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mark-recapture studies
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Aaron Carlisle 2 and Edward Hale 2,4*

1Department of Biology Western Washington University, Bellingham, WA, United States, 2School of
Marine Science and Policy, College of Earth, Ocean, and Environment, University of Delaware, Lewes,
DE, United States, 3Halmos College of Arts and Sciences, Nova Southeastern University, Dania Beach,
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Using tags within a mark-recapture framework allows researchers to assess

population size and connectivity. Such methods have been applied in coastal

zone habitats to monitor salt marsh restoration success by comparing the

movement patterns of Mummichogs (Fundulus heteroclitus) between restored

and natural marshes. Visible Implant Elastomer (VIE) tags are commonly used to

tag small fish like Mummichogs, though the retention and survival of small fish

using this method varies between studies, producing uncertainty during mark-

recapture-based approaches. To address this, we conducted a laboratory

experiment to determine the rate of tag loss and mortality of VIE tags on

Mummichogs of two size classes (greater or less than 61 mm) and across

different taggers. Tag loss and mortality increased over time, and the latter

significantly varied between taggers. We then developed a predictive model, R

package ‘retmort’, to account for the effect of this increase on mark-recapture

studies. When adapted to a series of published works, our model provided

rational estimates of tagging error for multiple species and tagging methods.

Of the case studies the model was applied to (n = 26), 15 resulted in a percent

standard error greater than 5%, signaling a significant percent of error due to

uncounted, tagged animals. By not accounting for these individuals, recapture

studies, particularly those that assess restoration efforts and coastal resilience,

could underestimate the effects of those projects, leading to superfluous

restoration efforts and erroneous recapture data for species with low tag

retention and high mortality rates.
KEYWORDS

tag retention, mark-recapture, visual implant elastomer, restoration, mortality,
Mummichog, retmort, tagging
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1 Introduction

Since the 17th century, researchers have utilized tagging methods

to estimate population size and understand animal spatial behavior

for assessing fisheries, habitat restoration efforts, and land-use

management (Lucas and Baras, 2000; Murray and Fuller, 2000;

Walker et al., 2012; Lapointe et al., 2013). Tagging takes a variety

of forms, from simple surface markings (e.g., freeze branding) to

more complex, electronic tags used to track movements and habitat

use across scales (e.g., acoustic tags, satellite tags; Lucas and Baras,

2000; Roday et al., 2024). In fisheries, conventional tagging, or the

use of physical identification tags attached to the fish, is commonly

used to answer questions of abundance, movement, survival, and

growth in natural settings (Lucas and Baras, 2000; Hale et al., 2016;

Sandford et al., 2020). Additionally, applying these techniques to

modeling frameworks, such as mark-recapture methods (Otis et al.,

1978), allows researchers to assess population size (e.g., Haines and

Modde, 1996) and connectivity (e.g., Rogers et al., 2014). Within

coastal zones, mark-recapture models have been used to study key

species like Blue Crab (Callinectes sapidus) and Mummichogs

(Fundulus heteroclitus) (e.g., Etherington et al., 2003; Teo and

Able, 2003), which provide important commercial and ecological

functions. Mummichogs, a forage fish found in salt marshes

throughout the Mid-Atlantic coast, are crucial to ecosystem

functioning in coastal estuaries, providing a trophic link between

the subtidal and intertidal sections of salt marshes through their

movement and foraging behaviors (Nixon and Oviatt, 1973; Valiela

et al., 1977; Weisberg and Lotrich, 1982; Deegan et al., 2000; Kneib,

2000; Currin et al., 2003). The Mummichog is an important species

to study when monitoring habitat quality following changes in

coastal ecosystems due to their high abundance in salt marsh

habitats (Lotrich, 1975), ecological importance (Teo and Able,

2003; McGowan et al., 2022), and their value as an indicator

species for monitoring coastal communities (e.g., Teo and Able,

2003; Crum et al., 2018).

A challenge in tagging small forage fish, like the Mummichog, is

ensuring the behavior or physiological functioning of the animal is

not affected by the tagging procedure (Lucas and Baras, 2000). Ideally,

the perfect tag would be inexpensive, small, have no impacts on

animal health or behavior, and have 100% retention, yet no such tag

has been developed (Lucas and Baras, 2000). In lieu of such a tag,

researchers settle for choosing the most appropriate method while

considering study species, the typical size of the fish, the duration of

the project, and the objectives (Lucas and Baras, 2000; Sandford et al.,

2020). Users must assume the retention, survivability, and readability

of markers during tagging studies, potentially limiting predictive

power by introducing sampling error. Not properly accounting for

lost tags can be problematic for restoration efforts where

misrepresentation of a local population can lead to a reduction in

the effectiveness of a restoration project.

Visible Implant Elastomer (VIE) tags have become popular

among researchers focusing on small fish while conducting

relatively short studies (e.g., Griffiths, 2002; Leblanc and Noakes,

2012). VIE tagging procedure uses widely available insulin syringes

to implant a liquid elastomer resin which quickly hardens to form a
Frontiers in Ecology and Evolution 02
biocompatible, flexible, and colored (e.g., red, yellow, etc.) mark that

can be seen through the skin (Frederick, 1997; Griffiths, 2002;

Sandford et al., 2020). VIE tags are inexpensive, have little to no

effect on growth, and do not require individuals to be sacrificed for

tag retrieval (Griffiths, 2002; Josephson et al., 2008; Sandford

et al., 2020).

Despite the relative utility and effectiveness of VIE tags,

limitations persist. Two well-documented complications involved

with VIE tagging, aside from not being a unique identifierand

relying on a limited arrangement of colors and locations, are high

variability in tag retention and tagging procedure-induced

mortality. While many studies reported nearly full retention and

insignificant mortality (FitzGerald et al., 2004; Skinner et al., 2006;

Josephson et al., 2008; Leblanc and Noakes, 2012; Bangs et al., 2013;

Neufeld et al., 2015; Eissenhauer et al., 2024), some saw

intermediate levels of tag retention and mortality (Griffiths, 2002;

Bolland et al., 2009; Close and Jones, 2002; Brannelly et al., 2013;

Jungwirth et al., 2019; Moore and Brewer, 2021), and others

demonstrated low retention rates and/or high levels of mortality

(Reeves and Buckmeier, 2009; Fraiola and Carlson, 2016; Cabot

et al., 2021).

There are many factors that impact tag retention and the

survival of tagged organisms including species (e.g., Reeves and

Buckmeier, 2009), size (e.g., Frederick, 1997), study duration (e.g.,

Haines et al., 1998), tag color (e.g., Haines et al., 1998; Jungwirth

et al., 2019), the number of taggers (e.g., Eissenhauer et al., 2024),

tag location (e.g., Olsen et al., 2004; Reeves and Buckmeier, 2009;

Fraiola and Carlson, 2016), the usage of anesthesia (e.g., Moore and

Brewer, 2021 in contrast to Frederick, 1997), predation on tagged

fish (Catalano et al., 2001), and whether it is a field or lab study (e.g.,

varying light conditions as described in Josephson et al., 2008). It is

crucial to carefully consider the effect of the above factors on a

study’s results before its conception, as this will aid in deciding

which tag is most appropriate (Neufeld et al., 2015; Sandford

et al., 2020).

The limitations and species-specific variability in retention and

survival are also commonly observed in other popular tagging

methods, including passive integrated transponder (PIT) tags (i.e.,

Kimball and Mace, 2020; Moore and Brewer, 2021), acoustic tags

(i.e. Bégout Anras et al., 2003; Wilder et al., 2016), and coded-wire

tags (i.e. Ashton et al., 2014; Teo and Able, 2003). Hence, there is a

need to account for species-specific and size-dependent variability

in tagging effects to reduce sampling error in mark-recapture efforts.

In addition, this information is also needed to meet the assumptions

for closed-population models assessing abundance, where mortality

is assumed to be zero (Otis et al., 1978).

To address the issues of mortality, tag retention, and tag

misidentification of VIE and to improve the accuracy of field

applications, we conducted a laboratory experiment to study the

tag loss and mortality of Mummichogs of various sizes and across

multiple people tagging (hereafter taggers). Using the results of this

laboratory study, the retention-mortality model, ‘retentionmort’,

was created to predict and account for error associated with tagging

efforts over a five-week period. We then adapted and applied our

model to a series of published tag retention studies to determine its
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ability to estimate tagging-related mortality and tag loss for several

tagging methods and species of interest. The goal of the model is to

identify the points at which the number of tagged individuals at

large, recaptures, and tagging efforts result in the error in the

observed number of recaptures exceeding a certain threshold (e.g.,

5%, 10%, 15%, and 20%). We will then discuss the value of this

product to facilitate method development in field-based mark-

recapture studies and produce hindcast data adjustments to

account for tagging-related errors in completed studies. An

emphasis will be placed on tagging studies with low tag retention

and survival post-tagging. With the ability to adequately account for

tagged individuals that are missing because of tag loss or mortality,

our model provides a method to improve the precision of

monitoring coastal habitats, fisheries, and restoration efforts.
2 Methods

2.1 Laboratory evaluation of VIE tag loss
and survival

To improve the assessment of fish recaptures using elastomer

tags on small Mummichogs, the tagging-related mortality and tag

loss rates across varying size classes of fish were assessed in a

laboratory study. We gathered Mummichogs (n = 68) using eel

traps in Canary Creek, DE (38.77899° N, 75.16461° W) during May

of 2023. The portion of the creek we sampled is centered among a

linear stretch with a tidally driven depth ranging from nearly 0–2 m

and is approximately 3 m wide. Captured fish were held across 2

recirculating systems, each consisting of 4, 40L aerated tanks with

PVC structures to serve as artificial habitat for enrichment, and a

120L head tank (280 L total per system) consisting of biomedia and

particle filtration, where fish were acclimated for 1–2 weeks at a

density of less than 10 fish per 40L tank (maximum 40 fish per

system) prior to experimentation to acclimate to laboratory

conditions. Fish were fed daily, ad-libitum with a variety of bait

fish similar to the variety they would be exposed to in natural

settings. Any uneaten food was siphoned from the tanks after an

approximate 4-hour feeding window and any removed water was

refilled into the head tank. Tanks were given partial water changes

at least weekly, as needed. These fish were measured, then

categorized into two size bins: small fish that were less than 61

mm (average = 51.87 mm, range = 45 - 60 mm, n = 31) and large

fish that were greater than or equal to 61 mm (average = 68.56 mm,

range = 61–80 mm, n = 37) and separated among the two

recirculating tank systems. Our size bins were determined by the

median length of all captured fish in our sampling location at

Canary Creek, DE and have a similar range of ‘small’ and ‘large’

individuals as Kneib (1986, small is considered less than 50 mm)

and Teo and Able (2003, large is considered above 60 mm). For each

size bin, subsets of fish were tagged in the caudal peduncle (small =

12 tagged, 19 untagged; large = 24 tagged, 13 untagged) using a VIE

tag (Northwest Marine Technology, Inc., Anacortes, Washington).

Within each size class, and respective recirculating system, the total
Frontiers in Ecology and Evolution 03
number of fish was kept even between the separate tanks ± 2 fish,

and we randomized the number of tagged and untagged fish added

to each tank. Four taggers, each using a unique tag color (red, blue,

pink, green), were responsible for tagging to track variability in

retention and survival among taggers. In doing this, we delineated

the potential for misidentifying-colored tags in a field application

with multiple taggers. The fish were then monitored weekly over

three weeks for tag loss and survival. The use of live animals was

carried out under the University of Delaware Institutional Animal

Care and Use Committee (AUP #: 1394-2022-A). Temperature,

salinity, dissolved oxygen, and pH were recorded for individual

tanks during the experiment and at the location animals were

obtained using a handheld YSI water quality meter (Xylem©,

Yellow Springs, Ohio, USA). Temporal changes in water quality

were assessed using a Mann-Kendall trend test and comparisons of

water quality between tanks were made using non-parametric

Kruskal-Wallis tests to determine potential confounding factors

in tag loss and fish survival using an alpha value equal to 0.05 for

statistical inference.

Each week, all fish were temporarily removed from the tank,

effectively performing a recapture event, and assessed for the

presence or absence of a tag and the color of a tag then were

placed back into their original tank. The same person checked for

recaptures every week. If there was a sign of infection (noted as a

discoloration, dermal film, or large sores), lethargic swimming

behavior, or injury observed, we removed those animals from the

experiment and considered the removed animals as a mortality,

assuming their survival in a field application would be lower.

Weekly, the survival, presence, absence, and tag color data were

collected for each tank. These data were then used to estimate

weekly mortality and tag loss (defined as tags shed + misidentified

tags/total remaining live tagged fish). Shed and misidentified tags

were manually counted at the end of the study by identifying

missing tags or incorrect colors, respectively, between the original

stocking and each weekly recapture event after accounting for

mortality. Our definition of ‘tag loss’ loosely follows that of ‘daily

retention’ where “only fish that were still alive were used” in the

retention calculation,” from Archdeacon et al. (2009). We then

summed the cumulative mortality and number of lost tags between

size classes and tag color to develop an average tag loss rate and

mortality rate over the length of the experiment. Mortality and tag

loss rates were calculated by performing a linear regression of the

summed tag loss and mortality per week, and a line of best fit was

formed. The slope and intercept of the survival rate (mS, bS,
respectively) and tag loss rate (mM, bM, respectively) formed by

the line of best fit was used to model the reduction in tagged fish

over time at large (t weeks; Equations 1a, b, 2a, b, Table 1). Most

equations are duplicated across small (denoted by a lowercase ‘s’

subscript) and large (denoted by a lowercase ‘l’ subscript) fish before

producing final summations in the succeeding equations. Using the

variance in retention and survival across the four taggers, two

standard deviations about the average tag loss and mortality were

taken to derive a 95% confidence interval among tag loss and

mortality rates. The resulting series of equations were then used as
frontiersin.or
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TABLE 1 Summary of data collected from our laboratory study and from other published case studies assessing tag retention and mortality in a
laboratory setting that were used to validate the model.

Species
Common
Name Size Tag Type

Tag
Location

Tagging
Method

Weekly
Tag
Loss
Rate

Weekly
Mortality
Rate Citation

Fundulus
heteroclitus Mummichog

>61 mm
and <61
mm TL VIE

Caudal
peduncle Insertion -0.245 -0.313

Fundulus
heteroclitus Mummichog

>61 mm
and <61
mm TL VIE

Caudal
peduncle Insertion -0.113 -0.0625

Fundulus
heteroclitus Mummichog

>61 mm
and <61
mm TL VIE

Caudal
peduncle Insertion 0 0

Anguilla rostrata American Eel
80–149
mm TL 2x VIE

Abdominal
cavity Insertion -0.000875 -0.001575 Eissenhauer et al., 2024

Fundulus
heteroclitus Mummichog

45–82
mm TL 8 mm PIT

Abdominal
cavity Insertion -0.016279 -0.014799 Kimball and Mace, 2020

Fundulus
heteroclitus Mummichog

45–82
mm TL 12 mm PIT

Abdominal
cavity Insertion -0.036176 -0.029598 Kimball and Mace, 2020

Lagodon
rhomboides Pinfish

45–82
mm TL

8 mm and 12
mm PIT

Abdominal
cavity Insertion -0.010101 -0.009259 Kimball and Mace, 2020

Neolamprologus
pulcher Cichlid

29–59
mm TL VIE

Various
locations Insertion -0.007 -0.01925 Jungwirth et al., 2019

Notropis girardi River Shiner
36–49
mm TL VIE

Various
locations Anesthesia -0.029167 -0.027417 Moore and Brewer, 2021

Notropis girardi River Shiner
50–56
mm TL 8 mm PIT

Various
locations Anesthesia -0.004667 -0.01925 Moore and Brewer, 2021

Notropis girardi River Shiner
40–51
mm TL VIE

Various
locations Insertion -0.025083 -0.030917 Moore and Brewer, 2021

Notropis girardi River Shiner
50–55
mm TL PIT

Various
locations Insertion -0.0125 -0.1 Moore and Brewer, 2021

Hypomesus
transpacificus Delta Smelt >70 mm FL 15 mm Acoustic

Abdominal
cavity Insertion 0 -0.125 Wilder et al., 2016

Hypomesus
transpacificus Delta Smelt >70 mm FL 15 mm Acoustic

Abdominal
cavity Surgical -0.013067 -0.0105 Wilder et al., 2016

Labeo rohita Rohu Carp n/a Floy T-bar
Under
dorsal fin Insertion -0.046083 -0.014 Hadiuzzaman et al., 2015

Hypophtalmichthys
molitrix Silver Carp n/a Floy T-bar

Under
dorsal fin Insertion -0.003967 -0.005133 Hadiuzzaman et al., 2015

Ameiurus melas
Black
Bullhead

mean TL =
153.3 mm VIE Dorsal fin Insertion -0.016333 -0.036867 Schumann et al., 2013

Lepomis
macrochirus Bluegill

mean TL =
75.8 mm VIE Dorsal fin Insertion -0.021 -0.042 Schumann et al., 2013

Ictalurus punctatus
Channel
Catfish

mean TL =
127.9 mm VIE Dorsal fin Insertion -0.004375 -0.004375 Schumann et al., 2013

Lota lota Burbot
88–144
mm TL Coded Wire

Various
locations Insertion -0.01 -0.01 Ashton et al., 2014

Hypomesus
transpacificus Delta Smelt

45–77 mm
FL and 20–
40 mm FL Calcein Marker Dorsal fin Anesthesia 0 -0.06 Castillo et al., 2014

(Continued)
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the basis for three predictive models (referred to as low-error,

average, and high-error) that predict the range of error among

field observations at a known time at large, t.

YSs = mSs ∗ t + bSs (1a)

YSl = mSl ∗ t + bSl (1b)

YMs = mMs ∗ t + bMs (2a)

YMl = mMl ∗ t + bMl (2b)
2.2 Developing an ex-situ elastomer tag
retention and mortality model for adjusting
field recapture per unit effort

To apply observed changes in laboratory tag loss and survival of

Mummichogs across two size classes to field observations, a

predictive model was formed to adjust future field observations

with respect to a weekly depreciation rate in potential recapturable

fish. To calculate this loss in available animals to recapture, a series

of equations were created to predict the total number of available

fish at large to recapture with regards to fish TL and each size bin’s

weekly changes in tag loss and survival. Using this, we estimated the

number of recaptures that were missed due to tag loss or tag-related

mortality. Table 2 lists all the associated variables used in the

upcoming series of equations to calculate the tag depreciation

factor (TDF).

To calculate the TDF and adjust raw recapture values, the

proportion of tagged animals at large each week that were smaller

and larger than 61 mm was determined (Equations 3, 4a, and 4b).

The size designation we chose for this species was informed by the

distribution of laboratory animals collected and recommendations

for minimum tagging sizes by Kimball and Mace (2020). Using

values of Tl and Ts and the coefficients derived from the slope and

intercept of Equations 1a, 1b, 2a and 2b and known times at large, t,

the reduction in available tagged animals at large due to mortality
Frontiers in Ecology and Evolution 05
per time interval t was calculated for both small and large fish

(Equations 5a and b, respectively). The second loss in tags at large

due to misreads or shed tags per week was then calculated following

mortality. This is done because only live animals can be captured in

the field, and any missing tag due to a misread could only be

observed from a living pool of animals. Hence why TAs and TAl were

derived from survival-adjusted losses in fish, TSs and TSl (Equations

6a and b).

After accounting for mortality and tag loss, the total adjusted

number of tags, TA, was calculated by summing the adjusted number

of fish per size class from Equations 6a and b (Equation 7), and the

sum across all sampling efforts was calculated by summing all values

of TA (Equation 8). The TDF was then derived by dividing the

adjusted sum of tagged animals at large by the total recorded fish at

large, T (Equation 9). The TDF was used to estimate the total number

of recaptured fish that would be present had there not been any loss

in tagged animals at large (Equation 10).We then repeated this model

using the variance in mortality and tag loss among taggers in the

laboratory study to determine high error and low error scenarios. The

high error scenario is based on increased mortality and tag loss (-95%

confidence interval) while the low error scenario is based on low

mortality and tag loss (+95% confidence interval) across the four

taggers in our study. By testing the model against this range of

scenarios, we can describe the potential error that might exist between

different studies with overlapping objectives.

∝l61=  
  nl61
nT

(3)

Tl = T   * ∝l61 (4a)

Ts = T − (T   * ∝l61 ) (4b)

TSs(t+1) = TSs(t=0)   *  YSs(t)   (5a)

TSl(t+1) = TSl(t=0)   *  YSl(t)         (5b)

TAs(t+1) = TSs(t=0)   *  YMs(t)   (6a)
TABLE 1 Continued

Species
Common
Name Size Tag Type

Tag
Location

Tagging
Method

Weekly
Tag
Loss
Rate

Weekly
Mortality
Rate Citation

Dicentrarchus
labrax Seabass

mean =
173 g 9 mm Acoustic

Abdominal
cavity Anesthesia -0.089362 0 Bégout Anras et al., 2003

Anguilla rostrata American Eel
113–175
mm TL 8.5 mm Acoustic

Abdominal
cavity Surgical -0.0133 0 Mueller et al., 2017

Anguilla anguilla European Eel 7–25 g VIE Caudal fin Insertion -0.000921 -0.012895 Jepsen et al., 2022

Micropogonias
undulatus

Atlantic
Croaker

147–380
mm TL VIE Caudal fin Insertion 0 0 Torre et al., 2017

Leiostomus
xanthurus Spot

65–222
mm TL VIE Caudal fin Insertion -0.001167 -1.00E-08 Torre et al., 2017
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TAl(t+1) = TSl(t=0)   *  YMl(t) (6b)

TA(t+1) = TAl(t+1) +  TAs(t+1) (7)

To​A(t) =   o
c=0

c=cmax

TA(t) (8)

∝T(t)=
To​A(t)

T(t)
(9)
Frontiers in Ecology and Evolution 06
RA(t) =  R(t)   ∗ (1 +   ∝T(t) ) (10)
2.3 Applicability of model to previously
published works, the ‘retmort’ package

The model was formatted into a series of functions within the

‘retmort’ package in R (https://github.com/Campbellb13-UD/

retentionmort_R/tree/main; R Core Team, 2021) to predict tag

loss and mortality for any mark-recapture-based study. This

package includes several functions to provide estimates on

existing datasets (i.e., retentionmort) or to predict the potential

error associated with an upcoming mark-recapture study (i.e.,

retentionmort_generation) to guide method development. The

resulting data frames from these functions can then be input into

the ‘retentionmort_figure’ function to provide an Rmarkdown file

of preliminary analyses describing the parameters that produce

certain levels of error between expected and observed recaptures

(example in the Supplementary Material). By adding custom m and

b coefficients from applicable laboratory studies (e.g. Table 1) and a

relevant dataset, the model will generate a percent standard error

(PSE) between the observed number of recaptured individuals and

the expected number of recaptures in the absence of tagging-based

mortality or tag loss (Equation 11). With enough model runs (e.g.,

1000), critical points of a chosen error threshold can be found for

each model run to determine the necessity for a predictive model to

generate an adjusted number of individuals tagged at large and

recaptured after accounting for expected tag loss and mortality in a

field application.

PSE =   100   *
Robserved − Rexpected

�
�

�
�

Rexpected
(11)

To assess the application of this model derivation to existing tag

retention and mortality case studies, we sourced tag retention and

mortality data from 14 published works to generate 26 unique cases

of weekly tag loss and survival across various fish taxa (Table 1). We

selected case studies with a wide range in weekly mortality (0 -

31.3%/week) and tag loss rate (0 – 24.5%/week) to assess potential

limitations to model applicability. From each case study, we derived

values of mS, bS, mM, and bM to inform model parameters, then

used the retentionmort_generation function in retmort to create

1,000 simulated mark-recaptured datasets (parameters used for

model: n = 1000 model iterations, min_weeks = 6, max_weeks =

100, max_tags = 500, prop_class1 = 1, max_recap = 0.2). From the

data added, the retentionmort function was used to derive 5%, 10%,

15%, and 20% PSE critical thresholds (± 0.5%) between observed

and estimated recaptured individuals from all the generated

datasets per case study to determine conditions where field efforts

may be affected by apparent tag retention or tagging mortality.

Considerably large values were used in the dataset generation for

each case study to encompass the full range of potential

experimental scenarios and produce asymptotes yielding the

maximum PSE for each case study.
TABLE 2 A list of all variables associated with the model equations.

t time at large (weeks)

c cohort number

T number of tags at large

nT total number of fish measured

nl61 number of measured fish with TL < 61 mm

∝l61 proportion of fish with TL < 61 mm

Tl number of tagged fish with TL > 61 mm at large

Ts number of tagged fish with TL < 61 mm at large

mSs slope of survival : small fish

bSs intercept of survival : small fish

YSs survival rate of small fish

mSl slope of survival : large fish

bSl intercept of survival : large fish

YSl survival rate of large fish

mMs slope of misstagging : small fish

bMs intercept of misstagging : small fish

YMs misstag rate of small fish

mMl slope of misstagging : large fish

bMl intercept of misstagging : large fish

YMl misstag rate of large fish

TSs living number of small tagged fish at large

TSl living number of large tagged fish at large

TAs adjusted number of small tagged fish at large

TAl adjusted number of large tagged fish at large

TA adjusted number of tags at large

T∑ A weekly sum of adjusted number of tagged fish at large

∝T Tag Depreciation Factor (TDF)

R number of retags

RA adjusted number of retagged fish

PSE Percent Standard Error of expected vs observed recaptured individuals
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3 Results

3.1 Laboratory evaluation of VIE tag loss
and survival

During the laboratory experiment, water quality parameters were

consistent over time (average ± SD: temperature = 23.61 ± 1.18 °C,

salinity = 22.88 ± 3.95 ppt, pH = 7.64 ± 0.15; dissolved oxygen = 5.28

± 1.05 mg/L). There were no significant changes in any water quality

parameters during the time animals were held (p > 0.05, Mann-

Kendall test). However, the salinity in the tanks holding smaller fish

was on average 6.62 ppt greater than tanks holding large fish (p =

0.001, Kruskal-Wallis Test). There were no significant differences in

the salinities of the separate tanks holding small fish or amongst the

tanks with large fish (p = 1, p = 0.979, respectively). All other water

quality parameters were not statistically different between tanks (all

interactions have p > 0.05, Kruskal-Wallis Test). Water quality

parameters in the laboratory were comparable to those

simultaneously observed in Canary Creek, where animals were

collected (average ± SD: temperature = 25.39 ± 3.21 °C, salinity =

18.20 ± 9.91 ppt; dissolved oxygen = 3.81 ± 2.61 mg/L).

After the third week of the study, there were visual signs of an

infection in several tank treatments, resulting in a premature end to

the experimental trial. During that time, average fish survival rate

and the proportion of accurately recorded VIE tags decreased

linearly (all data, r = -0.982, p < 0.001; r = -0.970, p < 0.001,

Pearson Correlation, respectively) for both small (r = -1, p < 0.001; r
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= -0.866, p < 0.001, respectively) and large fish (r = -0.866, p < 0.001;

r = -1, p < 0.001, respectively; Figure 1). The survival rate of small

fish after three weeks was 78.9% for untagged fish and 83.3% for

tagged fish, which was lower than larger fish with a survivorship of

100% for untagged and 95.8% for tagged fish (Table 3). Of the

tagged fish, there was a significant difference in survival rate

between taggers but not by size class (p = 0.043, p = 0.374,

respectively; interaction, p = 0.124, Two-Way ANOVA with

arcsine square root transformation) and no differences in tag loss

(p = 0.634, p = 0.702, respectively; interaction, p = 0.197). Small fish

had a significantly lower tag retention rate with a greater variation

in retention between taggers after three weeks (average = 79.4%,

SD = 23.6%) compared to larger fish (average = 88.1%, SD = 8.3%).
3.2 Application of model to published case
studies to determine critical PSE thresholds

All 26 case studies generated logical estimates of expected

recaptures using the functions within the retmort package. Across

all case studies, the average (± standard deviation) PSE was 7.56 ±

2.12% (N = 26, Table 4). The four cases that reported no mortality

and tag loss had 0% PSE, and our case study on Mummichogs, after

adding the 95% confidence interval, generated the highest PSE in

recaptures at 49.13%. When determining critical points associated

with each model run against different error thresholds, we observed

that 11.5% of the case studies exceeded the 20% PSE threshold,
FIGURE 1

Strong linear decreases in survival rate (A, B, n = 12 small fish, n = 24 large fish) and retention rate (C, D, N = 34 tag observations for small fish, N =
67 tag observations for large fish) exist between small (A, C) and large (B, D) tagged Mummichogs held in laboratory settings for three weeks. Blue
line indicates the average trend across all taggers while yellow indicates the minus 95% confidence and green indicated plus 95% confidence interval
across all taggers. Coefficients of the resulting linear regression are listed in Table 1.
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consisting of an average weekly mortality rate of 12.52% ± 16.56%

and tag loss rate of 14.91% ± 8.39% (n = 3). Five of the case studies

(19.2%) exceeded the 15% PSE threshold, consisting of an average

weekly mortality rate of 8.38% ± 13.02%, and a weekly tag loss rate

of 14.12% ± 8.39%. The 10% PSE threshold was exceeded in 26.9%

of the case studies, with an average weekly mortality rate of 6.82% ±

10.96% and a weekly tag loss rate of 8.34% ± 7.85% (n = 7). Lastly,

57.7% of cases exceeded the 5% PSE threshold with an average

weekly mortality rate of 4.67% ± 7.82% and an average weekly tag

loss rate of 4.64% ± 6.27% (n = 15). Both mortality rate and tag loss

rate contributed to the average PSE of each model (p = 0.001,

multiple linear regression; n = 26; Figure 2).

The three case studies that exceeded the 20% PSE threshold did

so after an average of 7.50 ± 2.96 sampling events (range = 3 – 15),
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with an average of 1895 ± 745 tags at large (range = 308 – 3983), and

an average of 191 ± 77 recaptures (range = 2 – 723). The five case

studies that exceeded the 15% PSE threshold occurred after an

average of 20.83 ± 27.37 sampling events (range = 3 – 100),

with an average of 5193 ± 6836 tags at large (range = 224 - 27636)

and an average of 514 ± 680 recaptures (range = 1 - 5365). The seven

case studies that exceeded the 10% PSE threshold did so after an

average of 13.29 ± 13.51 sampling events (range = 3 - 98), an average

of 3329 ± 3387 tags at large (range = 227 - 25919), and 331 ± 339

recaptures (range = 1 - 4660). The fifteen case studies that exceeded

the 5% PSE threshold did so after an average of 19.39 ± 22.18

sampling events (range = 2 - 100), an average of 4848 ± 5534 tags at

large (range = 12 - 27636), and an average of 483 ± 551 recaptures

(range = 1 - 5365) (Table 4). In all cases, the PSE observed in our
TABLE 3 Summary of survival and tag accuracy across all tags and separated by individual taggers compared to untagged individuals from the
laboratory study; a mortality of 0.5 indicates one case where an individual died and lost a tag, preventing a fully confident identification of the
individual’s tag color.

All Small Fish (< 61 mm)

Sample
Size

Total
Mortality

Survival
Rate

Total Lost or
Misidentified
tags

Total Number of
Tag Observations

Tagging
Accuracy

Tagged 12 2 0.833 7 34 0.794

Untagged 19 4 0.789

All Large Fish (< 61 mm)

Sample
Size

Total
Mortality

Survival
Rate

Total Lost or
Misidentified
tags

Total Number of
Tag Observations

Tagging
Accuracy

Tagged 24 1 0.958 8 67 0.881

Untagged 13 0 1.000

Small Fish (< 61 mm) By Tagger

Sample
Size

Total
Mortality

Survival
Rate

Total Lost or
Misidentified
tags

Total Number of
Tag Observations

Tagging
Accuracy

Tagger
1 (pink)

4 2 0.500 2 10 0.800

Tagger
2 (green)

1 0 1.000 2 3 0.333

Tagger 3 (blue) 3 0 1.000 2 9 0.778

Tagger 4 (red) 4 0 1.000 2 12 0.833

Large Fish (< 61 mm) By Tagger

Sample
Size

Total
Mortality

Survival
Rate

Total Lost or
Misidentified
tags

Total Number of
Tag Observations

Tagging
Accuracy

Tagger
1 (pink) 8 0.5 0.938 5.5 23.5 0.766

Tagger
2 (green) 5 0.5 0.900 1.5 14.5 0.897

Tagger 3 (blue) 4 0 1.000 3 12 0.750

Tagger 4 (red) 7 0 1.000 2 21 0.905
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TABLE 4 Model response from each case study after 1,000 model iterations of randomized mark-recapture datasets, and the resulting average number of tags at large and recaptures that occurred at the
critical point for each error threshold – N/As signify that this error threshold was not reached.

Average
Events to
15% PSE

Average Tags
at Large to
20% PSE

Average
Recaptures
to 20% PSE

Average
Events to
20% PSE Citation

3.44 1054 105 4.14

6.69 2161 213 8.66

N/A N/A N/A N/A

N/A N/A N/A N/A
Eissenhauer
et al., 2024

N/A N/A N/A N/A
Kimball and
Mace, 2020

68.75 N/A N/A N/A
Kimball and
Mace, 2020

N/A N/A N/A N/A
Kimball and
Mace, 2020

N/A N/A N/A N/A
Jungwirth
et al., 2019

N/A N/A N/A N/A
Moore and
Brewer, 2021

N/A N/A N/A N/A
Moore and
Brewer, 2021

N/A N/A N/A N/A
Moore and
Brewer, 2021

N/A N/A N/A N/A
Moore and
Brewer, 2021

N/A N/A N/A N/A
Wilder
et al., 2016

N/A N/A N/A N/A
Wilder
et al., 2016

18.29 N/A N/A N/A
Hadiuzzaman
et al., 2015

N/A N/A N/A N/A
Hadiuzzaman
et al., 2015

N/A N/A N/A N/A
Schumann
et al., 2013

N/A N/A N/A N/A
Schumann
et al., 2013

(Continued)
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Species
Common
Name

Average
PSE

Average
Tags at
Large to
5% PSE

Average
Recaptures
to 5% PSE

Average
Events to
5% PSE

Average
Tags at Large
to 10% PSE

Average
Recaptures
to 10% PSE

Average
Events to
10% PSE

Average
Tags at Large
to 15% PSE

Average
Recaptures
to 15% PSE

Fundulus
heteroclitus Mummichog 49.13 593 60 2.13 753 73 3.11 858 85

Fundulus
heteroclitus Mummichog 27.40 998 97 4.12 1328 130 5.32 1670 161

Fundulus
heteroclitus Mummichog 0.00 N/A N/A N/A N/A N/A N/A N/A N/A

Anguilla rostrata
American
Eel 0.34 N/A N/A N/A N/A N/A N/A N/A N/A

Fundulus
heteroclitus Mummichog 5.86 3121 311 12.43 N/A N/A N/A N/A N/A

Fundulus
heteroclitus Mummichog 12.08 1422 150 5.7 2769 271 11.07 17158 1704

Lagodon
rhomboides Pinfish 3.73 16786 1670 67.21 N/A N/A N/A N/A N/A

Neolamprologus
pulcher Cichlid 2.62 N/A N/A N/A N/A N/A N/A N/A N/A

Notropis girardi River Shiner 10.00 1643 158 6.55 4580 460 18.25 N/A N/A

Notropis girardi River Shiner 1.76 N/A N/A N/A N/A N/A N/A N/A N/A

Notropis girardi River Shiner 8.73 1808 181 7.28 10454 1044 41.74 N/A N/A

Notropis girardi River Shiner 4.57 8946 893 35.72 N/A N/A N/A N/A N/A

Hypomesus
transpacificus Delta Smelt 0.00 N/A N/A N/A N/A N/A N/A N/A N/A

Hypomesus
transpacificus Delta Smelt 4.77 6503 649 25.98 N/A N/A N/A N/A N/A

Labeo rohita Rohu Carp 14.86 1272 129 5.04 2084 208 8.24 4580 456

Hypophtalmichthys
molitrix Silver Carp 1.50 N/A N/A N/A N/A N/A N/A N/A N/A

Ameiurus melas
Black
Bullhead 5.88 3099 309 12.36 N/A N/A N/A N/A N/A

Lepomis
macrochirus Bluegill 7.43 2180 219 8.64 N/A N/A N/A N/A N/A
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TABLE 4 Continued

Average
Average
Events to
5% PSE

Average
Tags at Large
to 10% PSE

Average
Recaptures
to 10% PSE

Average
Events to
10% PSE

Average
Tags at Large
to 15% PSE

Average
Recaptures
to 15% PSE

Average
Events to
15% PSE

Average Tags
at Large to
20% PSE

Average
Recaptures
to 20% PSE

Average
Events to
20% PSE Citation

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Schumann
et al., 2013

70.21 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Ashton
et al., 2014

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Castillo
et al., 2014

3.87 1333 134 5.27 1701 165 7.01 2470 572 9.7
Bégout Anras
et al., 2003

23.56 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Mueller
et al., 2017

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Jepsen
et al., 2022

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Torre
et al., 2017

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Torre
et al., 2017
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Species
Common
Name

Average
PSE

Tags at
Large to
5% PSE

Average
Recaptures
to 5% PSE

Ictalurus punctatus
Channel
Catfish 1.65 N/A N/A

Lota lota Burbot 3.69 17503 1743

Hypomesus
transpacificus Delta Smelt 0.00 N/A N/A

Dicentrarchus
labrax Seabass 25.02 944 88

Anguilla rostrata
American
Eel 4.85 5898 592

Anguilla anguilla
European
Eel 0.35 N/A N/A

Micropogonias
undulatus

Atlantic
Croaker 0.00 N/A N/A

Leiostomus
xanthurus Spot 0.45 N/A N/A
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model increased linearly before reaching an asymptote across the

number of simulated tagging effortss per model run (Figure 3),

the number of tags at large (Supplementary Figure S1), and the

error between expected and observed recaptures which increased

linearly (Figure 4).
4 Discussion

4.1 Laboratory evaluation of VIE tag loss
and survival

Understanding sources of bias that impact the analysis of mark-

recapture data is critical for improving the inferencing strength of

tagging studies. To assist future research efforts, we conducted a

laboratory experiment to determine how variation in tagging

personnel and fish size influence rates of tag loss and mortality

when using VIE tagging methods. We were able to derive a linear

decrease in the proportion of accurately read tags and Mummichog

survival over the three-week period, which was consistent with

results from similar studies conducted over larger temporal scales

(Bolland et al., 2009). We also found that survival varied

significantly between taggers while tag loss was not significantly

affected by fish size or tagger. Our results emphasize the potential

sources of error in VIE-based methodologies and fell within the

range of values observed in past studies (see Bangs et al., 2013;

Jungwirth et al., 2019; Cabot et al., 2021). However, our mortality

and tag loss percentages were higher than most other studies on

Mummichogs in the average and high error scenarios and lower in

the low error scenario (other studies consistently observe above 95%

retention and survival, see Skinner et al., 2005, 2006).

A potential source of the increased mortality rate we observed

may be due to our premature definition of mortality (removing

animals, tagged and untagged, when they exhibited negative

behavioral or physical impacts from the tag such as large sores or
Frontiers in Ecology and Evolution 11
skin discolorations, lethargic swimming behaviors, and injury),

which would inflate mortality rates, though we expect that this

definition best represents latent mortality observed in situ. The

cause of the poor body condition observed in some of the fish might

be attributed to an infection that was observed in some of the

individuals, producing added stress to the animals (see Kimball and

Mace, 2020). While we did not use anesthesia in this study, doing so

may have helped to enhance the observed survival and retention, as

shown in other studies (Skinner et al., 2005, 2006) by limiting stress

on the animals and potentially reducing handling time

(Myszkowski et al., 2003; Cooke et al., 2004; Neiffer and Stamper,

2009). Also, the colors used (red, pink, blue, green) and combining

tagged and untagged individuals within tanks (unlike Skinner et al.,

2006 and Fraiola and Carlson, 2016) could have led to additional

misread tags compared to prior studies, by creating the opportunity

to misidentify a tagged individual as one not tagged, further

inflating the observed tag loss rate compared to these studies.

Pink and red tags were particularly difficult to distinguish (also

noted by Jungwirth et al., 2019), and blue was hard to see on the

caudal peduncle of the Mummichogs as it blended in with the dark

coloration of the fish. We recommend that future VIE tagging

efforts use contrasting colors, relative to each other and the study

species pigmentation. Despite observing different salinities between

size treatments, we do not expect that those differences affected

survival since the full range of salinity did not approach the

physiological thresholds for Mummichogs (Griffith, 1974;

Weisberg, 1986; Marshall et al., 2016) and the variability in

salinity falls within the typical tidal range for Canary Creek, DE.

We believe our experimental treatments still resemble natural

conditions and are unlikely to have resulted in the added

mortality observed in smaller fish, though further research is

required to confidently draw that conclusion.

While all the taggers in our study were sufficiently trained, their

innate skill levels varied. Hence, our study captures the potential

variability in past studies that used similar methods carried out by

several taggers. Having multiple taggers within a study can

introduce variance between and among each tagger, as tagging

success will likely vary across taggers and potentially for each tagger

over time. However, having multiple taggers is an inherent

requirement in large-scale field studies that require several

thousand tags to be administered in a reasonable timeframe.

While multiple taggers produce a source of variance in tag

retention and mortality, the variation between taggers can be

calculated by using similar tag retention experiments to our

study. Further, applying modeled projections using retmort

functions can describe the magnitude of this variation to

determine its impact on completed and anticipated works.
4.2 Application of model to published case
studies to determine critical PSE thresholds

The results of our laboratory study led us to develop a predictive

model that can provide a logical adjustment to observed RPUE in
FIGURE 2

The average percent standard error from each case study increases
as a function of both weekly tag loss rate and weekly mortality rate.
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field studies to account for tagging-related mortality and tag loss.

Given the disparity in tag loss rates between the two size classes of fish

we sampled, we were also interested in accounting for the effect of

such size classes. Our model can improve the accuracy of future

recapture studies by estimating the critical points where a correction

would be required to account for tagging-induced mortality and

retention. The model readily provides this corrected value as the total

number of recaptured fish that would be present had there not been
Frontiers in Ecology and Evolution 12
any loss in tagged animals at large due to tag-related mortality, tag

loss, and/or misread tags. The application of this model will improve

the robustness of future recapture studies.

After applying our retention-mortality model to 26 case studies,

we concluded that this tool can effectively predict the combined

influence of mortality and tag loss across a wide range of species.

Most of the case studies exhibited a PSE lower than 20%, indicating

a small deviance between the expected and observed numbers of
FIGURE 3

The percent error for each mark-recapture tagging event across 1,000 model iterations for each case study. PSE thresholds are drawn at 5% (green),
10% (yellow), 15% (orange), and 20% (red).
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recaptured individuals estimated using artificial mark-recapture

datasets. The deviance is attributable to the low mortality and tag

loss most of the case studies reported. That said, many tested studies

elicited errors greater than 5%, indicating a need for this application

in future mark-recapture efforts to improve the accuracy and

precision of forecasting success in restoration projects.
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Our model requires a series of assumptions. First, we assumed

that the mortality and tag loss rates were linear and occurred only

over a 5-week period, then halted. The 5-week estimate we applied

extends past our 3-week case study to better represent the period of

tag loss and mortality from other studies. Many of the studies we

tested using our model had similar trends at the beginning of the
FIGURE 4

The error between the predicted and observed number of recaptures increases linearly with the total number of recaptures when applying 1,000
model iterations of artificial mark-recapture data. PSE critical points are highlighted by the green (5% PSE), yellow (10% PSE), orange (15% PSE), and
red (20% PSE). The blue line signals a perfect 1:1 agreement between expected and observed values.
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experiment, where mortality and tag loss were initially high. Longer

studies observed stable retention following the initial period of loss,

sometimes extending greater than one year, with several exceptions

(see Sandford et al., 2020). In an attempt to relate broadly to various

studies, account for the limited data presented in many studies

(commonly consisting of one time length value and a resulting

proportion of mortality or tag loss), and utilize relationships seen

in our case study, we applied linear relationships to project tag

loss and mortality, rather than a more complex, logarithmic-based

relationship, for example. As a result, our model likely overestimates

tag loss and mortality during the first five weeks after an individual is

tagged, then underestimates those values following that time point.

Refining the model to provide options to account for the various

relationships observed across tag retention studies would further

improve accuracy and applicability and should be considered in

future studies. Second, when the laboratory study was performed, we

assumed that all mortality and tag loss events had been caused by the

user and not due to any husbandry-related effects, as water quality

parameters were similar to those encountered in a natural marsh.

This assumption may underestimate tag loss and mortality rates in

the field, where predation and more extreme environmental

conditions exist. However, for smaller fish, where the untagged

group had lower survivability than the tagged group, their

mortality could have been more associated with animal

containment rather than tag-based mortality, possibly providing an

over-estimate of tag loss and survival rates. It is also important to note

that when applying the model to each case study, we intentionally

selected a large range of values for each model parameter that might

not be reasonably applicable in all cases. This was done to force an

asymptotic result of tag loss and mortality over time, regardless of the

study subject or field methods employed, so that all potential

outcomes were properly reflected from one set of model runs and

to standardize the results across all case studies used. Future

applications of this model should be specified based on the

anticipated number of tagged animals and expected recapture rates

to provide more critical insight into expected error.

Based on the composition of species trialed in this model’s

evaluation, there is an emphasis on the application of this model to

coastal and freshwater fish species. The coastal species represented

in our study (i.e. Mummichog, American Eel, European Eel, Pinfish,

Sea Bass, Atlantic Croaker, Spot) reflect abundant species that have

considerable ecological and commercial value which require

monitoring efforts to assess ecological functioning, determine

restoration needs, and monitor the progress of restoration efforts

(Bégout Anras et al., 2003; Mueller et al., 2017; Torre et al., 2017;

Kimball and Mace, 2020; Jepsen et al., 2022; Eissenhauer et al.,

2024). It is crucial to ensure the effective management of coastal

zone habitats given their ecological and economic importance (Seitz

et al., 2014). Such coastal zone work, like restoration projects, often

involve tagging methods (e.g., Teo and Able, 2003; Crum et al.,

2018) to assess population changes in response to these efforts

and track progress. Unfortunately, retaining 100% of deployed tags

is unlikely, and some species report significant tag-related mortality
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or shedding, especially smaller fish, violating closed-population

assumptions for population estimation models (Pine et al., 2012;

Spurgeon et al., 2020; Dettloff, 2023). By not accounting for errors,

studies that monitor coastal resilience and restoration efforts (e.g.,

Teo and Able, 2003) could underestimate the effects of coastal zone

restoration projects, potentially leading to additional, and possibly

redundant restorative effort. By accounting for unavoidable errors

in recapture studies (i.e., the loss of tagged fish), our model

improves the precision of tag-based mortality and has the

capacity to enhance the evaluation of coastal restoration efforts

on indicator species.
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SUPPLEMENTARY FIGURE 1

The percent error for each mark-recapture against the number of tags at
large for each tagging event across 1,000 model iterations for each case

study. PSE thresholds are drawn at 5% (green), 10% (yellow), 15% (orange), and
20% (red).
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