tio
n 

co
ul

d 
hi

gh
lig

ht
 re

sp
on

se
 to

 c
ha

ng
e 

in
 b

at
hy

m
et

ry
M

id
w

oo
d 

et
 a

l. 
(2

01
9)

, O
ls

en
 (2

02
3)

, P
ic

za
k 

(2
02

4)
Te

m
pe

ra
tu

re
  U

se
a

B
od

y 
te

m
pe

ra
tu

re
 th

at
 c

an
 b

e 
su

m
m

ar
iz

ed
 a

t v
ar

io
us

 
te

m
po

ra
l s

ca
le

s (
e.

g.
, h

ou
rly

, d
ai

ly
, s

ea
so

na
lly

)
D

et
er

m
in

at
io

n 
of

 p
re

fe
rr

ed
 th

er
m

al
 ra

ng
es

; e
vi

de
nc

e 
fo

r d
ev

ia
tio

n 
ab

ov
e 

or
 b

el
ow

 th
es

e 
ra

ng
es

 in
 

cr
ea

te
d 

ha
bi

ta
ts

Pe
at

 e
t a

l. 
(2

01
6)

Lo
co

m
ot

or
  A

ct
iv

ity
a

A
cc

el
er

om
et

er
s c

an
 b

e 
us

ed
 to

 e
sti

m
at

e 
m

ov
em

en
t o

f 
an

im
al

s (
m

/s
2 ) b

as
ed

 o
n 

su
m

m
ar

iz
ed

 tr
an

sm
is

si
on

s 
of

 tr
i-a

xi
al

 a
cc

el
er

om
et

er
s o

n 
bo

ar
d 

ac
ou

sti
c 

ta
gs

H
ig

he
r a

cc
el

er
at

io
n 

co
ul

d 
re

fle
ct

 u
ns

ui
ta

bl
e 

ha
bi

ta
t, 

w
hi

le
 lo

w
er

 a
cc

el
er

at
io

n 
co

ul
d 

re
fle

ct
 h

ig
he

r 
ha

bi
ta

t q
ua

lit
y

Ro
us

 e
t a

l. 
(2

02
3)



Urban Ecosystems 

Acoustic transmitter sensor data can be an essential 
piece of a puzzle when evaluating restoration (see Wilson  
et  al. 2015). Pressure sensors used to identify depth  
use can highlight the response of organisms to changes 
in bathymetry over the course of ecological restoration. 
Moreover, broader environmental drivers (e.g., water  
temperature, light levels, food availability, dissolved oxy-
gen) can influence depth use making it a logical indica-
tor to measure. Indeed, fish live in a 3-dimensional envi-
ronment and presumably view habitat and its restoration 
through such a lens. Temperature data from tagged fishes 
is both informative of the types of habitat they are using 
(i.e., thermal regime), but since reflective of internal body 
temperatures, are also useful for supporting evaluations 
of bioenergetics. Acceleration sensors on tags could pro-
vide information on the energetic consequences of habitat 
selection (e.g., optimal versus sub-optimal habitat) and 
thus enable use of bioenergetics as another indicator of 
restoration success (Rous et al. 2023; Cooke et al. 2016). 
Acceleration sensors, if calibrated, can also be used to 
detect events such as spawning or feeding which yields 
information on the ecological function of habitats (e.g., 
Danylchuk et al. 2011).

Conclusion

As urbanization of aquatic ecosystems continues across 
the globe (Alberti et al. 2007), ecological restoration will 
continue to play an integral role to mitigate the nega-
tive impacts and increase biodiversity. In this perspec-
tive piece, we contend that the assessments of efficacy 
for ecological restoration are imperative to advancing 
the evidence base and that acoustic telemetry has a big-
ger role to play. Despite the potential utility of acoustic 
telemetry to evaluate ecological restoration, there remains 
few examples in the literature and we aimed to fill this 
paucity with two case studies across each a freshwater 
and marine ecosystem: Toronto, Canada, and Bergen,  
Norway, respectively. Acoustic telemetry permitted the 
use of various indicators to estimate fish response to  
ecological restoration including habitat use across vari- 
ous spatial and temporal scales. Although we focused on  
two case studies dealing with restoration in urban areas, 
these same tools are equally relevant to systems impacted 
by other forms of human development or activity and 
related restoration efforts. As billions of dollars have 
been spent on ecological restoration across the globe so far  
(BenDor et al. 2015), it is essential that ecological resto-
ration achieves intended goals and acoustic telemetry can 
help advance the evidence base.
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