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Abstract
The use of PIT tags has rapidly proliferated since their intro-

duction, and new mobile detection methods have been developed.
However, the presence of ghost tags (i.e., PIT tags left in the
system after a fish dies) creates uncertainty about the status (live
or dead) of tags detected. Herein, we describe our raft-based
mobile PIT tag antenna system, which was used to evaluate the
movements of “seeded tags” (i.e., PIT tags that we placed in the
river as ghost tag analogs) and their interactions with habitat
features. We deployed 5,000 seeded tags in the San Juan River,
a large sand-bed river in the southwestern USA. Total distances
moved by PIT tags ranged from 0.8 to 4,124 m, but 75% of
movements were less than 100 m. Flow conditions causing the
smallest to largest movements were (1) base flows, (2) spring run-
off flows, (3) flash flood flows, and (4) a combination of spring
runoff and flash flood flows. Based on Ivlev's electivity index,

tags were more likely to be detected in riffles than in runs. These
findings will help to classify mobile PIT tag detections as ghost
tags or live fish, a critical data gap limiting the accurate estima-
tion of demographic rates, population status metrics, and descrip-
tions of the habitat use of fishes.

The ability to track individual animals through time
and space has allowed researchers and biologists to answer
some of the more interesting and challenging questions in
fisheries ecology and management. The introduction of
technology to the marking of individuals in fisheries began
in 1956 with the use of sonic tags to observe salmon
movement in relation to dams in the Pacific Northwest
(Trefethen 1956). In 1984, PIT tags were first used in fish-
eries as a part of a study involving salmon in the Pacific
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Northwest (Prentice and Park 1984). The use of PIT tags
has increased dramatically since their introduction, in part
because of the relatively low cost of the tags. Passive inte-
grated transponder tags have been used widely to explore
fish behavior (Fetherman et al. 2015), describe habitat use
(Bottcher et al. 2013; Conner et al. 2016; Richer et al.
2017), quantify movement patterns (Zydlewski et al. 2001;
Homel and Budy 2008; Cathcart et al. 2018), assess fish
passage (Lokteff et al. 2013; Pennock et al. 2018; Baker et
al. 2019), estimate survival (Osmundson and Burnham
1998; Budy and Schaller 2007; Conner et al. 2015), and
estimate abundance (Fetherman et al. 2015; Richer et al.
2017). Collaborations across spatial scales and the cre-
ation of databases to share data allow for the tracking of
fish beyond individual study goals. The PIT tag database
for the Columbia River basin, the PIT Tag Information
System (PTAGIS), contains records of over 42 million
tags (PSMFC 2018). The Species Tagging, Research, and
Monitoring System (STReaMS) database, which is used
for endangered fish in the Colorado River basin, has over
1 million tag records (CNHP 2018). Despite the large
numbers of PIT tags deployed, the marking of fish pro-
vides little information in itself; subsequent detections or
recaptures are needed to estimate demographic vital rates,
estimate population status metrics, or describe habitat use
and movement. This need has led to a corresponding
increase in the number and diversity of interrogation tech-
niques.

Even though stationary antennas have the potential to
provide a large amount of data, there are still limita-
tions. Despite the increases in tag numbers and the use
of stationary antennas, the probability of recapture or
detection is often low, especially for desert fishes (Hewitt
et al. 2010; Dudgeon et al. 2015; Osmundson and White
2017). Fish behavior can make it difficult to improve the
probability of detection or recapture, as fish may move
in ways that might not take them past antennas (Broder-
sen et al. 2014; Holmes et al. 2014) or they may use
reaches or tributaries without antennas (Bottcher et al.
2013; Cathcart et al. 2018). Furthermore, many individu-
als appear sedentary and do not move more than a few
kilometers for years at a time. Mobile PIT tag detection
tools and techniques have been developed to complement
data collected with traditional capture methods and sta-
tionary antennas. Mobile methods allow for the sampling
of large spatial extents and areas that would otherwise
be unsampled, including reaches of streams between sta-
tionary antenna arrays (Holmes et al. 2014; Hodge et al.
2015). Many different mobile detection methods have
been developed. In marine environments, researchers
have developed towed sledges with attached antennas
used like a trawl to survey for the Turbot Scophthalmus
maximus, a large benthic flatfish (Sparrevohn et al. 2014).
Boat-mounted antennas have been used to survey mussels

in non-wadeable habitats (Fischer et al. 2012), and back-
pack antennas have been used to sample fish in wadeable
streams (Hill et al. 2006; O'Donnell et al. 2010; Hodge et
al. 2015). Some systems combining a PIT tag interroga-
tion system with a raft and GPS unit have been devel-
oped (Fetherman et al. 2014; Richer et al. 2017), with the
ability to cover long reaches (>5 km). Our system, the
PIT Portable Antenna System (PITPASS), is capable of
floating much greater distances (>32 km in 1 d depending
on flows). Because these mobile methods can sample lar-
ger areas, they potentially allow us to increase detection
probability and fill in knowledge gaps in life histories
and demographics, habitat use, and movement. However,
mobile sampling detection data cannot be used as easily
as data from either stationary antennas or traditional
capture methods because the status (e.g., live or dead) of
detected PIT tags is uncertain.

The status of PIT tags detected with mobile detection
tools is uncertain due to the presence of ghost tags in
aquatic systems. Ghost tags are PIT tags that have been
left in the environment after being expelled from live fish
or after the fish dies (O'Donnell et al. 2010). Passive inte-
grated transponder tags theoretically have an infinite life
because the tags do not require a battery; thus, PIT tags
can continue to be detected long after they have been
expelled. The combination of mobile sampling and the
presence of ghost tags prevents the classification of live
fish and ghost tags without additional information. In
smaller streams, pinpointing a PIT tag's location with
backpack scanners potentially allows the tag's status to be
confirmed (Fetherman et al. 2014; Bond et al. 2018), but
this technique is impractical on larger rivers with large
floating antenna arrays. In some cases, the movement of
PIT tags has been used to assume that a detection belongs
to a live fish (Zydlewski et al. 2001), but PIT tags can still
move after a fish dies. Fish carcasses can be transported
great distances (Havn et al. 2017), but carcasses can shed
PIT tags relatively quickly after death. For example, the
average amount of time for White Sucker Catostomus
commersonii carcasses to shed an abdominally located tag
into the environment was only 73.3 h (Muhametsafina et
al. 2014); however, this shedding rate has rarely been
quantified and remains largely unknown in natural sys-
tems. Even after tags are expelled, they can still move
(Bond et al. 2018). There are currently few data available
about ghost tag dynamics because of the relative novelty
of these mobile antenna systems.

Our goal was to determine the effect of high flows and
habitat features on the movement and detection of ghost
PIT tags in lotic waters, with a broader goal of informing
PIT-tag-based analyses of demographic rates and popula-
tion indices. First, we described and quantified how
“seeded tags” (bare PIT tags that we placed in the river;
i.e., ghost tag analogs) moved during base flows, flash
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flood flows, spring runoff flows, and the combination of
flash flood and spring runoff flows. Secondly, we described
the interactions of seeded tags with habitat features (e.g.,
riffles, runs, etc.). To accomplish these goals, we used the
PITPASS, a new configuration for a mobile PIT tag
antenna system.

METHODS
Study site.— The San Juan River basin is part of the

upper Colorado River basin and covers about 99,200 km2

in Colorado, New Mexico, Utah, and Arizona. The river
is about 616 km long, with headwaters located in the San
Juan Mountains of Colorado. Navajo Dam was com-
pleted in 1962 and is the only major impoundment on the
river. The Animas River, the largest and largely unregu-
lated tributary, joins the San Juan River 70 km down-
stream of Navajo Dam, resulting in a more natural
hydrograph below the confluence. Since 1993, the dam
has been operated to match flows with the Animas River
to mimic natural flow regimes for the benefit of native fish
(Gido and Propst 2012). The San Juan River contains
approximately 280 km of designated critical habitat for
multiple federal endangered species (USFWS 1990, 1998).

Native fish in the San Juan River, including the Razor-
back Sucker Xyrauchen texanus, Colorado Pikeminnow
Ptychocheilus lucius, and Flannelmouth Sucker Catosto-
mus latipinnis, are routinely PIT-tagged as part of a large
recovery program (San Juan River Basin Recovery Imple-
mentation Program; https://www.fws.gov/southwest/sjrip/).
Fish are tagged before stocking and when encountered in
the river through sampling efforts. Overall, we completed
13 sampling passes of various sections of the San Juan
River and sampled about 2,233 km during differing flow
conditions (Table S.1 available in the Supplement in the
online version of this article) by using the PITPASS. Our
study area began at the Public Service Company of New
Mexico Diversion at river kilometer (RKM) 268.2 (mea-
suring from the inflow of Lake Powell) and ended at the
Clay Hills takeout at RKM 4.6, just upstream of the Lake
Powell inflow area (Figure 1). We sampled from July to
October in 2016 and 2017. The optimum flow rate for
sampling (deep enough to prevent boats from becoming
grounded but shallow enough to still allow for detection
of PIT tags) in the San Juan River is about 28.3 m3/s, but
some sampling occurred when precipitation events unex-
pectedly raised flows above this level while we already
were on the river (after a pass began, there was no oppor-
tunity to take out until the end).

Antenna system.—We used a mobile floating PIT tag
antenna system, the PITPASS, developed by the U.S.
Bureau of Reclamation and Utah State University (USU)
researchers beginning in 2008. Since 2008, there have been
many improvements to the system. The current PITPASS

(Figure 2) was comprised of five components: (1) two 3.1-
× 0.9-m Biomark (Boise, Idaho), high-density polyethylene
rigid antennas (for a total antenna length of 6.1 m); (2) a
multiplexing transceiver system consisting of one Biomark
IS1001 Master Controller and two Biomark IS1001 auto-
tuning tag readers; (3) a 24-V, 50-ampere-hour battery
bank; (4) a 30-W solar panel; and (5) a solar controller.
The Biomark Master Controller, tag readers, battery
bank, and solar controller were housed in a waterproof
plastic enclosure, with the solar panel mounted on top.
The solar panel eliminated the need for a generator to
recharge the batteries of the system on multiple-day trips.
We used two 3.1-m antennas to maximize detection dis-
tance and total scanning area and to allow greater porta-
bility. We used a 4.2-m, frameless cataraft (AIRE, Boise,
Idaho) in order to avoid possible noise issues associated
with metal frames (Fetherman et al. 2014), with the two
antennas attached parallel with the main tubes underneath
the boat.

We used an Xplore Bobcat (Xplore Technologies, Aus-
tin, Texas) rugged tablet to collect data. The Xplore tablet
was chosen for its extended battery life, its ability to han-
dle heat (field conditions could exceed 38°C in direct sun-
light), and its waterproof rating. A Bluetooth dongle
allowed the Biomark Master Controller to send detection
data to the tablet, while at the same time the software
(Biomark Data Logger Suite) on the tablet collected the
GPS data. The GPS data were collected from a Qstarz
BT-Q818XT Bluetooth GPS receiver (Qstarz Interna-
tional, Taipei, Taiwan) with a 10-Hz refresh rate (updates
GPS satellite data every 0.1 s). We collected and orga-
nized the data with Biomark software, which also allowed
for the immediate input of habitat data with each detec-
tion while floating.

We measured and recorded detection distance, antenna
noise, and antenna power every 2 h to ensure that the sys-
tem was functioning correctly while on the river. We
checked detection distance for each antenna while floating
down the river to determine detection distance under nor-
mal operating conditions. We measured detection distance
vertically from the edge of the antenna. The PIT tag that
was used to test detection distance was held in a horizon-
tal orientation and perpendicular to the antenna. Detec-
tion distance fluctuated but generally ranged from 51 to
99 cm.

We used three PITPASS boats to maximize our cover-
age of the river. We sampled a different section of the
river with each boat: river left, river right, and the center.
Boat operators oriented the boats perpendicular to the
flow of the river and shoreline unless river conditions dic-
tated a different orientation for maneuvering around
obstacles. Tag orientation is known to be a factor affect-
ing the detection distance of PIT tag antennas (Zydlewski
et al. 2001). When choosing how to orient the boats on
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the river, tag orientation was considered, but it is impossi-
ble to know the angle at which a tag (i.e., in a live fish, in
a dead fish, or expelled) will meet the antenna. Therefore,

boat orientation was chosen to maximize area covered,
and we moved slowly with the current.

Seeded tags.—We seeded 5,000 bare PIT tags into the
San Juan River to mimic tags that had been shed from
either live or dead fish. Half of the tags were seeded at the
beginning of each field season (i.e., 2,500 in 2016; 2,500 in
2017). We used Biomark HPT12 tags (frequency= 134.2
kHz; dimensions = 12.5 mm long × 2.12 mm in diameter;
weight = 115mg; density = 2.61 g/cm3), the same tags used
for all PIT-tagged fish in the San Juan River. We seeded the
tags randomly across all available habitat features from mov-
ing rafts at a rate of 1 tag/min. The spacing of seeded tags
minimized the possibility of tag collisions. We distributed
one-third of the tags from each boat. After tags were scanned,
they were dropped into the river from the upstream side of
the raft.

We distributed the seeded tags in about 16 km each of
two distinct morphological units: canyon and braided.
The canyon reach was bound on both sides by canyon
walls and was characterized by a deeper, narrower, single-
thread channel. The braided reach was not constrained on
both sides at the same location and was characterized by
a wide, shallow, multi-thread channel (Bliesner and
Lamarra 2000). Generally speaking, the braided reach was
wider, shallower, and slower moving than the canyon
reach. The braided reach began at the Hogback Diversion
near Farmington, New Mexico, at RKM 255 and ended
at the bridge in Shiprock, New Mexico, at RKM 238.
The canyon reach began when both walls of the canyon
converged about 14.4 km below Bluff, Utah, at RKM 109
and ended about 8 km above Mexican Hat, Utah, at
RKM 93 (Figure 1). We seeded each reach with approxi-
mately 1,250 tags/year. We distributed tags during the first

FIGURE 1. Map of the San Juan River study area. The vertical and horizontal lines are the state lines dividing Colorado, Arizona, New Mexico,
and Utah. River kilometers (RKM) are provided for select landmarks (PNM= Public Service Company of New Mexico).

(A)

(B)

FIGURE 2. (A) Sampling with the PIT Portable Antenna System
(PITPASS) on the San Juan River occurred during 2016 and 2017
(labeled parts: 1= two antennas [3.05 × 0.9 m each]; 2= location of the
GPS receiver; 3= tablet collecting data through Bluetooth; 4=waterproof
plastic box with a solar panel mounted on top, housing the electronics
[i.e., Biomark Master Controller, tag readers, and battery bank]); and (B)
the interior of the electronics box is shown (labeled parts: 1=Biomark
Master Controller; 2= solar converter; 3=Bluetooth dongle).
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sampling trip of 2016 (July 11–22) and during the first
sampling trip of 2017 (July 8–17).

Tag movement.—We recorded the PIT tag number,
time and date of detection, latitude and longitude (World
Geodetic System [WGS84]), GPS error as determined by
the GPS receiver, habitat features, and habitat unit for
each detection. We calculated the total distance a tag
moved, the average distance moved per day, the distance
of individual movements, and the distance moved during
different flow events. We calculated the total distance as
the sum of all movements of a tag and the average dis-
tance moved per day by dividing the total distance moved
per tag by the number of days in between the first and last
detections (initial release was considered the first detec-
tion). We performed a linear regression with distance
moved as a function of time to test whether time spent in
the river was related to the distance a tag moved.

We calculated linear distance (ignoring the sinuosity of
the river) between observed locations in program R (pack-
age “geosphere,” function “distGeo”; Hijmans 2017).
Another possible method for determining linear distance
calculates the difference between points on a river net-
work; this method was not used in the present study. A
river network is represented by a series of lines in a GIS;
as a result, many PIT tag detections do not fall directly
on the lines. To calculate distance, the GPS points are
“snapped” to the nearest point on the network. This
method accounts for the sinuosity of the river in its calcu-
lations but is most useful in application to smaller streams
and rivers because error is introduced to the measurement
when moving GPS points to the river network (line). We
did not use this method because the San Juan River is up
to 150m wide in some places, meaning that the resulting
error could be up to 75m for each detection. Most of the
distances we calculated were small and would be described
by a straight line in the channel; therefore, our calcula-
tions would be appropriate even when considering the sin-
uosity of the river. River sinuosity may have caused some
of the larger distances to be underreported. We would
urge others calculating distances to use the linear or actual
distance (accounting for sinuosity) moved as appropriate
for the system of interest depending on the sinuosity and
scale of the study area. We classified (while moving;
according to depth, velocity, and flow direction) habitat
features as riffle, run, pool, shoal, or low velocity as the
PITPASS floated over the detected tag. We classified habi-
tat units as belonging to two different classifications:
canyon bound or braided reaches; and single-thread or
multi-thread reaches.

We used the Shields entrainment criterion τ (Wilcock et
al. 2009) to calculate the flow depths necessary for PIT tag
movement, and we used the Rouse number (Rouse 1937) to
predict how PIT tags would be transported (bedload, sus-
pended load, or wash load). Based on the tag specifications

reported above, we performed the calculations by using a 2-
mm grain size (PIT tags were held by a 2-mm sieve and
therefore were classified as a gravel) and we used critical τ
(τcr) values of both 0.02 and 0.06. Based on a calculated
slope of 0.002 for the San Juan River (Bliesner and Lamarra
2000), when the river's depth exceeds 0.19 m we expect to
see movement of ghost PIT tags in the system. Flows experi-
enced 100% of the time in the San Juan River (USGS 2018)
are capable of moving PIT tags. Nevertheless, stream veloc-
ities are typically low near banks and backwaters; thus, we
might expect PIT tag deposition in these areas. Physical
analysis predicts the potential for ghost tags to be widely
distributed in the system. Our Rouse number calculations
predicted that the tags will move in the bedload, and we
should expect deposition in the same locations as gravels.

High-flow events.—We expected environmental vari-
ables, such as flow regime, to have the greatest influence
on tag movement. High-flow events (spring runoff or flash
floods) can move the majority of sediment loads in rivers,
including sediment particles with the same size and density
as PIT tags (Malmon et al. 2004); therefore, high-flow
events would likely cause different tag movement than base
flows. During the study, two natural high-flow events
occurred, allowing us to examine their influence on the
movement of seeded tags. A large flash flood occurring
between August 5 and August 9, 2016, was the first high-
flow event. This flash flood occurred because of monsoonal
rains in the basin, and its duration was much shorter than
a spring runoff event driven by snowmelt. The river rose
from 56.3 m3/s to over 566 m3/s in less than 12 h but then
returned to 56.3 m3/s 3 d later. The second high-flow event
was the spring runoff of 2017. During this snowmelt flood,
the high flows were above 141 m3/s for about 2 months and
peaked at around 254 m3/s (USGS 2018).

We considered tag movements to be a result of base
flows when both detections occurred between high-flow
events. In other words, either both detections occurred in
2016 before the flash flood, both detections occurred
in 2016 after the flash flood, or both detections occurred
in 2017 after the spring runoff. Tag movements during the
flash flood were defined as tags that were initially detected
in 2016 before the flash flood and then detected again in
2016 after the flash flood. Tag movements during spring
runoff were detected first in 2016 after the flash flood and
then again in 2017 after the spring runoff. Movements
affected by both spring runoff and flood flows involved
tags that were first detected in 2016 before the flash flood
and then detected again in 2017 after the spring runoff.
We conducted an ANOVA to evaluate the effect of flow
conditions on movement, and if significant effects were
detected (P< 0.05) we used Tukey's honestly significant
difference test to quantify differences.

Electivity index.—One of our goals was to determine
how the seeded tags were distributed among different
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habitat types and how the distribution changed over the
course of two field seasons. We used an electivity index
(defined below) to describe the distribution among habitat
types. Electivity indices are often used to determine how
diet items are consumed relative to their abundance in the
environment (Figueroa et al. 2010; Friedenberg et al. 2012)
or to determine the distribution of organisms relative to
the availability of habitat features (Acolas et al. 2017). We
used the electivity index to describe how the river sorted
PIT tags into different habitat features relative to the
abundance of the habitat features in the river.

Available habitat began at the Hogback Diversion (Fig-
ure 1), where we began the distribution of PIT tags, and
continued downstream to the location of the downstream-
most detected PIT tag. We only considered habitat features
contained within wetted width at base flows as available.
We used ArcGIS to calculate the availability of habitat fea-
tures by drawing polygons around habitat features on aerial
imagery to calculate their surface area. We only included
the tags seeded in 2016 for use in the electivity indices to bet-
ter describe how the tags interacted with habitat features
over time and with the influence of various flows. The first
location was the random location from the initial distribu-
tion at the beginning of the 2016 field season. The second set
of locations comprised subsequent detections in 2016, and
the third set of locations encompassed detections in 2017.

All electivity indices exhibit some bias regarding rare
items; any item composing less than 10% of the available
options should be omitted from the analysis because of this
bias (Lechowicz 1982). With this caveat, we omitted three
habitat types (pool, shoal, and low velocity) from our initial
analysis because combined, these habitat types constituted
less than 3% of available habitat. We used Ivlev's original
electivity index (Ivlev 1961),

Ei ¼ ri � pið Þ= ri þ pið Þ;
where i is the habitat type; Ei is the index value; ri is the pro-
portion of tags in the habitat type; and pi is the proportion
of the habitat type available in the environment. The index
scales from −1 to 1; a value of zero indicates a random asso-
ciation, positive values indicate positive correlation (e.g.,
more PIT tags were found in a habitat type than would be
expected by random association given the proportion of
that habitat available in the study reach), and negative val-
ues indicate negative correlation. We report how those
index values changed over time.

RESULTS
We were able to describe 1,401 movements of seeded

tags based on the resight data we collected. In the 2016
field season, we detected 305 of the 2,500 tags seeded,
resulting in a raw resight rate of 12.2%. The 305 unique
tags moved a total of 430 times. When all of the resights

from both years were combined after the 2017 field sea-
son, the overall raw resight rate improved to 18%, with
899 unique tags detected. The 899 resighted tags moved a
total of 1,401 times. We were able to describe more move-
ments than tags because some tags were detected more
than two times (up to eight times, translating into seven
movements). Despite our efforts to determine differences
in movement in the canyon and braided reaches of the
river, we resighted only 12 of the tags distributed in the
canyon reach. The raw resight rate for the braided reach
was 35.5%, and the raw resight rate for the canyon reach
was 0.5%. All data are combined in our results.

Tag movement was extremely variable, but the dis-
tances moved were generally small. Total distances moved
ranged from 0.8 to 4,124 m (�x= 1,098.7 m; Table 1), with
90% of all movements being less than 250 m. Movement
rates (m/d) were also generally low, but we did observe
some extremely high values. The tags generally moved in
a downstream direction, but 15.9% of movements were
directed upstream. The movements upstream ranged from
0.3 to 99.7 m (�x = 8.3 m), with 97% of all upstream move-
ments being less than 30 m. These distances help to
demonstrate the potential error band of tag detection
using our GPS equipment because PIT tags most likely
are not moving upstream.

We were only able to explain a small amount of the
variability in distances moved based on our linear model,
which we used to describe the relationship of time between
detections and distance moved. The time between the first
and last detections was extremely variable (0–469 d; 0 d
between detections occurred when more than one boat
detected the same tag on the same day), as were the move-
ments associated with them. Although the model was sta-
tistically significant (F1, 1,399 = 261.4, P< 0.0001), we only
described a small amount of the variability (Figure 3;
R2= 0.16) with our linear regression.

Passive integrated transponder tags moved greater dis-
tances during times of higher discharge (Figure 4). The
median distances (±SD) moved during different flow con-
ditions (from smallest to largest) were (1) 7.9± 177.6 m at
base flows, (2) 18.3 ± 501.4 m at runoff flows, (3) 37.2±
387.1 m at flash flood flows, and (4) 192.6 ± 699.4 m for
the combination of both flash flood and spring runoff
flows. Base flows and the combination of flash flood and
spring runoff flows were both significantly different than

TABLE 1. Cumulative distances (m) moved by individual seeded PIT
tags detected with the PIT Portable Antenna System (PITPASS) in the
San Juan River study area during 2016 and 2017. The total number of
unique PIT tags detected more than once was 899.

Variable Median Mean SD Maximum

Total distance (m) 22.8 168.4 413.1 4,124.0
Movement rate (m/d) 1.6 15.9 174.3 4,086.0
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all other flow conditions (P< 0.001), but flash flood and
spring runoff flows were not significantly different from
each other (P = 0.87). The mean distances moved were
3–14 times larger than the median distances for all cate-
gories. Minimal tag movement occurred during base flows
(93% moved <100 m).

Based on Ivlev's E, we predicted that PIT tags would
be more likely to settle in riffles than in runs (Figure 5).
The E-value for riffle habitat trended in a positive
direction through time, and the E for run habitat trended

in a negative direction over the course of the study. These
trends demonstrate that tags moved out of run habitats
and into riffle habitats over time.

DISCUSSION
Herein, we quantified the movement of ghost tags and

their interactions with habitat features and flows in a
riverine system and described the PITPASS, a new porta-
ble, floating PIT antenna system. Tag movements were
generally small (e.g., 90% were <250 m), but large move-
ments were much greater than expected (e.g., 4 km). The
magnitude of movements increased with higher flows
whether from spring runoff or monsoonal flash floods. As
was expected based on physical analysis, ghost tags were
more likely to be found in riffles than in runs. Our results
suggest that ghost tag dynamics are driven by their inter-
actions with flow and habitat features.

Unsurprisingly, the distances moved by ghost tags were
influenced by discharge. Base flows produced the smallest
movements, and as one might expect the combination of
the two high-flow events (spring runoff and flood flows)
produced the largest movements. In addition to the cumu-
lative effect of the greater discharge, the additional time at
base flows between the two events allowed for even more
movement. In contrast and unexpectedly, there was no
statistical difference between tag movements due to mon-
soonal flash flood flows and movements due to spring run-
off flows despite important hydrologic differences in the
two flow events. The magnitude of runoff flows was one-
fourth that of flash flood flows, even though flash flood
flows only lasted one-twentieth the duration of the runoff
flows. Furthermore, flash floods can move more sediment
than spring runoff flows under certain conditions (Mal-
mon et al. 2004; Vanmaercke et al. 2010). Burial and

FIGURE 3. Relationship between the number of days between
detections and the distance moved (m) between detections of seeded PIT
tags in the San Juan River study area during 2016 and 2017. Each circle
represents one movement of a seeded tag (darker areas are a result of
many circles on top of each other). The line represents the linear
regression fit to the data (R2= 0.16, F1, 1,399= 261.4, P< 0.001).

FIGURE 4. Distribution of distances moved (loge [ln] transformed) by
seeded PIT tags, grouped by flow conditions during the time of the
movement, in the San Juan River study area during 2016 and 2017 (base
= base flows; both= both flash flood and spring runoff flows; flood=
flash flood flows; runoff= spring runoff flows). Triangles represent the
mean distance moved (loge transformed) for each flow condition. The
line inside the box represents the median. The ends of the box are the
25% and 75% quartiles. The whiskers are either 1.5 times the
interquartile range from the 25% or 75% quartile or the most extreme
value, which ever is closest to the median. The open circles are any
values that fall outside the whiskers.

FIGURE 5. Ivlev's electivity index (E) values for the association of
seeded PIT tags with riffle and run habitat types in the San Juan River
study area during 2016 and 2017. Lines are drawn only to help illustrate
the trend in PIT tag association of each habitat type and do not have
any statistical meaning. The dashed line at zero indicates where a
random distribution across the available habitat features would lie.
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exhumation of sediments (Hassan 1990; Hassan and
Church 1994) and PIT tags (Bond et al. 2018) through ver-
tical mixing can occur during high flows. Burial and
exhumation could explain, in part, smaller movements
during base flows (i.e., they were buried) compared to
those during high-flow events (i.e., they were exhumed
and moved). Additionally, even though burial generally
does not affect the detection of PIT tags, vertical mixing
can move PIT tags to depths exceeding the detection
distance of mobile systems.

Ivlev's E indicated that seeded tags tended to settle differ-
entially in riffles relative to runs in this river system. Such a
result is unsurprising because our Rouse number calcula-
tions indicated that the tags should move in the bedload at
all flows (Rouse 1937) and, as a result, should settle in simi-
lar locations as gravels. The San Juan River is a sand-domi-
nated river, and the substrate characteristics of habitat
features could have contributed to the deposition of tags
into riffles. Larger interstitial spaces occur in riffles because
the coarsest bed materials are likely to be deposited in riffles
(Hirsch and Abrahams 1981), and there is a lack of fine-
sediment deposition (Keller 1971). Additionally, if tags
accumulated in the troughs of larger bedforms (i.e., dunes)
at a depth exceeding our detection distance, then our ability
to detect tags in runs may have been limited. In either case,
based on seeded tag dynamics, we predict that ghost tags
will be differentially detected in riffles in sand-bed rivers.

Some ghost tags moved much greater distances than we
expected, despite movements being generally small (90% of
movements were <250 m; 97% were <1 km). This is an
important observation to inform future movement studies,
as the lack of movement has been used to signify the death
of the fish (e.g., Carr and Whoriskey 2008). In some cases,
this may be appropriate, but both dead fish (Havn et al.
2017) and ghost tags can move large distances, as demon-
strated here and elsewhere (Bond et al. 2018). As such, we
recommend that investigators determine some measure of
ghost tag movement in their systems of interest. This can be
done by seeding some tags, as was done here; alternatively,
if there are known dead tags in the system of interest, the
movement of those tags could be used (the age span of the
fish can also provide information regarding ghost tags).

Although we describe patterns of movement and habi-
tat association for seeded tags, there are some issues to
consider, including GPS error and habitat-based detection
bias. There is a higher level of uncertainty about tag
movements when all of the potential sources of GPS error
are considered cumulatively. Our GPS antenna was
located in the center of the PITPASS, and a tag detected
at either end of the system could be up to 6 m away.
Depending on which end of the PITPASS subsequent
detections of the tag occurred, this could easily account
for 12 m of error, not counting error from the GPS itself.
Therefore, GPS error could explain most of the upstream

movements of tags, which makes sense intuitively. Despite
potential errors, the difficulty of the GPS reciever in acquir-
ing satellites in the canyon reach was not to blame for
upstream movements, as none of the upstream movements
occurred in the canyon reach. Furthermore, small
upstream movements could result from circular currents in
eddies, but only 8% of upstream movements occurred in
habitat that could have been classified as an eddy; there-
fore, eddies could not account for all upstream move-
ments. When we consider habitat-based detection bias,
several factors could have influenced our resight rate.
First, the width of the river limited the area sampled. The
San Juan River measures up to 150 m in width; at most,
all of our boats combined could only sample 18 m at a
time. Second, the detection distance of the antennas or the
depth of the river could also account for undetected tags
(Connolly et al. 2008; O'Donnell et al. 2010; Fischer et al.
2012). This effect was evident in the canyon reach, where
we only resighted 12 PIT tags, most likely due to the
depth of the river. In the braided reach, the San Juan
River is generally shallow, but in places the depth did
exceed the detection distance of the PITPASS, although
this was rare.

River depth or detection distance can limit the number
of tags detected by mobile systems. The inability to effec-
tively detect tags in deeper habitats might have created a
bias in our electivity index. However, in the braided reach
of the San Juan River, deeper habitats (pools) are extre-
mely rare (~0.1% of available habitat). Therefore, the area
that we might have ineffectively sampled in the braided
reach was small. We suggest that this is unimportant.
Ghost tags only become an issue for users of mobile detec-
tion systems when they are detected. If ghost tags are not
detected because of depth (i.e., in the canyon reach), then
there is no issue, regardless of the research or management
question.

In many studies using PIT tags, the antenna efficiency
or tag detection probability can be an important variable
to quantify (Aymes and Rives 2009; O'Donnell et al. 2010;
Richer et al. 2017). For example, when evaluating the
effectiveness of a fish passage structure (Castro-Santos et
al. 1996), the quantification of antenna efficiency can
allow correction of bias caused by undetected fish. We
were investigating the movement of PIT tags and habitat
characteristics of tag locations, and antenna efficiency was
not important to accomplish the goals of our study.
Therefore, no effort was made to measure or quantify the
efficiency or tag detection probability.

Our work contributes to the growing body of literature
on mobile PIT tag detection systems and the fate of tags
after death of the fish. Mobile PIT tag detection systems
range from backpack systems (Hill et al. 2006; O'Donnell
et al. 2010; Hodge et al. 2015) to raft-based (Fetherman
et al. 2014; Richer et al. 2017) and boat-based (Fischer et
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al. 2012; Sparrevohn et al. 2014) systems. Although limited
to larger rivers and streams, our system improved on pre-
vious raft-based systems (Fetherman et al. 2014; Richer et
al. 2017) by (1) providing the ability to float long dis-
tances (>32 km in a day), (2) increasing maneuverability
to navigate technical water (e.g., we successfully navigated
class 3 rapids), (3) allowing flexibility in the size of the
antenna array (i.e., by adding or subtracting antennas), (4)
being operable by an individual, and (5) eliminating the
need to postprocess the habitat type for detections. All of
these features combined will allow us to study broad-scale
fish distribution and habitat type by association as well as
many other aspects of fish ecology in river systems—and
with the added benefit of minimal capture and handling
and associated stress to often-imperiled fishes. We demon-
strated the potential for large movements of ghost tags,
which could bias data collected with floating antenna sys-
tems, and we documented the effects of habitat features
on their fate. We recommend an evaluation of the move-
ment of ghost tags before using the lack of movement as
an indicator of mortality and subsequently using raw
detections to estimate survival, for example, or to infer
fish movement patterns. To fully develop the emerging
picture of ghost tag dynamics, we recommend that
researchers evaluate tag dynamics in other aquatic systems
with different geomorphic characteristics. The next step is
to develop a statistical classification approach for deter-
mining whether a detected PIT-tagged fish is alive or
dead; we suggest that a random forest classification
approach would work well to correctly sort detected tags
based on the distance and direction moved and the
response to high-flow events (authors’ unpublished data).

Ignoring the possibility of ghost tag detection is not
an option, as the presence of ghost tags can lead to
incorrect conclusions regarding habitat use and fish
movement and can even lead to strong bias in estimates
of survival and abundance. As more mobile systems are
developed and PIT tag use continues, the number of
ghost tags in rivers will only increase. An improved
understanding of ghost tag dynamics will become increas-
ingly important. As such, there are several important
insights gained from our study. First, because ghost tags
are capable of large movements, a lack of tag movement
should no longer be used to characterize fish death. Sec-
ond, high-flow events cause the largest movements of
ghost tags in river systems. This knowledge could help
managers and researchers when designing studies using
mobile sampling methods. The timing of sampling could
be chosen to minimize the movement of ghost tags (i.e.,
sampling during low flows). Third, there are river condi-
tions under which the presence of ghost tags may not
matter when using mobile systems. In deeper habitats,
detection distance will limit the ability to detect ghost
tags, perhaps making their presence irrelevant. These

insights into the dynamics of ghost tags in lotic systems
will assist us in achieving a broader goal of classifying
mobile antenna PIT tag detections as live fish or ghost
tags, which is essential for using mobile antenna data
without bias.
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