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Unionid mussels deposit growth rings (annuli) within the shell, which can be used to estimate age
and growth. Thin-sectioning is a common technique for counting annuli, wherein a cross-section of a
shell valve is taken and evaluated by multiple readers. Correctly identifying annuli can be challenging
because ambiguous annuli can bias growth estimates. Staining with calcein, a fluorescent chemical,
is a technique that has been used with marine and freshwater species to improve accuracy of growth
estimates. This method chelates calcium, causing a permanent mark that fluoresces under ultraviolet
light. Calcein has seen limited testing on unionid mussels so it remains unclear if this method has
adverse effects on survival and growth. We evaluated calcein against 2 concentrations (125 mg L™
and 250 mg L) at 2 exposure times (12 and 24 h) on Cyclonaias pustulosa, a common North American
unionid. Survivorship remained above 80% 6 months post-immersion. Mark quality and retention

for 250 mg L™ were high for both 12- and 24-h immersions, although historical annuli were not
highlighted. These findings corroborate studies indicating calcein immersion is generally safe and
effective in juveniles and adults and suggest it may be useful in validating new growth.
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Age, growth, and longevity are key indicators of individual performance within a given environment, which
can provide insight on mechanisms shaping abundance, distribution, and persistence of aquatic organisms'~.
As a result, these data are useful for helping scientists and resource managers better anticipate how species
will respond to environmental change and management actions*. Failing to consider this information for
conservation, or using unvalidated estimates, can lead to poor understanding of life history traits and potential
mismanagement®. For example, management actions intended for fast-growing or long-lived species but incor-
rectly applied to slow-growing or short-lived species could have detrimental outcomes. Thus, emerging methods
on how to accurately measure age, growth, and longevity are critically important for conservation and natural
resource management.

Given the importance of age, growth, and longevity, a number of methods have been developed to collect and
validate this type of information, including recovery of known-age individuals, evaluation of length-frequency
distributions, and interpretation of calcified structures®. Of these methods, counting annual deposits of calcium
and protein in calcified structures such as otoliths and shells is the most widely used®. For freshwater unionid
mussels, shell thin-sectioning is the primary method for estimating age, growth, and longevity, and entails taking
a thin, radial cross-section of a shell valve using a low-speed saw and mounting it on an unfrosted microscope
slide. Independent observers then count the historical growth rings (hereafter annuli) to determine age and
measure the distance between annuli to estimate annual growth using a dissecting microscope®”®. Despite its
wide use, obtaining accurate estimates can vary based on observer experience, whether or not a species produces
unambiguous annuli, and how crowded the annuli are within the shell”®.

Calcein, a fluorescent chemical (fluorochrome), is a chemical marking method that may help minimize
some of the variation and sources of errors associated with shell thin-sectioning. This method entails immersing
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individuals in a bath containing dye, which chelates the calcium in calcified growing structures and forms a
fluorescent mark that can be used to indicate growth when viewed under ultraviolet light’. Calcein has been used
successfully to mark and evaluate growth in fish!?, abalone!!, marine mussels'>*?, and oysters'*-'” with minimal
impacts to survivorship. For unionid mussels, fluorescent staining has been tested only on early juveniles of
Lampsilis cardium, Plain pocketbook, and Actinonaias pectorosa, Pheasantshell, with little to no adverse effects on
survival or growth'®. However, because calcein has been tested on so few species it is unclear whether this is the
case for other unionids or if the stain may manifest in the shell beyond just marking the annulus at the growing
edge. Marking unionids with calcein entails submerging individuals in a chemical solution, which means other
parts of the shell such as historical annuli could be illuminated if the dye is absorbed deeper into the shell matrix.
To the best of our knowledge this has not been evaluated.

Freshwater unionid mussels are one of the most imperiled faunal groups globally due to human impacts
and accurate age, growth, and longevity will be invaluable for better understanding “winners” and “losers” of
these impacts and efforts to mitigate them. To facilitate a better understanding of these parameters we evalu-
ated the efficacy of calcein in marking adult Cyclonaias pustulosa (pimpleback), a wide-ranging species in North
America. This will be the first test of calcein in adult unionids, which means our findings should have broad
applicability. The specific objectives of the study are (1) evaluate mussel survivorship and mark retention against
2 commonly used calcein dosages (125 mg L™ and 250 mg L") and exposure periods (12- and 24-h immersion
times); (2) test calcein’s usefulness in identifying annuli and validating age estimates of individual mussels; and
(3) discuss the management and conservation implications of using fluorescent stains on unionid mussels.

19,20

Materials and methods

Study area description

Individuals for this study were collected from the upper Sabine River in East Texas (Fig. 1). The Sabine River
drains a total area of 25,267 km? from its origin in Hunt County, Texas to the Gulf of Mexico®!. The basin is
heavily forested and is largely used for pasture, timber production, and livestock and poultry production®. The
sample site was located within a riffle-run complex with gravel and sand substrate. Discharge at our sample site
is characterized by high flows from December to February (averaging 37.71 m’s™') and low flows in August
and September (averaging 2.87 m’s™"), with a yearly average of 27.33 m®s™! (USGS Gaging Station 08,019,200).
Climate near the collection site is predominately humid and subtropical with an average annual rainfall of 1016
mm? and an average annual temperature range of 1.1-34.4 °C*%.

Study animals and collection

We evaluated calcein on C. pustulosa, which has a broad distribution in North America, ranging from the
Nueces River basin in Texas to eastern reaches of the Great Lakes, Lake St. Clair, and Lake Erie, and is pres-
ently considered stable?***. We chose this species because age (up to 48 years') and growth (0.076-0.143 mm
annually') information is known. Additionally, its wide distribution means that our findings should have broad
applicability. A total of 180 individuals were collected from our sample site on 7 December 2022 using a modi-
fied Surber sampler with a 0.25 m? quadrat to excavate sediment to a depth of ~ 20 cm. Excavated sediment was
passed through a 0.635 cm (0.25 inch) sieve to separate mussels. Collected individuals were wrapped in damp
paper towels and transported in an insulated cooler to the Texas A&M AgriLife Research and Extension Center
in Dallas, Texas. Upon arrival at the laboratory, mussels were held in quarantine for 3 weeks in a recirculating
mesocosm system. Prior to the experiment, the mussels were weighed, measured for shell length, and tagged
with a vinyl ID number (Hallprint) using super glue. All collected individuals were adults ranging between 40
and 70 mm in length. We chose this range in size based on specimen availability at our collection site and to
keep sizes of individuals consistent between replicates.

Experimental design

We tested short- and long-term lethality of 2 different calcein dosages (125 mg L™ and 250 mg L™!) and 2 differ-
ent exposure periods (12- and 24-h immersion times)'"'>!%!%, Immersion for all treatments began on 10 January
2023 and ended 11 January 2023. A 3-day acute and 10-day chronic observation period' were used to measure
immediate and short-term effects of calcein staining, which ended 14 January 2023 and 19 January 2023, respec-
tively. After the 3-day observation period half of the individuals were culled for immediate analysis, and the other
half was moved to recirculating aquaria for a 6-month period. This time, which ended on 10 July 2023, allowed
us to evaluate long-term sublethal and lethal effects of staining and evaluate mark retention.

Collected individuals were randomly assigned to one of 4 experimental treatments and 2 controls, 10 indi-
viduals per replicate with 3 replicates per treatment and control (Fig. 2). All treatment individuals were immersed
in calcein solutions of either 125 mg L™ or 250 mg L™ for 12 or 24 h. Controls were handled in the same manner
as the treatments except for exposure to calcein. Calcein powder was acquired from Sigma-Aldrich, and the
experimental solutions were made by weighing out either 1.25 g or 2.5 g of powder and adding it to reconstituted
moderately hard water®® in an aerated container. These solutions were allowed to mix overnight before being used
in the experiment. Concentrations and immersion times used in this study were based on published findings for
freshwater and marine mollusks'>!>!615,

We exposed individuals to calcein by placing each replicate in its own opaque tub with 10 L of moderate hard
water mixed with calcein to the appropriate concentration and aerated with air stones. Water temperatures in
the tubs were approximately 20 °C and mussels were fed 3 mL of a 50/50 mix Shellfish/Nano3600 diet (LPB™
Frozen Shellfish Diet and Nanno3600™, Reed Mariculture, Campbell, California) daily. Water quality parameters
(ammonia, nitrite, and nitrate) were monitored daily and kept within ASTM? ranges. At the 12-h mark all 12-h
replicate individuals were removed from the immersion tubs and rinsed with reverse osmosis (RO) water. The
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Fig. 1. Map of study area showing location of collection site on the Sabine River in East Texas. Figure created
using ArcMap 10.7.1 (https://www.esri.com/en-us/arcgis/products/arcgis-desktop/overview).

immersion tubs were drained and refilled with 10 L of moderate hard water, and individuals were placed back
in their respective tubs for a 3-day observation period. A complete water change was executed at the 48-h mark
of the observation period. At the end of the 3 days half of each replicate was culled for immediate mark analysis
and half was moved to aquariums for long-term maintenance and observation for sublethal and lethal effects of
the calcein marking. Aquariums were outfitted with filters, PVC water recirculating frames, and gravel substrate.
This same process was repeated for all 24-h replicates.
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Fig. 2. Conceptual diagram showing experimental design used to test efficacy and survivorship of mussels
exposed to two different calcein dosages (125 mg L™ and 250 mg L™!) and two different exposure periods (12-
and 24-h immersion times). Each box represents an initial replicate (n=10) used in calcein staining. Replicates
for each treatment are labeled R1, R2, or R3.

Evaluating mortality

During the long-term maintenance period aquaria were checked daily for mortality. A mussel was considered
deceased if it was excessively gaping and unable to close its shell following physical stimulus. Dead mussels were
removed from their respective tanks and placed in ethanol until they could be thin-sectioned. A 50% water
change was performed on the tank in which the death occurred to maintain water quality.

Mortality statistics

We used a one-way ANOVA on survivorship data from the 6-month observation period to evaluate whether the 2
different calcein dosages (125 mg L™ and 250 mg L™!) and 2 different exposure periods (12- and 24-h immersion
times) had an effect on mussel survival. The proportion of individuals that survived were arcsin(x) transformed
before analysis. Any significant treatment effects (P <0.05) were further analyzed through a Bonferonni post hoc
analysis to determine which treatments were different from each other.

Thin sectioning to evaluate fluorescent marking and growth

To evaluate mark retention and determine if calcein can be used for validating age estimates of mussels we
thin-sectioned individuals following Haag and Commens-Carson’. Specifically, shells were cleaned and dried,
then set in epoxy resin (Craft Resin Creative Liquid) on popsicle sticks. Once the resin was fully cured, radial
thin sections were cut along the dorsal-ventral axis with a Buehler IsoMet 1000 Precision Cutter low speed saw
equipped with a diamond wafering blade (12.7 mm)’. Thin sections were mounted on glass microscope slides
with Crystalbond 509 clear mounting adhesive (SPI" Supplies, West Chester, Pennsylvania) and sanded with
progressively finer grits of wet-sanding blocks until annuli were clearly visible under light microscopy. Annuli for
each thin-section were identified using the following criteria described by Haag & Commens-Carson’. Specifi-
cally, a putative annulus must extend from the umbo to the periostracum (exterior layer) without interruption
and terminate through the prismatic layer. A second counter was used to independently age each shell to validate
annuli. Discrepancies between the readers were either reconciled or individual specimens with incongruence
were removed from the data set.

Once annuli were identified using light microscopy, a UV light system was used to evaluate calcein marking.
Calcein fluoresces bright green at 490 nm, which we accomplished using a Nightsea Stereo Microscope Fluo-
rescence adapter with an Olympus stereo microscope. Individual thin-sections were evaluated for the quality of
the calcein mark and to determine whether the staining highlighted annuli visible under the microscope light
by viewing the section under both the UV light and the normal microscope light and comparing the visibility
of the historical annuli. Marked thin sections were also given a yes/no designation based on whether a clear
“etch” mark created by the calcein could be identified at the growing edge of the sections'? Individuals in which
growth could be observed relative to calcein etching were measured using a Moticam ProS5 Lite camera with

Scientific Reports |

(2024) 14:20659 | https://doi.org/10.1038/s41598-024-71597-8 nature portfolio



www.nature.com/scientificreports/

Motic Images Plus 3.0 software, and growth measurements were analyzed using one-way ANOVA to identify
any significant differences in growth between treatments.

Results

Mussel survivorship

No death or signs of stress such as gaping were observed in the 3-day observation period immediately post-
immersion, and only 1 mussel failed to survive the 10-day chronic period. Cumulative mortality over the 6-month
maintenance period across all treatments and exposure times was 16.7% of maintained individuals. Both the
12- and 24- h exposures at 125 mg L™ had 20% mortality. Treatment mortality for 250 mg L™! at 12 h was 13.3%,
while 250 mg L™ at 24 h was 26.7%. Control mortality was 13.3% for the 12-h control and 6.7% for the 24-h
control (Table 1). There were no significant treatment effects on survivorship (F=0.412; DF=5; P=0.831) when
comparing dosage and exposure using an ANOVA (Fig. 3). Since there were no significant effects no further
analysis was conducted. Several individuals that did not survive, regardless of treatment, appeared moribund
weeks before they died, yet continued to respond to physical stimulus. This behavior was in stark contrast to
individuals that died in controls, which did not show any evidence of prolonged stress prior to death.

Marking quality, retention, and growth

All individuals showed evidence of calcein marking upon thin sectioning and analysis, both the cohort culled
immediately post-immersion and those maintained for 6 months (Fig. 4). The staining was most prominent as
an “etch” line at the growing edge of the shell, which was visible in 83.05% of individuals, but could also be seen
in portions of the thin section where calcein had permeated down through portions of the periostracum (Fig. 5).
There were no statistically significant differences in growth between treatments per the one-way ANOVA that
was conducted, but the 250 mg L™! for 12 h appeared to produce more vivid marks. Measurable growth occurred
for 59 individuals with calcein etching, averaging 0.057 mm with a standard error of 0.007 mm (Table 1). There
was no significant treatment effects on growth (F=0.404; DF =3; P=0.754) when dosage and exposure were
compared using an ANOVA (Fig. 6).

Exposure time | Treatment | N | Averagelength | Average weight | Average mortality (%) | Average growth
Control 30 | 61.5(0.785) 110 (4.722) 13.3 -

12h 125mgL™ |30 |60.1(0.822) 100 (5.032) 20 0.0471 (0.009)
250 mg L™ |30 | 58.2(0.827) 90 (4.046) 13.3 0.0567 (0.017)
Control 30 | 58.8(0.815) 90 (4.589) 6.7 -

24h 125mgL™" |30 |57.7(0.633) 70 (3.324) 20 0.0633 (0.018)
250 mg L' |30 |60.1(0.759) 100 (4.119) 26.7 0.0587 (0.015)

Table 1. Summary length (mm), weight (g), mortality (%), and growth (mm) of individuals used to test the
efficacy of two different calcein dosages (125 mg L™! and 250 mg L") and two different exposure periods (12-
and 24-h immersion times) on survival and growth of Cyclonaias pustulosa, pimpleback. Standard error for
average length, weight, and growth is reported in parenthesis. Average growth denotes increase in shell length
for treatment individuals maintained for 6 months (n=15) post-immersion.
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Fig. 3. Bar graph of 12- and 24-h treatments (125 mg L™! and 250 mg L™!) and controls with 95% confidence
intervals showing survivorship over 6 months as a proportion.
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Immediately Post-Immersion 6 Months Post-Immersion

Fig. 4. Pictures of etch marks resulting from calcein staining. Etching is indicated by red arrows. The left panel
shows etching immediately post-immersion, and the right panel shows etching after six months of growth.
Black marks on the shells indicate annuli. Images marked A represent the 125 mg L' concentration at a 12-h
immersion, images marked B are 125 mg L! for 24 h, images marked C are 250 mg L™ for 12 h, and images
marked D are 250 mg L™! for 24 h.

Fig. 5. Two images of the same thin-section from the 250 mg L™ x 12-h treatment. The top image is of the slide
illuminated by UV light at 490 nm with red arrows indicating where calcein can be seen to have etched at the
growing edge and seeped into portions of the shell. The bottom image is of the slide under ambient light with
three of the annuli indicated with red arrows. Annuli are indicated in both images by pencil marks. Individual
was determined to be 20 years old.
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Fig. 6. A bar graph of all staining treatments (12- and 24-h and 125 mg L™! and 250 mg L}; Total N =59) with
95% confidence intervals showing average growth across treatments in mm.

Validation of annuli

All but 3 individuals were successfully aged, and ages ranged from 10 to 31 years with an average of 18.19
(standard error =0.249). Calcein was ineffective for validating age estimates derived from thin-sectioning as
applied in this study. We found that calcein staining did not highlight historical annuli in a manner that verified
that the lines were annuli and was limited to etching at the growing edge and weak portions of the shell. For the
latter, the stain appeared to penetrate from the outside of the shell, rather than be incorporated at the growing
edge like the etch mark. This occurred in portions of the shell that appeared to have been eroded over time. The
staining was typically most prominent near the umbo but could occasionally be seen towards the growing edge
in especially damaged shells. (Fig. 5).

Discussion

The efficacy of 2 different calcein dosages (125 mg L™ and 250 mg L") and 2 different exposure periods (12- and
24-h immersion times) in etching shells were successfully evaluated for adult C. pustulosa, which is a long-lived,
widely distributed mussel species in North America. Thus, our findings should be applicable for congeners and
other wide-ranging mussel species, especially those with similar life history characteristics. Individuals stained
with calcein experienced little to no adverse effects on survival and produced fluorescent marking at the posterior
margin of the shell, which we found to be most vivid for the 250 mg L™! dosage and the 12-h immersion period.
After 6 months, mark retention remained high as 83.05% of individuals retained their fluorescent marking on
shells. Comparing calcein marks with annuli identified via shell thin-sectioning showed very little congruence,
indicating this technique did not highlight historical annuli and was not useful for validating past annuli. Taken
together, these findings indicate that calcein is generally non-lethal for adult mussels and produces a fluorescent
mark on the inside of the shell that is long-lasting, which could be useful for evaluating mussel growth and
survivorship.

Although calcein marking has not been widely used on unionid mussels, it has been used more frequently on
marine mollusks (Supplementary Table 1). For marine burrowing bivalves optimal calcein concentrations range
from 50 to 100 mg L™*°, which is lower than concentrations used for unionid mussels, though immersion times
in these studies were often greater. For unionid mussels, tested concentrations of calcein range from 125 mg L™!
to 250 mg L™! for early juveniles. When tested on individuals older than 2 months, 250 mg L™ at a 6- to 24-h
immersion had less than 5% mortality and produced calcein marks that were readily identifiable 6 to 12 months
post-immersion'®. This is consistent with the findings from the present study, indicating 250 mg L™' and a 12- or
24-h immersion period are suitable calcein concentrations for both juvenile and adult unionid mussels. Interest-
ingly, freshwater hyriid mussels, which are related to our focal species, have shown mixed results when tested
at 250 mg L™! for 3 h?®. Under this concentration and immersion individuals showed faint staining inside the
shell but only a few had a definitive fluorescent mark, which is presumably due to inadequate immersion time.

Growth of mussels after being marked with calcein is important for its practical application in conservation
and natural resource management. For unionid mussels, growth is often used to evaluate population perfor-
mance (i.e., survival, growth, and reproduction), which is important for measuring health and resilience through
time®’. For marine mussels, fluorochrome marking appears to have generally negligible impacts on growth’,
which mirrors findings for early age juvenile unionids. For example, 4- to 5-mo-old L. cardium immersed for 6
and 12 h in 250 mg L™ calcein showed a 633% (3 to 22 mm) and 320% (5 to 21 mm) increase in maximum shell
length (mm), respectively, 5 to 6 months post-immersion'. However, 7-mo-olds immersed for 24 h in 250 mg
L' only showed a 31% (13 to 17 mm) increase in length'®. Mortality across the three age-groups in that study
was minimal (less than 4%'®), which suggests the amount of expected growth post-immersion is dependent on
size of the individuals, with smaller juveniles growing more than larger juveniles. Interestingly, life history may
also play a role in growth post-immersion as species considered fast growing (i.e., L. cardium) had greater post-
immersion increase, 31% (13 to 17 mm), in maximum shell length (mm) than those considered slow growing
(i.e., A. pectorosa) at 7-mo-old'®. In this study, we used adults of C. pustulosa, which is considered slow growing,
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so measuring changes in shell length (mm) over a six-month period was only feasible for marked individuals
where growth past the calcein mark could be measured under a microscope. However, after the six-month
monitoring period, all marked individuals, irrespective of treatment, showed growth that could be measured
under a microscope after the calcein mark (averaging 0.057 mm with a standard error of 0.007 mm). This find-
ing would indicate that growth in juveniles and adults is likely unaffected by the tested calcein and immersion
concentrations, but does not evaluate whether there were any laboratory effects on the observed growth, either
positive or negative.

The findings of this study combined with those of Eads and Layzer'® indicate that calcein immersion is
effective and non-lethal for marking unionid adults and juveniles. To date, the species tested with calcein are
not species of conservation concern so additional studies are needed to test multiple life stages of threatened
species or closely related congeners. Also, all of the studies evaluating the effectiveness of calcein have focused
on survivorship and growth so impacts to mussel reproduction remain unknown. Unionid mussels possess a
unique reproductive life history involving larval (hereafter glochidia) parasitism, typically of fish®. Future studies
could begin addressing potential impacts of calcein to reproduction by immersing gravid females with known
glochidia viability for 12- or 24-h at 125 mg L™! or 250 mg L™ calcein and then comparing viability afterwards.
Other studies could look at the impact of calcein on transformation success by immersing glochidia and host fish
simultaneously to different concentrations and exposure periods. Metamorphosis rate, measured as the number
of live juveniles divided by the sum of live juveniles and sloughed glochidia®, could be compared afterwards.
Finally, in situ mark-recapture studies using individuals exposed to calcein are needed to determine how useful
calcein can be used in validating age and longevity estimates.

Conclusion

The ability to identify fluorescence marks on the outside of the shell broadens the application of this method to
evaluating stocking of mussels, a point made by Eads and Layzer'®. Ideally, juveniles or adults raised in a hatchery
or translocated would be stained and then released for reintroduction or to supplement an existing population.
Subsequent monitoring efforts could easily track the performance of those individuals using UV light and growth
could be measured for vouchered individuals using thin-sectioning. For example, calcein staining to monitor
stocking efforts for Chinook salmon (Oncorhynchus tshawytscha) and rainbow trout (O. mykiss) effectively used
a handheld light to identify marked individuals for nearly 3 years afterwards?!. Pediveligers (i.e., larvae) of the
eastern oyster, Crassostrea virginica, exposed to calcein maintained their marks through transformation and set-
tlement and were identifiable afterwards using blue light (490 nm) without sacrificing the individuals®. If calcein
is found to have minimal to no impacts on mussel reproduction then a similar approach could be taken, which
would save time and funding because conventional marking relies on gluing vinyl or PIT tags onto the outside
of the shell of a live individual. Depending on the number of individuals, which often can be in the thousands,
this process can encumber a significant amount of resources. Additionally, emerging techniques focused on
minimally destructive sampling® for age and growth analysis could potentially be used in conjunction with
calcein staining to increase the accuracy of the generated estimates.

Data availability
Datasets generated during the current study may be made available by the corresponding author upon reason-
able request.
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