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Abstract

High-resolution X-ray maps of Sr /Ca ratio concentrations in otoliths from a diadromous
tropical goby, Lentipes concolor (Gill), were produced that distinguish elemental variations on a

2scale considerably less than 1 mm . X-ray maps displayed distinct patterns of strontium
incorporation and, combined with the position of daily microincrements, permitted delineation of
the timing of experimentally manipulated salinity changes on a daily basis. This technique may
have important applications for studying diadromous fishes and in providing evidence for
movement between water masses of different salinity over short time periods.  1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Hawaiian freshwater gobies have an amphidromous life cycle, where demersal eggs
are laid in the adult freshwater stream habitat, and newly hatched young are swept out to
sea where they undergo a period of development (Radtke et al., 1988). After the marine
larval period, post-larvae return to a stream, where they settle, metamorphose into
juveniles and begin their upstream migration to the adult habitat (Maciolek, 1977;
Kinzie, 1990). The nature and timing of recruitment to the streams may have important
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implications for the survival and population dynamics of these fish, however little is
understood about this life history event.

Changes in water chemistry are reflected by changes in the elemental composition of
fish otoliths (Radtke et al., 1988; Reiman et al., 1994). Strontium/calcium concentration
ratios in fish otoliths have been shown to be directly related to ambient salinity at the
time of otolith precipitation (Casselman, 1982; Radtke et al., 1988; Secor, 1992; Radtke
et al., 1996). This may be due to the fact that strontium concentrations in freshwater are
considerably lower (0.07 ppm) than in seawater (8 ppm) (Angino et al., 1966;
Mackenzie and Garrels, 1966; Rosenthal, 1981; Bowen, 1988). Because otolith material
is inert once deposited, the correlation between Sr /Ca concentration ratio and salinity
has been used successfully to determine migrational histories of individual fish (e.g.,
Radtke et al., 1988; Secor, 1992; Radtke et al., 1996). Most studies utilized a wavelength
dispersive electron microprobe (WDEM) to measure strontium and calcium con-
centration differences along a narrow transect of individual points across the otolith. By
analyzing the Sr /Ca concentration ratio profile along the transect, environmental salinity
history was reconstructed. The WDEM provides accurate quantitative results with
measurement errors of less than 3–5% by weight of the elements measured (Radtke et
al., 1996, 1998).

WDEM analyses have limited spatial resolution due to the diameter of the focused
electron beam (Gunn et al., 1992). To obtain accurate quantitative results and avoid
errors caused by electron beam-induced sample damage, the beam must be adjusted to

2no smaller than a minimum diameter of 1–5 mm (Radtke, 1989). This results in a
minimum spatial resolution which may correspond to 1–5 daily increments on the
otolith’s surface, depending on the species and otolith growth rate (Townsend et al.,
1992). The technique described here permits analysis on a much smaller spatial scale. A
narrow beam (1 mm diameter) is moved in small increments (0.1 mm) resulting in a map
of X-ray intensity values. This technique provides quantitative data on elemental
concentrations with 0.1 mm resolution and reveals variations recorded in the otolith.

2. Materials and methods

Twenty-one newly recruited Lentipes concolor (Gill) from Hanakapiai, Kaua’i were
held in an aquarium maintained at 21–228C with a 12 h light /dark cycle, and reared
through a series of different salinities (Table 1). Following the salinity experiment, two
fish were randomly selected and the sagittal otoliths were dissected and mounted on 2.5
cm glass disks with heat setting resin. Mounted samples were ground using 600 grit

Table 1
Experimental salinity treatment

Day number Duration (days) Salinity (ppt)

1 1 0
2–15 14 18

16 1 27
17–28 12 36
29–50 21 0
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grinding paper, and polished with 0.3 and 0.05 mm alumina paste. The resulting surface
was a highly polished sagittal section through the core of the otolith (determined by
reflected light microscopy). In preparation for analysis on the microprobe, samples were

˚carbon coated to a thickness of 250–300 A.
Analyses were made with a Cameca Camebax-SX50 wavelength dispersive electron

microprobe, which has the capability of scanning a beam over small areas and recording
the results as maps of the distribution of X-ray intensities keyed to specific elemental
spectra. Scans used a focused (1 mm) electron beam with an accelerating voltage of 15
kV and a beam current of 12 nA. Strontium and calcium were measured using TAP and
PET crystals, respectively, and were standardized using strontianite and calcite,
respectively. The beam was moved in steps of 0.1 mm for a duration of 50 ms per step.
The scanned area was a square 51.2 mm on a size. A complete scan took 60 s and
provided 512 3 512 resolution. The square was scanned 256 times per sample and the
data accumulated. The total scan time was greater than 4 h. These long scanning times
were necessary to accumulate enough ‘hits’ per pixel to raise counts to reliable levels,
especially for Sr, which was in low concentration.

The scanning procedure produced an image of the elemental spatial distribution on a
cathode-ray tube. Each brightened pixel of the resultant image was produced by the
arrival of an X-ray to the spectrometers calibrated for strontium and calcium respectively
(Fig. 1). More numerous or dense brightened pixels correspond to higher strontium
concentrations. Luminosity analysis of the image provides the strontium concentration of
each computer pixel after standardization. The resulting X-ray intensity data were
converted into conventional image file format for analysis using Image v. 1.59, National
Institutes of Health. Sr /Ca ratios were calculated from numerical intensity data and
presented as a black and white image.

3. Results

Mathematical composites of X-rays characteristic for strontium/calcium ratios over
selected portions of otoliths from two different individuals are presented in Figs. 1 and
2. Fig. 1 illustrates an X-ray intensity map derived from the portion of the otolith
deposited during oceanic larval life (bottom right corner), recruitment to freshwater and
freshwater existence (dark band), capture and immersion in 18 then 36 ppt seawater
(upper left corner), then return to freshwater (far upper left corner). Fig. 2 illustrates a
map of the portion of an otolith deposited during experimental changes in environmental
salinity from 0 ppt (left dark band), 18–36 ppt (central light band), and 0 ppt (right dark
band). Changes in otolith elemental composition corresponding to changes in en-
vironmental salinity were illustrated by changes in the optical density of the scans. Light
areas correspond to higher Sr /Ca values.

4. Discussion

Analyses of fish otoliths can document periods of perturbation or stress (Pannella,
1980; Radtke and Shafer, 1992; Radtke et al., 1996). Moreover, changes in Sr /Ca
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Fig. 1. X-ray intensity map delineating Sr /Ca concentration ratios in sections of a Lentipes concolor otolith
formed during oceanic larval life (bottom right corner), recruitment to freshwater and freshwater existence
(dark band), capture and immersion in 18 then 36 ppt seawater (upper left corner), then return to freshwater
(far upper left corner). Lighter areas indicate higher Sr /Ca values, characteristic of higher salinity water. Scale
bar 5 20 mm.

concentration ratios in otoliths can document changes in ontogenetic factors, salinity,
growth rate, food or nutrients, and temperature (Radtke and Shafer, 1992; Mugiya and
Yoshida, 1995). Pinpointing the timing and causation of checks and elemental
concentration change found in otoliths may provide important information about the life
history of fish.

The scanning procedure described in this paper can produce maps of elemental
composition at sub-micron level resolution. Pixel intensity can be assigned numerical
values and used to provide elemental concentrations or ratios. This can provide a
detailed two-dimensional map of changes in otolith chemistry (Sadovy and Severin,
1992; Otake et al., 1994; present study). Maps of elemental composition can be related
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Fig. 2. X-ray intensity map delineating Sr /Ca concentration ratios in sections of a Lentipes concolor otolith
formed during experimental changes in environmental salinity from 0 ppt (left dark band), 18–36 ppt (central
light band), and finally 0 ppt (right dark band). Lighter areas indicate higher Sr /Ca values, characteristic of
higher salinity water. Scale bar 5 10 mm.

to chronological (daily or annual) features of the otolith, and hence calibrated to a
temporal scale. It is possible to have 20 or more pixels per primary (or ‘daily’) otolith
increment, allowing environmental conditions to be deciphered on a sub-daily level (Fig.
1). In the present study diadromy changes are demonstrated and can be calculated as to
dates, ages and transition of freshwater recruitment.

Many electron microprobes can be adjusted to scan an electron beam across the
surface of a sample to obtain X-ray intensity maps like those presented here (e.g.,
Sadovy and Severin, 1992; Otake et al., 1994). This procedure has the advantage that the
image can be monitored during data acquisition and there is little sample damage caused
by the electron beam because the beam remains at each point on the otolith’s surface for
only a fraction of a second.
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This technique allows visualization of changes in trace element deposition in otoliths
with sub-daily resolution. Such resolution may provide valuable insights into the life
history dynamics of diadromous fishes.
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