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Hypotheses of fi shery recruitment 
pro cesses often have as their foun-
dation studies of incremental oto-
lith growth (e.g. Methot, 1983; Rice 
et al., 1987). Conclusions from these 
studies, however, are only as robust 
as their baseline otolith validation 
work. This is especially true for in-
vestigations on Atlantic menhaden 
(Brevoortia tyrannus), an estua-
rine-dependent, marine-migratory 
clupeid ranging from southeastern 
Florida to Nova Scotia (Reintjes, 
1969; Ahrenholz, 1991). The spawn-
ing season for Atlantic menhaden 
is protracted, occurring wherever 
fi sh of spawning age are found 
(Judy and Lewis, 1983). Spawning 
is probably greatest from October 
to March (Higham and Nicholson, 
1964). The spawning activity that 
occurs in south coastal U.S. waters 
normally occurs within this time 
period, usually peaking during mid- 
to late winter (Wilkens and Lewis, 

1971; Nicholson, 1972). Owing to 
the extended spawn and seasonal 
movement of spawning adults, prog-
eny from different temporal spawn-
ing periods experience different 
environmental conditions during 
similar early life history stages. 

Daily age validation studies have 
been conducted on late larvae and 
juvenile Atlantic menhaden (Ahr-
enholz et al., 1995), but none of 
the specimens were reared in a 
water temperature regime that 
typifi ed conditions experienced by 
fall-spawned larvae. Fall-spawned 
larvae enter inshore nurseries when 
estuarine waters are cooling, yet 
still warm enough for moderate 
somatic growth and development. 
These young fi sh then endure the 
coldest winter temperatures in a 
partially transformed condition, i.e. 
in a postlarval-prejuvenile stage. 
In contrast, larvae of winter and 
early spring spawnings ingress into 
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relatively cold, but progressively 
warming waters, from late winter to 
midspring; although they probably 
do not enter during extreme winter 
cold spells (Reintjes and Pacheco, 
1966). Differences in growth pat-
terns in the otolith microstructure of 
larvae and juveniles from these dif-
ferent spawning periods are detect-
able (Fitzhugh et al., 1997).

Validation of the otolith daily 
aging technique should take into 
account the environmental condi-
tions experienced by fi eld-sampled 
specimens (Jones, 1986), especially 
when some fi eld conditions affect the 
daily periodicity of otolith growth 
increments. The sagittal growth in-
crements for the fall-spawned Atlan-
tic menhaden are disproportionately 
narrower (±1 µm) during the cold-
est overwintering months. Moreover, 
increments <1 µm potentially indi-
cate less than daily increment for-
mation (Campana et al., 1987). Less 
than daily increment deposition 
associated with cold water and slow 
growth rates has been observed for 
juvenile summer fl ounder (Paralich-
thys dentatus), another estuarine-
dependent, marine-migratory species 
(Szedlmayer and Able, 1992).

Previous otolith microstructure 
validation studies for larval Atlan-
tic menhaden have used larvae 
collected in the fi eld during April 
or laboratory-reared specimens 
spawned in February (Ahrenholz 
et al., 1995). Test conditions were 
set at higher salinities than are 
normally associated with larval to 
juvenile transformation. Hence, we 
designed a study to specifi cally 
address the periodicity of otolith 
increment formation in over-win-
tering, fall-spawned Atlantic men-
haden postlarvae and prejuveniles 
under the thermal and salinity con-
ditions they experience in North 
Carolinian estuaries. 
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Materials and methods

Atlantic menhaden larvae were collected while 
ingressing into the Newport River estuary during 
the week of 7 December 1994. In the laboratory, 
these larvae were immersed on 8 December, in 100 
mg/L solution of alizarin-complexone (ALC) solution 
for 16 h (overnight) at 18°C. Nearly equal numbers 
of marked larvae were reared in two concrete ponds 
(6600 L). Pond one, the high-salinity pond, received 
fl ow-through seawater at ambient water tempera-
tures. Pond two, the low-salinity pond, received fl ow-
through seawater and freshwater from a well. Pond 
two was generally a few degrees warmer and about 
one-half the salinity of pond one. Menhaden larvae 
were fed powdered salmon starter, supplemented 
with brine shrimp larvae, for the fi rst few weeks, fol-
lowed by salmon starter only.

Two to six specimens were sacrifi ced periodically, 
and measured for fork length (FL) to the nearest 
mm. Sagittal otoliths were removed, mounted in 
droplets of epoxy resin, and sectioned obliquely with 
a slow-speed saw with dual diamond wafering blades 
(Ahrenholz et al., 1995). Polished otolith sections 
(10–15 µm thick) were viewed through a compound 
microscope (1000×) and on an image analysis video 
monitor (3800×). When the otolith sample was exam-
ined under blue light epifl uoresence, the ALC-marked 
increment was seen as red-orange. The number of 
increments from the ALC mark to the otolith margin 
was estimated as the arithmetic mean of a series 
of independent counts tallied blindly with a hand-
held counter. A section was counted twice when the 
two counts differed by 0 to 2 increments. A section 
was counted three to fi ve times when the difference 
between the initial two counts was greater than two 
increments. Otoliths from one specimen from the 
high-salinity pond were deemed unreadable.

An image analysis system was used to measure 
increment widths in groups of 10, starting from the 
innermost increment, for a select number of oto-
liths from each test group. However, the increments 
measured just prior to the alizarin mark may have 
numbered from 5 to 10. This procedure was under-
taken to separate pre- and postmark increments 
from width estimates. Measurements were taken 
from oblique-transverse sections (Ahrenholz et al., 
1995) as opposed to similar measurements taken 
on transverse sections, as done by Fitzhugh et al. 
(1997). Owing to nearly concentric otolith growth for 
the life history stage sampled, the measurements 
taken in our study should be similar to, or slightly 
greater than, transverse-oriented measurements. 

Estimates of the dates when eggs were spawned 
for the test groups were obtained by sacrifi cing eight 

larvae on the day of ALC-marking. Their otoliths 
were removed, mounted on microscope slides, and 
read whole. Three independent counts were made 
from the fi rst increment following the fi rst feeding 
mark to the margin. Five days were added to the 
mean counts to account for time from spawning to 
fi rst increment formation (Warlen, 1992).

Statistical analyses of the results generally fol-
lowed those of Ahrenholz et al. (1995). The null 
hypothesis tested was that the growth increments 
in the otoliths were formed daily during the rearing 
period. The hypothesis was not rejected if the slope 
of a regression of increment count on number of days 
since marking was not signifi cantly different from 
one and the intercept was not signifi cantly different 
from zero. The statistical power to test for differ-
ences in the slope was also calculated (Rice, 1987). 
Student’s-t test was used to test for statistical signifi -
cance of the regression parameters. Analysis of cova-
riance (ANCOVA) and regression computations were 
performed with SAS statistical programs (SAS Insti-
tute, 1985). Ninety-fi ve percent confi dence intervals 
(CI) for individual age estimations (see discussion in 
Rice [1987]) were calculated for an inverse prediction 
condition (Sokal and Rohlf, 1981; note also discussions 
of inverse regression in Draper and Smith [1980]).

Results

Fish were sampled from pond two (the low-salinity 
regime) on postmarking days 35, 56, 74 (and 75), 
98, 119, and 140 (total n=22). Fish from pond one 
(the high-salinity regime) were sampled similarly 
through day 75 (total n=13). Prior to day 75 (for 
about two weeks), many of the menhaden in pond 
one died. The remaining fi sh from the high-salinity 
regime were sampled on day 75.

Spawned-date estimates determined from larvae 
sacrifi ced before being reared ranged from 17 Octo-
ber to 20 October 1994, thus, verifying that the 
experimental tests were performed on larvae derived 
from fall-spawning activity.

Temperature and salinity regimes during the rear-
ing period (Fig. 1) were adequate to attain the study’s 
objectives. The cooling and warming pattern, as well 
as the actual water temperatures were well within 
the range observed for winters in North Carolina 
estuaries over a 15-year period (Hettler and Chester, 
1982). Salinity levels in both rearing regimes were 
within ranges observed for larval or juvenile menha-
den in the fi eld (Wilkenson and Lewis, 1971; Turner 
and Johnson, 1973), although the larval forms are 
more highly associated with lower salinities. Water 
temperatures were relatively warm in the early por-
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Figure 1
Environmental conditions experienced by two groups of ALC-
marked larval-juvenile Atlantic menhaden (Brevoortia tyrannus) 
during the otolith validation study. The upper panel depicts tem-
perature histories and the lower panel, the salinity histories. The 
high-salinity (low-temperature) rearing experiment ended after 
75 days owing to high mortality rates.

tion of the study; larval menhaden advanced well 
into their transformation into juveniles. Through day 
60 of rearing, water temperatures steadily declined 
to low winter minima. During the lower tempera-
ture period, the growth rates of fi shes were reduced 
(Fig. 2). The mean width of the otolith growth incre-
ments for fi sh from the high-salinity group gradu-
ally dropped below 1 mm following the severe drop 
in temperature. During the same period, the incre-
ments for the low-salinity group refl ected the higher 
growth rates for this group and were wider, with all 
mean widths above 1 µm (Fig. 3).

Similarity between regression parameters of incre-
ment counts versus days since marking between the 
high- and low-salinity regimes was tested over the 
shared range of duration (75 days). Tests for homo-
geneity of slopes showed no differences (P=0.679). 
A subsequent ANCOVA analysis revealed no differ-

ences between intercepts (P=0.712). Thus, the incre-
ment counts for the two rearing regimes were pooled 
and validation hypotheses were tested with a regres-
sion analysis. Results of this analysis revealed that 
the intercept was not signifi cantly different from zero, 
and the slope was not signifi cantly different from one 
(Fig. 4, Table 1). The confi dence interval (95%) for 
estimates of daily age obtained from otoliths of fi sh 
which encountered conditions similar to those tested 
here, would be ±9 to 10 days over a range of 140 days 
(approximately 50 to 190 days of age).

Discussion

Growth increments on sagittal otoliths of fall-
spawned  Atlantic menhaden formed daily, even when 
experimental water temperatures declined to 3°C 
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Table 1
Results of least squares linear regression analysis for 
marked Atlantic menhaden, Brevoortia tyrannus, otolith 
increment counts (n=34, r2=0.984, and SE=standard error).

Parameter Estimate SE P

Slope 1.0048 0.0224 0.168 
Power1  99.1% — —
Intercept 0.3771 1.8257 0.162

1 Statistical power to detect a deviation of 0.1 in the estimate of 
the slope at the P=0.05 level.

Figure 2
The body size (fork length) of ALC-marked juvenile Atlantic men-
haden (Brevoortia tyrannus) sampled during the validation rearing 
study (upper panel) and rate of growth estimated from mean size 
of sampled fi sh (lower panel). The rates of growth are plotted at 
midpoints between sampling periods.

(Fig. 1). Even though growth rate declined to low 
levels during initial study weeks, especially for the 
high-salinity group (Fig. 2), an otolith increment 
continued to be formed daily even when increment 

widths fell below 1 µm for a number of days (Fig. 
3). If a difference in increment formation rate had 
occurred between groups, we would not have been 
able to determine the cause because both tempera-
ture and salinity varied between groups. It seems 
likely that the faster growing fi sh responded to the 
higher temperatures. Regardless, both test groups 
experienced conditions that could be expected in 
the fi eld during winter. The October-spawned larval 
menhaden used in our study displayed a growth 
increment mean width that ranged from values that 
were greater than those previously measured at sea 
to those that were less than previously measured in 
estuaries in a relatively short period of days (com-
pare with Fitzhugh, et al. 1997). 

The rearing conditions for specimens maintained 
during our study and earlier studies (Ahrenholz et al., 
1995) should provide otolith increment validations 
for most, if not all, Atlantic menhaden that recruit 
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Figure 3
Estimates of mean width for otolith growth increments from larval-juvenile Atlantic 
menhaden (Brevoortia tyrannus) from each test-rearing group. The error bars represent 
±1 SE, with n=3 for each data point (the error bars may be hidden by the symbol for 
some entries). The arrow denotes when the alizarin marking occurred. At-sea values are 
thus to the left of the arrow. (Note: after ALC marking, the low-salinity group was reared 
at a higher temperature than the high-salinity group.)

Figure 4
Scatterplot of growth increment count on elapsed time since ALC-
marking for juvenile Atlantic menhaden (Brevoortia tyrannus). 
The fi tted least squares regression line is shown.

into estuarine systems from North Carolina to 
northern Florida. Additional studies may be 
necessary for more northern systems, such as 
Chesapeake and Delaware bays, especially for 
fall-spawned postlarval menhaden that may 
overwinter in even colder waters and for more 
extended periods of time.

Acknowledgments

Critical reviews of the manuscript were provided 
by A. B. Powell, J. W. Smith, and D. S. Vaughan. 
Support for the study was provided in part by 
the SABRE program of the National Oceanic and 
Atmospheric Administration’s Coastal Ocean Pro-
gram / Coastal Fisheries Ecosystems Studies.

Literature cited

Ahrenholz, D. W.
1991. Population biology and life history of the North 

American menhadens (Genus Brevoortia). Mar. 
Fish. Rev. 53(4):3–19.



426 Fishery Bulletin 98(2)

Ahrenholz, D. W., G. R. Fitzhugh, J.A. Rice, S. W. Nixon, 
and W. C. Pritchard.

1995. Confi dence of otolith ageing through the juvenile 
stage for Atlantic menhaden, Brevoortia tyrannus. Fish. 
Bull. 93:209–216.

Campana, S. E., J. A. Gagné, and J. Munro.
1987. Otolith microstructure of  larval herring (Clupea haren-

gus): image or reality? Can. J. Fish. Aquat. Sci. 44:1922–
1929.

Draper, N. R., and H. Smith.
1980. Applied regression analysis, 2nd ed. John Wiley & 

Sons, Inc., New York, NY, 709 p.
Fitzhugh, G. R., S. W. Nixon, D. W. Ahrenholz, and J. A. Rice.

1997. Temperature effects on otolith microstructure and 
birth month estimation from otolith increment patterns in 
Atlantic menhaden. Trans. Am. Fish. Soc. 126:579–593.

Hettler, W. F., and A. J. Chester.
1982. The relationship of winter temperature and spring 

landings of pink shrimp, Penaeus duorarum, in North Caro-
olina. Fish. Bull. 80:761–768.

Higham, J. R., and W. R. Nicholson.
1964. Sexual maturation and spawning of Atlantic menha-

den. Fish. Bull. 63:255–271.
Jones, C.

1986. Determining age of larval fi sh with the otolith incre-
ment technique. Fish. Bull. 84:91–103.

Judy, M. H., and R. M. Lewis.
1983. Distribution of eggs and larvae of Atlantic menha-

den, Brevoortia tyrannus, along the Atlantic coast of the 
United States. U.S. Dep. Commer., NOAA Tech. Rep. 
NMFS SSRF 774, 23 p.

Methot, R. D., Jr.
1983. Season variation in survival of larval northern an -

chovy, Engraulis mordax, estimated from the age distribu-
tion of juveniles. Fish. Bull. 81:741–750.

Nicholson, W. R.
1972. Population structure and movements of Atlantic men-

haden, Brevoortia tyrannus, as inferred from back-calcu-
lated length frequencies. Chesapeake Sci. 13:161–174.

Reintjes, J. W.
1969. Synopsis of biological data on Atlantic menhaden, 

Brevoortia tyrannus. U.S. Dep. Interior, Fish Wildl. Serv., 
Circ. 320, 30 p.

Reintjes, J. W., and A. L. Pacheco.
1966. The relation of menhaden to estuaries. Am. Fish. 

Soc. Spec. Publ. 3:50–58.
Rice, J. A.

1987. Reliability of age and growth rate estimates from oto-
lith analysis. In Age and growth of fi sh (R. C. Summerfelt 
and G. E. Hall, eds.), p. 167–176. Iowa State Univ. Press, 
Ames, IA.

Rice, J. A., L. B. Crowder, and M. E. Holey.
1987. Exploration of mechanisms regulating larval survival 

in Lake Michigan bloater: a recruitment analysis based on 
characteristics of individual larvae. Trans. Am. Fish. Soc. 
116:703–718.

SAS Institute, Inc.
1985. SAS/STAT guide for personal computers, version 6 

ed. SAS Inst., Cary, NC, 378 p.
Sokal, R. R., and F. J. Rohlf.

1981. Biometry, 2nd ed. W.H. Freeman and Co., New York, 
NY, 859 p.

Szedlmayer, S. T., and K. W. Able.
1992. Validation studies of daily increment formation for 

larval and juvenile summer fl ounder, Paralichthys denta-
tus. Can. J. Fish. Aquat. Sci. 49:1856–1862.

Turner, W. R., and G. N. Johnson.
1973. Distribution and relative abundance of fi shes in New-

port River, North Carolina. U.S. Dep. Commer., NOAA 
Tech. Rep. NMFS SSRF 666, 23 p.

Warlen, S. M.
1992. Age, growth, and size distribution of larval Atlantic 

menhaden off North Carolina. Trans. Am. Fish. Soc. 121:
588–598.

Wilkens, E. P. H., and R. M. Lewis.
1971. Abundance and distribution of young Atlantic men-

haden, Brevoortia tyrannus, in the White Oak River estu-
ary, North Carolina. Fish. Bull. 69:783–789.


