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Chapter 7.—Guidelines to Indirectly Measure and Enhance
Detection Efficiency of Stationary PIT Tag Interrogation

Systems in Streams

Patrick J. Connolly!

Abstract

With increasing use of passive integrated transponder
(PIT) tags and reliance on stationary PIT tag interrogation
systems to monitor fish populations, guidelines are offered
to inform users how best to use limited funding and human
resources to create functional systems that maximize a desired
level of detection and precision. The estimators of detection
efficiency and their variability as described by Connolly et al.
(2008) are explored over a span of likely performance metrics.
These estimators were developed to estimate detection
efficiency without relying on a known number of fish passing
the system. | present graphical displays of the results derived
from these estimators to show the potential efficiency and
precision to be gained by adding an array or by increasing
the number of PIT-tagged fish expected to move past an
interrogation system.

Introduction

Use of passive integrated transponder (PIT) tags in fish
monitoring and research has rapidly increased over the last
decade. These tags have become a primary tool for monitoring
juvenile salmonid movement and for estimating survival past
large hydroelectric dams in the Columbia River basin (Achord
et al., 1996; Skalski et al., 1998; Muir et al., 2001a, 2001b;
Paulsen and Fisher, 2001). Much valuable information has
been gained by adapting similar technology in streams to
detect movement or presence of PIT-tagged fish (Armstrong
et al., 1996; Zydlewski et al., 2001; Connolly et al., 2005).
Although detection of PIT tags by an interrogation system
depends on multiple levels of technology associated with
transceivers and antennas, along with their wiring and data
management linkages, this paper primarily focuses on the part
that has the greatest connection with the stream and its fish:
the antenna and the arrays that antennas form.

Under normal operating conditions, a PIT tag passing
through the rectangular opening of a properly designed and
sized antenna should have very high potential to be detected,
but factors such as tag orientation (Zydlewski et al., 2006)
and presence of another tag (Greenberg and Giller, 2000)
can decrease this potential. In many cases, the antenna or an
array of multiple antennas cannot be sized for expectations of
reading all PIT tags passing, such as when the stream width
is wider or the water column is deeper than the maximum-
sized antenna or arrays that can be supported by a transceiver
unit. However, if the entire channel can be spanned, pass-
through antennas may be appropriate for maximizing detection
efficiency. As Connolly et al. (2008) noted, this orientation
is likely to provide the best probability of detecting a PIT-
tagged fish, and it is very suitable for: (1) stable-flow streams;
(2) streams with little or no large debris; and (3) studies
limited to investigating fish movement during low-flow
periods. It also is of use if deployed in a manner that allows
the antenna to break away under a predetermined load and
to be readily repositioned. The pass-through orientation is
particularly suited for taking advantage of existing structures
such as bridge crossings, culverts, or engineered study
streams.

In other situations, it may be best to anchor antennas so
that they are parallel with the stream substrate in a pass-by
orientation. As reported by Connolly et al. (2008), this
orientation can perform exceptionally well during low-flow
conditions, but the column of water available to fish during
high water may be more likely to exceed the read range of
the antenna. The efficiency of an antenna or array under these
conditions may be particularly reliant on the behavior of the
fish (e.g., bottom vs. surface-oriented movers). Pass-by and
hybrid antennas described in Connolly et al. (2008) have been
proven to hold during flow and debris conditions that would
have disabled most pass-through antennas. Table 1 lists some
of the potentially complex combinations of biological and
physical aspects that should help guide where, when, and how
antennas are installed.
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Table 1.
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Some primary factors to consider about antenna placement and array configuration.

Biological factors

¢ Behavior of fish
» Extent of lateral movement zone
* Extent of vertical movement zone

» Seasonality

* Density of PIT-tagged fish passing antennas (i.e., tag detection can be inhibited if two tags are in

the field at the same time)

» Potential for fish to stage near the antennas (i.e., a stationary tag could inhibit reading of a

passing tag)

Physical factors

* Amount of interference from ambient electromagnetic fields (i.e., “noise”

« Ability to provide and maintain power to the system (e.g., plug-in, batteries, solar assisted)

« Ability to anchor antennas given expected water velocities, substrate movement, and debris loads

e Percent coverage of stream by arrays: laterally and vertically, based on read distance of tag
(function of antenna construction and the type and size of PIT tags used)

Where possible, the use of a known population of
PIT-tagged fish, such as salmonid smolts with a strong
one-way migratory tendency, would likely prove to be the
best method for determining detection efficiency. If direction
of fish movement is known, the derivation of detection
efficiency is rather simple, and variability can be assessed with
replication under similar flow, stream temperature, and other
conditions influencing fish movement behavior. However, use
of a known tagged fish population passing the interrogation
site to assess detection efficiency is not always feasible
because of cost and permitting restrictions on fish handling
and releasing for the species or life stage of interest.

Connolly et al. (2008) used an indirect method for
determining estimates of detection efficiency because they
did not know the number of PIT-tagged fish that passed the
interrogation system. While their work was based on results
of tagging fish with full-duplex PIT tags, the results should be
applicable to a wide range of biological and even inanimate
objects (e.g., rocks, wood), and to use of half-duplex PIT tags
and detection equipment. The current work uses estimators
described by Connolly et al. (2008) to address the objective
of providing useful guidelines for configuring the structure of
antenna arrays to maximize learning about fish movement and
survival, while considering cost and effort allocations.

Methods

Following Connolly et al. (2008), I used the three-array
detection probability model in the User Specified Estimation
Routine (USER) program (Lady et al., 2003) to calculate the
efficiency of detection, and the Delta method (Seber, 1982)
to determine standard error and variance of this estimate. The
USER program can be downloaded from the website http://
www.cbr.washington.edu/paramest/user/ (accessed October
20, 2009), and a manual for the program is available in Skalski
(2003). Formulas for the estimators are described in Connolly
et al. (2008, appendixes 1 and 2).

A span of likely performance metrics for detection
efficiency was used to generate continuous lines or curves for
graphical display. Graphs were prepared to address practical
questions about what configuration to install or what effort to
expend on PIT tagging, such as: “If a second array was added,
how much would detection efficiency be increased?” or “If the
number of PIT-tagged fish was increased 10-fold, how much
improvement in precision of the detection efficiency estimate
would be gained?”


www.cbr.washington.edu/paramest/user

Results

To help readers get a sense of how detection efficiencies
and population estimates can be derived from an indirect
methodology based on pattern of detection, I offer a simplified
example in table 2. The theoretical discussion provided by
Zydlewski et al. (2006) and the analysis tools suggested
by Connolly et al. (2008) will aid the reader to deal with
empirical data and with the much more complex calculations
associated with deriving estimates of detection efficiency and
its variability when three arrays are installed.
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The overall estimate of detection efficiency for an
interrogation system is much influenced by the detection
efficiency of the individual arrays in the system, and the
precision of the estimate is much influenced by the number
of PIT tags passing the system (fig. 1). The overall detection
efficiency of a system with two or more arrays generally is
greater than any of its individual arrays. It takes at least two
arrays to derive an estimate of efficiency when relying on an
indirect method of estimation.

Adding a third array can further increase an interrogation
system’s overall detection efficiency (fig. 2). This addition of a
third array also serves to enhance precision of the estimate of
detection efficiency.

Table 2. A practical example of how detection efficiency is derived for a two-array interrogation
system based on the differential pattern of PIT tag detection of the arrays.

Example setting: A two array PIT tag interrogation system is in place, and a number of PIT tags from

known downstream migrating fish have been detected

Data:

+ 700 PIT tags have been detected on the upstream-most array (Al).

500 PIT tags have been detected on the downstream-most array (A2), 350 of which had been
detected on Al and 150 of which were only detected on A2.

Question: What was the detection efficiency of the system?

 From the data above, we can conclude that A2 missed 350 that were read on A1, which equates to

a 50% detection efficiency for A2.

« If the 500 tags read by A2 represents 50% of all tags available, then a total of 1,000 would have

had to pass both A2 and Al.

 Because Al detected 700 of the 1,000 tags that passed, then A1 must have had a 70% detection

efficiency.

+ Adding all unique tags read by A1 (=700) and A2 (=150) equates to 850, which means that the
entire system had an 85% detection efficiency.

Question: How many PIT-tagged fish passed the system?

+ 1,000 (as derived above).
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Figure 1. Effect on detection efficiency (DE) of adding a second array when the DE of the first
array (A1) is 90%, 70%, or 50%. The sets of lines above and below the central line (estimate)
represent variance of the estimate (+ 2*SE) when the estimated number of PIT tags to pass the
interrogation system is either 1,000 (inner set of lines) or 100 (outer set of lines).
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Figure 2. Effect on detection efficiency (DE) of adding a third array when the DEs of the
individual first and second arrays (A1 and A2) are 50%, 70%, or 90%, and when estimated
number of PIT tags to pass the interrogation system is either 1,000 or 100. The first and lower
estimate in each panel is the DE for the system with two arrays, while the second and higher
estimate is the DE when a third array of the same individual DE is added (e.g., the top left panel
depicts the system’s DE when all arrays have an individual DE of 50%, and when the number of
PIT tags estimated to pass is 1,000).
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Discussion

A wide range of possible detection efficiencies from
potential combinations of arrays has been graphically
presented, which should provide guidelines for practical
situations that field personnel and managers are likely to face.
Even with intensive efforts to direct all or most fish within the
read-range of instream antennas, tag detection efficiency is
likely to be less than 100% for a number of reasons. Electrical
properties of a PIT tag interrogation system can change with
changes in water level, which may partially or completely
expose an antenna to air, and with changes in water
temperature, conductivity, and air temperature (Connolly et
al., 2008). These problems can be partially or completely
solved by using transceivers that automatically change their
settings (self tune) to changing environmental conditions,
thus improving performance. Ambient electromagnetic fields
(EMF) of similar frequency, which can be generated by nearby
power lines, electric fences, pumps, or electrical devices in
homes or businesses (Zydlewski et al., 2006; Horton et al.,
2007), can compromise a system’s ability and consistency to
detect tags. Multiple fish swimming through or holding in the
detection field at the same time can compromise the ability to
detect a tag (Greenberg and Giller, 2000). Because of these
factors, investigators should strive to determine detection
efficiencies for periods of time with similar conditions (Horton
et al., 2007).

Study goals, target species, and budget will dictate
need for specific designs of interrogation systems. The extra
cost associated with interrogation systems that can help
differentiate between upstream and downstream movement
and that provide a high level of detection efficiency may not
always be warranted. Although traps and weirs can be used
to obtain similar life-history information, these tools are
expensive to operate because of staffing needs, and can be
difficult to operate year round due to high flow and debris
loads. Antennas can be constructed to be placed in a variety of
configurations and can be highly adaptable to the challenges of
stream environments. By using the guidelines offered in this
paper, it is hoped that users of PIT tag technology can better
maximize their learning about fish movement and survival.

Acknowledgments

I wish to thank Earl Prentice (Prentice and Associates)
and USGS’s lan Jezorek and Kyle Martens for their thoughts
and discussion over the past few years regarding use and
utility of PIT tag interrogation systems. | thank Russell Perry
of the USGS for helping develop the estimates of variance for
detection efficiency.

PNAMP Special Publication: Tagging, Telemetry, and Marking Measures for Monitoring Fish Populations

References Cited

Achord, S., Matthews, G.M., Johnson, O.W., and Marsh,
D.M., 1996, Use of passive integrated transponder (PIT)
tags to monitor migrations timing of Snake River Chinook
salmon smolts: North American Journal of Fisheries
Management, v. 16, p. 302-313.

Armstrong, J. D., Braithwaite, V.A., and Rycroft, P., 1996, A
flat-bed passive integrated transponder antenna array for
monitoring behavior of Atlantic salmon parr and other fish:
Journal of Fish Biology, v. 48, p. 539-541.

Connolly, P. J., Jezorek, I.G., Martens, K., and Prentice,
E.F., 2008, Measuring performance of two stationary
interrogation systems for detecting downstream and
upstream movement of PIT-tagged salmonids: North
American Journal of Fisheries Management, v. 28,

p. 402-417.

Connolly, P. J., Jezorek, 1.G., and Prentice, E.F., 2005,
Development and use of in-stream PIT-tag detection
systems to assess movement behavior of fish in tributaries
of the Columbia River Basin, USA in Noldus, L., Grieco,
F., Loijens, L., and Zimmerman, P., eds., Proceedings of
Measuring Behavior 2005, 5th International Conference on
Methods and Techniques in Behavioral Research: Noldus
Information Technology, Wageningen, The Netherlands,

p. 217-220.

Greenberg, L.A., and Giller, P.S., 2000, The potential of flat-
bed passive integrated transponder antennae for studying
habitat use by stream fishes: Ecology of Freshwater Fish,
v. 9, p. 74-80.

Horton, G.E., Dubreuil, T.L., and Letcher, B., 2007, A model
for estimating passive integrated transponder (PIT) tag
antenna efficiencies for interval-specific emigration rates:
Transactions of the American Fisheries Society, v. 136,

p. 1165-1176.

Lady, J.M., Westhagen, P., and Skalski, J.R., 2003, USER
2.1 User Specified Estimation Routine. Technical Manual.
Prepared for: Bonneville Power Administration, Portland,
Oregon. Project number 198910700. Accessed October
20, 2009, at http://pisces.bpa.gov/release/documents/
documentviewer.aspx?pub=D00012494-2 pdf.

Muir, M.D., Smith, S.G., Williams, J.G., and Sandford, B.P.,
20014, Survival of juvenile salmonids passing through
bypass systems, turbines and spillways with and without
flow deflectors at Snake River dams: North American
Journal of Fisheries Management , v. 21, p. 135-146.


http://pisces.bpa.gov/release/documents

Muir, M.D., Smith, S.G., Williams, J.G., and Hockersmith,
E.E., 2001b, Survival estimates for migrant yearling
spring Chinook salmon and steelhead tagged with passive
integrated transponders in the lower Snake and lower
Columbia Rivers, 1993-1998: North American Journal of
Fisheries Management, v. 21, p. 269-282.

Paulsen, C.M., and Fisher, T.R., 2001, Statistical relationship
between parr-to-smolt survival of Snake River spring-
summer Chinook salmon and indices of land use:
Transactions of the American Fisheries Society, v. 130,

p. 347-358.

Seber, G.A.F., 1982, The estimation of animal abundance and
related parameters: Macmillan, New York.

Skalski, J.R., 2003, Monitoring and evaluation: Statistical
support for life-cycle studies, 2003 Annual Report: Prepared
for Bonneville Power Administration, Portland, Oregon,
Project number 198910700, accessed October 20, 2009, at
http://pisces.bpa.gov/release/documents/documentviewer.
aspx?doc=00012494-4.

Chapter 7. — Connolly 125

Skalski, J.R., Smith, S.G., Iwamoto, R.N., Williams, J.G., and
Hoffman, A., 1998, Use of passive integrated transponder
tags to estimate survival of migrant juvenile salmonids
in the Snake and Columbia Rivers: Canadian Journal of
Fisheries and Aquatic Sciences, v. 55, p. 1484-1493.

Zydlewski, G.B., Haro, A., Whalen, K.G., and McCormick,
S.D., 2001, Performance of stationary and portable passive
transponder detections systems for monitoring of fish
movements: Journal of Fish Biology, v. 58, p. 1471-1475.

Zydlewski, G.B., Horton, G., Dubreuil, T., Letcher, B.,
Casey, S., and Zydlewski, J., 2006, Remote monitoring of
fish in small streams: a unified approach using PIT tags:
Fisheries, v. 31, p. 492-502.


http://pisces.bpa.gov/release/documents/documentviewer

126 PNAMP Special Publication: Tagging, Telemetry, and Marking Measures for Monitoring Fish Populations

This page intentionally left blank.



