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Abstract 

Background  Passive integrated transponder (PIT) tags are widely used to track animal movements and survival. 
Rigorous testing protocols are necessary to ensure reliability in PIT tag performance and resulting data across various 
environmental conditions. This study aimed to document a comprehensive testing framework for PIT tags as a model 
for the broader biotelemetry community and to showcase how independent evaluations can validate the perfor-
mance of new PIT tag offerings against established regional performance criteria. Independent testing and adherence 
to regionally applied standards were key components of this effort.

Results  The Voda IQ HQ12, HQ10, HQ9, and HQ8 PIT tags were evaluated through a series of independent tests, 
including assessment of physical dimensions, electrical parameter testing, and proximity evaluations. The HQ10 
and HQ9 tags passed all performance criteria, while the HQ12 tag excelled in most areas but exceeded the region’s 
maximum weight threshold by 0.0022g. Despite this, the HQ12 tag showed strong detection efficiency and read 
range, particularly in challenging environments like the Bonneville Corner Collector. The HQ8 tags, while showing 
a more limited read range, offer advantages in applications requiring minimal tag burden. Independent testing played 
a crucial role in validating the performance of these tags under established protocols.

Conclusions  This study underscores the importance of rigorous testing for PIT tags to ensure reliability across diverse 
environmental conditions. Independent evaluations like these not only inform stakeholders, but also encourage 
the adoption of new technologies and vendors. The methods and results presented here offer a valuable model 
for testing new biotelemetry technologies, applicable across different species, ecosystems, and monitoring programs 
worldwide.
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Background
The use of passive integrated transponder (PIT) tags in 
fish and wildlife research has undergone a substantial 
evolution since their introduction in the early 1980s. PIT 
tags were pioneered by researchers at the National Oce-
anic and Atmospheric Administration’s Northwest Fish-
eries Science Center and were originally developed for 
monitoring salmonids in the Columbia River Basin. Early 
studies focused on assessing the biological feasibility of 
this new tagging system, which involved the implantation 
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of PIT tags in juvenile salmonids and the development 
of systems to monitor detections at hydroelectric dams 
and fish hatcheries [1, 2]. Technological advances have 
led to the miniaturization of PIT tags, improvements to 
detection systems, and the expansion of their use across 
multiple species and life stages for various research and 
management purposes [3–6]. By the 2000s, PIT tags had 
become a critical tool for monitoring fish passage efficacy 
and survival in large river systems, with millions of tags 
deployed and hundreds of detection systems maintained 
throughout the Columbia River Basin [7]. These advance-
ments enabled researchers to collect precise data on fish 
movement and survival, improving the quality of data 
used to evaluate management actions aimed at the recov-
ery of fish populations in the region.

PIT tags are frequently used for mark–recapture stud-
ies of Pacific salmon in the Columbia River Basin, par-
ticularly in the context of estimating survival and travel 
time during smolt or adult migrations [8, 9]. The pri-
mary motivation for quantifying survival and behavior 
as accurately as possible lies within the requirements of 
the U.S. Endangered Species Act (ESA), which mandates 
the reduction and mitigation of harm, or "take", to listed 
species to the greatest extent possible as part of recovery 
efforts [10, 11]. This need spurred the development of 
innovative applications of Cormack–Jolly–Seber models 
to provide robust estimates of survival using tagging and 
interrogation data from PIT tags [8, 12]. These models 
continue to serve as the foundation for evaluating opera-
tions at hydroelectric projects equipped with fish passage 
facilities throughout the Columbia River Basin [13]. Con-
sequently, the performance of PIT tags and the reliability 
of the resulting data are essential for making informed 
management decisions that have significant regional and 
potentially national implications. Key performance met-
rics for PIT tags include reliable detection range, durabil-
ity, and adherence to physical specifications, emphasizing 
the importance of rigorous testing protocols and con-
tinuous advancements in tag design and deployment 
strategies.

The first PIT tag evaluation procedures were devel-
oped to standardize the assessment of tag performance, 
ensuring that only tags meeting specific criteria would be 
adopted for use in the Columbia River Basin’s extensive 
network of mark–recapture studies and interrogation 
sites [14]. Guidelines for criteria such as physical dimen-
sions (i.e., size and mass), detection efficiency, read range, 
and durability were established to maintain data integ-
rity across studies and ensure that PIT tags could reliably 
track the movement and survival of fish populations. As 
the use of PIT tags expanded and the technology evolved, 
it became necessary to update the testing procedures to 
reflect new challenges and advances, particularly since 

many study populations are capable of traveling thou-
sands of miles over 5 or more years. The 2017 and 2023 
revisions of the PIT Tag Evaluation Procedure introduced 
more comprehensive testing protocols that incorpo-
rated advanced technologies and addressed the specific 
needs of modern fisheries management [15, 16]. For 
example, the introduction of the Kennewick Automated 
Read Range Tester (KARRT) reduced human error and 
improved the precision of read range testing. Addition-
ally, stricter criteria for key tests, such as hit rate and 
pressure tests, were introduced to ensure consistent tag 
performance under variable environmental conditions. 
The continuous refinement of these procedures under-
scores the importance of maintaining high standards 
for tag performance, which are critical for supporting 
adaptive management strategies and informed decision-
making in the face of environmental variability and 
anthropogenic pressures. Researchers have emphasized 
that the consistent and reliable performance of PIT tags 
is essential for the accuracy of mark–recapture studies, 
which, in turn, guide management actions aimed at con-
serving threatened and endangered species [17]. Ensur-
ing that tags meet these rigorous standards helps to 
protect the integrity of long-term monitoring programs 
and supports adaptive management strategies that are 
necessary for effective conservation.

The primary aim of this paper is twofold: to document 
and share regionally-accepted procedures for assessing 
RFID performance metrics, and to use Voda IQ’s PIT tags 
as a case study to demonstrate how independent evalua-
tions ensure alignment with established criteria for fish-
eries research and management. By presenting the results 
of independently-tested PIT tag offerings, this study 
serves as an example of the rigorous testing procedures 
used to evaluate the suitability of new tags for widespread 
use in the Columbia River Basin and worldwide. This 
publication aims to provide a comprehensive overview 
of the testing standards currently used to ensure the reli-
ability and consistency of PIT tags. Standardized PIT tag 
performance criteria are critical for ensuring the efficacy 
of mark–recapture and telemetry studies to accurately 
inform adaptive management strategies across various 
environments and an increasing list of species [18]. Ulti-
mately, this paper seeks to reinforce the importance of 
maintaining high performance standards in PIT tag tech-
nologies to support effective conservation efforts and the 
recovery of threatened and endangered species.

Methods
Tag design and manufacturing
The PIT tags evaluated in this study were designed and 
manufactured by Voda IQ, a company focused on advanc-
ing PIT tag technology for ecological monitoring. These 
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bioglass-encapsulated injectable transponder tags were 
engineered to meet the stringent standards required by 
the Bonneville Power Administration (BPA), the National 
Oceanic and Atmospheric Administration (NOAA), 
and the Pacific States Marine Fisheries Commission 
(PSMFC), organizations that fund or oversee large-scale 
fish monitoring programs in the Columbia River Basin 
generally focused in imperiled Pacific salmon popula-
tions. The specific models tested in this study were the 
HQ12 (12.5 mm length, 2.12 mm diameter), HQ10 (10.0 
mm length, 1.4 mm diameter), HQ9 (9.0 mm length, 2.12 
mm diameter), and HQ8 (8.0 mm length, 1.25 mm diam-
eter) PIT tags (Table 1). Voda IQ provided 1,000 tags of 
each model, allowing the independent researchers to ran-
domly select tags for each assessment (sample sizes out-
lined in subsequent sections). Each model was designed 
to ensure compatibility with existing detection infra-
structure, which is critical for the accurate tracking and 
monitoring of fish populations across the basin’s network 
of antennas and detection systems [16]. All models tested 
were designed to operate at 134.2 kHz, following the 
FDX-B (Full Duplex) protocol as specified by the Interna-
tional Organization for Standardization (ISO) under ISO 
11784 and ISO 11785. These tags are fully certified by the 
International Committee for Animal Recording (ICAR), 
ensuring interoperability with ISO-compliant readers 
and meeting the rigorous global standards for RFID per-
formance required for ecological monitoring and wildlife 
management applications.

Rationale for evaluation criteria
The evaluation criteria used in this study are based on 
decades of refinement to ensure that PIT tags can with-
stand the challenging conditions associated with large-
scale ecological monitoring programs. The Columbia 
River Basin, with its network of hydroelectric dams and 
complex fish passage systems, presents unique chal-
lenges for the detection and tracking of tagged fish. 
PIT tags must transmit data reliably through variable 

environmental conditions, including high water pressure, 
temperature fluctuations, a range of conductivity levels 
influenced by dissolved ions, varying turbidity caused by 
suspended solids, and ambient electromagnetic interfer-
ence from large metal structures, electric devices, and 
machinery. The evaluation criteria were developed to 
simulate these real-world conditions, ensuring that only 
the most reliable tags are deployed in the system [3, 16].

The reliability of PIT tags is crucial for ensuring the 
reliability of the data they generate to inform critical 
management decisions, such as alterations to hydroelec-
tric project operations, allocating harvest, or the reloca-
tion of predator bird colonies to improve outmigration 
conditions for juvenile salmonids [8, 11, 19, 20]. Inac-
curate or incomplete data could result in management 
actions that fail to protect vulnerable fish populations, 
particularly salmonid species protected by the US Endan-
gered Species Act. Therefore, the evaluation process 
focuses not only on the basic functionality of the tags, 
but also on their ability to perform consistently under the 
challenging conditions of the Columbia River Basin [16].

Testing procedures
To ensure that the Voda IQ PIT tags met the rigorous 
standards required for effective ecological monitoring, a 
series of comprehensive tests were independently con-
ducted by Pacific States Marine Fisheries Commission at 
their laboratory in Kennewick, Washington, USA. These 
tests evaluated the tags’ performance under conditions 
that closely mimic real-world environments, includ-
ing reliability, durability, and compatibility with exist-
ing detection systems. This study aims to document the 
application of these standardized evaluation protocols, 
highlighting their importance in ensuring consistency 
across ecological monitoring programs, while also using 
the Voda IQ tags as an example of how independent 
testing validates product performance against regional 
criteria.

1. Hit-rate tests: The hit-rate test is the cornerstone of 
PIT tag evaluation and requires 30 randomly selected 
tags of each model evaluated. It was conducted within 
the ½-scale model of the Bonneville Corner Collector 
(BCC) antenna (Fig. 1), which plays a key role in survival 
models tracking the passage and survival of ESA-listed 
salmonids through the Bonneville Dam [8]. It is unique 
among readers in the Columbia River Basin because it 
has the largest full-duplex antenna in the region (5.2 
m × 5.2  m), it is a single antenna (i.e., with no redun-
dancy), and has a specialized transceiver designed for 
this application. The test measures the tags’ ability to be 
detected consistently when placed at different positions 
within the antenna’s electromagnetic field, including both 
optimal (center) and challenging (corner) positions in 0° 

Table 1  Published specifications of PIT tags used in evaluation. 
Reference tag specifications are included for comparison

(1) Specifications from www.​bioma​rk.​com/​pit-​tags. Biomark, Boise, Idaho
(2) Weights determined in independent evaluation (not previously published)

Tag model Length (mm) Diameter (mm) Weight (mg)

HQ12 12.50 2.12 117 (2)

HQ10 (specialty) 10.00 1.40 36 (2)

HQ9 9.00 2.12 78 (2)

HQ8 (specialty) 8.00 1.25 23 (2)

Reference Tag 
(Biomark APT12)(1)

12.50 2.07 106

http://www.biomark.com/pit-tags
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and 45° orientations relative to the Z axis (i.e., optimal 
orientation for the antenna) using an apparatus made 
of non-ferrous material. Optimal positioning within the 
electromagnetic field involves aligning the PIT tag’s lon-
gitudinal axis parallel to the field lines, referred to as the 
0° orientation. This alignment ensures maximum signal 
strength and detection efficiency by minimizing signal 
loss due to polarization effects. When the tag deviates 
from this alignment, such as at a 45° orientation, detec-
tion efficiency decreases because the electromagnetic 
field interacts with a reduced cross-section of the tag’s 
antenna coil [3, 16]. The transceiver in the BCC model is 
put into diagnostic mode, where the number of times a 
tag is read out of 100 opportunities is reported. For a tag 
to be considered viable for further evaluation, it had to 
achieve a hit rate of at least 98% for 0°-oriented tags in 
the corner location and at least 98% for 0°-oriented tags 
and 90% for 45°-oriented tags in the center location. This 
threshold was set to ensure that the minimum detection 
rates needed to generate statistically robust survival esti-
mates were met, which are crucial for making informed 
management decisions [16]. A currently approved PIT 
tag (Biomark APT12) is also concurrently tested to serve 
as a control.

2. Dimensional and weight assessment: the physical 
properties of PIT tags—such as length, diameter, and 
weight—are critically important, especially for juve-
nile fish. Tags that are larger or heavier than advertised 
could result in higher-than-expected tag burden for 
juvenile fish, which can result in altered behavior and 
reduced survival [21], or possibly biased study results. 
All tags were measured with precision micrometers 

with accuracy to 0.01 mm (Starrett Model 721, Athol, 
Massachusetts) to ensure they fit within the prescribed 
dimensions, designed to pass through a 12-gauge veteri-
nary hypodermic needle. Tags were also weighed using 
an electronic analytical balance that weights accurately 
to 0.0001 g (Mettler AE100, Greifensee, Switzerland) to 
confirm that they did not exceed the maximum allowable 
weight. A total of 30 randomly selected tags each of Voda 
IQ’s HQ12, HQ10, HQ9, and HQ8 tags (i.e., 120 tags 
total; Table  1) were measured and weighed, with mean 
values compared against the dimensional and weight 
standards established by the PIT Tag Steering Commit-
tee. Standards for the two common models in use today 
include tags with a mean length of ≤ 12.7 mm and ≤ 9.3 
mm, both with a mean diameter of 2.14 mm. The only 
weight standard is that of the 12 mm PIT tag models, 
which is ≤ 0.115 g [16].

3. Electrical parameter testing: the performance of 
PIT tags in the field is heavily influenced by their elec-
trical properties. The Automated PIT Tag Testing System 
(APTTS, Fig. 2) was used to assess key electrical param-
eters, including amplitude, resonant frequency, turn-on 
voltage, and modulation percentage. Amplitude measures 
the strength of the signal returned by the tag when ener-
gized, which is crucial for detecting the tag at a distance. 
Resonant frequency must align with the standard 134.2 
kHz used in the Columbia River Basin to ensure detec-
tion. Turn-on voltage is the minimum voltage required to 
activate the tag, while modulation percentage indicates 
how effectively the tag can transmit its unique identifier 
to the reader.

Fig. 1  Photo of the ½-scale model of the BCC antenna. Note the RF shielded room, aluminum shield and pneumatic shuttle (from Axel et al. 16)
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A total of 10 tags for each specific model were selected 
to determine the fixed voltage for use in the amplitude 
and resonant frequency tests; a total of 200 tags from 
that specific group were then tested in one automated 
batch. The APTTS was used to collect electrical parame-
ters, including (1) amplitude returned from the tag when 
energized with a 134.2-kHz constant amplitude wave 
form; (2) resonant frequency measured to the nearest 
25 Hz resolution; turn-on voltage measured to the near-
est 10 mV; bandwidth at -3dB (kHz), Q (‘quality factor’, 
a dimensionless parameter that describes how ‘sharp’ or 
‘selective’ the resonance of the tag is), and modulation 
percentage. Guidelines [16] indicate that testing will stop 
if 98% of the tags of a specific model do not have modu-
lation values > 75%, turn-on voltages ≤700 mV, resonant 
frequency values of 132-136.5 kHz, or bandwidth values 
< 9 kHz. Tags that failed to meet the stringent electrical 
criteria were excluded from further testing, as they would 
likely underperform in real-world conditions.

4. Read range and noise resistance: read range is one of 
the most critical aspects of PIT tag performance, particu-
larly in environments with high electromagnetic noise, 
such as near hydroelectric dams. The KARRT was used 
to measure the distance at which the tags could be reli-
ably detected under both normal and noise-enhanced 
conditions. The KARRT is used to move test tags into 

the ½-scale model of the BCC antenna, eliminate human 
error, automatically record data, and speed up the testing 
process. This test simulates the electromagnetic interfer-
ence found in the field and assesses how well the tags can 
maintain a strong read range in the presence of noise. A 
tag’s ability to maintain consistent detection across vary-
ing noise conditions is vital for its success in large-scale 
ecological monitoring [16, 22].

The KARRT test randomly selects 30 PIT tags from a 
batch of PIT tags of a specific make and model. Tags are 
tested going into the center of the antennas in the 0°-ori-
entation relative to the Z axis of the antenna. Each tag is 
placed on the carriage and moved straight into the center 
of the detection field at roughly 5 cm per second until the 
transceiver registers a read. The distance between the PIT 
tag and the center of the antenna is recorded to the near-
est 0.6 cm before continuing further into the field, 0.6 cm 
at a time with 3-s pauses to allow the tag to be read 100 
times. Subsequent distance measurements are collected 
when the test tag is read 300 times in 9.2 s.

Noise is introduced to these tests using a function gen-
erator, located outside the testing room, connected to a 
noise antenna inside the testing room. The noise antenna 
is driven with a 132.2 kHz sine wave, allowing variation 
in amplitude to provide controlled noise. If a test tag 
does not reach 100% of the read count, then the read 

Fig. 2  Photo of the automated PIT tag testing system (from Axel et al. 16)
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range distance is recorded as a null value (i.e., N/A). Test-
ing also concluded if the median read range for a 100% 
hit rate in the 0°-oriented tags was less than currently 
approved reference tags (APT12) with no added noise.

Finally, maximum read speed was evaluated in the 
½-scale model of the BCC antenna with the pneumatic 
shuttle (Figure  1). Test tags are passed through the 
antenna at roughly 24 m per second and the number of 
detections is recorded for each pass. Testing is halted if 
the candidate tag cannot be detected at 50% of the rate of 
the reference tag (APT12).

5. Proximity testing: to assess the performance of PIT 
tags when multiple tags are in close proximity, three 
proximity tests were conducted: the two-same-tag group-
ing/proximity test, the three-same-tag grouping/prox-
imity test, and the three-mixed-tag grouping/proximity 
test. These tests are essential for evaluating how well PIT 
tags perform in scenarios where multiple tagged fish 
are detected simultaneously—a common occurrence in 
detection systems, such as juvenile bypass systems or 
adult fishways that have a high density of PIT-tagged fish 
passing simultaneously [3].

The ‘Two-Same-Tag Grouping/Proximity Test’ was 
conducted using the 30.5-cm shielded antenna configu-
ration commonly used at juvenile salmon interrogation 
sites. The test evaluates the reading efficiency of two 
identical PIT tags placed at varying distances from each 
other. This test ensures that PIT tags can be read relia-
bly when PIT-tagged fish pass in schools, which is typi-
cal of anadromous species like Pacific salmon. Tags were 
tested at two different separations: 15.2 cm and 7.6 cm, 
measured from tag tip to tag tip. A minimum of five rep-
licate groups of two tags each were tested, and reading 
efficiency was calculated for each group. A tag had to 
achieve a reading efficiency of at least 98% at 15.2 cm of 
separation to pass. This threshold ensures that PIT tags 
maintain reliable detection rates even when fish migrate 
in close proximity to one another [16].

The ‘Three-Same-Tag Grouping/Proximity Test’ 
extends the proximity evaluation by placing three identi-
cal PIT tags in proximity to each other. This configura-
tion is designed to evaluate how the middle tag performs 
in terms of detection, given the potential for interfer-
ence from the two outside tags. Tags were tested at 30.5 
cm and 20.3 cm separations. As with the two-same-tag 
test, a minimum of three replicate groups were tested, 
and reading efficiency was calculated separately for the 
middle and outside tags. To pass, the middle tag had to 
achieve a reading efficiency of at least 99% at the 30.5 cm 
separation. If the middle tag became undetectable at 20.3 
cm separation, the tag model was excluded from further 
testing [16].

The ‘Three-Mixed-Tag Grouping/Proximity Test’ used 
two different PIT tag designs, for example the HQ12 or 
HQ9, alongside the reference tag (APT12). The purpose 
of this test was to evaluate whether Voda IQ’s tags could 
maintain adequate performance in the presence of other 
commonly deployed PIT tag models. Tags were placed 
at 30.5 cm and 20.3 cm separations and tested under the 
same conditions as the two- and three-same-tag tests. 
Reading efficiencies for both the reference (APT12) and 
Voda IQ tags were recorded separately. A tag model was 
excluded if it failed to achieve a 99% reading efficiency at 
the 30.5 cm separation or if its reading efficiency dropped 
below 50% at the 20.3 cm separation, relative to the refer-
ence tag [16].

6. Durability testing: durability testing is used to ensure 
that the tags can withstand the physical stresses encoun-
tered during tagging and migration through deep waters. 
Voda IQ tags (10 randomly selected tags from each 
model) were subjected to drop tests, where they were 
dropped three times each from a height of 1.1 m onto a 
concrete surface to simulate accidental drops during han-
dling. The tags were also pressure-tested in a water-filled 
chamber, where they were cycled through high-pressure 
conditions to mimic the pressures encountered during 
fish migration through hydroelectric turbines. Only tags 
that passed these durability tests without failure were 
considered suitable for further testing and deployment 
[16].

7. Specialty tags: specialty PIT tags are designed for 
applications where standard tags may not be appropriate, 
such as in smaller or more delicate fish species, amphib-
ians, or crustaceans. In this study, Voda IQ’s HQ8 model 
(8.0 mm in length and 1.4 mm in diameter, Table 1) was 
tested as a specialty tag designed for use in juvenile fish 
where the standard 12 mm tag may be too large. The 
HQ8 tag is particularly suited for small fish species or life 
stages due to its reduced size and weight, which mini-
mizes potential harm during implantation and reduces 
the risk of altered fish behavior.

Given its smaller size, the HQ8 tag underwent addi-
tional tests beyond the standard evaluations conducted 
on the HQ12 and HQ9 tags (Table 1). These tests focused 
on the tag’s detectability, durability, and performance 
in high-noise environments. The HQ8 tags were evalu-
ated using the same testing procedures described ear-
lier, including the hit-rate test, dimensional and weight 
assessments, electrical parameter testing, read range, and 
proximity testing. However, special attention was paid 
to the HQ8’s ability to maintain performance despite its 
smaller size, which is known to impact detection range 
and signal strength. A total of 30 HQ8 tags were tested 
for each evaluation criterion.
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In addition to the standard tests, the HQ8 tags were 
subjected to more rigorous durability tests to ensure they 
could withstand the increased stresses of small fish han-
dling. These included drop tests from a 0.76 m height 
and pressure cycling at higher pressure ranges to account 
for the increased pressure juvenile fish may experience 
during migration [23]. Only HQ8 tags that passed all 
criteria with performance comparable to the HQ12 and 
HQ9 models were recommended for further testing and 
potential field deployment.

Data analysis
The data collected from the testing procedures were 
analyzed primarily through descriptive statistics, focus-
ing on key performance metrics such as hit rates, read 
ranges, proximity test results, and electrical parameters 
(amplitude, resonant frequency, and turn-on voltage). 
Each metric was compared against predefined thresholds 
established by the PIT Tag Steering Committee, as out-
lined in the 2023 PIT Tag Evaluation Procedure [16].

For each tag type, the mean values, standard devia-
tions, and ranges were calculated for each performance 
metric. These descriptive statistics provided a basis for 
determining whether the Voda IQ tags met the estab-
lished performance criteria. The hit-rate tests, read range 
tests, and proximity tests were evaluated by calculating 
the average detection efficiency for each tag model at var-
ious distances and orientations, with results compared to 
the currently approved reference tag (APT12).

For electrical parameter testing, individual tag results 
were compared against the established thresholds for 
modulation percentage, turn-on voltage, and resonant 
frequency. Any tags that failed to meet the required 
thresholds were excluded from further analysis and were 
not recommended for future use. The proximity test 
results were similarly analyzed by comparing the detec-
tion efficiency of the Voda IQ tags against the reference 
tag (APT12) at different separation distances.

The performance of each Voda IQ tag model was 
assessed in terms of its ability to meet or exceed the 
thresholds defined for each test. Only tags that demon-
strated consistent performance across all metrics were 
recommended for adoption in large-scale ecological 
monitoring programs. The analysis focused on deter-
mining whether each tag met the minimum criteria for 
reliability, durability, and compatibility with existing 
detection systems.

Results
Tag design and manufacturing
The PIT tags evaluated in this study were designed 
and manufactured by Voda IQ, with four tag models 
tested: the HQ12, HQ10, HQ9, and HQ8 (published 

specifications provide in Table  1). Each group (n = 30) 
was assessed to ensure they met the regionally accepted 
physical characteristics and performance criteria for 
PIT tags used in the Columbia River Basin [16]. The 
HQ12 tags had an average length of 12.62 mm (SD = 0.09 
mm), a diameter of 2.10 mm (SD = 0.01 mm), and a 
weight of 0.1172g (SD = 0.0007g). Although these tags 
performed well in most other tests, they were disquali-
fied for exceeding the maximum allowable weight by 
0.0022g. The HQ10 tags had an average length of 10.13 
mm (SD = 0.06 mm), a diameter of 1.40 mm (SD = 0.01 
mm), and a weight of 0.0360g (SD = 0.0007g), success-
fully meeting all evaluation criteria. Similarly, the HQ9 
tags had an average length of 9.05 mm (SD = 0.12 mm), 
a diameter of 2.11 mm (SD = 0.01 mm), and a weight 
of 0.0778g (SD = 0.0005g), also meeting all specifica-
tions. The HQ8 tags, with an average length of 8.22 
mm (SD = 0.09 mm), a diameter of 1.23 mm (SD = 0.01 
mm), and a weight of 0.0227g (SD = 0.0005g), passed the 
dimensional and weight assessments as well.

Electrical parameter testing
The electrical parameters of each tag model were evalu-
ated using the Automated PIT Tag Testing System 
(APTTS). Key parameters included amplitude, resonant 
frequency, turn-on voltage, bandwidth at -3dB, quality 
factor (Q), and modulation percentage. The HQ12 tags 
had an amplitude of 45.12mV (SD = 1.41), a resonant 
frequency of 133.58 kHz (SD = 0.70), a turn-on volt-
age of 292.30mV (SD = 9.23), a bandwidth of 3.28kHz 
(SD = 0.15), a Q factor of 41.00 (SD = 5.02), and a modu-
lation percentage of 91.89% (SD = 0.18). The HQ10 tags 
demonstrated an amplitude of 5.20mV (SD = 0.41), a 
resonant frequency of 133.92kHz (SD = 0.84), a turn-
on voltage of 1125.95mV (SD = 86.04), a bandwidth of 
5.65kHz (SD = 0.08), a Q factor of 23.69 (SD = 0.28), and 
a modulation percentage of 76.59% (SD = 1.03). The HQ9 
tags showed an amplitude of 14.98mV (SD = 0.49), a reso-
nant frequency of 134.04kHz (SD = 0.54), a turn-on volt-
age of 587.11mV (SD = 12.99), a bandwidth of 4.21kHz 
(SD = 0.04), a Q factor of 31.84 (SD = 0.24), and a modula-
tion percentage of 87.72% (SD = 0.16). The HQ8 tags had 
an amplitude of 4.73mV (SD = 0.31), a resonant frequency 
of 133.95kHz (SD = 0.82), a turn-on voltage of 1220.00mV 
(SD = 73.09), a bandwidth of 5.79kHz (SD = 0.10), a Q 
factor of 77.32 (SD = 0.84), and a modulation percentage 
of 23.14% (SD = 0.33).

Read range and noise resistance
The read range test results demonstrated the distance at 
which each tag model could be reliably detected under 
both quiet and noise-enhanced (i.e., 100mV of baseline 
noise) conditions. The HQ12 tags had a 10% read range 
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of 1.90 m (74.92 inches, SD = 0.28) and a 90% read range 
of 1.72 m (67.82 in., SD = 0.96) under quiet conditions, 
which decreased to 1.62 m (63.69 in., SD = 0.66) and 
1.49 m (58.75 in., SD = 1.02), respectively, when noise 
was introduced. The HQ10 tags were only tested under 
quiet conditions, with a 90% read range of 1.20 m (47.16 
inches, SD = 1.16). The HQ9 tags exhibited a 10% read 
range of 1.53 m (60.40 in., SD = 2.56) and a 90% read 
range of 1.33 m (52.20 in., SD = 2.63) in quiet condi-
tions, with performance decreasing to 1.25 m (49.10 in., 
SD = 0.63) and 1.11 m (43.80 in., SD = 1.06), respectively, 
when noise was added. The HQ8 tags were only tested 
under quiet conditions, with a 90% read range of 0.98 m 
(38.58 in., SD = 1.19).

Durability testing
Durability tests were conducted to simulate the physical 
stresses PIT tags may experience during tagging and fish 
migration or trapping, handling, and transportation [24]. 
All tag models passed both drop tests from a height of 1.1 
m onto concrete and pressure tests, where the tags were 
subjected to cycles of increasing and decreasing pressure 
up to 2,000 psi (13.8 MPa) in a water-filled chamber. No 
failures were observed for any of the tag models during 
these tests, indicating that they all met the durability 
standards required for large-scale ecological monitoring.

Multi‑tag testing
The multi-tag testing evaluated how well each tag per-
formed when placed in close proximity to other tags. In 
the two-same-tag grouping/proximity test, the HQ12 
tags achieved a reading efficiency of 41.4% at a 7.6 cm 
separation and 99.3% at a 15.2 cm separation. The HQ9 
tags performed similarly, with efficiencies of 34.9% at 7.6 
cm and 96.9% at 15.2 cm.

In the three-same-tag grouping/proximity test, the 
HQ12 tags achieved 100% efficiency for the outside tags 
and 99.5% for the middle tag at a 30.5 cm separation, with 
the middle tag efficiency dropping at shorter separations. 
The HQ9 tags performed similarly, maintaining 100% 

efficiency for the outside tags and 98.6% for the middle 
tag at a 30.5 cm separation.

In the three-mixed-tag test, which compared Voda 
IQ’s tags with the current BPA-approved APT12 (Bio-
mark, Boise, Idaho), the HQ12 tag had a 97.9% efficiency 
at a 30.5 cm separation. Both the HQ12 and HQ9 tags 
showed reduced efficiency at shorter separations in com-
parison to their performance at 30.5 cm, but no formal 
standard was established for proximity testing in these 
scenarios.

Summary of performance across test criteria
Overall, the HQ10 and HQ9 tags met or exceeded the 
criteria set for all testing categories, validating their suit-
ability under rigorous regional standards and emphasiz-
ing the importance of standardized testing procedures 
for evaluating performance in fisheries applications. 
The HQ12 tags performed well and exceeded all criteria 
except for the weight standard, as they slightly surpassed 
the maximum allowable weight by 0.0022g—a difference 
roughly equivalent to 10% of the weight of an amphipod 
that juvenile salmon consume in the estuary [25]. While 
the HQ12 tags showed reduced detection efficiency at 
shorter separations during proximity testing, no for-
mal threshold was defined for proximity testing in these 
evaluations. The HQ8 tags also performed satisfactorily 
in most categories, but demonstrated limited read range 
and lower modulation percentages compared to larger 
tags (Table 2).

Discussion
Rigorous testing of PIT tags used in biotelemetry is 
essential for ensuring consistency, reliability, and accu-
racy of data across various environmental conditions. 
These tags must perform in extremely diverse environ-
ments, from turbulent waters at hydroelectric dams to 
quieter, shallow river systems, making it critical to assess 
their durability and telemetry capabilities [26, 27]. Fail-
ure to detect PIT tags due to environmental factors or 
device failure can lead to inaccurate survival estimates 

Table 2  Performance of tested PIT tags across testing criteria with results exceeding standards noted with a checkmark

(1) Exceeded weight standard by 0.0022 g
(2) Limited read range in comparison to larger tags
(3) Lower modulation percentages under noise conditions

Tag model Dimensional and weight 
assessment

Electrical parameter 
testing

Read range Noise resistance Durability Proximity 
testing

HQ12 X(1) ✓ ✓ ✓ ✓ ✓
HQ10 (Specialty) ✓ ✓ ✓ ✓ ✓ ✓
HQ9 ✓ ✓ ✓ ✓ ✓ ✓
HQ8 (Specialty) ✓ ✓ X(2) X(3) ✓ ✓
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and biased behavior data, potentially misinforming con-
servation strategies [18, 28]. In the Columbia River Basin, 
regionally applied performance criteria for PIT tags, as 
outlined in the Comprehensive PIT Tag Evaluation Pro-
cedure, provide a standard for acceptable performance 
across environmental conditions. These regionally-estab-
lished criteria appear to be among the most rigorous and 
standardized across the biotelemetry field, making this 
protocol an important model for other regions or fields 
where PIT technology is used [16]. To our knowledge, 
few other regions have similarly detailed, performance-
based testing standards for biotelemetry tags, which 
further emphasizes the importance of such protocols 
for producing reliable and unbiased data in ecological 
research.

Each testing measure employed in this study addresses 
critical aspects of PIT tag performance. Electrical param-
eters such as amplitude, resonant frequency, and modu-
lation percentage ensure that tags can be detected under 
a range of environmental conditions and antenna con-
figurations. These parameters are especially important 
in environments with electromagnetic interference, such 
as near hydroelectric dams, where maintaining a strong 
signal-to-noise ratio is essential for accurate detections 
[29]. Read range testing evaluates how far a tag can be 
detected, ensuring its utility in different river conditions, 
including high-flow environments. Additionally, noise 
resistance testing allows evaluation of the tag’s reliabil-
ity in areas of high ambient electromagnetic noise, which 
is crucial for accurate detection in real-world scenarios 
[27]. Finally, durability testing assesses the ability of PIT 
tags to withstand physical stresses, such as fish passage 
through turbines, without compromising functionality 
[26]. Together, these tests ensure that PIT tags are reli-
able and can produce high-quality data even in the most 
challenging environments, which is necessary for their 
use in animal biotelemetry.

The Voda IQ  HQ12 tag is similar in dimensions and 
performance to the most-frequently used PIT tag cur-
rently used in the Columbia River Basin. The reference 
12 mm tags (Biomark APT 12, Boise, Idaho; 12.5 L × 2.0 
mm diameter, 106 mg weight) are widely deployed in the 
region due to reliable performance in survival estimation 
models, particularly at the Bonneville Corner Collector 
(BCC). The BCC, with its large single antenna system, 
plays a crucial role in the detection of PIT-tagged salmo-
nids, especially for endangered species such as Chinook 
salmon [8]. The HQ12 tag demonstrated excellent perfor-
mance in key metrics such as read range and detection 
speed, making it comparable to the current reference tag, 
the Biomark APT12. However, it was disqualified due to 
a minor weight discrepancy of 0.0022g, which is likely to 
have little biological relevance. For a typical smolt over 

60 mm in length, the additional weight would represent 
a small fraction of total body weight, well below the tag 
burden thresholds that have been shown to affect fish 
behavior and survival [21, 30, 31]. Therefore, while the 
tag slightly exceeded the standard weight criteria, the 
practical impact of this discrepancy on smolt survival 
or behavior is likely minimal. The HQ12 would also be 
suitable for a range of other species, ranging from fishes 
to amphibians, provided tag burden thresholds are not 
exceeded [32, 33].

Specialty PIT tags, such as the Voda IQ HQ8, HQ9, and 
HQ10, are designed for applications where minimizing 
intrusiveness is paramount, especially in smaller fish or 
species with more delicate physiologies such as amphib-
ians or crustaceans. While these smaller tags do not per-
form as well as larger models such as the HQ12 in terms 
of read range or signal strength, their reduced size offers 
advantages in terms of minimizing tag burden and poten-
tial behavioral bias. Studies have shown that smaller tags 
reduce the likelihood of negative physiological impacts, 
such as altered swimming behavior or reduced forag-
ing success, which are critical considerations in studies 
involving small juvenile fish or species with high energy 
demands [30, 31]. However, this benefit comes with 
tradeoffs, as smaller tags often exhibit lower detection 
probabilities, particularly in high-flow or noise-intensive 
environments, compared to larger tags like the HQ12 
[34, 35]. Balancing the tradeoffs between tag burden and 
detection efficiency is critical when designing studies, 
with the optimal tag size largely determined by species, 
life stage, and the detection systems deployed [36, 37].

Conclusions
This study highlights the critical importance of rigorous 
testing in biotelemetry, demonstrating that thorough 
evaluation of PIT tags is essential for ensuring consist-
ency, reliability, and accuracy across diverse environmen-
tal conditions. The testing protocols applied in this study 
provide a comprehensive framework for vetting new 
products, ensuring they meet the high standards required 
for large-scale ecological monitoring programs. Rigor-
ous testing standards not only builds confidence among 
stakeholders, but also encourages adoption of new tech-
nologies by demonstrating their performance through 
independent testing. Furthermore, the procedures out-
lined here serve as a model for biotelemetry applica-
tions worldwide, offering a standardized approach that 
can be applied across different species, environments, 
and ecosystems. As biotelemetry continues to play an 
increasingly important role in conservation and wildlife 
management, the need for robust, well-tested technolo-
gies will remain crucial for producing high-quality data 
to inform effective conservation strategies.
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