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Abstract 

Background:  Acoustic telemetry is increasingly being used as a tool to measure survival, migration timing and 
behaviour of fish. Tagged fish may fall prey to other animals with the tag continuing to be detected whilst it remains 
in the gastrointestinal tract of the predator. Failure to identify post-predation detections introduces “predation bias” 
into the data. We employed a new predator tag technology in the first known field trial to understand the extent 
these tags could reduce predation bias in Atlantic salmon (Salmo salar L.) smolt migration through a 65-km zone 
beginning in freshwater and extending through an estuary. These tags signal predation by detecting a pH change in 
the predators’ gut during digestion of a tagged prey. We quantified survival and timing bias by comparing measure-
ments from non- and post-predated detections of tagged individuals’ to only those detections where predation was 
not signalled.

Results:  Of the 50 fish tagged, 41 were detected with 24 of these signalling as predated. Predation bias was greatest 
in the upper estuary and decreased towards the bay. Survival bias peaked at 11.6% at river km 54. Minimum and maxi-
mum migration time were both biased long and were 16% and 4% greater than bias corrected timing at river km 66 
and 54, respectively. After correcting for bias, the apparent survival from release through freshwater and estuary was 
19% and minimum and maximum migration timing was 6.6 and 7.0 days, respectively.

Conclusions:  Using this tag, we identified a high proportion of predation events that may have otherwise gone 
unnoticed using conventional acoustic tags. Estimated survival presented the greatest predation bias in the upper 
estuary which gradually declined to nearly no apparent bias in the lower estuary as predated tags failed through time 
to be detected. This is most likely due to tag expulsion from the predator between or upstream of receiver arrays. 
Whilst we have demonstrated that predation can bias telemetry results, it appears to be rather short-lived given the 
apparent retention times of these tags within the predators introducing the bias.
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Background
Acoustic telemetry has become an invaluable tool for 
observing migration timing, distribution, behaviour, and 
survival of aquatic organisms, most notably for teleost 
fishes [1]. The ongoing miniaturization of acoustic trans-
mitters (hereafter: tags) allows for the study of smaller 
individuals, such as the parr and smolt stages of anadr-
omous salmonids. A characteristic problem associated 
with tagging small fish is that they may fall prey to other 
animals with the tag continuing to be detected whilst it 
remains in the gastrointestinal tract of the predator [2, 3]. 
Failure to identify post-predation detections introduces 
“predation bias” into the data [4].

With the increased adoption of acoustic telemetry as a 
tracking method came the development of techniques to 
classify detections resulting from a predator’s movement 
as opposed to that of the individual tagged. These classifi-
cation techniques evolved from observations [5], towards 
subjective and qualitative analyses [6], and more recently, 
to quantitative approaches [2, 4, 7]. Whilst more recent 
quantitative methods are repeatable and allow for the 
removal of subjective classification, they are still limited 
in several ways. First, all current quantitative methods 
classify predated versus non-predated individuals based 
on behavioural differences between the target species and 
potential predators. This implies that suspected preda-
tory species must also be tagged and detected within the 
extent of the study. Second, most classification method-
ologies identify if an individual was predated; however, 
they do not define when the predation occurred. As a 
result, accounting for the predation event requires either 
a subjective decision as to when the event occurred or 
the removal of all detections from the individual sus-
pected to have been predated, thereby reducing valuable 
sample size.

Recent technological innovations have allowed for the 
production of a novel acoustic tag type, referred to as a 
predator tag, that directly detects the occurrence of a 
predation event. This tag signals consumption events 
based on a change in identification code triggered by the 
change in pH associated with the predator’s gastrointes-
tinal tract [8]. Although there is still a time lag associ-
ated with detection of a predation event (due to the time 
necessary for digestion, signal switching, and subsequent 
detection), these tags possess the potential to segregate 
pre- and post-predation detections within the temporal 
and spatial extent of the study; an advantage not held by 
any known behaviour-based model. Thus, predator tags 
permit the removal of some degree of predation bias 
from migration metrics. Furthermore, if the goal is to 
identify the predation rate of the target species without 
the need to identify the predatory species, then there is 
no requirement for knowledge of the behaviours, and 

therefore tagging, of predatory species in conjunction 
with the target species.

Our understanding of the rates of Atlantic salmon (Salmo 
salar L.) predation and survival throughout the Miramichi 
River, estuary and bay has increased through recent stud-
ies. Chaput et al. [9], described the rate of migration sur-
vival from release through the river, estuary and bay, and 
the Gulf of St. Lawrence (GoSL) annually from 2004 to 
2008 and 2013 to 2016 for the Northwest Miramichi River 
(NW) smolts. This study identified a relatively recent and 
substantial reduction in the survival of smolts through the 
estuarine and bay environments. Between 2004 and 2008, 
the average estimated survival from release to the GoSL 
was approximately 70%. In more recent years, 2013 to 2016, 
estimated survival to the same location was approximately 
30% on average. Daniels et  al. [7] developed a behaviour-
based model to estimate the rate of predation on Atlan-
tic salmon smolts by striped bass (Morone saxitilis) in the 
same system. That study presented estimated predation 
rates ranging between 7 and 18% for NW smolts migrat-
ing through the estuary and bay between 2013 and 2016. 
Given the variable rates of apparent predation and survival, 
an unknown degree of predation bias may be present in 
the inferred survival to and through the estuary by Chaput 
et al. [9] for Miramichi smolts. Any potential bias in these 
estimates may exacerbate the declining trend in survival 
through the estuary and Miramichi Bay.

The objective of this study was to understand the extent 
to which predator tags could reduce predation bias in a 
real-world setting. We quantified the degree of bias intro-
duced to survival and migration timing estimates through 
predation by surgically implanting Amirix/Vemco V5 
predator tags (Bedford, Nova Scotia, Canada) into 
smolts captured and released in the NW. In addition, we 
employed this new tag technology in the first known field-
based study to broaden our understanding of the rate of 
predation on Atlantic salmon smolts as they migrated 
through the lower reaches of the freshwater and estuarine 
environments of the NW to the mouth of Miramichi Bay.

Methods
Description of the Miramichi River system
The Miramichi River system has a catchment area of 
roughly 14,000 km2 (Fig. 1). There are two main branches 
of the Miramichi River; the Southwest Miramichi River 
(SW) and the NW, in which this study was performed. 
The NW estuary, as we have defined it, extends approxi-
mately 20 river km upstream of the confluence where 
both branches drain into a single estuary that enters the 
Southern GoSL [10] (Fig. 1). The NW is the smaller of the 
two branches with approximately half the mean yearly 
discharge as the SW (86 m3 × s−1).
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Description of the tagging protocols
Atlantic salmon smolts were collected using rotary screw 
traps, located at the NW (47.094277°N, 65.837024°W; 
Fig.  1). The rotary screw traps operating in the NW 
were primarily deployed for the purposes of a concur-
rent study. A random sample of 50 smolts was selected 
for tagging between May 17 and May 29, 2017. These 
dates represented the first possible date of smolt capture 
in rotary screw traps to the point where smolts could 
reliably be caught before the end of the smolt run. The 
number of smolts tagged per day was selected to mirror 
the distribution of the smolt run, which was subjectively 
based on observations from biologists working the rotary 
screw traps. Due to later than normal deployment of the 
rotary screw traps, a larger number of smolts were tagged 
on day 1 (May 17) in comparison to remaining days. The 

final release date for acoustic predator tagged smolts 
occurred on May 29 (Fig. 2). Amirix/Vemco V5 predator 
tags (5.6 mm diameter by 12.7 mm length, 0.68 g in air) 
were uniquely coded and programmed to emit signals 
at random time intervals between 15 and 25  s at a fre-
quency of 180 kHz.

All smolts sampled for surgery were held in in-stream 
tanks for 20–24  h to allow for digestion of stomach 
contents. Smolts were anaesthetized using clove oil 
(0.2  mL × L−1 concentration) until loss of equilibrium 
and very little gill movement was observed (generally 
3–5 min). Fork length (cm) was taken before the fish was 
placed ventral side up on a v-shaped operating board. 
All surgical tools and tags were disinfected in anhydrous 
ethyl alcohol and rinsed in distilled water prior to each 
surgery. An approximately 7  mm incision was made 

Fig. 1  Map of the Northwest Miramichi River in New Brunswick, Canada. Release and rotary screw trap indicated by the black triangle at the 92 km 
mark. Receiver arrays depicted by black circles are denoted by their respective distance (km) from the beginning of the Gulf of St. Lawrence defined 
as the outer
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along the mid-ventral line about 20  mm anterior to the 
pelvic girdle. Tags were inserted via the incision into the 
abdominal cavity of the fish. The fish’s body and gills were 
continuously irrigated during the surgery. Incisions were 
sealed with a single stitch using 4/0 non-absorbable black 
monofilament nylon sutures with 19-mm reverse cutting 
blades. Fish were placed in an aerated recovery bath for 
observation. Once equilibrium had been restored, fish 
were transferred to in-river holding tanks approximately 
100 m downstream of the rotary screw trap and held for 
a minimum of 1  h before release at river km 92. With 
the exception of the smolts collected for this study, fork 
lengths were not measured and daily counts of smolts 
captured in the smolt wheel were not taken. The fork 
lengths of smolts randomly selected for tagging were 
comparable to mean fork lengths of smolts sampled from 
this river in the previous studies [11, 12] (Fig. 3).

Description of the receiver deployment
Amirix/Vemco hydro-acoustic receivers (model 
VR2W180) were deployed within the Miramichi River 
system to record smolt passage. For this study, five 
sequential receiver arrays were moored approximately 
10 river km apart ranging between the NW head of tide 
region (66 km mark) to the beginning of Miramichi Bay 
(27  km mark; Fig.  1). At the most downstream receiver 
array, a second array was positioned approximately 
1  km further downstream to disentangle survival from 
the detection efficiency (see “Survival analyses”). For 
each array, receiver spacing was determined by drifting 
V5 sentinel tags from 0 to 300  m away from a receiver 
and using logistic regression to calculate the probabil-
ity of detecting a single transmission (p(Detsingle)) as a 
function of distance. Receiver positions were adjusted 

to ensure that the receivers were no further than the 
distance of p(Detsingle) = 0.50 to shore or twice that dis-
tance to any other receiver. The resulting mean spacing 
between receivers was approximately 170 m. All receivers 
were attached to moorings consisting of varying weight 
anchors (depending on current and possible surface con-
ditions), line and surface floats. Receivers were attached 
approximately 4 m below the surface floats. Sinking line 
was used from the surface floats to a nylon swivel located 
below the receiver, which in turn was attached to the 
anchor with floating line.

Bias measurements
To quantify the extent of bias introduced as a result of 
predator movement being detected (i.e. predation bias), 
we segregated the detection data into two groups. The 
‘biased’ group represents a naïve approach to the detec-
tion data by not differentiating between pre- and post-
predation detections. This is the typical fashion in which 
acoustic telemetry data without a predation sensor would 
be analysed. The ‘clean’ group represents detection his-
tories after the removal of all post-predation detections 
from individual tags that signalled as being predated. 
After segregating the data into these two groups, we then 
measured the difference between group mean apparent 
survival and migration timing. For both apparent sur-
vival and migration timing, we also calculated the area 
of the clean groups’ kernel density estimate (kde) not 
overlapped by the biased groups’ kde for each param-
eter. This was performed by estimating a joint density 
for each comparison (i.e. survival and minimum/maxi-
mum migration time) and calculating the area of overlap 
using the ‘Overlap’ package [13] in R [14]. Given that we 
are describing the degree of bias present from our popu-
lation of tagged smolts, we make no attempt to identify 

Fig. 2  Daily count of predator tagged smolts released each day

Fig. 3  Distribution of fork lengths from smolts randomly selected for 
predator tagging. Histogram reflects 0.5-cm bins. Smoothed line is 
the fit kernel density estimate from the length distribution
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statistically relevant or meaningful differences between 
groups.

Migration timing
Quantifying migration timing using acoustic telemetry 
can be done in various ways. For example, migration tim-
ing between receivers could be calculated as the difference 
between the last detection at array i to the first detection 
at array i + 1…m, which we define as the minimum time 
between arrays. Migration timing could also be quan-
tified as the first detection at array i to the last detection 
at array i + 1…m, which we define as the maximum time 
between arrays. It is important to note that under the 
above-mentioned examples (or any combination of them), 
the time between detections cannot be summed across 
multiple successive arrays to give cumulative migration 
timing when directional changes or residency is present 
in the detection history because periods of time would be 
unaccounted for or double counted. To account for non-
unidirectional movement and residency, migration timing 
must be quantified in a cumulative manner from a refer-
ence point. In this study, we quantified the minimum and 
maximum migration timing as the time from the release 
location to/through each receiver array. It is also impor-
tant to acknowledge that uncertainty exists in the locations 
of detections whilst approaching (or departing) a receiver 
array’s range of detection and a relatively small degree of 
error may exist as we assumed that detections occurred at 
the position of the receivers comprising the array.

Survival analyses
A Bayesian state-space formulation of the Cormack–Jolly–
Seber (CJS) model was used to estimate the probability of 
detection (p) at, and survival (φ) to, each array [15, 16]. The 
unobserved survival (i.e., state)  process assumes  that fish 
i marked at array g may survive to array g + 1 with prob-
ability φg or die with probability 1 − φg. The parameter φg is 

modelled as Bernoulli random variable and is conditional 
on the latent variable z(i, g + 1) (Eq. 1). This process con-
tinues through time g + 1, 2, …, x until the fish is dead or it 
reaches the last receiver array.

Tagged smolts alive at g + 1 may be detected with prob-
ability pg+1 or not detected with probability 1 − pg+1. This 
observed process of re-detections is also parameterized 
as a Bernoulli random variable conditional on z(i, g + 1) 
(Eq.  2).  Therefore, z(i,g) defines the true state of fishi  at 
gateg.

This model was formulated to estimate unique survival 
parameters for each group (i.e., the biased group and the 
clean group) to each successive gate along the migration. 
Uninformative priors for both the probability of detec-
tion and survival were used. The model was written in 
OpenBUGS (version 3.2.3) and run with three chains of 
50,000 iterations, a thinning rate of 5, and a burn-in of 
25,000, for a total of 75,000 MCMC samples in the pos-
terior distribution. Model convergence was based on vis-
ual inspection of MCMC sample overlap from differing 
chains, as well as through the Gelman–Rubin statistic. 
All analyses were conducted in R [14].

Results
Detections and migration timing
Of the 50 smolts tagged and released at river km 92, 
41 individuals were detected at receiver arrays within 
the study site. As expected, the number of individuals 
detected at successive receiver arrays decreased down-
stream for both groups; however, comparatively fewer 
individuals were detected from the clean group (Table 1). 
Of the 41 tags with detections, 24 (59%) were registered 
as predated, with five of these being detected exclu-
sively as post-predated. Nine (22%) tags were detected 
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Table 1  Count of predator tagged smolts detected for both the biased and clean groups detection histories at successive 
acoustic receiver arrays

The extent of bias present in migration timing and apparent survival at successive acoustic receiver arrays are presented as the difference in means and the proportion 
of the joint kernel density estimate (KDE) areas for both groups that does not overlap

Location Tags detected (%) Inferred mean cumulative 
survival

Maximum migration time 
to array (day)

Minimum migration time 
to array (day)

Array (km) Biased group Clean group Group mean 
difference

KDE shift Group mean 
difference

KDE shift Group mean 
difference

KDE shift

66 41 (82) 36 (72) 0.093 0.566 0.558 0.112 0.007 0.021

54 30 (60) 24 (48) 0.115 0.588 0.412 0.095 0.175 0.048

44 17 (34) 15 (30) 0.062 0.351 0.432 0.146 0.074 0.047

37 16 (32) 13 (26) 0.059 0.370 0.182 0.098 0.019 0.042

27 12 (24) 11 (22) 0.022 0.166 0.180 0.097 0.078 0.058
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post-predation at more than one receiver array. The 
remaining 15 (37%) tags were detected post-predation 
at a single array only. Of the 17 (41%) tags that did not 
signal as predated, eight (19%) were detected at the last 
downstream receiver array (arrays 27/26  km) and pre-
sumed successful in migrating through the estuary. For 
the remaining nine (22%) non-predated tags, three, three, 
two, and one tag(s) were last detected at arrays 66  km, 
54 km, 44 km, and 37 km, respectively. Univariate logistic 
regression revealed no evidence of a relationship between 
the probability of predation in relation to smolt fork 
length (P = 0.785) or release date (P = 0.227).

Three tags detected as post-predations had final 
detections on a single receiver for 19, 35 and 37  days, 
suggesting post-predation tag expulsion or falsely trig-
gered tags in dead fish. For this reason, these tags were 
removed from the data to present migration timing. To 
present the time between first and last post-predation 
detection, the single post-predated tag detected migrat-
ing downstream of the final receiver array was removed 
from the data along with three suspected tag expulsions 
described above. The mean time span between first and 
last post-predated tag detections was 17 h with a median 
value of 11.3 h (range 0.1–60.25 h). Minimum and maxi-
mum migration time were both biased slow. The between 
group difference in mean migration time (i.e., bias) 
from release was greater when calculated as the maxi-
mum migration time compared to the minimum migra-
tion time. Differences in mean migration time between 
groups to each array ranged from 0.01 to 0.18  days for 
minimum migration time and 0.18 days to 0.55 days for 
maximum migration time. The proportion of the clean 
groups’ kde not overlapped by the biased groups’ kde was 
also greater for maximum migration timing (range 9.5–
14.6%) compared to minimum migration timing (range 
2.1–5.8%; Fig. 4).

Probability of detection and survival
Model diagnostics suggested there was sufficient con-
vergence, as MCMC samples were well mixed between 
the three chains based on visual inspection in addi-
tion to Gelman–Rubin statistics being very close to 1 
for all parameters monitored. The estimated probability 
of detection at each of the five arrays was high for both 
the biased and clean groups, with median estimates 
generally 0.95 or greater. The one exception occurred at 
array 44 km where the estimated median value was 0.83 
and 0.88 for the biased and clean groups, respectively 
(Fig.  5). This location was also the only identified array 
with imperfect detection, where one undetected tag was 
detected at a downstream array. Eight tags transmitted 
as post-predated at an array further downstream than 
the last pre-predated detection, therefore biasing the 

estimated survival to arrays. Apparent survival was low-
est between arrays 66 and 54  km for the biased group 
and between 92 (release) to 66  km for the clean group 
(Table  1). When looking at bias, as quantified through 
differences in mean apparent survival, a similar geo-
graphic trend to that observed for migration timing is 
observed. Predation bias of mean survival to array 66 km 
was 9.4%, peaked at 11.6% to array 54 km and incremen-
tally decreased to a low of 2.2% to array 27 km (Table 1). 
The proportion of the clean groups’ kde not overlapped 
by the biased groups’ kde for inferred survival also exhib-
ited similar geographic trends peaking at array 54  km 
(58.8%) and decreased to a minimum to array 27  km 
(16.6%; Fig. 6). 

Discussion
Results from this study suggest that predation bias is 
indeed an issue, especially if survival estimates and 
timing are to be examined at relatively fine spatial 

Fig. 4  Distribution in timing from release to the first detection (top 
panel) and release to last detection (bottom panel) for tags within 
both the biased group (dark grey distribution) and the clean group to 
each array through the study site. Times to each array were calculated 
as cumulative time from release to arrays 66 km through 27 km
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and temporal resolutions. The extent of predation 
bias quantified within survival estimates in this study 
skews the interpretation of where mortality is occur-
ring. We would suggest that the mean rate of mor-
tality was 18% and 60% in freshwater and estuarine 
sections of the river, respectively, if taking a naive 
stance to predation bias. By accounting for preda-
tion bias utilizing this technology, we could infer the 
mean mortality rate was 28% and 53% in freshwater 
and estuarine sections of the river, respectively. This 
suggests that whilst a greater proportion of smolts are 
lost in estuary a substantial portion are still being lost 
in the freshwater reaches. Chaput et al. [9] estimated 
migration survival of smolts in the NW from 2004 to 
2016 (excluding 2009 to 2012). In their study, survival 
was estimated from release to array 66 km, array 0 km 
(i.e. outer Miramichi Bay), and ultimately to the exit 
of the GoSL. Apparent survival to array 66  km was 
generally quite high from release relative to survival 
through the estuary and bay. Given the bias found in 

this study, the potential exists for apparent smolt sur-
vival to be relatively poorer in the freshwater region 
and greater through estuarine and bay regions than 
was presumed. From a management perspective, iden-
tifying where mortality is occurring is crucial if efforts 
to identify causal factors and mitigate losses are being 
considered.

The greatest amount of predation bias, as well as the 
greatest proportion of predation signalling, occurred in 
the NW estuary. This is perhaps an indicative of the spe-
cies and/or location of predators within the spatial extent 
of our study. Striped bass from across the Southern 
GoSL congregate in the upper NW estuary to spawn in 
late May early June as smolts are migrating to the ocean. 
Based on stomach content analysis [17] and concur-
rent intra-species acoustic telemetry studies [7], striped 
bass and Atlantic salmon smolt overlap considerably 
in the estuary of NW. Whilst there was a large degree 
of uncertainty, the abundance of striped bass aggregat-
ing within the NW in 2017 was considerable and was 

Fig. 5  Posterior distribution of the probability of detection estimated at each array for the biased group (dark grey) and the clean group (light grey)

Fig. 6  Posterior distribution of the cumulative probability of survival estimated from release to each array for the biased group (dark grey) and the 
clean group (light grey)
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estimated at 994,000 (90% CI 486,400 to 2,063,000; [18]). 
Within this study, 37% of tags which signalled as pre-
dated were also detected at multiple arrays throughout 
the system. These are unlikely to be the result of avian or 
semi-aquatic terrestrial predators because such predators 
would be expected to remove the tag from the study site 
and therefore reduce the likelihood of further detections 
[19]. Whilst speculative, this suggests that these indi-
viduals were likely predated by piscine predators such 
as the highly abundant striped bass. A significant num-
ber of smolts likely fall prey to striped bass during the 
spring migration as suggested by Daniels et  al. [7]. It is 
important to note that apparent predation and the higher 
extent of bias in the NW portion of the estuary could be 
a result of the smolts’ increased stress associated with the 
transition from fresh to salt water [20] and the associated 
morphological/physiologic changes [21, 22]. Susceptibil-
ity to predation, and therefore potential bias, may also be 
exaggerated by ill effects from handling and tagging pro-
cedures [23].

The extent of predation bias present is directly related 
to the time a predator retains an ingested tag in addition 
to the behaviour exhibited by the predator. For exam-
ple, if an avian or semi-terrestrial predator removed the 
tagged smolt from the study site, the expected result 
would be no further detections, and therefore, no bias 
introduced. The same could be said for highly seden-
tary piscine predators. If the predatory species exhibits 
limited movement from the point of consumption (i.e., 
remains between successive arrays), no bias will be intro-
duced to the detection history. Conversely, even preda-
tors who are mobile through the study site may introduce 
no bias in the detection history in the event the predator 
regurgitates or excretes the ingested tag prior to detec-
tion. With respect to analyses of unidirectional migration 
survival, predation bias also would not be introduced in 
the event a predator, along with the ingested tag, moves 
in the opposite direction (e.g. upstream, in the case of 
this study) as in the detection history example presented 
in Fig.  7a. Within this study, very little movement was 
detected post-predation and nearly 63% of tags signal-
ling as predated were only detected at a single receiver 
(Fig.  7c, e). Given the high probability of detection at 
each array, this suggests that predators of these tagged 
individuals were either highly sedentary, removed tagged 
smolts from the river, and/or the ingested tags were 
expelled relatively quickly in comparison to the preda-
tor’s movement through the estuary (e.g. Fig. 7c–e).

The retention time of tags within predators was unob-
servable in this study. We can, however, report the time 
span of post-predated detections, which was approxi-
mately 0.75 days on average. This does not compare well 
with detection histories presented by Daniels et  al. [7], 

nor work presented by Halfyard et al. [8]. In the study by 
Daniels et al. [7], suspected consumption of tagged indi-
viduals suggests that striped bass retained ingested tags 
for several days to, in some cases, several weeks. How-
ever, the tags used in that study (Amirix/Vemco; model 
V8; 8 mm diameter by 20.5 mm length, 2.0 g in air) are 
much larger than predator tags which may allow the tag 
to remain in the gastrointestinal tract of the predator 
longer, especially if tags are passed as opposed to reguri-
gitated. Halfyard et al. [8] monitored post-predation tag 
retention times of predator tags within largemouth bass 
(Micropterus salmoides); retention rates appeared to be 
negatively correlated with water temperature with the 
most analogous rate of evacuation generally occurring 
at more than 4.2  days after being fed tagged rainbow 
trout (Oncorhynchus mykiss) of similar size to smolts 
in this study. Estimated retention times reported from 
Schultz et al. [24] appear to be more in line with what we 
observed in our study; striped bass fed chinook salmon 
(Onchorhynchus tshawytscha) with comparably sized 
tags to those used in our study had observed retention 
times ranging from 1.2 to 2.7 days. Whilst these observa-
tions agree more closely to what we observed this com-
paratively short retention time occurred in waters much 
warmer (mean 23.3  °C) than temperatures expected 
in the Miramichi River at this time of year (< 18.0  °C; 
[25]). The small size of the tag not only allows for tag-
ging of smaller individuals but may also allow preda-
tors to excrete or regurgitate the consumed tag quicker 
in relation to larger tags as was potentially the case here. 
The result of which is a decreased probability of detect-
ing post-predated tags and or a lack of behavioural traits 
apparent in the detection histories.

Laboratory-based trials have been undertaken for 
prototype generations of this new tag technology. Two 
attributes at the forefront of performance are the lag 
times between the predation event to the switch in sig-
nal and the rate of false (positive or negative) switches 
(i.e. identifies as predated in the absence of predation 
or fails to identify predation). Trials performed by Hal-
fyard et  al. [8] tested two generations of tag prototypes 
with highly variable performances between the two gen-
erations of tags. False-positive triggering was not present 
in live fish for the first-generation tag but was present in 
43% of second-generation tags. This is not likely to be an 
issue of consideration within this study as the false trig-
gering observed by Halfyard et al. [7] occurred on aver-
age 47 (± 11.2) days post-tagging whilst smolts detected 
within this study were detected no later than 14  days 
post-tagging. Furthermore, 3 of 15 (20%) second-gen-
eration tags falsely triggered in dead fish 2–3 days post-
mortem. As such, the potential of falsely triggered tags 
exists for smolts registered as predated within this study. 
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Only 6% of all tags tested by Halfyard et al. [8] failed to 
trigger following a predation event. The authors high-
lighted potential links between signal lag times and false-
positive switches. More recent validation of the current 

production version of predator tags suggests that signal 
lag times are more similar to those of the second-gen-
eration tags. This most recent experiment utilized the 
same species as were involved in the study performed by 

Fig. 7  Example movement: symbols represent the time and the kilometer position within the study site for six example detection histories. Grey 
squares are detections where predation has not been identified. White triangles represent detections where predation has been identified
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Halfyard et al. [8] at a temperature of 13 °C and observed 
a lag time of 5.8 h (sd = 2.6 h; Webber, unpublished).

Regardless of some draw backs to these tags, the 
empirical fashion in which predation can be quanti-
fied is an obvious benefit over behaviour-based mod-
els. Predator tags may allow us to gain insights into the 
locations and rates of predation. There is, however, an 
inability to discern between species’ and types of pred-
ators responsible. To develop a robust understanding of 
predator interactions and reduce uncertainty from any 
classifier, ideally future studies would incorporate both 
predator tags and behaviour-based classifiers. Unfortu-
nately, the spatial resolution in relation to the post-pre-
dated detections did not allow for the incorporation of 
an adequate behaviour-based model here. In the event, 
receiver array densities were higher throughout the 
estuary, post-predated behaviours may have been more 
apparent.

Conclusion
Estimated survival presented the greatest predation 
bias which peaked within the upper NW estuary and 
gradually declined to nearly no apparent bias before the 
beginning of the Miramichi Bay as predated tags failed 
through time to be detected. This is most likely due to 
tag expulsion from the predator between or upstream of 
the receiver arrays. Whilst we have demonstrated that 
predation can bias telemetry results, it appeared to be 
rather short-lived given the apparent retention times of 
these tags within the predators introducing the bias. This 
statement however is unlikely to be transferable to other 
systems, years, target species and predatory species. As 
such, the effects of the species and densities of predators, 
their general behaviours, ingested tag retention times, 
and other relevant variables in relation to bias must be 
considered for any telemetry project.
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