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ABSTRACT

Despite the increasing use of passive integrated transponder (PIT) tags in freshwater mussel
research and conservation, there has been no evaluation of the trade-offs in cost and effort between
commonly used adhesive types. These factors could be important to consider if tag retention rates do
not vary by adhesive, the effects of handling are large, or resources are limited. We modeled and
evaluated how material costs and effort function over a range of sample sizes by using field data from
the relocation of 3,749 PIT-tagged Clubshell (Pleurobema clava) and Northern Riffleshell (Epioblasma
rangiana) in Illinois, 261 Eastern Elliptio (Elliptio complanata) in Maryland, and the release of 99
Cumberland Combshell (Epioblasma brevidens) in Virginia. Each study used externally affixed 12.5-
mm, 134.2-kHz PIT tags, but used a different adhesive to encapsulate tags (Illinois, underwater epoxy
resin; Maryland, surface-insensitive gel cyanoacrylate; and Virginia, dental cement). We determined
the total cost-per-tag-effort (CPTE) after parameterizing cost, quantity required, application time, and
time for each adhesive. After accounting for standardized costs of staff time and adhesive,
cyanoacrylate was the least costly adhesive to affix, encapsulate, and cure PIT tags on a per mussel
basis. Differences in CPTE were small when the number of mussels tagged was low, but they increased
by US$2–6 mussel�1. A primary goal in mussel projects is reduced stress from aerial exposure. Using
underwater epoxy, which requires time above water to cure, can negate this goal and increase costs as it
requires more handling effort than cyanoacrylate or dental cement. Nevertheless, more resource-
intensive adhesives may still be an appropriate choice when the number of study animals is low.
Further study is warranted to understand how our model may vary by adhesive brand, application
rate, staffing level, and environmental factors.
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INTRODUCTION
Relocation and reintroduction is a common conservation

strategy to address the national decline in populations of

freshwater mussels (Haag and Williams 2014; FMCS 2016).

Understanding survival and demographic rates of mussel

populations is imperative to assess conservation and manage-

ment actions, which necessitates tracking a sufficient number

of individual animals or cohorts over time. Studies that seek to

monitor and assess the success of freshwater mussel

conservation actions (e.g., translocation, relocation, and

reintroduction) typically use sampling designs that require

individually marked animals (e.g., capture–recapture, Villela*Corresponding Author: matthew.ashton@maryland.gov
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et al. 2004). The resulting models of demographics and vital

rates are based on the probability of detecting a marked animal

in subsequent surveys (Burnham et al. 1987). Although mostly

sessile, mussels exhibit imperfect detection that can vary by

species, size, environmental factors, sampling design, survey

method, and observer (Metcalfe-Smith et al. 2000; Meador et

al. 2011; Stodola et al. 2017). Consequently, evaluating

mussel conservation actions has been hampered by low rates

of recapture (Cope and Waller 1995; Cope et al. 2003), leaving

the fate of many mussels unknown. An inability to recapture a

sufficient number of marked animals may cause data to be

deficient, imprecise, or possibly even biased and has

implications for conservation (Wisniewski et al. 2013; Hua

et al. 2015).

Passive integrated transponder (PIT) tags are relatively

inexpensive means of uniquely marking animals that has been

widely used to track populations of large and small terrestrial

vertebrates (Gibbons and Andrews 2004). As PIT tag technology

has advanced, the reduced size of microchips and waterproof tag

readers have allowed them to be used with small-bodied aquatic

vertebrates and invertebrates, including fishes (Roussel et al.

2000; Cooke et al. 2011; Pennock et al. 2016), crayfishes (Black

et al. 2010), and bivalve mollusks (Kurth et al. 2007; Hamilton

and Connel 2009; Hale et al. 2012). More recently, this

technology has been used to study freshwater mussel movement

and behavior (Peck et al. 2007; Gough et al. 2012; Newton et al.

2015) and the survival of released endangered species (wild,

Fernandez 2013; hatchery produced, Hua et al. 2015). In the first

evaluation of PIT tag use for mussel translocation monitoring,

Kurth et al. (2007) observed recapture rates were twice as high as

rates observed using visual surveys. Hua et al. (2015) found near

complete detection of hatchery-stocked mussels during seven

monitoring events over a 2-yr period. Tiemann et al. (2016)

recovered 83% of PIT-tagged mussels during 17 monitoring

events over 3 yr following a short-distance relocation.

The PIT tags are located subcutaneously in vertebrates and

larger invertebrates because their body mass is large relative to

the tag size. Internal insertion is generally avoided for freshwater

mussels in favor of external affixation because it can result in

premature tag rejection or animal mortality (Kurth et al. 2007).

Although mussels have been tagged internally (e.g., Layzer and

Heinricher 2004), external placement of shellfish tags is the

predominant method used to mark mussels in capture–recapture

studies (Lemarie et al. 2000; Villela et al. 2004), especially when

using PIT tags (Kurth et al. 2007; Peck et al. 2007) and sensors

(Hauser 2015; Hartman et al. 2016a, 2016b). Cyanoacrylate and

epoxy resin adhesives have been primarily used to externally

affix PIT tags to mussel shells, and they have variable curing

times, costs, and chemical compositions, in addition to bond

strength and longevity. These types of adhesives have shown

low rates of mortality and high rates of PIT tag retention in

laboratory and in situ settings (Young and Isley 2008). A third,

less commonly used adhesive (dental cement) has shown similar

performance (Kurth et al. 2007; Hua et al. 2015).

Despite their rapidly increasing use in mussel research and

conservation, there has been just a few studies on the effects of

external adhesion on mussel behavior, movement, growth, and

survival (e.g., Wilson et al. 2011; Peck et al. 2014; Hartmann

et al. 2016a; Hua et al. 2016). Furthermore, there has been no

evaluation of the trade-offs in material cost and effort (i.e.,

application and curing time) between the three most widely

implemented adhesive types. These could be important factors

to consider when developing a conservation plan or ecological

study that incorporates PIT tags if the effects of handling or

transportation may already be large or if resources are limited.

Our objective was to model and evaluate how these factors

function over a range of tagging sample sizes for epoxy resin,

cyanoacrylate, and dental cement adhesives.

METHODS
We used data from three case studies that represent field

applications of externally affixed PIT tags by using three

adhesive types with four freshwater mussel species that have

been monitored for �2 yr.

Illinois Case Study
Natural resource agencies in Illinois PIT tagged 1,766

Clubshell (Pleurobema clava) and 1,983 Northern Riffleshell

(Epioblasma rangiana) translocated from the Allegheny River

beneath the existing U.S. Highway 62 Bridge, Forest County,

Pennsylvania, between 2012 and 2014. Clubshell ranged in

length from 23 to 62 mm (l ¼ 45.2 mm), whereas Northern

Riffleshell varied from 26 to 78 mm (l¼ 53.1 mm). Mussels

were shipped in coolers from Pennsylvania to Illinois (~10 h

out of water) and then placed in quarantine holding tanks at the

Illinois Natural History Survey Aquatic Research Facility in

Champaign-Urbana, Illinois. Each tank provided continuous

ground water (temperature ranged from 20 to 228C), lacked

substrate, and was aerated using air pumps. The 2012 cohort

was held in quarantine for 14 d, whereas the 2013 and 2014

classes were quarantined for 4–5 d before being released.

While in quarantine, individual mussels were externally

affixed with 12.5-mm, 134.2-kHz PIT tags (BioMark, Inc.,

Boise, ID) by using Devcon 11800 marine grade epoxy resin

(Devcon, Danvers, MA). Batches of up to 50 individuals were

scrubbed to removed debris (e.g., algae and caddisfly cases),

towel dried, and affixed with a PIT tag on the right valve and a

uniquely numbered, vinyl shellfish tag (Hallprint, Hindmarsh

Valley, South Australia) on the left valve. To affix both PIT

and shellfish tags, technicians placed a small bead of

cyanoacrylate to hold a tag in place; the brand of

cyanoacrylate varied and no accelerant was applied to the

glue (Fig. 1a). Once dried, PIT tags were completely encased

in epoxy, whereas shellfish tags were encased in cyanoacrylate

(Fig. 1b). Individuals were then databased (i.e., recorded

species, sex, length, tag numbers, and other information)

before being returned to the holding tanks. Out-of-water time

averaged 30 min mussel�1. Animals were held at least 24 h for

the epoxy to fully cure before being hand planted at eight sites

in the Vermilion River basin (Wabash River drainage).
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Animals have since been monitored to estimate the survival

and gauge the success of the project (Stodola et al. in review).

Of the 3,749 animals tagged and relocated, 3,371 (90%) have

been encountered at least once during subsequent recapture

monitoring by using a portable submersible PIT tag antennae.

Maryland Case Study
Maryland Department of Natural Resource biologists

relocated 2,345 Eastern Elliptio (Elliptio complanata) in 2014

from the direct and indirect impact zones of a stream bank

stabilization project along Route 24 in Deer Creek, Harford

County, Maryland. Particular attention was paid to the effort

required to remove, process, and relocate mussels because this

was the first large relocation in the state. As a result, an

additional 541 mussels were collected in preremoval surveys to

assess the potential effects of relocation via capture–recapture

monitoring (Ashton et al. 2016). In total, 427 of the 2,866

mussels collected in the removal and preremoval surveys were

externally PIT tagged. These mussels have been monitored at

five relocation sites and three control sites that received no

relocated mussels annually since 2014. This has resulted in an

additional 149 (2015) and 112 (2016) naive (i.e., unmarked)

mussels being PIT tagged. The Eastern Elliptio PIT tagged

ranged in length from 19 to 86 mm (l ¼ 57.3 mm).

Mussels collected in preremoval, removal, and monitoring

surveys were held on site in flowthrough containers or aerated

coolers that received frequent changes of river water before

processing. After being cleaned of debris, the shell length

(millimeters) of each mussel was measured, and each valve

was marked with a Hallprint tag adhered using a surface-

insensitive, cyanoacrylate gel. Eastern Elliptio ,50 mm in

shell length and every fifth naive mussel were externally

affixed with a 12.5-mm, 134.2-kHz PIT tag. PIT tags were

held in place on the shell in a small bead of cyanoacrylate gel

(Fig. 1c). Using a separate tube of cyanoacrylate without an

application tip, PIT tags were then encapsulated on all sides

with additional adhesive (Fig. 1d). In 2014, PIT tags were

affixed and encapsulated with LOCTITE gel control (Henkel

Corp., Rocky Hill, CT). In 2015 and 2016, Turbo Fuse gel

(Palm Labs Adhesives, DeBary, FL) was used to attach tags.

Total time to measure and tag was maintained at 2 min

mussel�1 to minimize aerial exposure by using one or two

sprays of a cyanoacrylate curing accelerant (Turbo Set I, Palm

Labs Adhesives) in all years. After processing was complete,

mussels were kept in flowthrough or aerated holding

containers of river water before being hand planted into the

substrate. Of the 576 animals PIT tagged in 2014 and 2015,

approximately 25% have been relocated through visual survey

methods at least once in subsequent monitoring (M.J. Ashton

et al., unpublished data).

Virginia Case Study
Ninety-nine Cumberland Combshell (Epioblasma brevi-

dens) were propagated at the Freshwater Mollusk Conservation

Figure 1. Marking of Northern Riffleshell (Epioblasma rangiana) and Clubshell (Pleurobema clava) by (a) attaching passive integrated transponder (PIT) tags to

shells with cyanoacrylate and (b) encapsulating PIT tags in epoxy resin; Eastern Elliptio (Elliptio complanata) by using cyanoacrylate by (c) attaching PIT tags to

shell and (d) encapsulating the PIT tag in cyanoacrylate; and Cumberland Combshell (Epioblasma brevidens) by (e) attaching a PIT tag to the shell with

cyanoacrylate and (f) encapsulating the PIT tag in dental cement.
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Center, Department of Fish and Wildlife Conservation, Virginia

Tech in Blacksburg, Virginia. Over a 2-yr period, mussels were

released from hatchery or in situ culture systems after they

reached a minimum length of 20 mm into the Powell River,

Claiborne County, Tennessee. Tagged Cumberland Combshell

ranged in length from 17.8 to 22.9 mm (l ¼ 19.3 mm).

While in culture, subadult Cumberland Combshell were

marked with a bee tag (The Bee Works, Ontario, Canada) or

vinyl shellfish tag by using cyanoacrylate. A three-step process

was used to externally affix PIT tags in the field. After being

cleaned and dried, PIT tags were held with LOCTITE gel

control cyanoacrylate (Fig. 1e). Tags were then completely

encapsulated in Fuji Glass Ionomer Luting Cement (Fig. 1f;

GC Fuji Luting, Tokyo, Japan). A hypodermic needle was

used to mix the dental cement powder and liquid on a

manufacturer’s supplied application pad and apply the mixed

cement onto the PIT tag via syringe. To reduce negative

effects of exposure, the PIT tagging process was conducted in

the field under shade and took 2 min mussel�1. Mussels were

hand planted into the substrate at the monitoring site after

tagging was complete. The released mussels were monitored

using a portable submersible PIT tag antennae to assess

individual heterogeneity of demographic rates (Hua et al.

2015). Of the 99 animals tagged and released, 97 (98%) have

been encountered at least once during subsequent recapture

monitoring (Hua et al. 2015).

Evaluation
We evaluated the total cost to externally affix PIT tags to

freshwater mussels by parameterizing the cost (US$ g�1) of

each primary adhesive (A), quantity of adhesive (qA) used in

each case study (g mussel�1), time (min mussel�1) needed to

apply the adhesive and PIT tag (tA), and time (min mussel�1)

actively engaged with tagged mussels during the adhesive

curing process (cA) (Table 1). Costs of adhesives per unit were

calculated from purchase records kept in each case study. We

did not include the cost of PIT tags and adhesive used to attach

the tag as they were similar among studies. We also did not

include adhesive use and tag application data from the 2014

portion of the Maryland case study because it was discovered

that a relatively large amount of adhesive remained inside the

applicator even after it appeared exhausted.

The quantity of adhesive used per mussel was determined

by dividing the number of mussels tagged in each study by the

quantity of adhesive consumed. We used the average hourly

salary rate published by the General Services Administration’s

Contract-Awarded Labor Category for project scientists in the

environmental services schedule with a Bachelor’s or higher

education level to determine a constant cost in staff time

(US$96.00 h�1) to affix PIT tags (GSA 2016). Cost in time

spent to cure adhesive type was calculated in the same manor,

but for epoxy the time was estimated at 30 min for batches of

50 mussels instead of for an individual mussel. The parameters

of cost were then totaled and extrapolated on a per mussel

tagged basis (cost-per-tag-effort; CPTE in $US) for cyanoac-

rylate and dental cement as follows:

CPTE ¼ ðA 3 qAÞ3 Nmussels½ �
þ
�

$96:00�h�1 3ðtA 3 NmusselsÞ
h i

=60 min

þ
�

$96:00�h�1 3ðcA 3 NmusselsÞ�=60 min: ð1Þ

For epoxy, CPTE was calculated as follows:

CPTE ¼ ðA 3 qA 3 NmusselsÞ½ �
þ ð$96:00�h�1 3ðtA 3 Nmussels

� �
=60 min

þ
�

$96:00�h�1 3ðcA 3 Nmussels=50Þ�=60 min: ð2Þ

To generate a predictive equation for the relationship between

CPTE and number of mussels tagged, we constructed ordinary

least squares regression models for each adhesive type by

using the lmList function in R package nlme (Pinheiro et al.

2016). A linear method was chosen as opposed to fitting the

extrapolated parameter values against other distributions

because parameters of CPTE increase at a constant rate

mussel per mussel (equation 1) or batch per batch (equation 2).

We used the lm method of the geom_smooth function in R

package ggplot 2 (Wickham 2009) to visualize these

relationships.

RESULTS
The PIT tagging of 3,749 Clubshell and Northern Riffle-

shell consumed approximately six 454-g epoxy adhesives over

the 3-yr period. Tagging of 149 Eastern Elliptio in 2015 and

112 individuals in 2016 consumed four and three 20-g

cyanoacrylate adhesives, respectively. Three 35-g dental

cement adhesives were used to tag 99 Cumberlandian

Combshell in 2009 and 2010. The quantity of adhesive used

Table 1. Comparison of adhesives to attach and encapsulate passive integrated transponder tags to freshwater mussels.

Study Adhesive Adhesive Type

Approximate Time

to Apply (min)

Cure

Time (min)

Cost

(US$ g�1)

Adhesive

(g�mussel�1)

Illinois Devcon 11800 Epoxy resin 5 1,440a 0.14 0.72

Maryland Palm Labs 440 Turbo Fuse Gel Cyanoacrylate 1 1 0.35 0.54

Virginia Fuji Glass Ionomer Luting Cement Dental cement 1 1 2.54 0.94

a We estimated that 2% of the total cure time (30 min) involved costs associated with effort (e.g., transfer of mussels to holding tanks, arrangement within tank, collection for

transport).
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to PIT tag these mussels was similar across years by adhesive

type.

Parameters of adhesive consumption, application, and

curing effort varied by adhesive type (Table 1). Cyanoacrylate

required 24% less adhesive to affix a PIT tag to an individual

mussel than the epoxy and 43% less than dental cement. In

contrast, epoxy was 2.5 times less costly per gram than

cyanoacrylate and 18 times less costly than dental cement.

Epoxy required 5 times more effort to apply and encapsulate a

PIT tag than both dental cement and cyanoacrylate. Total cure

time for epoxy was considerably greater than other adhesives,

yet little of this time was spent handling mussels. Conse-

quently, less effort associated with the process of adhesive

curing accumulated as more mussels were tagged with epoxy

than with cyanoacrylate and dental cement by handling

mussels in batches of 50 (e.g., 100 mussels cured in 60 min

vs. 60 mussels in 60 min).

Linear models of total cost (US$) per PIT-tagged mussel

based on our cost and consumption parameters illustrated that

cyanoacrylate (CPTE ¼ $3.42 3 Nmussels – 1.23�10) was less

costly than dental cement (CPTE¼ $5.60 3 Nmussels – 2.52�13)

or epoxy (CPTE ¼ $9.04 3 Nmussels þ $14.96) (Table 2 and

Fig. 2a). Costs associated with adhesive consumption

increased at a greater rate for dental cement and cyanoacrylate

than epoxy (Fig. 2b). The rate at which CPTE increased as the

number of mussels tagged increased was higher for epoxy than

cyanoacrylate and dental cement due to higher costs associated

with adhesive application effort (Fig. 2c). An initial invest-

ment of effort to cure the first batch of 50 mussels led to higher

upfront costs (i.e., larger y-intercept) for epoxy, but ultimately

resulted in lower costs in comparison with cyanoacrylate and

dental cement as the number of mussels tagged increased (Fig.

2d).

DISCUSSION
External attachment of PIT tags is a marking technique that

can increase detection rates of freshwater mussels (Kurth et al.

2007) and improve the accuracy of survival and demographic

rates (Hua et al. 2015; Tiemann et al. 2016). For this reason,

PIT tags seem especially suited for use in mussel relocation

and conservation monitoring due to historically low recapture

rates (Cope et al. 1995, 2003). A primary goal in studies that

employ recapture sampling is reduced stress from handling,

especially out of water time (Dunn et al. 2000). Aerial

exposure to apply and adhere tags to freshwater mussels by

using cyanoacrylate was generally ,15 min mussel�1

(Lemarie et al. 2000; Villella et al. 2004), yet this can be

reduced to 2 min mussel�1 by using a curing accelerant. Dental

cement has a similar curing time. Using underwater epoxy to

affix PIT tags can negate the reduced handling time goal as it

requires more handling and total curing time than cyanoacry-

late (Table 1 and Fig. 2c).

In this evaluation of the materials and staff time needed to

affix and encapsulate PIT tags to freshwater mussels from

three studies, cyanoacrylate was overall less costly than dental

cement and epoxy on a per mussel basis. Absolute differences

in total cost compared to cyanoacrylate are relatively small

when the number of mussels tagged is low, but they increased

by more than $2 mussel�1 for dental cement and almost $6

mussel�1 for epoxy. We suggest that dental cement and

waterproof epoxy resin may be an appropriate choice of

adhesive for transmitters when the number of study animals is

low. In this scenario, differences in costs among adhesive

types will be negligible, and dental cement or epoxy may be

better suited to protect PIT tags from damage should even

minimal tag loss affect the statistical power to detect a change

in population size or condition. A quicker, more controlled

method of applying epoxy warrants investigation as the effort

Table 2. Costs of materials and effort incurred during the adhesion and curing of passive integrated transponder (PIT) tags to freshwater mussels per mussel and

extrapolated per 100 individuals by adhesive type.a

No.

Mussels

Tagged

Dental cement (US$) Cyanoacrylate (US$) Epoxy (US$)

Adhesive

(qA)

Application

(tA)

Cure

(cA)

Cost

(CPTE)

Adhesive

(qA)

Application

(tA)

Cure

(cA)

Cost

(CPTE)

Adhesive

(qA)

Application

(tA)

Cure

(cA)

Cost

(CPTE)

1 2.40 1.60 1.60 5.60 0.22 1.60 1.60 3.42 0.10 8.00 48.00 56.10

100 239.76 160.00 160.00 559.76 22.46 160.00 160.00 342.46 10.30 800.00 96.00 906.30

200 479.51 320.00 320.00 1,119.51 44.92 320.00 320.00 684.92 20.60 1,600.00 192.00 1,812.60

300 719.27 480.00 480.00 1,679.27 67.38 480.00 480.00 1,027.38 30.90 2,400.00 288.00 2,718.90

400 959.02 640.00 640.00 2,239.02 89.84 640.00 640.00 1,369.94 41.19 3,200.00 384.00 3,625.19

500 1,198.78 800.00 800.00 2,798.78 112.31 800.00 800.00 1,712.31 51.49 4,000.00 480.00 4,531.49

600 1,438.53 960.00 960.00 3,358.53 134.77 960.00 960.00 2,054.77 61.79 4,800.00 576.00 5,437.79

700 1,678.29 1,120.00 1,120.00 3,918.29 157.23 1,120.00 1,120.00 2,397.23 72.09 5,600.00 672.00 6,344.09

800 1,918.04 1,280.00 1,280.00 4,478.04 179.69 1,280.00 1,280.00 2,739.69 82.39 6,400.00 768.00 7,250.39

900 2,157.80 1,440.00 1,440.00 5,037.80 202.15 1,440.00 1,440.00 3,082.15 92.69 7,200.00 864.00 8,156.69

1,000 2,397.55 1,600.00 1,600.00 5,597.55 224.61 1,600.00 1,600.00 3,424.61 102.99 8,000.00 960.00 9,062.99

a qA, quantity of adhesive used in each case study (g mussel�1); tA, time (min mussel�1) needed to apply the adhesive and PIT tag; cA, time (min mussel�1) actively engaged with

tagged mussels during the adhesive curing process; CPTE, cost-per-tag-effort.
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associated with its application evaluated in this study was 5

times more than that of cyanoacrylate or dental cement. This

difference in effort drove CPTE higher for epoxy (Fig. 2a, c),

even though the cost of adhesive consumption per tag was less

and curing in batches may reduce and even reverse any cost

advantage achieved from using a faster curing adhesive (Fig.

2b, d). A more controlled applicator could also reduce the

quantity of epoxy consumed per tag, thus realizing additional

savings in materials. Because application and curing times

were similar for cyanoacrylate and dental cement, differences

in CPTE could be mitigated by more conservative cement

application or a less costly formula.

Prices of adhesives can vary widely, especially when

considering the advent of online shopping, buying in bulk, or

discounts some groups receive (e.g., governmental agencies).

The difference in adhesive cost per unit may in part be because

Figure 2. Linear models for epoxy resin (blue squares), cyanoacrylate (red circles), and dental cement (green triangles). Relationships between (a) cost-per-tagged

mussel versus number of mussels with externally affixed PIT tags and individual cost-per-tag-effort (CPTE) parameters of (b) adhesive consumption, (c)

application time, and (d) curing time versus number of mussels tagged.
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the epoxy evaluated in this study is sold in a greater quantity

per standard package than both dental cement and cyanoac-

rylate. On average, 600 individuals could be affixed with PIT

tags by using a 454-g package of epoxy. In contrast, about 30

individuals could be tagged using a 35-g package of dental

cement. Other factors to consider are the ability to rapidly

procure adhesive, surcharges when not ordering in bulk, or

unintended curing of unused product. For example, acquiring

dental cement can be challenging because its intended use is in

a regulated industry. Also, unexpected demand for additional

adhesive (e.g., tagging more mussels than expected or more

liberal adhesive application) requires the need for impromptu

purchasing. We have observed prices varying by 10–30%

among major retailers for the same cyanoacrylate adhesive.

Cyanoacrylate adhesives and accelerants are often sold in

cases of 10 or 12 and have a suggested shelf life of a year.

There are often surcharges to purchase units less than a case,

which would increase cost per unit parameters if a relatively

small number of mussels are to be tagged. With adequate

planning time, comparison shopping should help keep actual

costs comparable to our studies; however, we noted a 30%

increase in the price of epoxy since the last purchase from the

same vendor.

Although we focused our effort on resources required to

affix PIT tags, the cost of tags can also vary depending on the

quantity, size, and manufacturer. For the data evaluated in our

models, tag cost would have been constant because large

quantities were procured from the same vendor at or about the

same time. However, over the course of these studies tag price

has fluctuated year to year and vendor to vendor by (þ) 150 to

(�) 250% (e.g., prices have ranged from $2 to $5 per tag).

Other costs we did not measure and account for in our

evaluation should also be considered when choosing an

adhesive type for PIT tagging of freshwater mussels. For

example, the curing time associated with underwater epoxies

could reduce the number of mussels that can be tagged and

returned to a stream in a day or require travel between study

sites and laboratory facilities thus extending the number of

field days. Specialized facilities and equipment may also be

necessary to hold mussels in captivity during the curing time,

whereas mussels can be immediately returned to the stream

after cyanoacrylate and dental cures. Tiemann et al. (2016)

speculated that prolonged handling and exposure may have

contributed to the initial mortality observed following

relocation. Factors other than cost may also warrant consid-

eration, including the presence of potentially harmful com-

pounds, adhesive durability, and ability to reapply in the field.

For example, Hartmann et al. (2016a) chose not to adhere

sensors to Duck Mussel (Anodonta anatina) with epoxy resin

due to its complex application and presence of bisphenol-A.

Environmental factors (e.g., air temperature and relative

humidity) can also affect adhesive viscosity and curing time.

We propose that PIT tag retention is generally not an

important factor in choosing an adhesive as previous studies

have shown that retention rates do not seem to vary

substantially by adhesive type (e.g., Young and Isley 2008).

However, PIT tag attachment may fail regardless of adhesive

type if debris causes the bond between shell and adhesive or

adhesive and tag to break. Insufficient PIT tag encapsulation

could cause them to be damaged if mussels become dislodged

or struck with coarse particles during high flow events. Still,

externally affixed PIT tag loss appears to be low over 1–2-yr

periods and comparable to retention rates of vinyl shellfish

tags (e.g., Lemarie et al. 2000). For example, Ashton et al.

(2016) observed the loss or failure of eight (2%) cyanoacry-

late-affixed PIT tags 12 mo after relocation on Eastern Elliptio

that were recovered 650 to 1,500 m downstream of the point of

their relocation in a coarse substrate stream. Similar levels of

tag damage due to cyanoacrylate erosion were observed after

18 mo by Young and Isely (2008), but they observed no tag

damage due to adhesive loss for underwater epoxy. Tiemann

et al. (2016) reported one (1%) tag failure during their

assessment of short-distance mussel relocation with epoxy

encapsulated PIT tags. Hua et al. (2016) observed no failure of

tags embedded in dental cement. We are unaware of any

published studies that have evaluated PIT tag retention beyond

3 yr so we cannot speculate whether a particular type is more

suited for long-term (.10-yr) study.

The findings of our evaluation are likely limited in their

scope to the adhesives we evaluated (gel cyanoacrylate, dental

cement, and 24-h curing waterproof epoxy resin); however,

the assumptions used to parameterize our model are flexible to

other costs and adhesive properties. Accordingly, the costs

incurred from applying and handling with the epoxy used in

this study would have been likely similar if a quicker curing

formula was used based on observations of others (e.g., Young

and Isley 2008). For this reason, we expect that epoxy resin

would sustain higher total costs per mussel tagged without

reductions in application time while also maintaining a

minimal level of effort during the curing process. Further

limitations in our findings may arise from a lack of quantified

variation within each case study and by adhesive type.

Variation when applying model parameters could arise from

fluctuations in adhesive costs, level of adhesive applicator

experience, and staffing. For example, actual staff costs

incurred in the Illinois and Maryland case studies may have

been lower than our model because some tag applicators were

volunteers. However, a relocation or reintroduction involving

a federally listed, cryptic species may necessitate primary

investigators with specialized experience, which could lead to

higher salary rates. Added variation could result from adhesive

brand and environmental factors, including air temperature and

relative humidity. We believe a more thorough comparison of

commercially available adhesives used to externally PIT tag

mussels is warranted.

ACKNOWLEDGMENTS
Funding for the Illinois project was provided in part by the

U.S. Fish and Wildlife Service (USFWS) through the Illinois

Department of Natural Resources’ (IDNR) Office of Resource

Conservation to the Illinois Natural History Survey (INHS)

ASHTON ET AL.120



(grants R70470002 and RC09-13FWUIUC); the USWFS’s

Ohio River Basin Fish Habitat Partnership (award

F14AC00538); the IDNR’s Natural Resource Damage As-

sessment settlement from the Heeler Zinc - Lyondell Basell

Companies (reference documents OREP1402 and

OREP1504); the Illinois Wildlife Preservation Fund (grant

RC07L25W); and the Illinois Department of Transportation.

Funding for the Maryland project was provided to the

Maryland Department of Natural Resources by the State

Highway Administration of the Maryland Department of

Transportation. The grant and facility support for the Virginia

project was provided by the USFWS, U.S. Geological Survey

(USGS), and Department of Fish and Wildlife Conservation at

Virginia Polytechnic Institute and State University. Permits for

Illinois were provided by the USFWS (TE73584A-1);

Pennsylvania Fish and Boat Commission (PFBC) (e.g.,

2014-02-0837, 2013-756); IDNR (e.g., S-16-047, #S-10-30);

the Illinois Nature Preserves Commission; and the University

of Illinois (U of I). Staff from the USFWS (Rock Island, Ohio

and Pennsylvania field offices), PFBC, IDNR, INHS, U of I,

and EnviroScience, Inc. (ESI), assisted with the tagging and

relocation in Illinois; specifically, Alison Stodola (INHS),

Rachel Vinsel (INHS), Sarah Douglass (INHS), Kevin

Cummings (INHS) assisted with relocations, monitoring,

database management, and have offered thoughtful insight to

this project and subsequent manuscripts. James McCann

(Maryland Department of Natural Resource [MDNR]), Dave

Brinker (MDNR), staff of the MDNR’s Monitoring and Non-

Tidal Assessment Division and USFWS Maryland Fisheries

Resource Office conducted the relocation in Maryland. Special

thanks are given to Martha Stauss (MDNR) for coordinating

logistics with Maryland State Highway Administration. We

thank the staff and students at Freshwater Mollusk Conserva-

tion Center, Virginia Tech for their assistance in propagation,

culture, release, and recapture of juvenile mussels. Heidi Dunn

(ESI), Emily Robins (ESI), Teresa Newton (USGS), and

Andrew Peck (The Nature Conservancy) shared their experi-

ences with PIT-tagging mussels.

LITERATURE CITED
Ashton, M. J., K. Sullivan, D. H. Brinker, and J. M. McCann. 2016.

Monitoring of freshwater mussel relocation in Deer Creek, Rocks State

Park, Maryland: Year 2 results. Report from the Maryland Department of

Natural Resources to the Maryland State Highway Administration,

Annapolis.

Black, T. R., S. S. Herleth-King, and H. T. Mattingly. 2010. Efficacy of

internal PIT tagging of small-bodied crayfish for ecological study.

Southeastern Naturalist 9:257–266.

Burnham, K. P., D. R. Anderson, G. C. White, C. Brownie, and K. H. Pollock.

1987. Design and analysis methods for fish survival experiments based on

release-recapture. American Fisheries Society Monograph 5, Bethesda,

Maryland.

Cooke, S. J., C. M. Woodley, M. B. Eppard, R. S. Brown, and J. L. Nielsen.

2011. Advancing the surgical implantation of electronic tags in fish: a gap

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

tagging effects studies. Reviews in Fish Biology and Fisheries 21:127–

151.

Cope, W. G., M. C. Hove, D. L. Waller, D. J. Hornbach, M. R. Bartsch, L. A.

Cunningham, H. L. Dunn, and A. R. Kapuscinski. 2003. Evaluation of

relocation of unionid mussels to in situ refugia. Journal of Molluscan

Studies 69:27–34.

Cope, W. G., and D. L. Waller. 1995. Evaluation of freshwater mussel

relocation as a conservation and management strategy. Regulated Rivers:

Research and Management 11:147–155.

Dunn, H. L., B. E. Sietman, and D. E. Kelner. 2000. Evaluation of recent

unionid (Bivalvia) relocations and suggestions for future relocations and

reintroductions. Pages 169–183 in R. A. Tankersley, D. I. Warmolts, G. T.

Watters, B. J. Armitage, P. D. Johnson, and R. S. Butler, editors.

Freshwater Mollusk Symposia Proceedings. Part II. Proceedings of the

First Freshwater Mollusk Conservation Society Symposium. Ohio

Biological Survey Special Publication, Columbus. 274 pp.

Fernandez, M. K. 2013. Transplants of western pearlshell mussels to

unoccupied streams on Willapa National Wildlife Refuge, southwestern

Washington. Journal of Fish and Wildlife Management 4:316–325.

FMCS (Freshwater Mollusk Conservation Society). 2016. A national strategy

for the conservation of native freshwater mollusks. Freshwater Mollusk

Biology and Conservation 19:1–21.

Gibbons, W. J., and K. M. Andrews. 2004. PIT tagging: simple technology at

its best. Bioscience 54:447–454.

Gough, H. M., A. M. Gascho Landis, and J. A. Stoeckel. 2012. Behaviour and

physiology are linked in the responses of freshwater mussels to drought.

Freshwater Biology 57:2356–2366.

GSA (General Services Administration). 2016. Contract-Awarded Labor

Category. Available at https://calc.gsa.gov (accessed November 28,

2016).

Haag, W. R., and J. D. Williams. 2014. Biodiversity on the brink: an

assessment of conservation strategies for North American freshwater

mussels. Hydrobiologia 735:45–60.

Hale, J. R., J. V. Bouma, B. Vadopalas, and C. S. Friedman. 2012. Evaluation

of passive integrated transponders for abalone: Tag placement, retention,

and effect on survival. Journal of Shellfish Research 31:789–794.

Hamilton, S., and L. Connell. 2009. Improved methodology for tracking and

genetically identifying the softshell clam Mya arenaria. Journal of

Shellfish Research 28:747–750.

Hartmann, J. T., S. Beggel, K. Auerswald, and J. Geist. 2016a. Determination

of the most suitable adhesive for tagging freshwater mussels and its use in

an experimental study of filtration behaviour and biological rhythm.

Journal of Molluscan Studies 82:415–421.

Hartmann, J. T., S. Beggel, K. Auerswald, B. C. Stoeckle, and J. Geist. 2016b.

Establishing mussel behavior as a biomarker in ecotoxicology. Aquatic

Toxicology 170:279–288.

Hauser, L. W. 2015. Predicting episodic ammonium excretion by freshwater

mussels via gape response and heart rate. Master’s thesis, University of

Iowa.

Hua, D., Y. Jiao, R. Neves, and J. Jones. 2015. Use of PIT tags to assess

individual heterogeneity of laboratory-reared juveniles of the endangered

Cumberlandian combshell (Epioblasma brevidens) in a mark–recapture

study. Ecology and Evolution 5:1076–1087.

Hua, D., Y. Jiao, R. Neves, and J. Jones. 2016. Period growth and growth

cessations in the federally listed Cumberland combshell using a

hierarchical Bayesian approach. Endangered Species Research 31:325–

336.

Kurth, J., C. Loftin, J. Zydlewski, and J. Rhymer. 2007. PIT tags increase

effectiveness of freshwater mussel recaptures. Journal of the North

American Benthological Society 26:253–260.

Layzer, J. B., and J. R. Heinricher. 2004. Coded wire tag retention in

ebonyshell mussels Fusconaia ebena. North American Journal of

Fisheries Management 24:228–230.

Lemarie, D. P., D. R. Smith, R. F. Villella, and D. A. Weller. 2000. Evaluation

of tag types and adhesives for marking freshwater mussels (Mollusca:

Unionidae). Journal of Shellfish Research 19:247–250.

EVALUATION OF PIT TAG ADHESIVES 121



Meador, J. R., J. T. Peterson, and J. M. Wisniewski. 2011. An evaluation of

the factors influencing freshwater mussel capture probability, survival,

and temporary emigration in a large lowland river. Journal of the North

American Benthological Society 30:507–521.

Metcalfe-Smith, J. L., J. Di Maio, S. K. Staton, and G. L. Mackie. 2000. Effect

of sampling effort on the efficiency of the timed search method for

sampling freshwater mussel communities. Journal of the North American

Benthological Society 19:725–732.

Newton, T. J., S. J. Zigler, and B. R. Gray. 2015. Mortality, movement and

behaviour of native mussels during a planned water-level drawdown in the

upper Mississippi River. Freshwater Biology 60:1–15.

Peck, A. J., J. L. Harris, J. L. Farris, and A. D. Christian. 2007. Assessment of

freshwater mussel relocation as a conservation strategy. Pages 115–124 in

C. L. Irwin, D. Nelson, and K. P. McDermott, editors. Proceedings of the

2007 International Conference on Ecology and Transportation. Center for

Transportation and the Environment, North Carolina State University,

Raleigh. 674 pp.

Peck, A. J., J. L. Harris, J. L. Farris, and A. D. Christian. 2014. Survival and

horizontal movement of the freshwater mussel Potamilus capax (Green,

1832) following relocation within a Mississippi delta stream system.

American Midland Naturalist 172:76–90.

Pennock, C. A., B. D. Frenette, M. J. Waters, and K. B. Gido. 2016. Survival of

and tag retention in southern redbelly dace injected with two sizes of PIT

tags. North American Journal of Fisheries Management 36:1386–1394.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R Core Team. 2016. nlme:

Linear and Nonlinear Mixed Effects Models. R package version 3.1–131.

Available at https://CRAN.R-project.org/package¼nlme. (accessed No-

vember 28, 2017)

Roussel, J. M., A. Haro, and R. A. Cunjak. 2000. Field test of a new method

for tracking small fishes in shallow rivers using passive integrated

transponder (PIT) technology. Canadian Journal of Fisheries and Aquatic

Sciences 57:1326–1329.

Stodola, K. W., A. P. Stodola, and J. S. Tiemann. 2017. High flow events

reduce survival of translocated clubshell and northern riffleshell in Illinois.

Freshwater Mollusk Biology and Conservation 20:000–000.

Tiemann, J. S., M. J. Dreslik, S. J. Baker, and C. A. Phillips. 2016. Assessment

of a short-distance freshwater mussel relocation as viable tool during

bridge construction projects. Freshwater Mollusk Biology and Conserva-

tion 19:80–87.

Villella, R. F., D. R. Smith, and D. P. Lemarie. 2004. Estimating survival and

recruitment in a freshwater mussel population using mark-recapture

techniques. American Midland Naturalist 151:114–133.

Wickham, H. 2009. ggplot2: Elegant graphics for data analysis. Springer-

Verlag, New York.

Wilson, C. D., G. Arnott, N. Reid, and D. Roberts. 2011. The pitfall with PIT

tags: Marking freshwater bivalves for translocation induces short-term

behavioural costs. Animal Behaviour 81:341–346.

Wisniewski, J. M., C. P. Shea, S. Abbott, and R. C. Stringfellow. 2013.

Imperfect recapture: A potential source of bias in freshwater mussel

studies. American Midland Naturalist 170:229–247.

Young, S. P., and J. J. Isely. 2008. Evaluation of methods for attaching PIT

tags and biotelemetry devices to freshwater mussels. Molluscan Research

28:175–178.

ASHTON ET AL.122


