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Summary

1. The field of acoustic telemetry has evolved rapidly and now permits the remote sensing of animal behaviour,

movement, physiology and survival in environments, and species not previously possible. However, an inability

to detect when a telemetered animal is consumed by a predator can complicate accurate interpretation of the

telemetry data. In this paper, we describe the efforts taken to test the two generations of a novel prototype acous-

tic telemetry transmitter designed specifically to detect predation.

2. Testing involved either staged predation events where tagged prey (Rainbow TroutOncorhynchus mykiss and

Yellow PerchPerca flavescens) were fed to captive LargemouthBassMicropterus salmoides, or false-positive test-

ing where prey fish were tagged and held without the risk of predation.Metrics of interest were (i) the rate of cor-

rectly identifying the predation events, (ii) signal lag (i.e. the time required to detect a predation event), (iii) tag

retention time in the predator’s gut, and (iv) the rate of false-positive triggering in both live and dead prey fishes.

3. Staged predation events were successfully identified in 61/65 and 52/55 trials for generation 1 and 2 tags,

respectively. Signal lag time was reduced in generation 1 tags (generally between 1 and 9 h) relative to generation

2 (3–29 h); although signal lag was highly variable. A generalized linear mixed model (GLMM) indicated strong

evidence that signal lag and tag retention were both negatively correlated with water temperature, but were not

affected by prey species and only slightly by individual predator traits. There was preliminary evidence that prey

size may be an important determinant of both signal lag and tag retention. False-positives in live fish were absent

after 120 days for generation 1 tags (n = 31), however, the false-positive rates were significantly higher (10/44)

after only 66 days for generation 2 tags. False-positives in dead fish showed that 20% of the generation 2 preda-

tion tags would falsely trigger 2–3 days post-mortem.

4. Testing of the novel predation tags was encouraging, however, further testing is recommended. Predation tags

will be an important contribution to the field of acoustic telemetry, thus, permitting the improved data interpreta-

tion and less-subjective estimates of predation rates in biotelemetry studies.
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Introduction

The field of acoustic telemetry is evolving rapidly, facilitating

the study of increasingly small animals in increasingly chal-

lenging environments (Cooke et al. 2013; Hussey et al. 2015).

Acoustic telemetry has been used to study animal movement,

behaviour, habitat use, survival, and trophic interactions (Heu-

pel & Webber 2012). Like all technologies, the analysis of

acoustic telemetry data requires careful consideration of the

limitations of the equipment. For the acoustic telemetry, the

issues of gear performance (e.g. detection efficiency, Melny-

chuk 2012; Kessel et al. 2014) and the impact of affixing trans-

mitters to animals (e.g. Cooke et al. 2011; Wagner et al. 2011)

have justifiably received considerable attention. Consequently,

there have been significant technological advances in acoustic

telemetry such as more efficient coding schemes and smaller

andmore powerful transmitters with increased battery life.

A limitation receiving far less attention is the assumption

that the data represent the location, movements or behaviour

of the intended study animal. A common scenario that violates

this assumption is when tagged animals are consumed by a

predator and the data collected represent the location, move-

ments or behaviour of the predator so long as the tag is

retained. For example, Beland et al. (2001) noted a series of

abnormalmovements in an actively tracked (i.e. using amobile

receiver) Atlantic Salmon Salmo salar smolt. Further investi-

gation led to the recovery of the tag in the stomach of a Striped

Bass Morone saxatilis caught by a nearby angler. Similarly,

suspicions of predation were confirmed when tagged trout,

Salmo trutta, were recovered from the stomachs of predators

following electrofishing (Jepsen et al. 1998; Jepsen, Pedersen&

Thorstad 2000). Unfortunately, the ability to directly confirm

the predation events is frequently limited, leaving researchers*Correspondence author. E-mail: eahalfyard@hotmail.com

© 2017 The Authors. Methods in Ecology and Evolution © 2017 British Ecological Society

Methods in Ecology and Evolution 2017, 8, 1063–1071 doi: 10.1111/2041-210X.12726

http://orcid.org/0000-0001-8050-9074
http://orcid.org/0000-0001-8050-9074


with an unknown mix of valid (prey) and invalid (predator)

data.

There have been several attempts to separate predator and

prey by identifying the suspect patterns in telemetry data

sets, however, these a posteriori approaches have relied on

either ancillary sensor data, such as temperature or depth

(Thorstad et al. 2011), or assumptions of what constitutes

‘normal’ prey behaviour when interpreting two-dimensional

position data (Perry et al. 2010; Buchanan et al. 2013).

Recently, Romine et al. (2014) tracked both prey and preda-

tor inside a high-density gridded two-dimensional positioning

system and used a multi-variate mixture model to (i) describe

the movements of predator and prey, and (ii) identify the

suspected predation events where prey behaved similar to

predators. A similar approach was used by Gibson et al.

(2015) where data from the tagged prey and predators were

separated using a cluster analysis, however, their study

occurred within a linear riverine system and with a less dense

receiver array.

The identification of predation via sensor tags, via qualita-

tive assumptions, or via quantitative post-hocmethods has sev-

ere limitations. First, transmitters equipped with sensors are

frequently too large for use in small fish (<250 mm). Second,

the sensor data approach requires that the predator and prey

exhibit distinguishably different internal temperatures and/or

depth usage. Third, assumptions of what constitutes ‘normal’

behaviour rely heavily on the preconceived notions of both

prey and predator behaviour which may be invalid, particu-

larly for plastic species in dynamic environments (e.g. diadro-

mous species undergoing behavioural changes in estuaries) or

relatively unstudied species. Fourth, it is often difficult to col-

lect a sufficient amount of data at the temporal and spatial res-

olution required for behavioural analyses, particularly for

long-distance migrants that infrequently traverse ‘gates’ of

receivers. As a consequence of these limitations, few studies

could identify the predation events and the widespread issue of

predation on telemetered animals erodes our collective confi-

dence in telemetry-derived information.

A prototype acoustic tag that directly detects the predation

events, hereafter ‘Predation Tag’, has been developed by

Vemco Ltd. (Amirix Systems Inc., Bedford, Nova Scotia,

Canada) to automate the detection of predation events and

provide an objective approach towards interpreting telemetry

data confounded by predation. This predation tag does not

rely on an active sensor but rather is physically altered when

subjected to a predator’s gastrointestinal tract; subsequently

providing a new identification code. The ability to detect when

a tagged animal is consumed by a predator will significantly

advance acoustic telemetry and will permit a more complete

and accurate interpretation of telemetry data with the data

from the post-predation transmitters being censored or sub-

jected to different analyses. This may be particularly true for

sparse receiver arrays where data are infrequent and do not

permit post-hoc differentiation of predators and prey. Further,

survival estimates from the fusion of acoustic telemetry data

and mark-recapture modelling (e.g. Lacroix 2008; Halfyard

et al. 2013) will be improved by the automated estimation of

predation-related mortality, thus permitting the subdivision of

mortality vectors.

Prior to widespread adoption of the novel predation tag,

researchers must fully understand how these data are gener-

ated and whether there are alternative interpretations of the

data. Such testing will need to examine the technological and

engineering efficiency of the predation tags, such as how

rapidly they respond to cues of predation or repeatability of

results. Additionally, these transmitters are also likely to be

impacted by the biological factors known to influence diges-

tion in fish (Bromley 1994): (i) temperature, (ii) prey type, (iii)

prey size, (iv) predator size, and (v)meal size.

As such, the goals of the testing described in this paper were

threefold: (i) to determine whether predation tags accurately

detected the presence and timing of predation events, (ii) to

determine the rate at which the predation tags falsely identified

a predation event when no such predation event occurred (i.e.

a false-positive), and (iii) to examine the factors that influence

the lag time between the predation event and when the tags

report on the predation event.

To achieve the above research goals, a series of tests were

conducted on two versions of a prototype tag. Testing involved

either staged predation events or an evaluation of the rate of

false-positive reporting for transmitters not subjected to preda-

tion events. Staged predation events occurred at various water

temperatures, using two prey species and with the considera-

tion of small changes in prey size and predator size in an

attempt to address some of the biological variability likely to

generate variation in tag performance. The first tag generation

(GEN1)was tested and based on these initial results, themanu-

facturer created a more sensitive second generation (GEN2) of

the tag design in an effort to decrease the lag time between the

predation event and when the tags report. In this paper, we

describe the efforts made to test this novel transmitter, identify

the factors affecting transmitter performance and discuss the

potential benefits and limitations of this new technology.

Materials andmethods

PREDATION TAG

The prototype predation tag was a modified Vemco model V5

(Bedford, Nova Scotia, Canada), 180 kHz transmitter with 143 dB

acoustic power output, weighing 0�65 g (in air) and with dimensions of

4�3 9 5�6 9 12�7 mm (Fig. 1). To detect a predation event, the tag

relies on the acidic conditions within a predator’s stomach to digest a

biopolymer. This biopolymer covers a small magnet that sits within a

depression on the tags surface. Once the biopolymer is digested, the

magnet is released; triggering an internal sensor to change the

transmitter’s identification number from the pre-predation ID to the

post-predation ID. Changes to the identification number is done within

the R-code acoustic coding architecture (i.e. millisecond changes in the

spacing between individual pings of an eight-ping sequence), and there-

fore, successful detection of a predation event requires only one

(although ideally several) detection of the tag. Tag signal collisions,

false and missed detections are ever present in the acoustic telemetry

studies (see Kessel et al. 2014) and will affect the predation tags and

non-predation tags similarly.
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PREDATION TRIALS

To test the overall efficacy of the predation tags, a series of staged pre-

dation events were conducted. In this paper, wild-caught Largemouth

Bass, Micropterus salmoides (n = 12), were held in captivity and fed

individual prey fish that were surgically implanted with predation tags.

The total length of bass was 369 � 35 mm (mean � SD,

range = 334–451 mm) with a mass of 716 � 272 g (range = 410–

1422 g). Two large (1�4 m 9 6�9 m, water depth = 0�7 m) steel tanks

with recirculating filtration systems were subdivided into 12 (six per

tank) equal-sized arenas using plastic coated netting to permit the feed-

ing of specific individuals. All fish were collected approximately

1 month prior to the first staged predation trial and were fed on a daily

schedule at a rate of approximately 2–4%of their bodyweight. Feeding

was ceased 18–24 h prior to testing. The staged predation events were

video recorded by time stamped overhead high definition cameras so

that the exact time of predation and tag excretion could be identified.

Acoustic data were continuously recorded by Vemco VR2W acoustic

receivers tuned to 180 kHz in each tank. Staged predation trials were

conducted at various times of the year and captive lighting conditions

followed natural light regimes.

Predation trails were conducted to examine three major parameters:

(i) success: the successful identification of the predation event, (ii) signal

lag: the time lag between the predation event and the first signal indicat-

ing the prey fish had been eaten (i.e. the time it takes for the original

pre-predation code to change to a post-predation code), and (iii) tag

retention: the retention time of the predation tag within the gut of the

predator. Signal lag was calculated as the time between the observed

predation event using the overhead cameras and the first tag transmis-

sion that indicated the predation event had occurred. Tag retention

time was calculated as the time between the observed predation event

and the observed time when the tag was evacuated from the predator.

The overhead video could identify the exact moment when tags were

evacuated during staged predation trials. For trials when the exact time

of tag evacuation was not observed, we estimated evacuation time as

the mid-point between video observations of a tag’s presence on the

bottom and the latest observation when the tag was not present at that

positionwithin the tank (usually several hours).

The prey species used in this study were hatchery-origin Rainbow

Trout, Oncorhynchus mykiss, and naturalized Yellow Perch, Perca fla-

vescens captured from a private pond using baited traps, seining and

angling. Largemouth Bass were not fed for 48 h prior to these preda-

tion trials and were not fed again until the tag was excreted. The surgi-

cal methods followed standardized approaches common in the field of

telemetry (e.g. Wagner et al. 2011). Surgery consisted of anaesthetizing

fish using tricaine methanesulfonate (MS-222, Western Chemicals,

Ferndale, WA, USA; 60–80 mg L�1), followed by making a ~10 mm

ventral incision immediately adjacent to the linea alba. Tags were

inserted and directed anteriorly and away from the incision site using

forceps. The incision was closed using three interrupted sutures of

monofilament absorbable material (Ethicon PDS II Plus polydiox-

anone, Ethicon US, www.ethicon.com). Animals were permitted to

recover from surgery (usually 20 min) prior to being used in the staged

predation events.

Predation trials followed a repeated measures experiment design.

During testing of the GEN1 tags, the influence of water temperature

(factor with three levels: 12, 17 and 22 °C) and prey species (factor with

two levels: Rainbow Trout or Yellow Perch) was examined. Trials

usingGEN2 tags examined only temperature, but at four levels (12, 16,

20, and 24 °C) and used only RainbowTrout as the prey species. Addi-

tionally, the effect of prey size was examined by comparing two signifi-

cantly (t(18) = 9�5,P < 0�01) different sizes of trout at 20 °C (Table 1).

In all cases, the realized water temperature was�1 °C of the intended

water temperature for each trial.

Fig. 1. A prototype predation tag. The white portion of the tag is a

biopolymer designed to digest in the acidic environment of a predator’s

stomach. The tag transmits a 143 dB signal at 180 kHz, weighs 0�65 g

(in air) and has dimensions of 12�7 9 4�3 9 5�6 mm.

Table 1. Fork length andmass of prey used in the staged predation trials for each tag version, prey species andwater temperature

Tag Prey species Temperature (°C)
Fork length (mm)

mean � SD

Mass (g)

mean � SD Sample size

GEN1 RBT 12 114 � 8 16 � 3 10

GEN1 RBT 17 116 � 12 19 � 7 11

GEN1 RBT 22 119 � 10 18 � 3 12

GEN1 YP 12 111 � 9 12 � 3 11

GEN1 YP 17 121 � 13 15 � 6 10

GEN1 YP 22 118 � 9 15 � 5 11

GEN2 RBT 12 108 � 9 14 � 4 11

GEN2 RBT 16 123 � 11 18 � 5 11

GEN2 RBT (small) 20 111 � 8 19 � 4 11

GEN2 RBT (large) 20 152 � 12 41 � 9 11

GEN2 RBT 24 113 � 6 17 � 3 11
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Generalized linear mixed models were fit to the predation trial data

where individual predators were considered random effects, and tem-

perature and prey species (GEN1 only) were considered fixed effects.

GLMMs were fit independently to the dependent variables of (i) signal

lag and (ii) tag retention for each tag generation. Signal lag data were

typified by a few outliers and thus were modelled assuming a log-nor-

mal distribution. Tag retention data followed a log-normal distribution

for the GEN1 tags and a normal distribution for the GEN2 tags.

Model fitting of signal lag and tag retention data was conducted using

the ‘glmer’ or ‘lmer’ functions in the package ‘LME4’ (Bates et al.

2014). All analyses were conducted using R version 3.1.1 (The R Foun-

dation for Statistical Computing). The numerical data of temperature

and prey weight were centred and scaled following z-transformation

prior to modelling. The proportion of variance explained (R2) of fully

parameterized models was calculated following the methods of Naka-

gawa & Schielzeth (2013), which provides an estimate of model fit and

the importance of the random effect terms.

Several models with varying fixed terms (all combinations, see

Appendices for full list) were fit and ranked by Akaike Information

Criterion (AIC) which addresses the trade-off between over- and

under-parameterized models by formally weighing the trade-off

between model bias and model variance (Burnham &Anderson 2004).

Parameter estimates were model averaged using all candidate models

with delta AIC values within 10 of the most parsimonious candidate

model.

FALSE-POSIT IVE TRIALS

The false identification of a predation event when no such event

occurred has the potential to overinflate the estimates of predation and

under-estimate survival rates. Two field scenarios under which false-

positives could impact the data interpretation are when tags report a

predation event but the tagged fish are alive and not consumed or when

tagged fish die of causes not related to consumption by a predator.

To test the rate at which intact predation tags incorrectly identify the

predation events while in a live andmobile fish, we implantedRainbow

Trout with tags. The fish were held in a similar tank as described above

without the risk of predation. Receivers affixed to the bottom recorded

transmissions from the tags. Fish were fed daily ad libitum and the tank

was checked formortalities aminimumof 3 days per week.

False-positive testing of the GEN1 tags (n = 31) occurred over

120 days (December–April) at an ambient water temperature of

10�8 � 1�3 °C. False-positive trials using GEN2 tags (n = 44), per-

sisted for 66 days (June–September) at an ambient water temperature

of approximately 17�0 °C (based on the tank chiller controls).1 The

fork lengths of the Rainbow Trout used in the live false-positive trials

were 17�8 � 1�2 and 12�9 � 1�5 for GEN1 and GEN2 trout, respec-

tively.

In an effort to determine whether a dead and decomposing fish could

falsely trigger the tag, and thus to report a predation event, we

implanted the GEN2 predation tags into 15 recently killed Rainbow

Trout. A similar test was not completed for the GEN1 tags. The surgi-

cal procedures were identical to those described above except that the

trout had been euthanized immediately prior to surgery. Tagged trout

were placed into one of the two aerated 105 L bins held at 20 °C. Tags

weremonitored for 120 h using a receiver placed in each tank.

Results

PREDATION TRIALS

A total of 65 and 55 staged predation trials were successfully

completed for the GEN1 and GEN2 tags respectively. Failure

to complete an additional seven trials was the result of (i)

predators refusing to eat (early in the trials), or (ii) a failure to

observe the predation event (i.e. delayed consumption occur-

ring at night). The overall rate at which the predation tags cor-

rectly identified the predation events was 94% (61 of 65) for

GEN1 tags and 95% (52 of 55) forGEN2 tags.

Of the GEN1 tags tested, >90% exhibited a signal lag of less

than ~29 h (Table 2, Fig. 2). Signal lag was dramatically

reduced in the GEN2 tags, with >90% of the tags triggering in

less than ~9 h (Table 2, Fig. 3). For both GEN1 and GEN2

tags, the remaining tag trials (5/602 and 4/52, respectively) were

typified as outliers for which there was no evidence of the

potential causes.

Several candidate models showed the utility in describing

the GEN1 signal lag data (Appendix S1-A, Supporting Infor-

mation). Model-averaged results suggest that the fixed-effect

term of standardized ambient water temperature was impor-

tant (coeff. = �0�386, SE = 0�082, Z-value = 4�686,
P < 0�001), but not the fixed effect of within-trial standardized

prey mass (coeff. = 0�006, SE = 0�044, Z-value = 0�142,
P = 0�887), nor the fixed effect of prey species (coeff. = 0�016,
SE = 0�074, Z-value = 0�214, P = 0�831). Conditional R2 of

the fully parameterized model was 0�55, of which the random

effect term accounted for only 0�10. Similarly, signal lag of the

GEN2 tags while considering only the ‘small’ trout was

described bymore than onemodel (Appendix S1-B). Signal lag

of the GEN2 tags was related to standardized ambient water

temperature (coeff. = �1�563, SE = 0�426, Z-value = 3�672,
P < 0�001), but not the effect of standardized prey mass across

the range tested (coeff. = 0�066, SE = 0�275, Z-value = 0�239,
P = 0�811). Conditional R2 of the fully parameterized model

was 0�99, of which the random effect term accounted for 0�10.
A comparison of ‘small’ (~19 g) and ‘large’ (~41 g) Rainbow

Trout during the paired trails at 20 °C suggest that signal lag

was significantly less in small trout (coeff. = �1�510,
SE = 0�285,Z-value = �3�070,P < 0�001), with a signal lag of
2�9 � 1�9 h for smaller trout compared with 7�8 � 7�6 h for

larger trout (Table 2, Fig. 3, Appendix S1-C). Conditional R2

of the model including the trout size term was 0�98, of which
the random effect term accounted for 0�34.
The retention of tags within the gut of Largemouth Bass

was similar betweenGEN1 andGEN2 tags (Table 2, Figs 4 &

5). Several candidate models showed utility in describing the

1Tags used in the GEN2 trial had been either (i) recovered from an

11 day false-positive where a pump failure resulted in the complete

mortality of trial fish, or (ii) recovered from concurrent dead fish trials.

All reused transmitters were recovered within 24 h post-mortem, were

gently washed in warm water (without soap, detergents, disinfectants

or sterilants) and were subsequently re-deployed in live Rainbow

Trout.

2An additional trial was completed (i.e. 61 of 65 attempted) where the

tag successfully identified the predation event, however, the time of

consumptionwas not recorded (due to darkness).
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data (Appendix S1-D). Model-averaged results suggest that

the fixed-effect term of ambient water temperature was signifi-

cant (coeff. = �0�451, SE = 0�030, Z-value = �14�83,
P < 0�001), but not the fixed effect of within-trial prey mass

(coeff. = �0�019, SE = 0�032, Z-value = 0�592, P = 0�554),
nor the fixed effect of prey species (coeff. = �0�019,
SE = 0�042, Z-value = 0�459, P = 0�646). Conditional R2 of

Table 2. Summary of signal lag (time between predation and signal) and tag retention (time between predation and tag excretion) data for each

permutation of tag generation, ambient water temperature and prey species tested

Tag version

Temperature

(°C) Species No. failures

Signal LAG TagRETENTION

Mean � SD

(range) (hrs) CV (%)

Mean � SD

(range) (hrs) CV (%)

GEN1 12 RBT 0/10 22�3 � 8�7 39 191�8 � 30�5 16

(11�8–41�5) (144�1–242�7)
GEN1 17 RBT 4/11 23�0 � 14�3 62 107�5 � 36�6 34

(10�5–48�1) (72�0–202�7)
GEN1 22 RBT 0/12 9�2 � 5�1 55 66�5 � 6�9 10

(3�4–17�9) (57�0–80�9)
GEN1 12 YP 0/11 26�5 � 15�7 59 192�3 � 42�0 22

(14�6–71�5) (128�1–276�0)
GEN1 17 YP 0/10 13�2 � 8�5 64 97�5 � 24�7 25

(3�1–28�4) (66�3–142�0)
GEN1 22 YP 0/11 12�2 � 2�5 20 60�6 � 21�4 35

(9�0–16�5) (26�8–107�3)
GEN2 12 RBT 1/11 9�1 � 10�1 110 162�3 � 29�2 18

(2�6–34�2) (141�5–219�0)
GEN2 16 RBT 0/11 3�5 � 1�6 44 101�1 � 19�9 20

(2�0–6�5) (77�0–134�8)
GEN2 20 RBT (Small) 0/11 2�9 � 1�9 65 75�6 � 20�2 27

(0�9–7�7) (31�9–94�7)
GEN2 20 RBT (Large) 1/11 7�8 � 7�6 97 115�3 � 23�3 20

(2�4–27�2) (83�4–155�1)
GEN2 24 RBT 1/11 3�1 � 1�7 56 n/a n/a

(1�4–7�6)

S
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l l

ag
 (h

)

Rainbow trout
Yellow perch

Fig. 2. Boxplot of signal lag (time between predation and signal,

hours) for generation 1 tags as influenced by ambient water tempera-

ture (°C) and prey species. Boxplots represent the 25th and 75th per-

centiles (‘box’), the median (bold horizontal line inside the box), values

within 1�5 interquantile units (dashed bars), and outliers (open circles).

Sample sizes in parentheses.

S
ig

na
l l

ag
 (h

)

Fig. 3. Boxplot of signal lag (time between predation and signal,

hours) for generation 2 tags as influenced by ambient water tempera-

ture (°C) using Rainbow Trout prey. Also shown are the results of the

20 °C trial using large (mean = 41 g) Rainbow Trout. Boxplots repre-

sent the 25th and 75th percentiles (‘box’), the median (bold horizontal

line inside the box), values within 1�5 interquantile units (dashed bars),

and outliers (open circles). Sample sizes in parentheses.
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the parameterized model was 0�21, of which the random effect

term accounted for 0�02. Similarly, when comparing the mod-

els of GEN2 tags (Appendix S1-E) while considering only

‘small’ trout (i.e. not the single trial at 20 °Cwith ‘large’ trout),

tag retention was negatively related to water temperature (co-

eff. = �1�482, SE = 0�194, Z-value = 7�31, P < 0�001), but

not the fixed effect of within-trial prey mass (coeff. = �0�021,
SE = 0�097, Z-value = 0�213, P = 0�831). Conditional R2 of

the parameterized model was 0�67, of which the random effect

term accounted for <0�01. Results from the paired trials at

20 °C suggest that the signal tag retention was significantly less

in small trout than large trout (coeff. = �1�644, SE = 0�442,
Z-value = 3�722, P < 0�001, Fig. 5, Appendix S1-F). The con-

ditional R2 of the parameterized model was 0�58 of which the

random effect term accounted for 0�11.
The signal lag times represented only 16 � 10% (GEN1)

and 5 � 5% (GEN2) of the tag retention times, suggesting

that there was ample opportunity for tags to trigger prior to

tags being excreted. There was no obvious pattern in the ratio

of signal lag to tag retentionwith respect to water temperature.

FALSE-POSIT IVE TRIALS

After 120 days, none of the GEN1 tags (n = 31) had falsely

triggered to indicate a predation event and all Rainbow Trout

had retained the tags within their intraperitoneal cavities. The

trout had grown an average of 2�8 � 0�7 cm and 21�5 � 5�4 g,

representing a 15% length gain and a 36% mass gain. The

false-positive trials for live fish using GEN2 tags were partially

compromised by the competing risks of tag expulsion; a phe-

nomenon not observed in theGEN1 trials. In total, 23% (10 of

44) of the tags had been expelled by the end of the 66-day trial.

These tag expulsions occurred between days 43 and 62; deter-

mined by the tank cleaning schedule. A total of 43% of all tags

(19 of 44) had falsely triggered. The proportion of expelled tags

that had falsely triggered (30%) was not significantly different

(z-test, Z = 1�0, P = 0�34) than tags which remained in the

trout (47%). False triggering occurred on average

47�0 � 11�2 days post-tagging. With the exception of a single

early false-positive (15�3 days), all other events occurred after

day 34.

A total of 3 of 15 (20%) of the GEN2 predation tags falsely

identified a predation event in the dead and decomposing fish.

The times to falsely trigger were 45, 51 and 75 h post-mortem.

At the end of the study, the trout were enveloped by bacteria

and their abdomens were distended, however, the sutures were

generally intact and the incision remained closed.

Discussion

In this study, we provide initial evidence that the prototype

Vemco predation tags is promising for field studies. Predation

tags are not likely to falsely identify a predation event for short

term (5–6 weeks) deployments at low water temperatures, can

correctly identify the most predation events on timelines suit-

able for most research, and provide the ability to identify mor-

tality unrelated to predation if the tag is found stationary

shortly post-mortem.

The novel predation tags appear to work well based on the

laboratory testing where 94–95% of all the predation events

were correctly identified. Further investigation of the
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Rainbow trout
Yellow perch

Fig. 4. Boxplot of tag retention (time between predation and tag excre-

tion, hours) for generation 1 tags as influenced by ambient water tem-

perature (°C) and prey species. Boxplots represent the 25th and 75th

percentiles (‘box’), the median (bold horizontal line inside the box), val-

ues within 1�5 interquantile units (dashed bars), and outliers (open

circles). Sample sizes in parentheses.
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Fig. 5. Boxplot of tag retention (time between predation and tag excre-

tion, hours) for generation 2 tags as influenced by ambient water tem-

perature (°C) using Rainbow Trout prey. Also shown are the results of

the 20 °C trial using large (mean = 41 g) Rainbow Trout. Boxplots

represent the 25th and 75th percentiles (‘box’), the median (bold hori-

zontal line inside the box), values within 1�5 interquantile units (dashed
bars), and outliers (open circles). Estimates of tag retention at 24 °C
were not completed. Sample sizes in parentheses.
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incidences when the tags failed to report the predation event

suggest that these errorsmay be related to the prototype nature

of the tags. For example, all four of the failures of the GEN1

tags were from a single production batch and one tag failed to

transmit entirely. These tags were produced by hand in small

batches (~15) and despite standardized production methods

and materials, human error and inconsistencies may have

influenced the tag performance. The automation of tag manu-

facturing is likely to reduce the variability in the tag perfor-

mance. Further, the signal lag times of GEN2 tags were

significantly reduced compared with the GEN1 tags, however,

the false-positive rates increased. This likely represents a trade-

off between these two parameters with more sensitive tags pro-

ducing the results observed in the GEN2 tags. This trade-off

will need to be addressed in future in the design of predation

tag.

Water temperature was an important determinant of both

signal lag and tag retention and is likely reflective of its impact

on fish metabolism; for which significant literature exists (e.g.

Persson 1981; Bromley 1994). In the case of surgically

implanted predation tags, a predation event can only be

detected once the prey fish is digested enough to reveal the pre-

dation tag, following which the predation tag’s biopolymer

must be digested. To this end, the effect of temperature on fish

digestion rate is likely to affect the signal lag of predation tags.

Additional study on the effect of temperature on tag perfor-

mance should be conducted to further develop this relation-

ship, particularly at low (i.e. <12 °C)water temperatures.

Our initial examination of tag performance relative to prey

type, prey size and predator size, failed to show a significant

influence on the predation tag performance. However, the test-

ing described in this study employed small sample sizes and

mixed-effect model power was not clear. Therefore, additional

work is warranted considering the literature linking gastric

activity in fishes to prey energy density (Andersen 1999), prey

shape, texture, structure and size (Bromley 1994), and the effect

of total meal size (Persson 1981; dos Santos & Jobling 1991;

Andersen 1999). Further, the lowR2 values associated with the

random effect terms of the GLMM models suggest that the

variables associated with the individual predator traits, such as

predator size or individual digestion characteristics, had only

minor effects on the tag performance in this study.Again, addi-

tional testing using a larger size range of predators or other

species is warranted given evidence of size-related effects on

gastric activity in fishes (e.g. Swenson & Smith 1973; dos San-

tos & Jobling 1995) or interspecific and intraspecific variation

in metabolism (e.g. Clarke & Johnston 1999; Killen, Atkinson

&Glazier 2010).

Tag retention times within the gut of Largemouth Bass

reported in this study were longer than those reported by

Schultz, Kumagai & Bridges (2015) who fed tagged dead Chi-

nook Salmon to free-ranging Striped Bass that voluntarily

consumed the prey. At a mean water temperature of 23�3 °C,
retention of their acoustic tags (0�5 g, 13�5 9 6�1 mm) aver-

aged 43�2 � 11�8 h. This is substantially more rapid when

compared with the Rainbow Trout trials using GEN1 tags at

22 °C (66�5 � 6�9 h) and trials of GEN2 tags at 20 °C

(75�6 � 22�0 h). This discrepancymay be related to differences

in predator species, predator size or the effect of meal size,

which is unknown for the Striped Bass described by Shultz

et al. (2015). Additionally, metabolism likely differs between

free-ranging and captive predators which may affect tag reten-

tion rates. Further, the predators in our study were not fed fol-

lowing the predation event until the tags were excreted whereas

the free-roaming predators of Schultz, Kumagai & Bridges

(2015) likely continued to feed; presumably aiding tag passage.

Other factors, such as prey size (131–165 mm) and water tem-

perature (22–26 °C), were approximately similar, the prey spe-

cies are closely related and likely have similar energy densities

(<15%difference, Roby et al. 2003).

The identification of predation using this technology

depends on ingestion of the transmitter by a predator which is

detectable by a study receiver. Thus, this technology may not

be suitable for identifying the predation events when aquatic

predators shred or masticate their prey and fail to ingest a por-

tion of the transmitters. Further, the issue of aerial or terres-

trial predation affects all the acoustic telemetry (i.e. signals are

not received when transmitters are removed from the water)

and is not specific to predation tags, therefore, these considera-

tions are not discussed in this paper.

The negative relationship between temperature and tag

retention observed in this study is consistent with the previous

research in the study of fish. For example, Schultz, Kumagai &

Bridges (2015) showed a weak relationship between water tem-

perature and acoustic tag retention within Striped Bass; how-

ever, water temperature ranged from only 21�4 to 26�5 °C and

therefore does not represent cooler water temperatures

expected to prolong tag retention. The strength of the tempera-

ture-tag retention relationship was much stronger in this study

and the range of water temperatures tested here was greater.

Largemouth Bass are thought to reduce feeding activity at

10 °C (Lemons & Crawshaw 1985); therefore, we did not con-

sider conducting predation trials at lower temperatures. Addi-

tional study of tag performance at temperatures <12 °C is

warranted, and will be particularly relevant for studies in tem-

perate or polar regions.

The false-positive trials in live fish using GEN1 tags pro-

vided high confidence that predation tags would signal a pre-

dation event only when consumed by a predator. These trials,

lasting 120 days, exceeded the duration of many field studies

(e.g. salmon smolts, Thorstad et al. 2011; Halfyard et al.

2012). Live fish trials of using GEN2 tags were less encourag-

ing with a false-positive rate of 43%; the onset of which began

on day 15. Several aspects of these trials warrant consideration

for the assessment of tag performance. First, the initial mortal-

ity of the GEN2 test fish, recovery of the tags and their subse-

quent reuse may have inadvertently impacted the integrity of

the tags by impacting the biopolymer although no sign of

degradation was immediately obvious. This failure rate may

also be related to environmental factors. TheGEN2 trials were

conducted at warmer water temperatures (GEN1 = ~11 °C;
GEN 2 = ~17 °C) which may have impacted the internal con-

ditions of the fish (perhaps through increased metabolic pro-

cesses) or the performance of the biopolymer.
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The false-positive trial in dead fish using GEN2 tags pro-

vides an evidence of tag triggering in decomposing fish and

despite a moderate rate (20%), the interpretation of these data

in a field setting could lead to the conclusion of predationwhen

mortality was not related to predation. This trial occurred in

extreme conditions (e.g. high biological oxygen demand) and

tag response in field settingsmay be different. For studies using

dense arrays of receivers, and especially positioning arrays (e.g.

Steel et al. 2013), or those supplementing fixed receiver arrays

with frequent active tracking (e.g. Halfyard et al. 2012), it

should be possible to identify the false triggering in decompos-

ing fish as one would expect the transmitter to appear station-

ary immediately prior to a false-positive signal.

The novel predation tags described here should permit a

less-subjective estimate of predation rates relative to post-hoc

approaches (Perry et al. 2010; Buchanan et al. 2013; Romine

et al. 2014; Gibson et al. 2015). Predation tags would alleviate

the need for intensive labour to assign a fate to each transmit-

ter, such as SCUBA (Karam, Kesner &Marsh 2008) or inten-

sive active tracking (Halfyard et al. 2012), and may facilitate

intensive study in the environments not amenable to intensive

study (e.g. the open ocean, the high-arctic). An obvious appli-

cation of the technology is an assessment of the spatial and

temporal patterns in predation risk and mortality, which per-

mit the refinement of population andmanagement models and

permit an assessment of the population-level impacts of preda-

tion or mortality (Pollock, Jiang & Hightower 2004). These

transmitters will provide the estimates of predation-related

mortality rates which can be used to partition total mortality

rates (e.g. from mark-recapture analysis of mark-recapture

data, e.g. Halfyard et al. 2013) into predation-induced mortal-

ity vs. other sources of mortality. Data such as these are infor-

mative for management decisions, conservation or recovery

strategies and fundamental studies of species ecology. To this

end, the increased certainty with which researchers can inter-

pret their telemetry results should provide higher quality

science products. The efficacy of the tags tested here was high

with success rates and response times at a level acceptable to

most studies and points to the promising developments for the

use of predation tags in the near future. This study used widely

distributed prey and predator species and occurred at water

temperatures expected in many field settings, however, we rec-

ommend that researchers conduct validation in conjunction

with field applications to determine the gear performance

specific to their study species, expected predators, and environ-

mental conditions.

Authors’ contributions

Study design was completed by E.A.H., A.F. and D.W. Experimentation was

conducted by E.A.H., J.D.P., T.L., S.T.K., S.F.C. and A.T.F. Data analysis and

interpretation were completed by E.A.H. Manuscript drafting was done by

E.A.H. with critical review by all authors.

Acknowledgements

Wewish to thankA.Hussey,N.Hussey,K. Johnson, C. Semeniuk, B. Nawrocki,

J. Mumby and J. Nix (Great Lakes Institute for Environmental Research,

University of Windsor) and B. Oakley, T. Fraser, A. Ingraham and G. Marsh

(Vemco Ltd.), and Leadley Environmental Services. We also wish to acknowl-

edge the contributions of two anonymous reviewers whose comments greatly

improved this manuscript. This study was reviewed and permitted under the

University of Windsor Animal Care Committee (protocol #AUPP-14-13). We

wish to thank the CanadianMITACS program andVemcoLtd. for project fund-

ing to E.A.H andA.T.F.

Data accessibility

• Data S1. Summarized signal lag data from staged predation trials

• Data S2. Summarized tag retentiondata from staged predation trials

• Data S3. Summarized false-positive data

• Data S4. R scripts: signal lag and tag retention analysis

• Data deposited in the Dryad Repository: https://doi.org/10.5061/dryad.017v9

(Halfyard et al. 2017)

References

Andersen,N.G. (1999) The effects of predator size, temperature, and prey charac-

teristics on gastric evacuation in whiting. Journal of Fish Biology, 54(2), 287–
301.

Bates, D., M€achler, M., Bolker, B. & Walker, S. (2014). Fitting linear mixed-

effectsmodels using lme4. arXiv preprint arXiv:1406.5823.

Beland, K.F., Kocik, J.F., vandeSande, J. & Sheehan, T.F. (2001) Striped bass

predation upon Atlantic salmon smolts in maine. Northeastern Naturalist, 8

(3), 267–274.
Bromley, P.J. (1994) The role of gastric evacuation experiments in quantifying the

feeding rates of predatory fish. Reviews in Fish Biology and Fisheries, 4(1),

36–66.
Buchanan, R.A., Skalski, J.R., Brandes, P.L. & Fuller, A. (2013) Route use and

survival of juvenile chinook salmon through the San Joaquin River Delta.

North American Journal of FisheriesManagement, 33, 216–229.
Burnham, K.P. & Anderson, D.R. (2004) Multimodel inference: understanding

AIC and BIC in model selection. Sociological Method & Research, 33, 261–
304.

Clarke, A. & Johnston, N.M. (1999) Scaling of metabolic rate with body mass

and temperature in teleost fish. Journal of Animal Ecology, 68(5), 893–905.
Cooke, S.J., Woodley, C.M., Eppard, M.B., Brown, R.S. & Nielsen, J.L. (2011)

Advancing the surgical implantation of electronic tags in fish: a gap analysis

and research agenda based on a review of trends in intracoelomic tagging

effects studies.Reviews in Fish Biology and Fisheries, 21(1), 127–151.
Cooke, S.J., Midwood, J.D., Thiem, J.D., Klimley, P., Lucas, M.C., Thorstad,

E.B., Eiler, J., Holbrook, C. & Ebner, B.C. (2013) Tracking animals in fresh-

water with electronic tags: past, present and future.Animal Biotelemetry, 1(5).

Gibson, A.J.F., Halfyard, E.A., Bradford, R.G., Stokesbury, M.J. & Redden,

A.M. (2015) Effects of predation on telemetry-based survival estimates:

insights froma study on endangeredAtlantic salmon smolts.Canadian Journal

of Fisheries and Aquatic Sciences, 72(5), 728–741.
Halfyard, E.A., Gibson, A.J.F., Stokesbury, M.J.W., Ruzzante, D.E. & Who-

riskey, F.G. (2013) Correlates of estuarine survival of Atlantic salmon post-

smolts from the Southern Upland, Nova Scotia, Canada. Canadian Journal of

Fisheries and Aquatic Science, 70, 452–460.
Halfyard, E.A., Ruzzante, D.E., Stokesbury, M.J.W., Gibson, A.J.F. & Who-

riskey, F.W. (2012) Estuarinemigratory behaviour and survival ofAtlantic sal-

mon smolts from the Southern Upland, Nova Scotia, Canada. Journal of Fish

Biology, 81, 1626–1645.
Halfyard, E.A., Webber, D., Del Papa, J., Leadley, T., Kessel, S., Colborne, S. &

Fisk, A. (2017) Data from: Evaluation of an acoustic telemetry transmitter

designed to identify predation events. Dryad Digital Repository, https://doi.

org/10.5061/dryad.017v9

Heupel, M.R. &Webber, D.M. (2012) Trends in acoustic tracking: where are the

fish going and how will we follow them. American Fisheries Society Sympo-

sium, 76, 219–231.
Hussey, N.E., Kessel, S.T., Aarestrup, K. et al. (2015) Aquatic animal telemetry:

a panoramic window into the underwater world. Science, 348(6240), 1255642.

Jepsen, N., Aarestrup, K., Rasmussen, G. &Økland, F. (1998) Survival of radio-

tagged Atlantic salmon (Salmo salar L.) and trout (Salmo trutta L.) smolts

passing a reservoir during seaward migration. Hydrobiologia, 371, 372,

347–353.
Jepsen, N., Pedersen, S. & Thorstad, E. (2000) Behavioural interactions between

prey(trout smolts) and predators(pike and pikeperch) in an impounded river.

RegulatedRivers Research&Management, 16(2), 189–198.

© 2017 The Authors. Methods in Ecology and Evolution © 2017 British Ecological Society, Methods in Ecology and Evolution, 8, 1063–1071

1070 E. A. Halfyard et al.

https://doi.org/10.5061/dryad.017v9
https://doi.org/10.5061/dryad.017v9
https://doi.org/10.5061/dryad.017v9


Karam, A.P., Kesner, B.R. & Marsh, P.C. (2008) Acoustic telemetry to assess

post-stocking dispersal andmortality of razorback sucker Xyrauchen texanus.

Journal of Fish Biology, 73(3), 719–727.
Kessel, S.T., Cooke, S.J., Heupel, M.R., Hussey, N.E., Simpfendorfer, C.A.,

Vagle, S. & Fisk, A.T. (2014) A review of detection range testing in aquatic

passive acoustic telemetry studies. Reviews in Fish Biology and Fisheries, 24(1),

199–218.
Killen, S.S., Atkinson,D.&Glazier,D.S. (2010) The intraspecific scaling ofmeta-

bolic rate with body mass in fishes depends on lifestyle and temperature. Ecol-

ogy Letters, 13, 184–193.
Lacroix, G.L. (2008) Influence of origin onmigration and survival of Atlantic sal-

mon (Salmo salar) in the Bay of Fundy, Canada.Canadian Journal of Fisheries

and Aquatic Science, 65(9), 2063–2079.
Lemons, D.E. & Crawshaw, L.I. (1985) Behavioral andmetabolic adjustments to

low temperatures in the largemouth bass (Micropterus salmoides). Physiologi-

cal Zoology, 58(2), 175–180.
Melnychuk, M.C. (2012) Detection efficiency in telemetry studies: definitions

and evaluation methods. Telemetry Techniques: A User Guide for Fisheries

Research (edsN.S.Adams, J.W.Beeman& J.H. Eiler), pp. 339–357. American

Fisheries Society, Bethesda,MD,USA.

Nakagawa, S. & Schielzeth, H. (2013) A general and simplemethod for obtaining

R2 from generalized linear mixed-effects models. Methods in Ecology and

Evolution, 4(2), 133–142.
Perry, R.W., Skalski, J.R., Brandes, P.L., Sandstrom, P.T., Klimley, A.P.,

Ammann, A. & MacFarlane, B. (2010) Estimating survival and migration

route probabilities of juvenile Chinook salmon in the Sacramento-San Joaquin

RiverDelta.NorthAmerican Journal of FisheriesManagement, 30, 142–156.
Persson, L. (1981) The effects of temperature and meal size on the rate of gastric

evacuation in perch (Perca fluviatilis) fed on fish larvae. Freshwater Biology, 11

(2), 131–138.
Pollock, K.H., Jiang, H. &Hightower, J.E. (2004) Combining telemetry and fish-

eries tagging models to estimate fishing and natural mortality rates. Transac-

tions of the American Fisheries Society, 133(3), 639–648.
Roby, D.D., Lyons, D.E., Craig, D.P., Collis, K.&Visser, G.H. (2003) Quantify-

ing the effect of predators on endangered species using a bioenergetics

approach: caspian terns and juvenile salmonids in theColumbiaRiver estuary.

Canadian Journal of Zoology, 81(2), 250–265.
Romine, J.G., Johnston, S.V., Fitzer, C.W., Pagliughi, S.W.&Blake, A.R. (2014)

Identifying when tagged fishes have been consumed by piscivorous predators:

application ofmultivariatemixturemodels tomovement parameters of teleme-

tered fishes.Animal Biotelemetry, 2(3). doi:10.1186/2050-3385-2-3

dos Santos, J. & Jobling, M. (1991) Factors affecting gastric evacuation in cod,

Gadus morhua L., fed single-meals of natural prey. Journal of Fish Biology, 38,

697–713.
dos Santos, J. & Jobling, M. (1995) Test of a food consumption model for the

Atlantic cod. ICES Journal ofMarine Science, 52, 209–219.
Schultz, A.A., Kumagai, K.K. & Bridges, B.B. (2015) Methods to evaluate gut

evacuation rates and predation using acoustic telemetry in the tracy fish

collection facility primary channel.Animal Biotelemetry, 3(1), 13.

Steel, A.E., Sandstrom, P.T., Brandes, P.L. & Klimley, A.P. (2013) Migration

route selection of juvenile Chinook salmon at the Delta Cross Channel, and

the role of water velocity and individual movement patterns. Environmental

Biology of Fishes, 96(2–3), 215–224.
Swenson, W.A. & Smith, L.L. (1973) Gastric digestion, food consumption,

feeding periodicity and food conversion efficiency in walleye (Stizostedion

vitreum vitreum). Journal of the Fisheries Research Board of Canada, 30,

1327–1336.
Thorstad, E.B., Uglem, I., Arechavala-Lopez, P., Økland, F. & Finstad, B.

(2011) Low survival of hatchery-released Atlantic Salmon smolts during

initial river and fjord migration. Boreal Environmental Research, 16, 115–
120.

Wagner, G.N., Cooke, S.J., Brown, R.S. & Deters, K.A. (2011) Surgical implan-

tation techniques for electronic tags in fish. Reviews in Fish Biology and Fish-

eries, 21(1), 71–81.

Received 16August 2016; accepted 27November 2016

Handling Editor: Luca B€orger

Supporting Information

Details of electronic Supporting Information are provided below.

Appendix S1. Appended tables of candidate models examined as part

of generalized linearmixed-effects modelling.

© 2017 The Authors. Methods in Ecology and Evolution © 2017 British Ecological Society, Methods in Ecology and Evolution, 8, 1063–1071

Acoustic predation transmitter 1071

https://doi.org/10.1186/2050-3385-2-3

