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Abstract 

Rapid global expansion of offshore wind farms, tidal, and wave technologies signifies a new era of renewable energy 
development. While a promising means to combat the impacts of climate change, such developments necessitate 
fine-scale monitoring of biological communities to determine impacts associated with construction, operation, 
and eventual decommission. Here, we evaluate the performance of a gridded, Innovasea Systems, Inc. fine-scale 
acoustic telemetry positioning system (FSPS, n = 20 acoustic receivers) for tracking behaviors of diverse, temperate 
fish assemblages in relation to a subsea cable route supporting the Ørsted offshore wind development in coastal 
New York. We examined array performance through positioning error derived from receiver reference transmitters 
and tracked animals (n = 260) comprising 17 species of teleost and elasmobranch. We evaluated the effects of envi-
ronmental variables (temperature, tilt, noise, and depth), transmitter power, individual movement rates, and receiver 
loss on horizontal positioning error (HPE) and route mean squared error (RMSE). Across a 16-month deployment 
period, many positions were derived for Atlantic sturgeon (n = 2,612), black sea bass (n = 9,175), clearnose skate 
(n = 10,306), summer flounder (n = 13,304), and little skate (n = 15,186), suggesting that these species may serve 
as sentinel candidates for assessing behavioral changes following construction, operation, and decommission. We 
found that receivers placed at the boundary of the grid exhibited higher HPE and RMSE, however these errors did 
not significantly change despite large receiver losses (25%). Generalized Linear Models revealed that temperature, 
noise, tilt, and depth were often significant predictors of HPE and RMSE, however, a substantial amount of variance 
was not explained by the models (~ 70%). Average movement rates ranged from 1.1 m  s−1 (common thresher shark) 
to 0.03 m  s−1 (little skate and summer flounder) but had minimal effects on positioning error. Finally, we observed 
that higher transmitter powers (158 dB) may lead to higher and more variable HPE values. Overall, these findings 
provide new insight into the drivers of FSPS array performance and illustrate their broad utility for monitoring fish 
behavior associated with offshore marine developments.

Keywords Passive acoustic telemetry, Biotelemetry, Elasmobranch, Teleost, Renewable energy, Animal movement

*Correspondence:
Oliver N. Shipley
oliver.shipley@stonybrook.edu
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40317-024-00386-x&domain=pdf


Page 2 of 14Shipley et al. Animal Biotelemetry           (2024) 12:36 

Background
The growing impacts of climate change have demanded 
urgent global expansion of renewable energy solutions 
[35, 41], which in marine environments, has led to sub-
stantial increases in offshore developments (ODs) sup-
porting wind farm [15], wave energy [13], and tidal 
energy technologies [31]. These developments necessitate 
large-scale industrial use of the marine environment and 
are a relatively new addition to existing human activi-
ties, such as dredging, cable installation, shellfish har-
vesting, finfish farming, and trawling, among others. As 
societal use of the marine environment increases to meet 
an expanding human need for marine-based resources, 
innovative and effective methods must be developed 
to measure the potential impacts on local species and 
ecosystems.

As new developments increase, so do concerns over 
the ecological impacts associated with various phases 
of construction, operation, and decommissioning that 
could threaten biodiversity and ecosystem function [47, 
55]. These include, but are not limited to, sediment dis-
ruption, toxicant release, changes to local hydrodynamic 
regimes, trophic restructuring [55], change to existing 
habitat types (e.g., the addition of hard structures), alter-
ation of biogeochemical processes and attraction/dis-
persion of species to altered habitats [2, 3]. In addition, 
the output of electromagnetic fields (EMFs) by subsea 
power cables on marine organisms represents a leading 
concern associated with many ODs, particularly wind 
farms [15, 18]. Given the growing distance of many ODs 
from shore and associated shifts from alternating cur-
rent (AC) to direct current (DC) power transmission, it 
is expected that EMFs from subsea cables will increase in 
the coming decades [18]. While there is limited informa-
tion on the effects of EMFs, they can potentially alter the 
behavior and movement of organisms, especially elec-
trosensitive fishes and cetaceans [18], some of which are 
already of conservation concern [28, 37]. Mitigating these 
potential impacts requires nuanced monitoring tech-
niques that yield detailed information on residency and 
behavioral patterns of marine organisms at high spatial 
resolutions, which poses a challenge in dynamic marine 
environments.

Passive acoustic telemetry systems have long provided 
a solution for monitoring occurrence and behaviors of 
marine organisms [19, 24] and such techniques have 
been readily integrated into environmental monitor-
ing assessments related to ODs [38–40]. The capacity of 
acoustic telemetry monitoring systems to evaluate behav-
ioral responses has greatly expanded in recent years, 
owing to the development and implementation of fine-
scale positioning systems [25, 36]. Many studies have 
utilized the Fine Scale Positioning System (FSPS) from 

Innovasea Systems, Inc. (Nova Scotia, Canada), formerly 
Vemco Positioning System (VPS). The FSPS uses the time 
difference of arrival (TDOA, 57) derived from acoustic 
transmissions at multiple (i.e., three or more) receivers 
to accurately position tagged animals in space and time 
[12, 42]. As such, these systems can be used to ask previ-
ously unreachable questions regarding fine-scale behav-
ior and species interactions that cannot be ascertained 
using other biotelemetry techniques [8, 25, 36, 51]. In 
fact, there have been several direct applications of an 
FSPS to monitor behavioral changes of fish relative to 
seismic surveys [52] and piledriving [53] associated with 
the development of offshore windfarms.

Despite potential  of the  FSPS, their  effective imple-
mentation across expansive environments, such as the 
coastal ocean, requires detailed spatial planning that 
maximizes ecological information collected from target 
species [4, 12, 36]. This is in part, because highly expan-
sive arrays would require hundreds of receivers (e.g., [4]) 
and therefore be too costly to implement in most envi-
ronmental monitoring scenarios. Dynamic, temperate 
environments pose additional challenges due to the sea-
sonality of species occurrence and harsh environmental 
conditions that can impact the performance of acous-
tic systems. For example, factors such as turbidity, tides, 
temperature swings, and high wave action may all reduce 
detection efficiency and increase gear loss [21, 26, 27, 
32, 40] in addition to human activities, such as commer-
cial fisheries, dredging, and installation of power cables 
(reviewed by [36]). Finally, given the diversity of species 
life-history strategies associated with temperate assem-
blages, it remains unclear how FSPS arrays may perform 
across taxa. Several recent review papers have outlined 
best practices for FSPS design and techniques for maxi-
mizing data quality [25, 36], however, these compilations 
highlight an empirical lack of performance validation in 
temperate nearshore environments.

Here, we present results from an FSPS deployed around 
a subsea power cable associated with the Ørsted South 
Fork Wind Farm (ØSFWF), a wind energy development 
area off southern Long Island, New York. Given the few 
applications of an FSPS to study animal behavior in tem-
perate marine environments, our goal was to validate the 
array’s ability to determine fine-scale behaviors across 
fishes with diverse life-histories (e.g., low to high mobil-
ity). Specifically, we compared how positioning error 
varied relative to a suite of environmental variables (e.g., 
temperature, noise, tilt, and depth), fish movement rates, 
transmitter power, and after losing 25% of the receivers. 
These findings provide strategic guidance to help refine 
fine-scale monitoring of diverse, temperate fish assem-
blages related to proposed construction and operation of 
human activities in ocean environments.
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Methods
Study location
Research was conducted between August 2021 and 
December 2022 in coastal waters off southern Long 
Island, New York. The Ørsted South Fork Wind Farm 
(ØSFWF) is a 130 MW offshore wind project in develop-
ment 56 km east of Montauk Point and is expected to be 
New York’s first operational offshore wind farm. Ørsted 
and Eversource were awarded the contract to construct 
this farm by the Long Island Power Authority (LIPA) 
in 2017, and it was anticipated to begin operation in 
late 2023 or early 2024. The farm’s 12 turbines are pro-
jected to generate sufficient clean energy to power 70,000 
homes. This power will be connected to the Town of East 
Hampton, NY’s local grid via an underground transmis-
sion cable (the South Fork Export Cable (SFEC), Fig. 1A).

Acoustic array design, deployment, and maintenance
The FSPS was stationed to overlap the central cable 
approach and comprised a grid (4 rows × 5 columns) 
of 20 VR2AR acoustic receivers (Innovasea Systems 
Inc., Nova Scotia, Canada) deployed at depths between 
11 and 18 m (Fig. 1A, B). We note that during deploy-
ments, some receivers may drift leading to increases 
in the measured depth by each receiver. The subsea 
cable (Fig.  1A, B) was inactive during the entire study 
period. Data are presented from three deployment 
periods (August 2021–May 2022; May 2022–August 
2022; August 2022–December 2022), with the time 
between receiver downloads ranging from ~ 104  days 
to ~ 248  days. During the second deployment period, 
seven receivers were lost, two of which were returned 

by commercial fishers and incorporated into the data-
set. The remaining five were associated with entire data 
losses. This provided a valuable opportunity to assess 
array performance after a ‘natural’ 25% receiver loss, 
given that no losses occurred during the first or third 
deployment periods.

Previous work has suggested that a 600  m radius is 
likely to provide reliable detection information [30], 
even in ‘noisy’ environments [21]. Here, each receiver 
was placed at a conservative distance of ~ 350 m apart 
and equipped with onboard transmitters (herein, ‘ref-
erence transmitters’, transmission interval = 540–660 s) 
that were detected by adjacent receivers to provide 
two-dimensional positioning. For the first deployment 
period, receivers were attached to a 181  kg square 
concrete mooring by 3  m of 9.5  mm chain. Buoyancy 
was achieved by attaching  the receiver to two 28  cm 
trawl balls (5  kg flotation) via 11  mm diameter rope 
(Appendix S1, Fig. S1A). During the second and third 
deployment periods, receivers were secured to 68.0 kg 
steel mooring anchors using a VR2AR-PUB mooring 
tether  comprising   2  m of 9.5  mm diameter dyneema 
rope with a nylon mooring eye and a tygon tubing chafe 
guard. Two 28 cm pop-up buoys were secured approxi-
mately 1  m above the receiver nipple using a 6.3  mm 
molded urethane rope and a 7.9 mm galvanized anchor 
bolt shackle (Appendix S1, Fig. S1B). Receivers were 
retrieved using an acoustic release command initi-
ated by a VR100 hydrophone. During maintenance, all 
receivers were downloaded, reset, and redeployed in 
the same target location with the same mooring.

Fig. 1 A Location of the acoustic array, cable approach, and South Fork Wind Farm (indicated by the turbine icon), relative to the broader New 
York Bight and NW Atlantic Ocean and (B) the fine scale positioning system (FSPS) comprises an array of 20 (4 rows × 5 columns) acoustic receivers 
directly intercepting the cable approach to shore
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Fish capture and tagging
Fish (n = 201) were captured using various techniques, 
including benthic otter trawl, beam trawl, and rod and 
reel angling. For teleost fishes and skates, individuals 
were brought aboard the research vessel, and all were 
measured for fork and total length (mm) before being 
placed into a holding tank with flowing seawater and 
anesthesia (clove oil, 3.8  g  L−1). Acoustic transmit-
ters were surgically implanted in the peritoneal cavity, 
with the incision sutured with 2–3 interrupted stitches. 
Individuals were then placed back into the holding tank 
to recover from anesthesia and released. For sharks 
captured via rod and reel angling, workup procedures 
followed that of Shipley et  al. [44]. Briefly, individuals 
were secured alongside the research vessel, and pre-
caudal length, fork length, and total length measure-
ments were taken. Individuals were then placed into 
tonic immobility and tagged using the same approach 
as for teleost fishes and skates.

Larger individuals (i.e., sharks and Atlantic stur-
geon) were implanted with V16 ultrasonic transmit-
ters (69  kHz, high-power output = 158  dB re 1 µPa at 
1 m, random transmitter delay = 120 s, life-span = 3650 
d, Innovasea Systems Inc.), whereas medium to small 
bodied individuals (i.e., those for which the peritoneal 
cavity was too small to implant a V16) were tagged 
with either a V13 (69 kHz, low-power output = 147 dB 
re 1 µPa at 1  m, random transmitter delay = 180  s, 
life-span = 1825 d) or a V9 transmitter (69  kHz, low-
power output = 146 dB re 1 µPa at 1 m, random trans-
mitter delay = 120  s, life-span = 650 d). Striped bass 
(Morone saxatilis) were tagged with V13AP transmit-
ters (69 kHz, lower-power output = 147 dB re 1 µPa at 
1  m, random transmitter delay = 180  s, lifespan = 1285 
d); however, we do not report the collected  accelera-
tion or pressure data in this study. It must be noted that 
information related to specific tag powers was not pro-
vided under the collaborative data use agreement (see 
below), so subsequent analyses integrating tag power 
were undertaken on a subset of the total data.

Collaborative data use
Detection information for additional telemetered indi-
viduals (n = 59) was acquired through data sharing agree-
ments. Initial data collection was achieved through the 
Atlantic Cooperative Telemetry Network’s MATOS data 
portal and  direct contact by individual researchers or 
Innovasea Systems, Inc.. Twenty-three researchers/insti-
tutions participated and decided to be acknowledged 
or included as a co-author. Further information on 
researchers/institutions is provided in the acknowledg-
ments section.

Data processing and statistical analysis
Calculation of animal positions and positioning error
After each download period, detection data were sent 
to Innovasea Systems, Inc. and processed using the time 
distance of arrival (TDOA) hyperbolic positioning algo-
rithm [57]. Here, position estimates were based on TDOA 
for each transmission at a minimum of three and a maxi-
mum of six receivers with synchronized clocks to reduce 
positioning error [4]. Here, we report weight-averaged 
positions with associated error sensitivity inferred from 
both animal and receiver reference transmitters. Error 
metrics include horizontal positioning error sensitivity 
of a synthesized position [57], detection time error for 
a given position defined by the root mean squared error 
(RMSE, milliseconds), and for reference transmitters, 
the horizontal positioning error  (HPEm). HPE is a unit-
less metric that may be influenced by the effects of the 
geometry of transmitter positions and detecting receivers 
and is commonly utilized when fixed transmitter/receiver 
locations are unknown [57], [ 58]. While HPE values are 
array-dependent, previous work has suggested filter-
ing positions with HPE < 15 can provide a 33% decrease 
in positioning error [42]. RMSE refers to a time-based 
positioning error due to multipath signals, such as signal 
reflection or refraction [57]. Combined, HPE and RMSE 
can validate the array performance under different sce-
narios (e.g., after receiver losses, reviewed by [36]).

The array design uses receiver reference transmitters at 
fixed locations to provide a complementary measure of 
horizontal positioning error in units of distance  (HPEm). 
 HPEm represents the distance between a calculated posi-
tion and the known position of the reference transmit-
ter [57, 58]. The receiver reference transmitters produce 
a V9 (69  kHz, low-power output = 160  dB re 1 µPa at 
1  m, random transmitter delay = 120  s, lifespan = 650 d) 
acoustic  transmission similar to transmitters implanted 
into animals. Aggregated estimates of  HPEm were  calcu-
lated for all interior (internal receivers, highest potential 
for positioning accuracy) and boundary (edge receivers, 
lowest potential for positioning accuracy) receivers.

Effects of receiver loss on HPE and RMSE
The effect of significant receiver losses on HPE and 
RMSE was compared for each receiver location in the 
array and relative to two download periods compris-
ing no receiver loss, using data from reference transmit-
ters. Seven receivers were lost in the second deployment 
period (May 2022–August 2022). However, two were 
returned and incorporated into the dataset for the time 
that they  remained in the correct deployment locations. 
This resulted in  a 25% loss of receivers in the array for 
that deployment period.  HPEm between boundary (i.e., 
those on the outside, n = 14) and interior (i.e., those on 
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the inside, n = 6) receivers for each download period were 
compared using 2.5th, 50th, and 97.5th percentiles. To 
investigate the effects of receiver loss further, we deter-
mined spatial variation of mean daily HPE and RMSE 
associated with individual animal positions. These were 
visually compared across the three deployment periods.

Environmental drivers of HPE and RMSE from receiver 
reference transmitters
The VR2AR receivers provide continuous estimates of 
several environmental parameters, including tempera-
ture (°C), tilt (°), depth (m), and noise (mV). We therefore 
determined their relative effects on both HPE and RMSE 
using positions derived from the receiver reference 
transmitters. First, we averaged HPE, RMSE, tempera-
ture, noise, tilt, and depth for each hour (n = 11,488 total 
measurements across the entire deployment time series), 
then took 300 random draws to remove temporal auto-
correlation. We used Generalized Linear Models (GLMs) 
to determine relationships between HPE and RMSE and 
the environmental variables all of which were treated as 
fixed effects. Because HPE and RMSE did not conform 
to a Gaussian distribution, error was modelled using a 
Tweedie family and log link function. Variance power 
was estimated using maximum likelihood through the 
tweedie.profile function in the R package tweedie [11]. We 
then calculated variance inflation factors (VIFs) to exam-
ine the combined collinearity of the environmental pre-
dictors. Model fit was assessed through visual inspection 
of QQ plots and determination of  R2 defined as 1-devi-
ance/null deviance.

Effect of tag power and rate of movement on HPE and RMSE 
from animal transmitters
We assessed the effects of transmitter power (146, 147, 
and 158, dB re 1 µPa at 1 m) and average rate of move-
ment (ROM, m  s−1) derived for each tagged individual on 
HPE and RMSE. Because tag powers were not provided 
by external collaborators, the following analyses are con-
ducted on a smaller subset of tagged animals managed 
by the project PIs, comprising 201 individuals from 17 
species (see Appendix S1, Table S1). Here, we used posi-
tions collected across the entire deployment duration to 
maximize the number of positions available for statistical 
resampling (see below).

Individual ROM was calculated for all individuals with 
three or more positions across all download periods 
following:

(1)ROM =

√

(x2 − x1)
2
+ (y2 − y1)

2

t2 − t1
,

where x and y are the planar locations of the positioned 
individual at times 1 and 2, and t is the timestamp of the 
position at times 1 and 2. The initial dataset included 
>49,000 average ROM estimates across all individu-
als (Appendix S1, Table  S1). Given that the number of 
individuals associated with each transmitter power was 
greatly unbalanced, we took 100 random draws from 
individuals comprising each tag power. We then adopted 
the same modelling approach as for the environmen-
tal data, including fixed effects of tag power and ROM. 
Given that the number of individuals comprising each 
species was highly variable (n = 96 to n = 1) and many 
species were fitted with the same tag power, we did not 
directly test for the effect of species. However, we report 
mean (± SE) ROM, HPE, and RMSE values for each spe-
cies derived from the full dataset (i.e., including positions 
calculated from collaborator transmitters).

All statistical analyses other than calculation of trans-
mitter positions and error estimates were conducted in R 
(V4.3.1, R Development Core Team 2023).

Results
Over the study period, 260 individuals spanning 17 
species were tracked within the FSPS and provided 
53,744 unique positions (Table  1). The greatest number 
of unique individuals were detected for Atlantic stur-
geon (n = 120), striped bass (n = 33), and clearnose skate 
(n = 29), with the lowest number (n = 1) detected for the 
blacktip shark, common thresher shark, spinner shark, 
white shark, and tautog (Table  1). The highest num-
ber of unique positions were estimated for little skate 
(n = 15,186), summer flounder (n = 13,304), and clearnose 
skate (n = 10,306), and the lowest number of unique posi-
tions were estimated for the white shark (n = 5), common 
thresher shark (n = 19), and tautog (n = 25) (Table 1). Lit-
tle skate, black sea bass, and summer flounder exhibited 
the greatest number of positioning days, with unique 
positions determined in 79, 41, and 23 days, respectively. 
Meanwhile, winter skate, the white shark, and tautog 
had the fewest positioning days and were only detected 
in a single day (Table  1). Visual inspection of positions 
revealed that the FSPS was effective in determining dif-
ferent behavioral modes. For example, Atlantic Sturgeon 
and striped bass appeared to use the array as movement 
corridors (Fig. 2A–D), whereas clearnose and little skate 
exhibited higher residency with greater movement tortu-
osity (Fig. 2E–H). 

Effects of receiver loss on HPE and RMSE
Estimates from reference transmitters revealed that 
HPE and RMSE were highest on the boundary receiv-
ers, especially at receivers placed on the grid corners 
(Fig.  3). However, error ranges across the entire array 
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Table 1 Summary of tagged animals detected within the FSPS array including size ranges, the total number of unique position 
estimates, range of days over which unique individuals were detected, the total duration each species was detected, mean HPE and 
RSME (± SE)

Note that tag powers were not reported under the collaborative data sharing agreement, so are only available for a subset of the total data (see Table S1)
a Measured fork length

Species Scientific name n Total length (cm) Total positions Individual 
position 
days

Total days 
positioned

HPE RMSE

Atlantic Sturgeon Acipenser oxyrinchus oxyrin-
chus

120 93–233 2,612 1–7 116 15.4 ± 0.7 0.9 ± 0.0

Black Sea Bass Centropristis striata 11 19–39 9,175 1–41 54 8.6 ± 0.1 1.3 ± 0.0

Blacktip Shark Carcharhinus limbatus 1 174 93 4 4 8.9 ± 1.2 0.7 ± 0.1

Clearnose Skate Raja eglanteria 29 23–78 10,306 1–18 44 6.7 ± 0.1 0.5 ± 0.0

Common Thresher Shark Alopias vulpinus 1 190a 19 2 2 5.5 ± 0.8 0.7 ± 0.1

Dusky Shark Carcharhinus obscuras 7 96–139 143 1–4 12 26.7 ± 4.1 0.7 ± 0.1

Little Skate Leucoraja erinacea 11 43–47 15,186 1–79 98 4.9 ± 0.0 0.4 ± 0.0

Sandbar Shark Carcharhinus plumbeus 5 128–157 113 1–2 6 22.9 ± 3.3 0.8 ± 0.1

Sand Tiger Shark Carcharias taurus 2 150 50 2 4 15.9 ± 3.1 0.9 ± 0.1

Spinner Shark Carcharhinus brevipinna 1 14 2 2 13.7 ± 7.2 0.9 ± 0.1

Striped Bass Morone saxatilis 33 44–117 289 1–3 25 24.5 ± 3.0 0.7 ± 0.0

Summer Flounder Paralichthys dentatus 12 34–54 13,304 1–23 39 4.9 ± 0.0 0.4 ± 0.0

Tautog Tautoga onitis 1 34 25 1 1 14.3 ± 4.0 0.5 ± 0.1

Weakfish Cynoscion regalis 7 28–51 200 1–2 3 15.0 ± 2.0 0.7 ± 0.0

White Shark Carcharodon carcharias 1 183 5 1 12 45.0 ± 6.8 0.1 ± 0.1

Winter Flounder Pseudopleuronectes ameri-
canus

10 31–43 220 1–2 6 6.0 ± 0.6 0.2 ± 0.0

Winter Skate Leucoraja ocellata 8 71–92 136 1 90 6.4 ± 0.4 0.3 ± 0.0

Fig. 2 Fine scale positions of Atlantic sturgeon (A, B), striped bass (C, D), clearnose skate (E, F) and little skate (G, H), tracked 
throughout the duration of this study, where colors represent different individuals. Left panels (A, C, E, G) represent all positions and right panels (B, 
D, F, H) are positions from four different individuals highlighting transient (top panels) versus resident (bottom panels) behaviors
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remained low, with > 77% of total HPE estimates fall-
ing below 10 and > 93% of total RMSE estimates falling 
below 5 across all downloads. Following a 25% receiver 
loss, median HPE and RMSE derived from the internal 
reference transmitters increased from 3.6 pre-loss to 5.7 
post-loss for HPE and 0.9 to 1.0 for RMSE (Figs. 3, 4A). 
When converted to  HPEm and categorized by receiver 
position, this resulted in a change of 1.0–1.3  m for the 
boundary receivers, and 0–0.1 m for the internal receiv-
ers, with larger changes only evident in the 97.5th per-
centiles (Table 2). For tracked animals, we also observed 
increases in the median daily HPE (6.4–7.6) and a small 
decline in RMSE (0.8–0.7) in mid-June when five receiv-
ers were displaced across seven days (Fig. 4B). However, 
there was little change in the spatial variation of HPE and 
RMSE across the array (Fig. 5).   

Environmental drivers of HPE and RMSE from receiver 
reference transmitters
Generalized Linear Models revealed significant positive 
effects of temperature, noise, and depth, and a negative 
effect of tilt on HPE (Table 3, Appendix S2 Fig. S3). For 
RMSE, there were significant, positive effects of noise 
and depth, and a negative effect of tilt (Table 3, Appendix 

S1, Fig. S4). It must be noted that visual inspection of 
QQ plots and model predictions revealed high residual 
error and statistical leverage at higher temperatures and 
depths, and lower noise and tilt for both HPE (Appendix 
S2, Fig. S3) and RMSE (Appendix S2, Fig. S4). Models 
identified a considerable amount of unexplained variance 
(70%) suggesting that the environmental variables were 
relatively poor predictors of positioning error. Inspection 
of variance inflation factors suggested that combined col-
linearity was not likely to result in overfitting for either 
HPE or RMSE as values did not exceed 2.5 (Fig. S5).

Effects of movement rate and tag power on HPE and RMSE 
from animal transmitters
Average ROM was highest for the  common thresher 
shark (1.1 ± 0.1 m  s−1), blacktip shark (0.8 ± 0.0 m  s−1), and 
spinner shark (0.7 ± 0.1 m  s−1), and lowest for little skate 
(0.03 ± 0.0 m  s−1), summer flounder (0.03 ± 0.0 m  s−1), and 
black sea bass (0.04 ± 0.0 m  s−1) (Fig. 5A). At the species 
level, mean HPE estimates were highest for the white 
shark (45.0 ± 6.8), dusky shark (26.7 ± 4.1) and striped 
bass (24.5 ± 3.0), and lowest for little skate (4.9 ± 0.0), 
summer flounder (4.9 ± 0.0), and the common thresher 
shark (5.5 ± 0.8) (Fig.  5B). Estimates of RMSE did not 

Fig. 3 HPE and RMSE across three deployment periods within the FSPS as derived from receiver reference transmitters. Open circles represent 
receivers lost during the second deployment period. To allow for an effective color ramp, HPE values from 0 to 20 and RMSE values from 0 to 4 are 
shown, the upper limit for both HPE and RMSE are ~ 96th percentiles
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align with HPE across species, and estimates were highest 
for black sea bass (1.3 ± 0.0), the spinner shark (0.9 ± 0.1), 
and sand tiger shark (0.9 ± 0.1), and lowest for the white 
shark (0.1 ± 0.1), winter flounder (0.2 ± 0.0), and winter 
skate (0.3 ± 0.0) (Fig. 5C).

For HPE, GLMs revealed positive effects of 158  dB 
transmitter power relative to 146  dB and 147  dB, and a 
significant negative effect of ROM (Table  4, Appendix 
S2, Fig. S6). There was particularly high residual error at 
high HPE values, driven by tags transmitting at 158  dB 
(Appendix S2, Fig. S5). For RMSE, no statistically signifi-
cant effects were observed (Table 4). However, inspection 

of QQ plots and  R2 values  (R2 = 0.03) suggested a poor 
model fit with the selected predictors providing negligi-
ble predictive power (Table 4, Appendix S2, Fig. S6).

Discussion
The global threat of climate change has led to rapid 
development and implementation of technology to har-
ness renewable energy. In ocean environments, much of 
this relates to the development and production of wind-
powered energy, however it is likely that other forms of 
renewable energy, such as wave and tidal technologies 
will continue to be explored. These developments all 
have the potential to alter physical, chemical, and bio-
logical features of the marine environment and impact 
human activities such as fishing. In other areas of the 
world, such as the North Sea, fine scale positioning sys-
tems (FSPS) have already begun to reveal changes to fish 
behavior associated with offshore wind activities, such as 
seismic surveys [51, 52]. It is expected that these effects 
are broadly applicable. Considering that the continental 
US represents one of the fastest growing offshore wind 
development areas in the world [9], a vital need exists 
to monitor the expanding industry and determine any 
impacts (positive or negative) on living marine resources. 
This is an important component of responsible develop-
ment in the marine environment.

Fig. 4 Mean HPE and RMSE for individual animal positions across the FSPS. Panels represent spatial variation in HPE (top panels) and RMSE (bottom 
panels) for each deployment period and all positions combined. Black X’s indicate active receivers and open circles reflect losses

Table 2 Summary of 2.5th, 50th, and 97.5th percentiles for 
 HPEm (m) from internal reference transmitters associated with 
boundary (n = 14) and internal (n = 6) receivers

Deployment period Array position 2.5% 50% 97.5%

August 2021–May 2022 Boundary 0.3 1.8 15.2

Interior 0.1 0.7 4.2

May 2022–August 2022 Boundary 0.2 2.8 20.7

Interior 0.2 0.8 4.1

August 2022–December 2022 Boundary 0.3 1.5 11.6

Interior 0.2 0.7 3.7

All Boundary 0.3 1.8 15.8

Interior 0.1 0.7 4.1
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Fig. 5 A Mean (± SE) rate of movement (ROM, m  s-1) calculated from 2D positions within the FSPS. Species are ordered from highest to lowest 
average ROM estimates. B Mean HPE and (C) mean RMSE (± SE) for each species ordered by ROM
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Our findings suggest that a relatively localized FSPS 
can effectively monitor fine-scale behaviors across a 
diversity of nearshore marine fishes at sub-meter resolu-
tion. The performance capacity of the FSPS to accurately 
position animals  (inferred through RMSE and HPE) 
responded marginally to environmental variation, spe-
cies life-history diversity (i.e., rate of movement), and 
transmitter power. Further, we observed small increases 
in positioning error following a significant receiver loss, 
which was largely localized to boundary receivers situ-
ated on the edge of the gridded array configuration. 
Collectively, these findings highlight the potential of 
a small-scale FSPS for monitoring diverse fish behaviors 
in highly dynamic, temperate environments, such as the 
northeast US coast. Similar approaches could serve as 
effective monitoring tools to trace impacts to ecological 
interactions following the development of offshore struc-
tures, such as wind farms, for a wide variety of questions, 
including understanding the impacts of electromagnetic 
fields (EMFs).

Impacts of receiver loss on RMSE and HPE
Temperate nearshore environments pose many chal-
lenges for maintaining acoustic telemetry arrays due 
to seasonal effects on detection efficiency (see [46]), 
wave action through intense storm events, anthropo-
genic activities such as fishing with bottom-tending 
gear (e.g., trawl nets and dredges), and the migratory 
nature of many temperate fish assemblages. In this 
study, we ascertained how receiver loss impacted posi-
tioning error within a gridded FSPS. With an array of 
twenty functioning receivers (i.e., 100%), the highest 

positioning error derived from both internal receiver 
reference transmitters and tracked animals occurred 
along the array boundaries. However, these estimates 
were extremely low. For example, median  HPEm val-
ues for internal and boundary receivers were 0.8 m and 
1.8 m, respectively. This spatial disparity was expected 
and driven by the lower number of receivers available to 
ascertain positions when an individual moves beyond 
the array boundary (Smith 57) [36]. However, the array’s 
central regions yielded consistently low RMSE and HPE 
throughout the entire deployment period, which also 
appeared insensitive to seasonality given that deploy-
ment periods covered over a year of continuous moni-
toring. During the second deployment period, the array 
experienced a significant loss of receivers, which were 
permanently removed for the remainder of the deploy-
ment period. Despite high losses, we did not observe 
substantial changes in either RMSE or HPE, especially 
within the central portions of the array. These findings 
support observations by van der Knaap et  al. [51, 52], 
who found that removing single receivers from cir-
cular (= 12.5% loss) and triangular (= 10% loss) array 
configurations reduced the total number of positions, 
but resulted in only small increases to HPE (on aver-
age < 1), regardless of the specific receiver position. This 
suggests that multiple receiver configurations may be 
relatively robust to receiver losses ranging from 10 to 
25%, but  effects on HPE are likely to be spatially vari-
able. If receiver losses do occur, filtering positions using 
the average RMSE and HPE values prior to the removal 
event will ensure negligible losses in array performance 
and associated ecological inferences.

Table 3 Summary statistics from Generalized Linear Models assessing the effects of temperature (°C), noise (mV), tilt (°), and depth (m) 
on HPE and RMSE. Values are model coefficients (SE). Models were derived from positions and error estimated from internal receiver 
reference transmitters. Environmental data were measured using the VR2AR receivers

* Refers to α where * = 0.05, ** = 0.01, ***0.001

Model Variance 
Power

Intercept Temperature Noise Tilt Depth R2

HPE ~ temp + noise + tilt + depth 5 0.435 (0.194)* 0.015 (0.003)*** 0.001 (0.000)** -0.018 (0.006)** 0.090 (0.016)*** 0.30

HPE ~ temp + noise + tilt + depth 5 − 1.875 (0.261)*** 0.006 (0.004) 0.001 (0.000)* − 0.037 (0.008)*** 0.162 (0.022)*** 0.22

Table 4 Summary statistics from Generalized Linear Models assessing the effects of rate of movement (ROM, m  s−1) and transmitter 
power on HPE and RMSE. Values are model coefficients (SE). Models were derived from positions and error estimated from animal 
transmitters

* Refers to α where * = 0.05, ** = 0.01, ***0.001

Model Variance 
Power

Intercept ROM 147 dB 158 dB R2

HPE ~ ROM + transmitter power 2.5 1.866 (0.104)*** − 2.566 (0.811)** -0.1401 (0.137) 2.5771 (0.484)*** 0.36

RMSE ~ ROM + transmitter power 2.5 − 0.465 (0.134)*** − 0.4657 (0.966) − 0.352 (0.190) 0.435 (0.549) 0.03
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Environmental drivers of HPE and RMSE
We used receiver reference transmitters to determine the 
relative impacts of environmental variation on HPE and 
RMSE.  Both types of error increased gradually with tem-
perature, noise, and depth, and decreased with tilt. How-
ever, in both models, less than a third of the total variance 
could be explained by the selected predictors. More nota-
ble was the observed increase in residual error at high 
temperature and depth and low noise and tilt values, 
suggesting potential effects on positioning error variabil-
ity. Despite these observations, HPE and RMSE values 
fell mostly below 10 and 5 across the entire deployment 
duration, respectively, suggesting only marginal impacts 
of the measured environmental predictors. Complexity 
between environmental variation and both positioning 
error and probability has been established across fresh-
water, estuarine, and marine environments elsewhere 
[4, 46]. For example, warmer temperatures were associ-
ated with higher  HPEm values derived from static refer-
ence transmitters deployed throughout arrays in coastal 
San Diego and the San Francisco estuary, CA [46]. Here, 
the authors attributed this relationship to differences 
between the average water temperatures used to esti-
mate the speed of sound and subsequent triangulation, 
relative to the actual measured temperatures within an 
array. Greater disparity between the actual versus average 
estimates used in these post-processing equations could 
explain the positive relationships observed in the current 
study and the higher residual error associated with higher 
temperatures. We also observed weak positive relation-
ships between HPE and RMSE and noise. This was not 
surprising, however, because the FSPS is stationed in an 
area associated with high boat activity, wave action, with 
additional biological sound potentially driven by marine 
organisms such as toadfish and eels [59]. However, noise 
estimates were rarely at levels expected to impact posi-
tioning efficiency (> 300  mV, [50]). Greater study of the 
ambient marine soundscape would help to further con-
textualize the ultimate drivers of noise, and those most 
likely to mask acoustic signals associated with reference 
and animal transmitters.

The observed relationships between positioning error 
and   tilt and depth are challenging to explain. Negative 
relationships between tilt and HPE and RMSE may be 
inaccurate, due to high statistical leverage and low sam-
ple sizes at greater tilt  values. The higher errors associ-
ated with greater depths could be attributed to thermal 
stratification and the position of the thermocline (per 
[4]) or the distance over which animals are positioned. 
However, further work is required to contextualize these 
relationships for our study system and others. Overall, we 
conclude that the relationships between HPE and RMSE 
and environmental variables are dynamic and complex. 

We strongly recommend that future studies continue to 
establish these relationships using reference transmit-
ters deployed within the FSPS given that relationships are 
likely to be regionally variable.

Impacts of transmitter power and ROM on HPE and RMSE
We accurately determined fine-scale positions from 17 
fish species of diverse life histories, including highly 
migratory flatfish, sturgeon, and elasmobranchs. Sev-
eral species, such as clearnose skate, little skate, black 
sea bass, and summer flounder, exhibited extremely high 
residency (> 9,000 unique positions) and could therefore 
serve as important sentinels for determining behavioral 
modifications following development activities. Visual 
inspection of animal positions for clearnose skate and 
Atlantic sturgeon highlights potential for categorizing 
resident versus more transient behavior. For skates and 
sturgeon that use specialized electrosensory structures 
for locating prey buried within the benthos, this is a par-
ticularly promising observation given the potential for 
EMF-induced disruptions to foraging [17] and migration 
[22]. There remain trade-offs, however, as increasing the 
number of tagged individuals exhibiting high residency 
within a small area may increase signal collisions, which 
can increase positioning error [4, 36].

Though black sea bass were consistently positioned 
within the FSPS (> 9,000 positions from 11 individuals), 
this species exhibited a notably higher RMSE (1.3 ± 0.0) 
relative to the rest of the monitored assemblage (≤ 0.9). 
High RMSE values could reflect an association with hard 
structures on the benthos, which are known to increase 
multipath signals [36]. Considering that many offshore 
developments require the introduction of hard, resistant 
substrate and complex structures, positioning fishes that 
commonly associate with structures could prove chal-
lenging, at least at the resolution necessary to quantify 
discrete behaviors. In these cases, measuring additional 
parameters, such as depth and acceleration, may improve 
behavioral inferences if positioning error is high and 
somewhat unreliable. For example, recent work in the 
Belwind/Nobelwind offshore wind farm applied accel-
eration transmitters to Atlantic cod (Gadus morhua) 
in an FSPS and were able to infer declining activity and 
interruptions to diurnal activity rhythms associated with 
experimental seismic surveys [51, 52]. However, using 
acceleration transmitters in an acoustic context remains 
in its infancy despite showing clear promise for identify-
ing behavioral activity rhythms (see [25] and references 
therein).

Positions were derived for coastal shark species, several 
of which typically associate with offshore pelagic envi-
ronments (the white shark  and common thresher shark, 
[23, 45]). While positioning errors were comparable 
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to other species , the total number of derived positions 
was comparatively low (435 unique positions across 
seven species), suggesting that effective monitoring of 
highly migratory sharks will require increased tagging 
efforts (including transmitters with faster transmission 
rates) and array expansion. The latter could be facilitated 
through coordination with additional acoustic receiver 
arrays and extending monitoring over several years. 
This finding highlights the challenges associated with 
monitoring core habitat use in highly migratory sharks 
more generally, especially in regions such as coastal New 
York, where residency is seasonal [1, 7, 43, 44]. There-
fore, establishing known home ranges for mobile preda-
tors more generally is needed to improve the efficacy of 
behavioral information collected through a  FSPS. These 
research efforts are of high priority, given the declin-
ing conservation status of many species [33, 34], their 
observed sensitivities to climactic change [5, 16], and 
the propensity for offshore developments to disturb key 
behaviors such as migration [14].

Generalized Linear Models revealed that HPE esti-
mates were larger and more variable for animals tagged 
with 158  dB transmitters. This could be attributed to 
higher power transmitters being positioned from greater 
distances or reduced signal reflection associated with 
lower power transmitters [54]. These findings suggest 
that the use of lower power transmitters may be favorable 
for optimizing behavioral data yielded through the FSPS, 
especially for resident species that displayed high tor-
tuosity, such as clearnose skate and little skate. We also 
observed significant, negative relationships between HPE 
and rate of movement, but the overall change was low 
suggesting a minimal impact. For RMSE, models did not 
perform well and explained a negligible amount of the 
total variance (R2 = 0.03) and therefore precluded robust 
evaluation of RMSE predictors.

Additional considerations
Our results provide promising support for the use of 
a  FSPS to track behavioral changes in many species of 
temperate marine fishes in  relation to the development 
of offshore structures. However, additional sources of 
noise can affect array performance and  we were unable 
effectly  to quantify these  in this study. For example, the 
development of major offshore activities, such as wind 
farms, introduces a substantial amount of additional 
noise into the marine environment through increases 
in seismic (i.e., pile driving, [36]) and boat activity [6] 
and operation of turbines [49]. This is additive rela-
tive to  the noise associated with tides, high wave action 
from storms, and animals, which we assume is captured 
in receiver measurements [10, 26, 36, 48, 56]. Second, 
offshore development activities can introduce large 

amounts of sediment, scour, debris, artificial growth, and 
air bubbles into the water column, all of which are known 
to significantly reduce the detection range and associ-
ated positioning accuracy [6, 36]. These impacts could be 
somewhat mitigated by reducing the distance between 
receivers within the FSP and calls for further experimen-
tal work that explores the drivers of detection range vari-
ability. Combined, these factors can significantly reduce 
array performance, suggesting that telemetry-based 
approaches may benefit from being coupled with addi-
tional survey techniques that can trace changes in eco-
logical interactions and assemblage structure, such as 
environmental DNA, fisheries independent monitoring 
surveys, and biochemical tracers (see [20, 29]).

Conclusions
While we acknowledge the challenges associated with 
deploying the  FSPS in temperate marine environ-
ments they hold great promise for monitoring behavioral 
impacts associated with offshore marine  developments. 
We highlight that for many species, a substantial number 
of accurate positions (< 1 m) can be derived and used to 
identify unique behavioral modes. A greater number of 
accurate positions (and therefore behaviors) are likely to 
be yielded from species that exhibit high residency, such 
as skates and flounders. We find some spatial variation 
in positioning error, suggesting that boundary receiv-
ers, particularly those at the corners of gridded arrays, 
may exhibit slightly higher positioning error relative to 
more central receivers. However, moderate loss of the 
FSPS did not dramatically increase positioning error in 
any location. Given the rapid development of offshore 
structures, especially offshore wind farms in temperate 
marine environments, the FSPS may be an effective tool 
for nuanced monitoring of ecological changes at various 
development stages.
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