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ABSTRACT

Objective: The Santa Ana Sucker Pantosteus santaanae is endemic to southern California and is listed as threatened under the U.S.
Endangered Species Act. Seasonal limitations on conventional sampling and inconsistencies in survey methodologies have led to an incom-
plete understanding of population dynamics. Alternative sampling methods have the potential to fill important knowledge gaps in biology
and life history. One option is to use passive integrated transponder (PIT) tags to identify individuals and track their movements. The objec-
tive of this study was to test the effect of PIT tag size on survival, tag loss, and growth of Santa Ana Suckers.

Methods: Sixty-one Santa Ana Suckers were randomly assigned to one of three treatments (control: N=20; 8-mm PIT tag: N=21; or
12-mm PIT tag: N=20). A full-duplex PIT tag was injected into each fish, and lengths (standard, fork, and total length) and weight were
recorded. Fish remained in raceways for 36 d, after which they were retrieved, scanned, and remeasured.

Results: There were five fish mortalities within 48 h of tagging, resulting in an 87.8% overall survival rate. There were two fish mortalities
from the 8-mm tag treatment and three mortalities from the 12-mm tag treatment. One fish from each tagging treatment lost their tag,
resulting in a 5.6% overall tag loss rate. The Fisher’s exact test indicated no statistically significant difference in survival or tag loss between
treatments. The ordinary least squares regression detected no effect of tag size on growth for Santa Ana Suckers.

Conclusions: Results suggest that 8- and 12-mm PIT tags are suitable options for tagging Santa Ana Suckers measuring at least 62 and
70 mm fork length, respectively. Supplementing the current sampling strategy with PIT tags could help monitoring efforts to expand spatially
and temporally while providing expanded population data to inform adaptive management actions for the Santa Ana Sucker.
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LAY SUMMARY

There is an incomplete understanding of how the federally threatened Santa Ana Sucker population changes over time. One option is to use
passive integrated transponder tags to identify and track individuals. We tested the effect of tag size on survival, tag loss, and growth and
found that passive integrated transponder tags are suitable options for fish >62 mm fork length.

INTRODUCTION cobble substrates, likely due to their use of these habitats for

The Santa Ana Sucker Pantosteus santaanae is one of few extant
freshwater fishes native to southern California and is listed as
federally threatened under the U.S. Endangered Species Act.
Santa Ana Sucker are a small, short-lived catostomid species,
typically living just over 3 years and rarely exceeding 200 mm
in fork length (FL) (Greenfield et al., 1970). They are ben-
thic feeders, relying primarily on algae, detritus, and diatoms
(Greenfield et al., 1970), and are associated with gravel and

foraging and spawning (Huntsman et al., 2023; Thompson
et al.,, 2010). Their current native distribution is limited to the
Santa Ana, San Gabriel, and Los Angeles rivers, where the spe-
cies has been extirpated from more than 70% of its native range
(Moyle, 1976; U.S. Fish and Wildlife Service, 2017). Santa Ana
Sucker population declines are attributed to multiple factors,
including hydrological modifications, loss of spawning and
foraging habitats, and the establishment of nonnative species
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(Huntsman et al., 2022, 2023; Thompson et al., 2010; U.S.
Fish and Wildlife Service, 2017). A recovery plan that includes
monitoring efforts to track recovery progress was developed to
guide management actions and reduce these threats (U.S. Fish
and Wildlife Service, 2017). Consequently, the Santa Ana River
population has been monitored using a variety of traditional
methods; however, surveys have been limited to the nonspawn-
ing seasons or using less informative methods (e.g., bank visual
observations) that cannot quantify comparable estimates of
population structure for all life stages. Alternative sampling
methods, such as the use of passive integrated transponder
(PIT) tags, have the potential to help standardize Santa Ana
Sucker survey methods, expand sampling spatially and tem-
porally, and gain additional information on major life history
events to supplement ongoing monitoring efforts.

Passive integrated transponder tags were developed in the
1980s to identify individual animals and track their move-
ments, with an initial emphasis on monitoring fishways for
salmonids (Prentice & Park, 1984). The use of PIT tags is well
documented in fish ecology, particularly for estimating demo-
graphic vital rates (Conner et al., 2015; Pearson et al., 2016;
Roni et al., 2012), habitat use (Richer et al., 2017; Teixeira &
Cortes, 2007), abundance (Dzul et al., 2018), and community
distribution (Cathcart et al., 2015). One of the underlying
assumptions when using PIT tags is that the tagging process
does not affect fish in a way that alters population dynamics
(e.g., growth, survival, movement). However, studies on a
variety of fish species, including Oncorhynchus spp. (Ammann
etal.,2013; Bateman & Gresswell, 2006; Liss et al., 2016; Tiffan
etal,, 2015), Salmo spp. (Acolas etal., 2007; Huusko etal., 2016;
Larsen et al., 2013), and Salvelinus spp. (O’Donnell & Letcher,
2017; Richard et al., 2013), have shown that these assumptions
are dependent on species, fish size, and tag size (Musselman
etal., 2017; Vollset et al., 2020). Tag loss rate is another impor-
tant factor that is dependent on species and fish size (Kimball &
Mace, 2020; Navarro et al., 2006). Unaccounted tag loss could
bias population estimates by falsely indicating a higher number

of fish or a lower survival rate in the population if an untagged
fish was recovered that was initially tagged. If tagging affects
survival and/or growth, or tag retention is less than 100%, then
these effects need to be accounted for to provide accurate esti-
mates of population dynamics.

The effects of tagging on fish health, the longevity of tag
retention, and the appropriate size tag must be understood prior
to widespread implementation in a previously untagged spe-
cies. Many PIT-tagging studies on catostomids have been on
large-bodied species (Bonjour etal., 2024; Hooley-Underwood
et al., 2017; Ward & David, 2006). The few PIT-tagging stud-
ies on small-bodied catostomids have been successful at esti-
mating characteristics of these fishes’ life history, including
survival, movement, and instantaneous growth rates (Booth
etal,, 2013; Burdick, 2011; Schumann et al., 2020), suggesting
that this technology could be a valuable tool for understanding
population dynamics of Santa Ana Sucker. The recovery plan
for the Santa Ana Sucker highlights the need for a better under-
standing of population structure (abundance, occupancy, habi-
tat suitability) and reliable estimates of vital rates (U.S. Fish
and Wildlife Service, 2017), all of which can be accomplished
using tagging technology. The objective of this study was to
assess the effect of PIT tag size on survival, tagloss, and growth
of Santa Ana Suckers.

METHODS

This study took place at the Riverside-Corona Resource
Conservation District facility in Riverside, California. The
facility features several outdoor recirculating artificial streams,
referred to as “raceways,” which support a captive population
of Santa Ana Suckers that originated from the Santa Ana
River (Figure 1). The raceways are approximately 0.5 m wide
and 30 m long with gravel and cobble substrate, watercress
Nasturtium officinale, and common rush Juncus effusus. The
raceways are entirely enclosed to prevent predation and cov-
ered by a shade cloth (blocks 70% of sunlight). The facility

Figure 1. Images of raceways (left) and section dividers (right) at the Riverside-Corona Resource Conservation District in Riverside,

California. Photographs by Jordan M. Buxton.
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sources water from the city of Riverside and uses biofilters and
dechlorinate as needed. Water level is maintained through
automatic daily inputs, temperature is controlled by a chiller,
and velocity is maintained at a steady rate using an automated
recirculating pump system.

Sixty-one Santa Ana Suckers larger than 60 mm standard
length (SL) were randomly selected and grouped into the
following size categories: 30 small fish (60-79 mm SL), 24
medium fish (80-99 mm SL), and 7 large fish (>100 mm SL).
One of three treatments (control, 8-mm PIT tag, or 12-mm
PIT tag) was assigned to each fish, with the goal of maintain-
ing a similar size distribution across treatment groups. Size
categories were only used to designate fish to treatments.
Each fish was transferred to a 0.5-mg/L buffered solution of
tricaine methanesulfonate (MS-222) until sedated (approxi-
mately 49 s). An experienced fish tagger injected a full-duplex
PIT tag (8 mm: 8.4X 1.4 mm, 0.03 g, 134.2 kHz or 12 mm:
12.5X2.03 mm, 0.106 g, 134.2 kHz; Biomark, Boise, Idaho)
into each fish in the tagging treatments. Tags were preloaded
into single-use needles and inserted into the peritoneal cavity
lateral to the midline of the ventral surface, and posterior to
the pectoral fins, following methods similar to those used for
tagging juvenile Lost River Suckers Deltistes luxatus (Burdick,
2011). The needle was inserted into the fish facing toward the
caudal fin with the bevel facing down to prevent heart damage
as seen in juvenile Lost River Suckers (Burdick, 2011) and to
minimize wound size (Cook etal., 2014). After tagging, lengths
(standard, fork, and total length) were recorded to the near-
est millimeter and weight to the nearest 0.1 g. Each fish was
then scanned using an HPR Lite Handheld PIT Tag Reader
(Biomark; hereafter, “PIT tag reader”) to verify tag insertion
and unique tag identification number. Fish in the control treat-
ment were sedated and handled similarly to fish in the tagged
treatments before being placed in the observation bucket. All
fish were allowed to recover in an observation bucket of aerated
water for 15 min before being transferred to a large aquarium,
where they recovered for 12 h (overnight) before being trans-
ferred to the raceways.

Three raceways were divided into 10 sections (7 m mean
length) using weighted seine mesh nets and PVC pipe
(Figure 1). Raceway 1 was divided into four sections, while
raceways 2 and 3 were divided into three sections. All sections
were initially stocked with six fish except section 10, which con-
tained five fish. Each section received two randomly selected
individuals from each treatment. Control fish of different sizes
were paired in each section to ensure they could be individu-
ally identified at the end of the experiment. Tagged fish were
scanned again with a PIT tag reader before being placed in the
raceways. Each section received two to three algae wafers per
week, and raceways were monitored daily for mortalities. Dead
fish were removed, scanned with a PIT tag reader, and retained.

Additional measurements were recorded to characterize
habitat in each raceway section. Continuous (every 15 min)
measurements of water temperature (°C) were recorded with
HOBO Pro v2 data loggers (Onset, Bourne, Massachusetts)
throughout the study. The loggers were positioned near the
center of each raceway. Prior to fish placement in the raceway
sections, stream depth (+1 cm) and velocity (+0.1 m/s) were
measured using a top setting wading rod and flow meter (FH

950 Portable Velocity Meter; Hach, Loveland, Colorado) at 10
points in the thalweg of each section. Vegetation was catego-
rized as absent, sparse, or dense. Substrate was quantified by
randomly taking 50 substrate measurements per section and
measuring the longest diameter (cm).

After 36 d, fish were retrieved from each section, scanned
with a PIT tag reader, measured for length, and weighed. Fish
that did not have a tag were scanned a third time, inspected
for signs of tagging (scarring), and identified to treatment
through process of elimination as either a control fish or
tagged fish that had ejected a tag. All raceways were scanned
with a BP Plus Portable Antenna (Biomark) to locate ejected
tags.

Data analysis

All statistical analyses were done using R version 4.4.1 soft-
ware program (R Core Team, 2024). An analysis of variance
was used to test for differences in initial fork length and weight.
Due to the small sample size, a Fisher’s exact test (fisher.test
function in program R) was used to evaluate survival and tag
loss between treatments (control, 8-mm PIT tag, or 12-mm
PIT tag). Mortalities were excluded from the Fisher’s exact
test for tag loss to assess tag loss over the entirety of the study.
An ordinary least squares regression (Im function in program
R) was used to test for an interaction between the treatment
effect and initial fish size (fork length and weight) on growth
using the base statistics package in R (R Core Team, 2024).
Growth was calculated as the change in size of both fork length
and weight. All data used for this study are available from Wulff
etal. (2025).

RESULTS

Raceway sections had similar physical characteristics with
a few exceptions (Table 1). The sections in raceways 2 and 3
were longer than the sections in raceway 1. Mean depths ranged
from 8.7 to 16.8 cm, and mean velocities ranged from 0.11 to
0.22 m/sinall sections. Vegetation was absent in two sections,
sparse in four sections, and dense in four sections. Mean sub-
strate size was similar between sections. Silt was present in all
sections and comprised 10-44% of all substrate measurements,
while sand was only recorded in two sections (2-4%).

Of the 61 fish, there were 20 control fish, 21 fish with
8-mm tags, and 20 fish with 12-mm tags (Table 2). At the
beginning of the study, fish measured 60-135 mm FL and
weighed 2.7-32.4 g. The initial fork lengths and weights were
not significantly different among treatment groups (lengths:
F, ,=0.378, P=0.687; weights: F, ;,=0.132, P=0.876). The
mean total fish length to tag length ratio and fish weight to tag
weight ratios were greater for the 12-mm tag treatment (12.5%
length ratio, 1.1% weight ratio) than the 8-mm tag treatment
(8.7% length ratio, 0.36% weight ratio; Table 2). At the end of
the study (36 d), there were 22 small fish (60-79 mm SL), 26
medium fish (80-99 mm SL), and 6 large fish (>100 mm SL)
that survived. Three control fish changed size categories, and
five fish with 8-mm tags changed size categories. All fish with a
12-mm tag stayed in the same size category.

All fish in the control treatment survived, whereas two fish
in the 8-mm tag treatment and three fish in the 12-mm tag
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Table 1. Raceway section characteristics at the Riverside-Corona Resource Conservation District facility in Riverside, California.
Raceway sections are denoted by the raceway number, while the section number is represented by the first decimal. Depth, velocity, and
temperature values are given as mean + SD. Vegetation was characterized as absent, sparse, or dense; silt is the percentage of pebble count

that was silt, and sand is the percentage of pebble count that was sand. Data summarized from Wulff et al. (2025).

Raceway Section Depth Velocity Raceway Mean substrate Silt Sand
section length (m) (cm) (m/s) temperature (°C) Vegetation size (cm) (%) (%)
1.1 54 10.4+4.6 0.20+0.24 25.1+24 Absent 48.8 12 2
1.2 6.4 11.2+3.7 0.21+0.15 25.1+24 Dense 40.6 20 0
1.3 5.8 8.7+2.5 0.22+0.15 251+2.4 Dense 52.8 32 0
1.4 6.0 15.0+12.9 0.19+0.15 25.1+24 Dense 41.5 16 0
2.5 7.6 8.6+29 0.22+0.10 25.0+2.4 Sparse 59.4 10 4
2.6 6.4 10.4+4.0 0.22+0.11 25.0+2.4 Absent 56.8 14 0
2.7 9.0 16.8+9.8 0.11+0.08 25.0+24 Dense 52.6 44 0
3.8 8.0 11.4+4.8 0.17+0.21 252+23 Sparse 49.2 24 0
3.9 6.7 14.0+6.2 0.19+0.19 252+23 Sparse 56.0 36 0
3.10 9.2 162+12.6 0.20+0.15 252+23 Sparse 52.3 26 0

Table 2. Initial measurements and effects of PIT-tagging Santa Ana Suckers in each treatment group, where N is the sample size. Initial
fork length (FL), weight, tag length to fish total length (TL), and tag weight to fish weight measurements are means + SD and include the
range of values in parentheses. Ratios were calculated from initial fish measurements and include all fish in the tagging treatments.
Survival and tag loss totals only include values from the tagging treatments. Data summarized from Wulff et al. (2025).

Initial FL Initial Tag length to fish Tag weight to fish Survival Tag loss

Treatment N (mm) weight (g) TL ratio (%) weight ratio (%) (%) (%)

Control 20 93.8+17.7 11.6+6.8 - - 100 -
(62-135) (3.07-32.44)

8-mm tag 21 93.8+16.3 11.8+6.9 87+1.7 0.36+0.25 90.5 5.3
(62-120) (2.88-31.75) (6.4-12.5) (0.09-1.04)

12-mm tag 20 97.8+16.0 12.6+6.3 12.5+2.3 1.1+0.77 85 59
(60-130) (2.71-28.24) (9.2-19.2) (0.37-3.9)

Totals 61 95.1+16.47 12+6.58 - - 87.8 5.6

treatment died, resulting in a 90.5% and 85% survival rate for
8- and 12-mm tags, respectively. The two mortalities in the 8-
mm tag treatment occurred within 1 h of tagging while being
held in the observation bucket. The three mortalities in the 12-
mm treatment died within 48 h of tagging and were in the race-
ways. The contingency table for the Fisher’s exact test included
survival outcomes for each treatment: control (20 survived, 0
dead), 8-mm PIT tag (18 survived, 3 dead), and 12-mm PIT
tag (18 survived, 2 dead). The Fisher’s exact test indicated no
statistically significant difference in survival across treatments
(P=0.354, two-sided).

Two fish, one from each tag size treatment, expelled their
tags for a tag loss rate of 5.3% for the 8-mm tag treatment
and 5.9% for the 12-mm tag treatment (Table 2). The 12-mm
tag implanter malfunctioned at the time of tagging and did
not fully inject the tag after the needle was inserted. The tag
was inserted successfully after a second injection. The 8-mm
tag was not recovered, but the 12-mm tag was recovered in
the raceway when fish were retrieved for final measurements.
The contingency table for the Fisher’s exact test included tag
loss outcomes for each treatment: control (20 survived, 0 tags
lost), 8-mm PIT tag (18 survived and retained tags, 1 tag lost),
and 12-mm PIT tag (18 survived and retained tags, 1 tag lost).
The Fisher’s exact test indicated no statistically significant dif-
ference in tag loss across treatments (P=0.536, two-sided).
Initial fork length and initial weight both significantly affected
Santa Ana Sucker growth (P <0.001 for length; P=0.0153 for

weight), with no significant treatment or interaction effects
detected (P> 0.0S; Table 3; Figure 2).

DISCUSSION

Survival of PIT-tagged Santa Ana Sucker was high (87.8%), and
short-term mortality was likely due to tag placement, fish size
at the time of tagging, or both. The two mortalities in the 8-
mm tag treatment died within 1 h of tagging, likely due to the
tag puncturing vital organs. The two mortalities in the 12-mm
tag treatment died within 48 h of tagging and showed signs of
internal bleeding, indicating that the tag damaged organs in
the peritoneal cavity. Juvenile Lost River Suckers had a similar
survival rate after being tagged with 12-mm PIT tags (90%) and
four of the five mortalities occurred within 48 h of tagging and
exhibited signs of heart damage from tagging (Burdick, 2011).
Juvenile White Suckers Catostomus commersonii had lower ini-
tial survival (67% immediately after tagging) and similar short-
term survival (90% after 42 d) after being tagged with 8-mm
PIT tags (Schumann etal., 2020). Differences in initial survival
are likely a result of methodology, as PIT tags were implanted
through an incision in juvenile White Suckers and we injected
tags with a preloaded needle into Santa Ana Suckers. The fifth
mortality was the smallest fish (60 mm FL) in the study, and
it was tagged with a 12-mm tag. The general rule is to refrain
from implanting a tag greater than 2% of a fish’s body weight
(Winter, 1983); however, more recent studies have concluded
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Table 3. Ordinary least squares regression growth model results.
Initial fork length (FL) and weight were measurements at the time
of tagging (Wulff et al., 2025). Asterisks denote statistical
significance (P<0.05).

Model Parameter Estimate SE P-value
Growth Intercept 16.3 3.57  <0.001*
(length) 8 mm —4.46 4.53 0.330
Control —1.13 4.58 0.781
Initial FL —0.152 0.035 <0.001*
8 mm: initial FL 0.049 0.046 0.295
12 mm: initial FL 0.024 0.047 0.604
Growth Intercept 3.84 0.871 <0.001*
(weight) 8 mm —0.368 1.19 0.757
Control -0.879 1.11 0.431
Initial Weight —0.154 0.061 0.0153*
8 mm: initial weight —0.002 0.091 0.982
12 mm: initial weight 0.065 0.079 0.418
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Figure 2. Fish growth (i.e., change [A] in length or weight) of
Santa Ana Sucker by initial fish fork length separated by treatment.
Data summarized from Wulff et al. (2025).

that this recommendation is too conservative for certain spe-
cies (Jepsen etal.,2005; Smircich & Kelly, 2014). Alternatively,
the ratio of tag size to total fish length has also been used as
a tagging guideline in juvenile salmonids, with recommen-
dations that tags should not exceed 17.5% of total fish length
(Vollset et al., 2020). The fifth mortality was implanted with a
tag that exceeded those recommendations (3.7% body weight;
19.2% TL) at the time of tagging. The smallest Santa Ana
Sucker of each tag size treatment that survived to the end of
the study was 67 mm TL and 2.88 g with an 8-mm tag (1.04%
body weight; 12.5% TL) and 7S mm TL and 4.89 g with a 12-
mm tag (2.2% body weight; 16.6% TL). Our results indicate
that the previously established guidelines for tagging based on
body weight (2%; Winter, 1983) and total length (17.5%; Vollset
et al., 2020) for other species may be suitable when tagging
Santa Ana Suckers.

Compared with other sucker species, PIT tag loss for Santa
Ana Suckers (5.6%) was higher than juvenile Lost River Suckers
after 34 d (2.1%) and lower than juvenile White Sucker after 42
d (10%) (Burdick, 2011; Schumann et al., 2020). This may be
due to morphological differences, tagging method, or wound
healing time. Larger catostomid species have larger peritoneal

cavities than small catostomids even though the body shapes are
consistent (Commisso et al., 2025). Juvenile Lost River Suckers
and White Suckers were of comparable size to our Santa Ana
Suckers at the time of tagging, but there may be morphologi-
cal differences in the peritoneal cavity due to life history stage
that mayimpact tag retention. Additionally, tags lostin juvenile
Lost River Suckers may be attributed to prolonged healing over
21 d compared with other species that exhibited faster healing
(Burdick, 2011). Tagging wound size and healing time were not
assessed for Santa Ana Suckers; however, a healed tagging scar
was noted on day 36 on one of the fish that lost its tag, indicat-
ing that the tag was lost earlier in the study period. This was
the same fish in which the tagging implanter malfunctioned at
the time of tagging. The short duration of our study prevents
us from making conclusions regarding long-term tag retention;
however, short-term tag loss was relatively low.

The effect of PIT tag size on growth was not observed for
Santa Ana Sucker during this study; however, fish size at the
time of tagging did significantly affect growth. For other species,
effects of tagging on growth are often acute (7-14 d) (Acolas
et al., 2007; Baras et al., 2000; Ruetz et al., 2006; Schumann
et al,, 2020; Tiffan et al,, 2015). To minimize handling stress,
Santa Ana Suckers were only measured at the beginning and
end of the experiment. If there were any acute tagging effects on
growth, it was not detected, and all fish regardless of treatment
had similar growth by the end of the experiment. Additionally,
the effect of fish size on growth at time of tagging is to be
expected because there is a trade-off between somatic and
reproductive growth as fish age. Considering that we tagged a
range of sizes and age-classes, the size effect that was detected
was likely a result of maturity.

Our study was limited by the small sample size and the short
duration of the experiment. The federally threatened status of
the Santa Ana Sucker limited the number of fish available for
tagging; therefore, our analyses are limited to single variable
models. The short duration of the experiment prevents us from
making conclusions regarding long-term survival and chronic
tag loss or tagging effects on growth. The long-term effects of
tagging on Santa Ana Suckers warrant further study, especially
considering that tags in other species can migrate within the
peritoneal cavity (Gheorghiu et al., 2010), tag loss rates vary
over time (Foldvik & Kvingedal, 2018), and tag loss is greater
for females during spawning activity (Mamer & Meyer, 2016;
Saboret et al., 2021; Smejkal et al., 2019). We also conducted
this study in a controlled outdoor experimental environment
that closely simulated the natural habitat of the Santa Ana
River. This is uncommon, as most short-term tagging studies
are conducted in a laboratory environment in isolated tanks.
Our approach introduces additional variables of habitat com-
plexity; however, fish from each treatment were evenly dis-
tributed throughout the raceways and no tagging effects were
detected. While acknowledging the limitations, our results
indicate that PIT tags are an appropriate tool for tagging Santa
Ana Suckers and further studies are warranted.

Understanding the effects of PIT tag size and tagging effects
over extended periods of time is useful to answer questions
about Santa Ana Sucker population dynamics in the Santa Ana
River. Trade-offs between tag size effects on mortality and
positive correlation between detection distances and tag size
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should be considered when starting a study (Kelly et al., 2017
Zentner et al., 2021). The small-bodied nature of this species
may require smaller PIT tags or a combination of tag sizes to
evaluate ontogenetic habitat use. Supplementing the current
sampling strategy in the Santa Ana River with PIT tag technol-
ogy could allow monitoring efforts to expand spatially through-
out the designated critical habitat and temporally during the
spawning season to monitor population size, movement, and
habitat use. This type of alternative sampling strategy could
help meet the recovery plan goals by providing robust popula-
tion data to implement a rangewide monitoring protocol and
inform adaptive management actions for Santa Ana Sucker.
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