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Validation of three back-calculation models by
using multiple oxytetracycline marks formed in
the otoliths and scales of bluegill x green sunfish
hybrids

Robert A. Klumb, Michael A. Bozek, and Richard V. Frie

Abstract: We assessed the accuracy of the Fraser—Lee, biological-intercept, and Weisberg back-calculation models to
estimate growth from otoliths and scales of laboratory-reared juvenile bluegill x green sunfish hytemdsnis
macrochirusx Lepomis cyanellys Hybrid sunfish were injected three times with oxytetracycline hydrochloride at 90-
day intervals to mark bony structures, creating simulated annuli for model validation. Back-calculated lengths (BCLSs)
with otoliths were generally less accurate than scales for all three models. Errors ranged from —8.2 to 7.8% for the
Fraser—Lee model, from —8.0 to 8.3% for the biological-intercept model, and from —6.5 to 14.3% for the Weisberg
model. For all three models, there was no significant difference in BCLs using left or right otoliths, and BCLs using
the Fraser—Lee and biological-intercept models were not significantly different from each other. In contrast with oto
liths, all three models produced accurate BCLs from scales; errors ranged from —4.3 to 0.1%. For juvenile hybrid sun
fish, we recommend using scales for back-calculation of growth. The Fraser—Lee (with zero intercept) and biological-
intercept models produced the most accurate BCLs from otoliths. However, due to potential decoupling of otolith and
body growth, caution should be exercised when estimating juvenile hybrid sunfish growth from otoliths.

Résumé: Nous avons évalué la précision des modeles de rétrocalcul de Fraser—Lee, de I'ordonnée a I'origine biologique

et de Weisberg dans I'estimation de la croissance a partir des otolithes et des écailles chez des hybrides du Crapet arle-
quin et du Crapet vertLepomis macrochirus Lepomis cyanellysélevés en laboratoire. Les crapets hybrides ont été in-

jectés a trois reprises avec de I'hydrochlorure d’oxytétracycline a intervalles de 90 jours afin de marquer les structures
osseuses et ainsi créer des annulus simulés pour valider les modéles. Les longueurs obtenues par rétrocalcul a partir des
otolithes étaient, en regle générale, moins précises que celles obtenues au moyen des écalilles, et cela dans tous les mode-
les. Les erreurs variaient de —8,2 a 7,8% dans le modéle Fraser—Lee, de —-8,0 & 8,3% dans le modéle de l'ordonnée a
I'origine biologique et de —6,5 a 14,3% dans le modele de Weisberg. Dans les trois modeéles, les longueurs obtenues par
rétrocalcul ne différaient pas, qu’on ait utilisé I'otolithe gauche ou le droit; les résultats obtenus par les modeles de Fraser—
Lee et de I'ordonnée a Il'origine biologique n’étaient pas significativement différents. Contrairement aux résultats obtenus

a partir des otolithes, ceux provenant de I'étude des écailles étaient plus précis avec des erreurs allant de —4,3 a 0,1%
dans les trois modeles. Nous recommandons donc d'utiliser les écailles pour le rétrocalcul de la croissance chez les jeunes
crapets hybrides. Les modéles de Fraser—Lee (avec ordonnée a l'origine de 0) et de I'ordonnée a I'origine biologique ont
fourni les meilleures estimations de BCL a partir des otolithes. Cependant, il est possible que la croissance des otolithes
ne soit pas couplée a celle du corps; il faut donc faire preuve de prudence lorsqu’on veut estimer la croissance de jeunes
crapets juvéniles par I'étude des otolithes.

[Traduit par la Rédaction]

Introduction event and have been used for over 80 years in fisheries man

agement and research. In the field, fish length is measured

Back-calculation models are valuable because they praand calcified structures (scales, otoliths, etc.) are collected
vide growth data for fish populations from a single samplingfor growth analyses. Subsequent age assessment and radial
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measurements to the annuli, along with the length of the fisiViethods
at capture, are input into a back-calculation model that re

constructs the entire growth history of the individual fish for Age-1 bluegill x green sunfish hybrids, hereafter referred to as
studies of population dynamics. hybrid sunfish, were injected three times with OTC at 90-day inter

. . . . vals (Kobayashi et al. 1964) to “simulate” annuli for back-
The economy and relative ease of obtaining growth histocaicyjation model validation; fish were generally of uniform total

ries with back-calculation have resulted in widespread use gkngth (Table 1). Since fish were not individually tagged for identi
this technique (DeVries and Frie 1996), yet few studies infication (i.e., numbered tags), mean observed growth of all OTC-
the laboratory (Everhart 1948; Bradford and Geen 1987injected fish for each 90-day interval was compared with their
Klumb et al. 1999) have assessed model performance.-Vali mean BCL. The number and percentage of hybrid sunfish with
dation of back-calculation models provides fisheries managmultiple OTC marks in their otoliths and scales were assessed only
ers and researchers confidence that observed growtfRr fish surviving the entire experiment.

differences within or among fish populations are real and no% Fish (N = 97) were injected intraperitoneally near the anus

; ; ; ; : - (Babaluk and Craig 1990) at a dosage of 75 mg OTC-kg™fisfith
artifacts of invalid model assumptions or techniques. Franci nchor OXY-TET 50 (oxytetracycline hydrochloride: Boehringer

(1990) I|sted_three Components _needed to truly validate %gelhein Animal Health Inc., St. Joseph, Mo.) sold at 50 mg
back-calculation methodi)(the radius of yearly marks must oTc.mi-2 It OTC appeared to seep from the injection wound, the
remain constant from the time of formation (i.e., scale orfish was given a second injection. Immediate postinjection mortal
otolith radii to respective annuli do not change onceity was low; only one fish died within 1 day after injection. Control
formed), (i) the mark is a true annulus, formed on a yearlyfish (N = 20), not injected with OTC, were raised in the same tank
basis, andiii) the formula used to back-calculate growth ac with the OTC-treated fish to ensure that no natural fluorescent
curately describes the body—scale or body—otolith relationmarks in otoliths and scales occurred. The right pelvic fin and top
ship. Requirements for conducting true validation are metobe of the caudal fin were clipped to identify control fish.

only in field mark-recapture studies (Davies and Sloane To simulate “interannual” envwon_mer_ltal variation, we at_tempted
1986: Howells et al. 1995; Klumb et al. 1999r laboratory to vary growth rates between marking intervals by changing water

. . temperature. Target temperatures for the three successive growth
studies (Bradford and Geen 1987; Klumb et al. 1599 eriods were 20, 15, and 25°C, respectively. Mean temperatures for

where length measurements at the time of marking (the starcp, interval were within +2°C of the targeted temperature (Ta-

dard for comparison) are compared with back-calculategyje 1).

lengths (BCLs) from the same fish. Two complete 90-day growth periods were completed with all
Casselman (1983) stated that the best evidence for validdish, while a reduced number were used for the third growth pe-

tion requires data from fish marked with a fluorescent chemtiod. A cracked submersible heater electrocuted 73 fish (55 experi-

ical or physical tag and then later recaptured, producinqnental fish and 18 control fish); 38 experimental and two control

known increments of growth for comparison. Tetracycline ish survived and were used to complete the experiment. For the
S . : : e two groups of fish, BCLs were compared with the observed lengths
gnt'blolpcs are InC(ﬁrporatelg mtok a.Ct!\tl)lely CgICIfyll?g nTV\tl at the first two OTC marks for the electrocuted fish and at all three
one, forming a yellow—gold mark visible under ultraviolel orc marks for fish surviving the entire experiment. Instantaneous

light (Weber and Ridgway 1962). Rapid deposition of tetra-growth rates for each 90-day interval were calculated using the for-
cycline is required for accurate and precise marks, used &§ula in Ricker (1979).

reference points in time, to form in the bones and scales of Fish were raised in flow-through fiberglass raceways. Tanks re
fish. Babaluk and Craig (1990) found that 100% of northernceived tap water at an average of 2 L-mjrproviding about six
pike (Esox luciu$ scales and otoliths were marked within water exchanges per day; current was negligible. Photoperiod was
12 h. Within 24 h of injection, 100% of starry flounder kept constant (17 h ligh: 7 h dark) and dissolved oxygen was

(Platichthys stellatys otoliths were successfully marked monitored to ensure that levels remained above 5 mgMean
(Campana and Neilson 1982) dissolved oxygen remained above 8 mig-throughout the experi
Bl il (L . hi ' d bl il x ment. Fish were fed daily at 2% of body weight with trout fry
uegill (Lepomis macrochirysand bluegill x green sun  No 4 granules (47% protein), 4.8-mm pellets (41% protein), or

fish hybrid (Lepomis macrochirusx Lepomis cyanellys 3.2-mm pellets (40% protein) administered by 12- or 24-h auto
scales have been successfully marked with oxytetracyclingatic belt feeders. Ration was adjusted every 90 days after each
(OTC) by feeding, and these OTC marks were used folOTC treatment or when excessive mortality occurred (i.e., total ra
back-calculation model validation (Klumb et al. 1399No  tion reduced proportional to mortality).

literature exists assessing the success of markiegomis

sp. otoliths or scales by OTC injection. We present here th&ample collection and preparation

results of a laboratory experiment used to validate back- At the time of each OTC injection, all treatment and control fish
calculation growth models with OTC injection. The objec were anesthetized with tricaine methanesulfonate (MS 222), total
tives of this study were ta) assess marking success in-oto length was measured to the nearest millimetre (with depressed cau
liths and scales of bluegill x green sunfish hybrids raised irflal fin), and weight was measured to the nearest 0.1 g. At the end
the laboratory and marked multiple times by injection with ©f the experiment, otoliths (both sagittae) and scales (approxi
OTC, (i) assess and validate the Fraser—Lee, biologicalately 10-20) were collected. Left and right sagittae were- ana
intercept (Campana 1990), and Weisberg (Weisberg 198 zed separately. Otoliths for all species were wiped clean after

. . moval and soaked in glycerin for 2 weeks to help them clear
back-calculation models;ji) compare BCLs derived from (Maceina and Betsill 1987). Scales were removed from the left

three otolith radii with scales,i) compare otolith back- side, below the lateral line, and anterior to the distal point of the
calculations using left and right otoliths from the same fish,pectoral fin when pressed against the body (Regier 1962).

and () determine the effect of known scale measurement er Back-calculations were derived from three otolith radii: the an
ror on BCLs. terior, dorsal, and posterior axes (Fig. 1). Otoliths were viewed
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Table 1. Mean total length of hybrid sunfish at the time of OTC marking, instantaneous growth rates, and water-tempera
tures in the laboratory during the three 90-day experimental treatments used to validate back-calculation growth models.

OoTC Mean length Instantaneous growth Mean water temperature Temperature
mark N + 2 SE (mm) rate (mm-day?) + 2 SE (°C) range (°C)

1 97 119.9+2.6 0.002694 20+0.2 23-18

2* 101 152.8+3.4 0.001437 17+0.4 20-14

3t 37 173.9+4.8 0.000481 23+0.4 26-18

Note: Mean lengh + 2 SE at the end of thexperiment was 181.6 + 5.6 mm.
*Four control fish were not identified and were included in the treatment group.
tFifty-five experimental fish were electrocuted between OTC treatments 2 and 3.

whole with the sulcus side down. Sample sizes for the three axe$.67x projection lens for the video camera was used for otolith im
differed slightly because no measurements were made along arages and an Olympus NFK 2.5x lens for scale images. Separate
axis that was chipped or broken or for fish without the expectedcalibrations for otolith and scale images were done with a hema
number of OTC marks visible along a particular axis (Table 2).cytometer. Measurement error of the digital analysis system was
Measurements were made to the edge of the OTC mark proximd.34% for otoliths and 0.48% for scales.
to the otolith core, and this point in time was assumed to eorre  The OTC marks and the otolith core or scale focus required dif
spond to body length measurements made before treatmefférent techniques to maximize their contrast and resolution- Oto
(Campana and Neilson 1982). liths were immersed in glycerin during observation to improve
The mean scale radius for each fish £ 3) was used for back- contrast. A combination of brightfield and fluorescent microscopy
calculation (Newman and Weisberg 1987). Scales were measureglas used to enhance contrast of the otolith core and scale focus. To
from the focus to the anteriolateral corner (anteriolateral axis)properly locate the core or focus, a second image using brightfield
(Fig. 1). The edge of the OTC mark proximal to the scale focusillumination was made without moving the sample after collecting
was used as the point for validation of the back-calculation modelshe image under fluorescent illumination. Annotation features in
and was assumed to have formed immediately after OTC treatmenhe software were then used to create an overlay on the brightfield
(Campana and Neilson 1982). For all fish, scale radii were meaimage to locate the otolith core and scale focus, which was then
sured from the scale focus to that point. No regenerated scalesverlain on the image with the visible OTC marks. A daylight/
were used, and only scales from fish with the expected number ofungsten (blue filter), green filter, and neutral density filter were
OTC marks were measured. used during brightfield observation. Hybrid sunfish scales were
Because OTC marks typically create fluorescent bands that argoaked in glycerin for 2 days to clear and improve the contrast of
two to three circuli wide in the scales of injected fish (Kobayashi etthe OTC mark (Bumguardner 1991). Quality of the OTC marks
al. 1964; Bumguardner 1991), mark width was used to assess thdiffered based on the side of the scale viewed under the micro-
effect of scale measurement error on BCLs. The widths of the OTGcope (i.e., fibrillary plate versus grooved) and were clearer when
marks for 30 randomly selected fish were measured and the circuliiewed with the grooved side up. High intensity of the OTC marks
in the OTC band were counted. Measurements were made with a@nabled scales to be viewed dry, mounted between a glass slide and
occular micrometer at 10x magnification. To create a known meacoverslip.
surement error, scale radii along the same anteriolateral axis were
measured to the proximal and distal edges of the OTC mark for alg5ck-calculation models and analyses

fish. Known scale measurement error was calculated as the per e prager_Lee (i.e., intercept-corrected direct proportion) model

centage of the total scale radius within the OTC fluorescent markis 4 |inear, direct proportional back-calculation method (Fraser 1916:
Differences between BCLs from scale radii measured to the OT ee 1920) that back-calculates length for individual fish as

mark inner and outer edges were used for model sensitivity analy
ses. Consistency of OTC mark width among treatments was tested L=a+ (L —a)S/
with a one-way analysis of variance (ANOVA) and Bonferroni ! (Le )(S/S)

multiple-range test. wherelL; is BCL at annulus, L, is length at capture§ is scale

(bony structure) radius to annulusS; is total scale (bony struc
Detection of OTC marks and measurement techniques  ture) radius, and is a correction factor.

The OTC marks in otoliths and scales were detected with an The correction factoa proposed by Fraser (1916) represents the
Olympus Vanox model AHBT compound microscope fitted with an length of the fish at the time of scale formation. The correction fac
AH2-RFL attachment for reflected and transmitted fluorescencetor is commonly derived empirically from observations of larval
The excitation wavelength that provided the best fluorescence waand juvenile fish (Everhart 1948) or mathematically from yhie-
the violet range (395-415 nm); Bumguardner (1991) used similatercept of a linear regression of body length on scale radius (Lee
wavelengths. The factory-installed DM 455 dichroic mirror 1920; Whitney and Carlander 1956; Carlander 1982) and hereafter
(455 nm), BP405 exciter filter (405 nm), and Y455 barrier filter is referred to as an “intercept.” No intercept was used for otolith
(455 nm) were used without any supplementary barrier or exciteback-calculations because otoliths are present at hatching or soon
filters. The lamp source was a 200-W high-pressure mercunthereafter (Taubert and Coble 1977; Schramm et al. 1992). A zero-
burner. Objective magnification was 2.5x. intercept reduces the Fraser—Lee model to the direct proportional

High OTC mark intensity enabled otolith and scale radii to beor Dahl-Lea model (Dahl 1907; Lea 1910) for mean BCLs. For
measured with a digital image analysis system. Video images werEraser—Lee back-calculations from scales, we used the 20-mm
created using an MTI series 68 mk Il camera (Dage-MTlI, Inc.,bluegill standard intercept value recommended by Carlander
Michigan City, Ind.) mounted on the microscope, and digitat im (1982). A 20-mm intercept provided accurate BCLs and was rec
ages were captured with a Targa+ framegrabber (Truevision, Incommended as a standard for hybrid sunfish (Klumb et al. 4299
Indianapolis, Ind.). Images were processed and measured using theCampana (1990) proposed a modification to the Fraser—Lee
software Moch& v.1.2.10 (Jandel Scientific, San Rafael, Calif.). model, known as the biological-intercept model, to account for sys
To view real-time images on a video monitor, an Olympus NFK tematic variation in the fish length — otolith size ratio with somatic
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Fig. 1. (A) Anterior, dorsal, and posterior axes measured on whole otoliths and (B) anteriolateral axis measured on scales for back-calculation.
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Table 2. Numbers of OTC-marked hybrid sunfish with scales Applied Statistics, University of Minnesota, St. Paul, MN 55108-

and otoliths used for back-calculation. 6042, U.S.A., unpublished manual).
- The Weisberg model requires at least two year-classes with a
oTC Otoliths minimum of three fish in each year-class in order to run. Because

mark  Scales Anterior axis  Dorsal axis Posterior axis Petween the second and third OTC treatments, a defective heater
electrocuted approximately 63% of the fish, the electrocuted fish

1 83 40L,47R 67L,61R 63 L, 52 R and surviving fish were treated as two artificial year-classes. Since
2 83 40L,47R 67L,61R 63L 52R  poth groups of fish were actually reared together (up to the time of
3 28 13L,14R 221,16 R 171L,15R the accident), no significant year effects were expected.

Note: Left (L) and right (R) otoliths were analyzed separately along For all three models, lengths measured at the time of OTC
three axes. marking were compared with their respective BCLs. Model error

was quantified as the percent difference of BCLs from known

lengths. To prevent cancellation of positive and negative errors, ab

gr?m?‘ rate. g:ssentlally., thetzlelras.er—”Lede tmodgl '3 .C(tJrrectetd alongy|te values were used to calculate the overall mean percent dif
oth thex- andy-axes using biologically determineéd INLercepts-Cor ¢arence The slope of the line for an individual fish in the Fraser—

responding to the onset of IC’“J’IDOVUO”Ell growth between the body oo 15del has its natural variability constricted due to forcing the

and bony structure. Campana’s (1990) biological-intercept modefine through a commony-intercept and results in the variance

back-calculates length for individual fish as structure being unknown (Weisberg and Frie 1987; DeVries and

= + _ _ _ Frie 1996). Therefore, Fraser—Lee BCLs were tested against known

Lizltet (Lo - L)S - D& - %) lengths with the Mann—Whitnel test. Statistical analyses could

wherelL; is BCL at annulus, L. is length at capture§ is scale  not be performed for the Weisberg model because it does not back-

(bony structure) radius to annulusS; is total scale (bony struc  calculate for individual fish. To assess whether otolith and scale in

ture) radius,L, is a correction factor for body length, a8 is a  crements remained constant after formation (i.e., Francis’ (1990)

correction factor for bony structure length. For otoliths, we usedfirst validation requirement), we compared otolith and scale radii

the corrections of Hales and Belk (1992) corresponding to a totafor the electrocuted and surviving fish at the first two OTC marks.

length of 6 mm ) for bluegill larvae at swim-up and an otolith All statistical analyses were performed with SPSS for Wind®vs

radius at swim-up of 0.04 mmS§) found by Taubert and Coble release 6.1.2. Statistical significance was sat at 0.05.

(1977) for the posterior axis. We used this correction factor for all

three axes. For scale back-calculations, proportionality is generally

assumed to start at scale formation. Bluegills attain a body lengtiResults

of approximately 20 mm at scale formation (Potter 1925), and we

set$, = 0; this results in Campana’s model being identical to theQTC marking success

original Fraser-Lee model. N _ ) _ Multiple OTC marking success of hybrid sunfish otoliths
The Weisberg linear model partitions fish growth into two main a5 |ower than for scales. However, marking success in oto-
effects: growth due to age of the fish and growth due to environy o 204 scales was 100% for the first two marks for the 38

mental effects in a given year (Weisberg and Frie 1987; Weisber . g .
1993) in a general additive ANOVA model: %ybrld sunfish _th_at sgrwvgd all three treatments. Th_ree oTC
marks were visible in either the left or right otolith and
Ly = (age effect),, + (year effect) along at least one axis for 61% of the 38 fish that survived

wherey; is the population mean bony structure increment for fishthe eXpe”me”t (Fig. 2). F_or scale.s,_ three OTC marks were
of age a that grew in yedr a is age, and is year of growth i = 1 observed in 74% of the fish surviving all OTC treatments

is the most current year of growth). (Fig..3). Hybrid sunfish growth rates declined with each-suc
Back-calculation in the Weisberg model is a multistep processcessive treatment (Table 1); growth declined 47% from the
First, an ANOVA model is fit to bony structure increments to esti first to second increments and 66% from the second to third
mate the effects (i.e., coefficients) of age and the environment oincrements. Sample size for otolith back-calculations dif
mean bony structure increments. A regression of total length ofered for the otolith analyzed (right or left) and axis mea
bony structure radius is then calculated and the parameters are dgyred due to nonvisible OTC marks along a particular axis
rived by maximum likelihood estimation. Length increments aregnq chipped or cracked otoliths (Table 2). A total of 86%
then modeled for age effects and year effects with the coefﬁcient%83) of fish possessed the expected number of OTC marks

derived by maximum likelihood estimation. Lastly, the estimated d had nonregenerated scales usable for back-calculation
mean length increments for each age in a given year are summed 9

give the total BCL. able 2).

Assumptions for the Weisberg model are thiatblony structure
and length increments have a joint normal distributiar), growth Back-calculation model validation
increments for a fish are independent among yedir3,fish in the
same year grow independently of each other, avtiie errors are  Otoliths
normally distributed. For the body — bony structure regression, the Otolith radii measured to the first two OTC marks were
model assumes that the correlatiqp) between body and bony not significantly different between fish electrocuted after the
structure growth is constant for. all years .anq aI.I age groups in thggcond marking period and fish surviving all three OTC
sample. Therefore, the regression model is fit with a common slopg.a5tments for left and right otoliths along all three axes (Ta

for each age group. AR test checks the assumption tipais con P ‘o
stant. Each age group can have a unique intercept value. Furthﬁ’rIe 2). These results indicate that we met Francis’ (1990)

details of model calculations are given in Weisberg (1986, 1993 rst requirement for back-calculation model validation; once

and Weisberg and Frie (1987). Back-calculations were obtainedormed, otolith radii from the core to the first two OTC
with the XLISP-STAT computer program in a WindoWsenviron marks remained constant. Furthermore, the potential error in

ment, version 2.1R3 Alpha 6, WindoW$ version 3.0, provided by back-calculating lengths using whole otoliths due to refrac
the Minnesota Sea Grant Program (S. Weisberg, Department dfve distortion was minimal; differences between otolith radii
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for electrocuted and surviving fish at both OTC marks werefered from the known length by >8.5% for the Fraser—Lee or
<4%. biological-intercept model.

The accuracy of Fraser—Lee BCLs based on whole oto
liths differed for both the measurement axis used and th&cales ) _
OTC mark being analyzed; errors ranged from —8.2 to 7.8%. Scale radii measured to the first two OTC marks were not
Overall, no axis consistently provided the most accuratéignificantly different between fish electrocuted after the
BCLs (Fig. 4). Using the anterior axis, BCLs were signifi Second marking period and fish surviving all three OTC
cantly different from the actual lengths at the third OTCtreatments (Table 3) and indicate that we met Francis
mark on both right and left otoliths and at the second mark1990) first requirement for back-calculation model vadida
on only the right otolith. BCLs for both the dorsal and peste tion. [_)lfl‘erences between scale radii for electrocuted and
rior axes were significantly different from the actual lengthsSurviving fish at both OTC marks were <2%.
at the first and third OTC marks on right and left otoliths. ~ For the Fraser—Lee model, the BCLs from scales underes
There were no significant differences between BCLs usingimated the actual length at marking by 0.6-4.3% (Fig. 4).
left or right otoliths along all three axes (Mann—Whitney he overall mean percent difference of BCLs from the actual
test: P > 0.05). The largest difference between BCLs from!€ngth at marking was 1.8% (2.3 mm). The BCLs were sig
left and right otoliths was 4.1 mm for anterior radii mea Nificantly smaller (4.3%, 5.1 mm) than the actual lengths at
sured to the third OTC mark. marking only at the first OTC mark.

The accuracy of BCLs from the biological-intercept Error for Weisberg model BCLs from scales ranged from

: : . —2.2 10 0.6% (Fig. 4). Across all marks, the overall weighted
model using whole otoliths also differed for both the mea gean difference of Weisberg BCLS was 1.4% (1.8 mm) less

surement axis and the OTC mark being analyzed. Error an the actual lengths at marking. The constant correlation

ranged from —8.0 to 8.2%, and again, no axis consistent! motion between le and body increments. requirin
provided the most accurate BCLs (Fig. 4). Significant differ ssumption between scale a ody Increments, requiring

ences between BCLs and the actual lengths at marking quu:al fl;)geg fgr (t)hgga)‘gepgiofhpes’VVVV;‘Q;SE?;G(SSZ';Z (i)ﬁ?:érlesr?{ent
curred for the same axes and OTC marks as the Fraser—Lg OVA, age effects were significant but year effects, as ex-

model (Fig. 4): the second and third OTC marks using th
. : X . . ected, were not.
anterior axis and the first and third marks using the dorsal Neither the Fraser—Lee nor the Weisberg model consis-

and posterior axes. There were no_S|gn|f|cant differences beL_ently provided more accurate estimates of the actual lengths
tween BCLs using left or right otoliths along all three axesfrom scale radii of the OTC-injected hybrid sunfish. How-

(Mann—-WhitneyU test: P > 0.05). Comparing BCLs from d . :

- o .ever, the Fraser—Lee model did consistently underestimate
the Frqser—Leg and b|olog|cal-|nter9ept models resulted IIﬁength. The overall BCL mean percent differ)énces from the
no significant dlfferenc.es (Mann—Whltneytegt.P >.O'05)' actual lengths at OTC marking for both models were similar,

The accuracy of Weisberg BCLs from otoliths differed be-1 gos for the Fraser—Lee model and 1.4% for the Weisberg
tween measurement axes and OTC marks; errors rangefloqe|.

from —6.5 to 14.3%. No otolith axis consistently provided
the most accurate BCLs (Fig. 4). Differences between BCL%TC mark width and scale measurement error
derived from left or right otoliths were small; the largest-dif

ference was 6 mm for posterior radii measured to the thir%eight) of OTC for each injection, the width of marks was

OTC mark. not uniform for successive marking attempts in the anterio

Weisberg model assumptions were not met for all otolithjateral region of the scale (Table 4). The first mark was sig
axes, and the otolith increment ANOVA model detected ON&ificantly wider than the second and third marks (one-way

nonexistent year effect. The constant correlation assumptioANOVA: F = 7.888,P = 0.001). The widest OTC marks
between otolith and body increments was met for the-anteyere formed before the interval with the highest growth rate
rior axis and dorsal axis for right and left otoliths. Along the (Taple 1). The OTC mark widths declined 29.4% from treat
posterior axis of right and left otoliths, the constant corela ment 1 to treatment 2.

tion assumption was violatedr (test: rightF = 5.3427, df = The mean width of the OTC fluorescence was 0.054 mm;
1,48,P =0.02; left F = 7.8419, df = 1,56 = 0.01). Age &  grror as a percentage of the total scale radius for marks 1-3
fects for the otolith increment ANOVAs were significant for \yas 1.49% (Table 4). The difference between Fraser—-Lee

all axes and otoliths. The only unexpected significant yeagc| s using radii measured to the inner versus outer OTC
effect from the ANOVAs was for left otoliths measured mark edges was 1.7, 1.5, and 1.2 mm for marks 1-3, respec
along the anterior axis. tively. The overall mean difference between BCLs was

The relative magnitude of over- and underestimation at allL.5 mm. The ratio of the mean change in Fraser-Lee BCLs
three OTC marks was remarkably similar for the Fraser—Leeto the percentage of the scale radius within the OTC mark
biological-intercept, and Weisberg models for all three otolith(i.e., known error) was 1.041 mm to 1% error. A scale mea
axes (Fig. 4). For all three models, back-calculations overessurement error of 1% on Weisberg BCLs resulted in similar
timated the known length at the first mark and underestidifferences between the BCLs of 1.7, 1.5, and 1.1 mm for
mated length at the second and third marks. Lowesmtarks 1-3, respectively. The mean difference between
differences for otolith BCLs from actual lengths were al Weisherg BCLs was also 1.5 mm. For the Weisberg model,
ways seen at the second OTC mark. Weisberg BCLs fronthe ratio of the mean change in BCLs to the percentage of
dorsal and posterior measurements overestimated known lengthe scale radius in the OTC mark was the same as for the
by >10% for the first OTC mark. No BCLs from otoliths dif Fraser—Lee model, 1.041 mm to 1% error.

Despite using identical concentrations (by percent body
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Fig. 2. Whole right otolith from a 191-mm hybrid sunfish showing three OTC marks in the three regions measured for back-
calculation: (A) anterior region, (B) dorsal region, and (C) posterior region.

-
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Fig. 3. Comparison of experimental and control bluegill scales indicating the presence and absence of OTC marks. (A) Scale from a
198-mm hybrid sunfish injected with OTC three times and exhibiting three fluorescent marks; (B) scale from a 175-mm control fish
not injected with OTC.

Discussion due to using whole otoliths; use of sectioned otoliths may
have increased our overall marking success.

OTC marking success

Injection is a more direct method of administering OTC Back-calculated growth
than feeding or immersion (Strasdine and McBride 1979), In this study, OTC marks created in laboratory fish at 90-
and marking success in otoliths and scales was 100% for theay intervals simulated annuli and removed the possibility of
first two marks for the 38 hybrid sunfish that survived all back-calculation error due to incorrect age assessment.
three treatments. Even though actual growth rates decreas@tiese OTC marks met the second requirement for validation
from treatment 1 to treatment 3, variability of mark intensity of a back-calculation technique (Francis 1990) by removing
was low. Seepage of OTC out of the injection wound andconcern for the validity of natural annuli formation. We
misidentification of four control fish affected marking suc found that once formed, the distance between OTC marks
cess. Marking success of OTC-injected fish is generally highremained constant for hybrid sunfish otoliths and scales,
and consistent for scales and otoliths from the same fislfFrancis’ (1990) first validation requirement. Klumb et al.
(Campana and Neilson 1982; Babaluk and Craig 1990). Thé199%) found that scale radii between annuli remained-con
low marking success that we observed for otoliths may bestant for individually marked smallmouth baddi¢ropterus
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Fig. 4. Percent differences of BCLs from the observed lengths of hybrid sunfish at the time of OTC marking for the (A) Fraser—Lee,

(B) biological-intercept, and (C) Weisberg models. Black bars, scales; open bars, otoliths along the anterior axis; shaded bars, otoliths
along the dorsal axis; hatched bars, otoliths along the posterior axis. Asterisks indicate significant differences between observed lengths
and BCLs (Mann—-Whitney test: P < 0.05). Only data for right otoliths are provided. Scale BCLs for the Fraser—Lee and biological-
intercept models are identical.
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dolomiey and walleye $tizostedion vitreujncaptured mul  study. Otolith growth also follows water temperature more
tiple times. As a result, this study focused on how well theclosely than ration level (Bradford and Geen 1992). Brad
back-calculation models estimated past growth. ford and Geen (1992) observed decoupling in experiments
Otoliths from OTC-injected hybrid sunfish provided less On juvenile chinook salmonQncorhynchus tshawytscha
accurate back-calculations than scales for the Fraser-Lel@isting 70 days with temperatures varied by 5-8.6°C. In this
biological-intercept, and Weisberg models. For all modelsstudy, water temperature varied approximately 5°C between
none of the three otolith axes consistently provided bettefhe 90-day growth intervals, and these changes may have
length estimates, yet the three models may have detectedpgoduced decoupling of otolith and somatic growth in our
similar change in otolith growth along each specific axisjuvenile hybrid sunfish.
with respect to body growth. The otolith to body relationship The biological-intercept model resulted in otolith BCLs
has been found to vary with season (Rijnsdorp et al. 1990)that were not significantly different from BCLs derived from
and Casselman (1990) found that otoliths grew slower thathe Fraser—Lee model without an intercept (the Dahl-Lea
the body during rapid somatic growth. Also, otolith growth model) because the small biological-intercept corrections
has been observed to “decouple” or lag behind changes insed for larval body and otolith size at swim-up had little ef
somatic growth in juvenile fishes in the laboratory (Wright fect on estimated growth for the 90-day intervals in this
et al. 1990; Bradford and Geen 1992). The possible decoustudy. However, the biological-intercept modifications have
ling of otolith and somatic growth may explain the greaterbeen found to increase accuracy for larval daily growth-esti
error in back-calculations for otoliths than for scales in thismates. Sirois et al. (1998) found that daily growth estimates
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Table 3. Results oft tests (assuming equal variance) comparing studies do not constitute complete validation. Schramm et al.
hybrid sunfish mea + 2 SEotolith and scale radii (mm) mea (1992) compared otolith BCLs using the Dahl-Lea and Fraser—
sured to the first and second OTC marks for fish killed (electro Lee methods for largemouth bass and found more accurate
cuted) after the second marking attempt and fish surviving all BCLs for the Dahl-Lea model compared with the Fraser—
three OTC marking treatments. Lee model. Heidinger and Clodfelter (1987) found no signifi
cant differences between empirical lengths, Dahl-Lea BCLs,

OTC mark _ Electrocuted fish _Surviving fish t P and Fraser-Lee BCLs of age-2 to age-4 smallmouth bass.
Right otolith, anterior axis For white crappie Romoxis annulars age-1 to age-3 length

1 2.40+0.07 2.36+0.12 2.0141 0.56 frequencies from spring samples corresponded well to Fraser—

2 3.32+0.04 3.36+0.15 2.0141 095 Lee BCLs (Maceina and Betsil 1987). Schramm and
Left otolith, anterior axis Doerzbacher (1985) found a similar concordance of age-2

1 2.35+0.06 2.26+0.16 2.024  0.24 and age-3 Fraser—Lee BCLs and length frequencies of black

2 2.85+0.09 2.87+0.16 2.024  0.80 crappie Pomoxis nigromaculatyishowever, 52% of the age-1
Right otolith, dorsal axis BCLs were below the minimum size captured in spring trawl

1 1.54+0.04 1.55+0.10 2.0010 0.79 samples. The discrepancy observed for age-1 black crappie

2 1.81+0.05 1.84+0.09 2.0010 0.60 by Schramm and Doerzbacher (1985) may be due to the size
Left otolith, dorsal axis selectivity of their trawl.

1 1.54+0.04 1.49+0.07 1.9971 0.24  For hybrid sunfish, segregation of right and left otoliths

2 1.80+0.05 1.79+0.07 1.9971 0.68 for back-calculation was unnecessary. No significant differ
Right otolith, posterior axis ences were observed for Fraser—Lee or biological-intercept

1 2.28+0.08 2.37+0.13 2.0086 0.24 model back-calculations from right and left otoliths. Box

2 2.74%0.10 2.82+0.12 2.0086 0.40 rucker (1986) found similar results for Fraser—Lee otolith
Left otolith, posterior axis back-calculations for white crappie. Although not statisti

1 2.29+0.06 2.23+0.16 1.9996 0.36 cally tested, differences of Weisberg BCLs for right and left

2 2.74+0.07 2.69+0.16 1.9996 0.54 otoliths were all within 6.5 mm of each other for the OTC-
Scales injected hybrid sunfish.

1 2.40+0.07 2.36+0.12 1.9897 0.56  For back-calculations from scales, both the Fraser—Lee

2 3.32+0.04 3.36+0.15 1.9897 0.64 and Weisberg methods produced estimates very close to the

Note: Scale and otolith axes measured are indicated in Fig. 1 and actual lengths. Although statistically significant, the differ-
sample sizes are provided in Table 2. ences of Fraser-Lee model BCLs from the actual lengths at

the first OTC mark were <4.3%. Weisberg BCLs were closer

to the actual lengths; all differences were <2.2%. However,
of known-age larval rainbow smelOgmerus mordgxwere  the simpler Fraser—Lee model was found to be more precise
within 16.3% of the observed growth trajectories, but peri-than the Weisberg model, especially for younger ages, and
ods of zero or negative growth for larval fish are overesti-was recommended for back-calculating growth of wild
mated by the biological-intercept model (Secor and Dearsmallmouth bass and walleye (Klumb et al. 1Bp9n this
1992). The biological-intercept model can also reduce or restudy, the observed error of both models likely lies within
move the effect of Lee’s phenomenon in annual BCLsthe range of body length measurement error (Gutreuter and
(Campana 1990). Krzoska 1994).

In other studies, validation with individually tagged fishes The greatest error for BCLs from scales was seen at the
found Dahl-Lea or Fraser—Lee otolith back-calculation er first OTC mark; both linear models failed to accurately de
rors generally within 15% of observed lengths. For Atlanticscribe the early growth of these fishes. A similar result for
cod Gadus morhupreared in pens with induced fast, slow, the Fraser—Lee model was found by Klumb et al. (198
or variable growth, Smedstad and Holm (1996) found thag&nother experiment with OTC-marked bluegill and hybrid
all Fraser-Lee BCLs were within 10% of known lengths sunfish. Since our fish were anesthetized during measure
during a 2.5-year study. Holmgren (1996 found Dahl-Leament and the mean radii of three scales was used for back-
back-calculation errors of 15% or less for OTC-marked andcalculation, violation of the isometric assumption of scale
individually tagged European eelsArfguilla anguilld  and body growth is the most likely source of the greatest er
despite violation of the assumption of direct proportionalrors seen at the earliest OTC mark. The body—scale relation
growth between the otolith and body. For largemouth basship for early fish growth is generally nonlinear (Regier
(Micropterus salmoidgs Howells et al. (1995) found Dahl- 1962). An allometric body—scale relationship is only approx
Lea BCLs errors of —6.8 to 9%. Hales and Belk (1992)imated with the linear Fraser—Lee, biological-intercept, and
found differences of 1.5-10.6% between BCLs with theWeisberg models, necessitating caution when interpreting the
biological-intercept model and the actual lengths of bluegillearliest BCLs.
aged 1-9; the greatest error (>9%) was seen at the youngestValidation studies (Davies and Sloane 1986; Howells et al.
ages (ages 1-3). 1995; Klumb et al. 1999) of older marked fishes in the wild

Verification of BCLs from the Dahl-Lea or Fraser—Lee indicate that Fraser—-Lee BCLs from scales generally pro
model by other studies for other centrarchids indicates thatided realistic estimates of historic fish growth. BCLs of
these models can provide reasonable length estimates fromdividually tagged smallmouth bass and walleye underesti
otolith annuli. However, because individually marked fish ormated the actual length at marking by 10% or less (Klumb et
groups of fishes with known growth were not used, theseal. 199%). Davies and Sloane (1986) found that Fraser—Lee
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Table 4. Width of OTC marks, percentage of the total scale radius within the mark, and mean number
of circuli in the fluorescent band in the anteriolateral region of scales from 30 randomly seleeted hy
brid sunfish injected with OTC.

OoTC Mean width Mean width as percentage Width range Mean number of
mark N* + 2 SE (mm) of total radits £ 2 SE (mm) circuli + 2 SE

1 30 0.068+0.009& 1.86+0.27 0.030-0.147 2.9+0.42

2 30 0.048+0.0056 1.28+0.13 0.020-0.098 2.310.24

3 9 0.048+0.006% 1.18+0.28 0.029-0.078 2.7+0.40

Note: Widths followed by different letters are significantly different (one-way ANOVA, Bonferroni multiple-range
test: P < 0.0008).
*Sample size differs because not all fish survived to the third OTC treatment.

BCLs underestimated length at release for hatchery-rearesured to the inside and outside edges of the OTC marks were
rainbow trout Oncorhychus mykiydy 5% or less. For indi  negligible (<3 mm). Moreover, this small change in BCL
vidually tagged largemouth bass (ages 3-8), Howells et aklso indicates that uncertainty of where a natural annulus
(1995) found that Dahl-Lea BCLs underestimated knownstarts with respect to the scale focus would not greatly affect
lengths in October by 2.4-21.4%, with the greatest erroréength estimates for both models if scale radii are measured
(>8%) seen at ages 3 and 4. These large errors seen Iwithin 1% of the true annulus. However, the fish used in our
Howells et al. (1995) at the young ages are likely due to nostudy were less than age 2; misjudging an annulus by 1% on
using an intercept in the Fraser—Lee model in conjunctiorolder fishes with crowded annuli near the scale’s edge may
with possible late season growth before annulus formationtesult in greater back-calculation errors. Smedstad and Holm
Additional verification for Fraser—-Lee BCLs from scales of (1996) increased otolith radii by 3% to study uncertainty in
bluegill (Regier 1962) and pumpkinseddepomis gibbosys location of the true otolith radius that corresponded to the
(Pierce et al. 1996) found that all length estimates wergime of length measurements; they found insignificant
within 5% of measured lengths for other fish captured at theehanges in Fraser-Lee BCLs. Care should always be taken
start or end of the growing season. to accurately measure bony structure radii, but minor errors
In our study with juvenile hybrid sunfish, we found that do not appear to appreciably change length estimates.
scale BCLs were more accurate than those from otoliths. |n summary, this experiment, along with our other valida-
Only one other validation study (Howells et al. 1995) com-tion studies in the laboratory (Klumb et al. 139%nd field
pared Dahl-Lea BCLs from scales and otoliths. The range ofklumb et al. 1998), provides fisheries researchers and
errors that they found differed from our study in that error of managers information about the range of potential errors that
otolith BCLs (-6.8-9%) was narrower than that of scalecan be expected from back-calculating fish growth. All
BCLs (-21.4 to 2.4%), indicating greater precision of BCLSBCLs in this study for otoliths and scales using the Fraser—
from otoliths versus scales of largemouth bass (ages 3-8)ee, biological-intercept, and Weisberg models were within
The errors for scales likely would have been smaller if150 of the actual lengths. Whether the potential of 15% er
Howells et al. (1995) had used the Fraser—Lee model with apor in BCLs is tolerable depends on individual research or
intercept for scale BCLs. In a study that verified BCLs t0o management objectives. Due to the greater accuracy of
empirical lengths of three species (ages 1-4) caught in Apriscales, we recommend using scales over otoliths for back-
at the start of the growing season, otolith BCLs using thecalculating growth of juvenile hybrid sunfish. The Fraser—
Dahl-Lea model and Fraser-Lee BCLs for scales were nqtee and Weisberg models had similar, small ranges of back-
significantly different from the observed lengths (Heidinger calculation error for scales. However, model choice depends
and Clodfelter 1987). However, for long-lived species, ageyn a study’s specific objectives, since growth rates for-indi
assessments from scales generally can become unreliabiggual fish cannot be derived with the Weisberg model.
resulting in greater growth estimation errors (Howells et al. Although otoliths can provide more reliable age assess

1995). ments for many older fishes (Heidinger and Clodfelter 1987;
Howells et al. 1995), back-calculation error was much more
OTC mark width and scale measurement error variable than for scales in our study with juvenile hybrid
The approximately 2.5 circuli occurring within the fluo sunfish. Further detailed study of otolith — body growth rela
rescent band of the OTC mark in the scales from our hybridionships, beyond mere otolith-length on body-length re
sunfish concurred with other reported OTC mark widths.gressions, is needed to improve growth estimates from these
Kobayashi et al. (1964) reported that approximately two orstructures. At present, we recommend the simpler Fraser—
three “ridges” were in the tetracycline mark in the anteriorLee model (without an intercept) or biological-intercept
region of goldfish Carassius auratysscales. The red drum model for otolith back-calculations over the more complex
(Sciaenops ocellatyiscale pictured in Bumguardner (1991) Weisberg model. However, the potential decoupling of the
showed two circuli in the bright OTC band. otolith—body relationship and its effect on BCLs needs fur
Due to the width and “bleeding” of OTC marks, the spe ther study, which necessitates caution when interpreting
cific location used to measure scale radii for back-otolith back-calculations for juvenile fish. Species-specific
calculations could potentially affect the accuracy of thosevalidation of back-calculation model performance should be
length estimates. However, differences between BCLs foattempted where possible, as has been recommended for
the Fraser—Lee and Weisberg models using scale radit meéechniques used to assess fish ages (Beamish and McFarlane
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1983). With further validation of back-calculation models Dahl, K. 1907. The scales of the herring as a means of determining
for additional fish species, life stages, and aging structures, age, growth and migration. Rep. Norw. Fish. Mar. Invex6):
greater confidence can be placed in data derived by this pop 1-39.
ular and powerful fisheries tool. Davies, P.E., and Sloane, R.D. 1986. Validation of aging and length
back-calculation in rainbow trou§almo gairdnerRich., from Dee
Lagoon, Tasmania. Aust. J. Mar. Freshwater R3&s.289—-295.
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