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Flg. 5. Time course of uEGF transcript accumula- 
don. (a) RNA gel blot analysis, carried out as 
described in Fig. 1. Numbers above the lanes 
indicate hours of develo ment at 13°C. These 
times re resent the fofowing developmental 
stages; 0 !, ours, unferdlizcd egg; 5.5 hours, 8-cell 
stage; 6.3 hours, 16-cell stage; 10 hours, late- 
cleavage stage; 14 hours, prehatching blastula, 17 
hours, late-hatched blastula; 27 hours, mesen- 
chyme blastula; 41 hours, early gastrula; 53 
hours, late gastrula. (b) Quantification by densi- 
tomeay of RNA el blot data. The ordinate 
represents hours ofdeve~o~ment  at 13°C. The 
abscissa represents arbitrary values relative to the 
maximal accumulation level. (0) The behavior of 
the uEGF transcript; the results shown are the 
average of two blots, one of which is shown in 
(a). The dashed line represents the accumulation 
ofthe a histones and was plotted from (36). 

synthesis of histones in this embryo corre- 
lates with the rate of cell division (24). 
Because the second period of uEGF message 
accumulation occurs after the rapid cell divi- 
sions of early cleavage, we do not expect 
uEGF to be operating solely as a stimulator 
of cell proliferation in this system. The 
transaipts of many lineage-specific genes in 
sea urchins first appear at the blastula stage; 
they accumulate asynchronously, but their 
midpoints of accumulation all occur after 
the midpoint of accumulation of the uEGF 
transcript (25-27). 

Some mammalian members of the EGF 
family are thought to act as regulators of cell 
proliferation and differentiation (1,28). The 
EGF-like molecules encoded by notch and 
lin 12 are involved in the specification of 
embryonic cell fates (29, 30). The behavior 
of the uEGF transcript, whose accumulation 
precedes known molecular indices of cell 
differentiation, as well as the structural simi- 
larity of the uEGF gene to other inverte- 
brate binary switch genes, suggests that it 
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Acantharian Fluxes and Strontium to Chlorinity 
Ratios in the North Pacific Ocean 

Data on particulate strontium sulfate fluxes and strontium to chlorinity ratios were 
compared to provide i n s i i t s  into the strontium cycle of the North Pacific. Free- 
dr i fhg  sediment traps were used to derive largc particle fluxes between depths of 100 
and 3500 meters in the eastern and western North Pacific Ocean. Flux data revealed 
substantial quantities of acantharian skeletons and cysts (both made of strontium 
d t e )  settling through the upper kilometer of the water column. The greatest fluxes 
of celestite were detected at 400 meters. Minimal to nondetectable fluxes noted at and 
below 900 meters provide evidence that by this horizon, the majority of acantharian 
specimens had dissolved, thereby contributing to the pool of dissolved strontium. 
Growth and subsequent dissolution of acantharians in the upper kilometer are 
qualitatively consistent with the well-developed minimum and maximum strontium to 
chlorinity ratios that are consistently noted in these waters. These fhures of particulate 
strontium and model calculations for fluxes of dissolved strontium indicate that 
acantharhs play an important role in the ocean's strontium budget. 
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skeleton made of celestite (SrS04). An en- 
cystment stage associated with reproduction 
has been described for some acantharians 
(1-3); the cyst also consists of SrS04. 

Study of acantharian ecology, which had 
waned after the turn of the centurv. has seen 

4 ,  

a resurgence within the last two decades. 
The hiatus may be the result of problems 
associated with acantharian  resetv vat ion in 
samples, as well as a lack of acantharian 
representation in marine sediments (4, 5). 
Both situations are caused by rapid dissolu- 
tion of acantharian specimens. Subsequent 
interest in acantharians might be attributed 
to new and diverse sampling and preserva- 
tion techniques that show acantharians to be 
highly abundant zooplankters (6-1 1).  Be- 
cause of their abundance, acantharians are 
implicated as an important component in 
geochemical Sr cycling (12) and are poten- 
tially important as carriers of 9 0 ~ r  (9)  and 
trace metals (9, 13, 14, 15). 

Since the first quantitative data on dis- 
solved Sr were reported by Desgrez and 
Meunier in 1926 (16), dissolved Sr has been 
analyzed by a variety of procedures with 
diverse results (12, 17-21). Early work in 
the Atlantic, Pacific, and Arctic oceans by 
Chow and Thompson (18) indicated that 
dissolved Sr was a conservative element with 
a SriCI ratio near 416 pgig. More recent 
work, in which refined measuring tech- 
niques were used, has provided evidence of 
variable SriC1 ratios with depth (12, 20, 21). 
Brass and Turekian (21) showed a SriCI 
profile for the North Pacific where the SrICI 
ratio varied from 396 to 405, indicating a 
depletion of dissolved Sr in the surface 
waters. In keeping with the suggestion of 
Brass and Turekian (12), it is our contention 
that variations in SriCl ratios are the result 
of both growth and dissolution of acanthar- 
ian skeletons and cysts. All ocean waters are 
highly undersaturated with respect to 
SrS04, and acantharian specimens have 

Fig. 1. Stations for the eastern and western North 
Pacific cruises on the R.V. Discovwer in June and 
July 1985 and May and June 1982, respectively. 

been reported to dissolve rapidly within the ic Sr budget is reinforced by studies carried 
water column after the organism's death (4, out in the Atlantic, the Pacific, the Mediter- 
8). The implication that acantharian growth ranean, and in several coastal zones of the 
and subsequent dissolution affect the ocean- Ligurian, Tyrrhenian, Ionian, and Adriatic 

Table 1. Concentrations of Sr and SriCl ratios for selected stations in the eastern and western North 
Pacific. Uncertainties are given at the la level. 

Depth Salinity Sr SrICl Depth Salinity Sr SrICI 
(4 (glkg) o*.gikg) (Fglg) (m) (glkg) (Fglkg) (Fglg) 

NEP-32 July 1985 
28"0,14'N. 154"58.4'W 

NWP-8, 7 June 1982 
3092.S1N, 165"07.01E 
34.893 7743 
34.761 7646 
34.723 7646 
34.591 7618 
34.395 7678 
34.265 7590 
34.104 7464 
33.996 7543 
34.053 7494 
34.238 7649 
34.400 7717 
34.494 7706 
34.586 7706 
34.610 7754 
34.636 7754 
34.660 7774 

W P - 1 2 ,  10 June 1982 
34"57.3'N, 1 M058.7'E 
34.722 7715 
34.545 7745 
34.450 7814 
34.287 7747 
34.140 7816 
33.933 7748 
33.987 7651 
34.090 7562 
34.177 7620 
34.295 7649 
34.408 7785 
34.493 7784 
34.584 7755 
34.604 7755 
34.635 7754 
34.657 7754 
34.672 7754 
34.679 7754 
34.684 7754 
34.683 7754 

NWP-18, 17 June 1982 
45"l 7.4'N, 167"15.01E 
33.108 7108 
33.403 7263 
33.698 7242 
33.968 7367 
34.000 7318 
34.149 7396 
34.229 7444 
34.274 7395 
34.322 7414 
34.410 7443 
34.476 7492 
34.535 7569 
34.613 7676 
34.617 7676 
34.639 7725 
34.664 7783 

Copenhagen water, P-90 
35.003 7742 
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seas, which show acantharians as a major 
component of surface marine plankters, of- 
ten exceeding the numbers of their protozo- 
an counterparts, radiolarians and foraminif- 
era (2, 5-422). 

In our study, acantharian skeleton and 
cyst fluxes were derived fiom &-drifting 
sediment traps deployed along latitudinal 
transects in both the eastern and western 
North Pacific Ocean. Particulate fluxes were 
compared to SrICI profiles and model caku- 
lations for the fluxes of dissolved Sr. These 
d t s  show the important role of acanthar- 
ians in the ocean's Sr budget. 

Samples for this study were collected in 
the western North Pacific Ocean in May and 
June 1982 and in the eastern North Pacific 
Ocean in June and July 1985 during cruises 
aboard the I)ri-, a research vessel of the 
National Oceanic and Aanospheric Admin- 
istration. Seven stations were located in the 
northwest Pacific Ocean (NWP-3 through 
NWP-20) along a transect between 16" and 
5VN, and two stations (NEP-3 and NEP- 

13) were located in the northeast Pacific 
Ocean at 28" and 50°N (Fig. 1). 

Free-floating, m d e d  (23) Soutar-type 
sediment traps (24) were used to h e 1  
settling particulates into a Teflon collection 
cup located at the base of each trap. Traps 
were deployed individually. To ensure sam- 
ple isolation at discrete depths and to pro- 
vide known collection times (on the order of 
25 hours), a double-seal, ball-valve system 
was activated bv a Dreset electronic release 
before trap d k a l :  

In the nodwest Pacific Ocean, sediment 
traps were deployed between 100- and 
2190-m water depths. Sediment trap sam- 
ples fiom the northeast Pacific Ocean were 
obtained from water depths ranging fiom 
100 to 3500 m. When possible, replicate 
samples were obtained. 
When the traps were retrieved, sample 

particulates were immediately filtered onto 
acid-washed NudeDore filters (47 mm in 
diameter, 0.4-pm &pore s i x )  'and rinsed 
briefly with distilled-deionized water to pre- 

vent the fbrmation of salt crystals. Samples 
were stored in a vacuum desiccator over 
silica gel until they could be transferred to a 
shore-based, dean facility fbr analysis. 

To minimize sample contamination, all 
work was conducted either in a dean room, 
where the temperature and relative humidity 
were maintained at 20°C and 40%, respec- 
tively, or within a vertical-flow dean bench. 
Acanthacian skeletons and cysts were identi- 
fied under a reflected light stereomicroscope 
(magdcation, ~ 8 0 ) .  The organisms were 
mechanically transferred to 47- or 25-mm 
preweighed filters by using either triple-0 or 
Japanese calligraphy brushes dipped in dis- 
tilled-deionized water. h r  desiccation un- 
der vacuum and over silica gel, these isolated 
acantharian specimens were weighed on a 
Perkin-Elmer autobalance. Acantharian 
SrS04 fluxes (in micrograms per square 
meter per day) were subsequently calculated 
fiom the weights. An ISI-DS-130 scanning 
electron microscope was used to obtain pho- 
tomicrographs of various acanthacian skele- 
tons and their cvsts. An enem-dispersive x- 
ray analyzer (EDXA) system'i~&ex 7000) 
was used to con6rm the SrS04 composition 
of both skeletons and cysts. 

Dissolved Sr samples were drawn fiom 
30-liter Niskin bottles into acid-deaned, 
125-ml amber polyethylene bottles fbr later 
laboratory analysis. These samples were ob- 
tained at stations NWP-8, NWP-12, and 
NWP-18 and at stations NEP-3 and NEP- 
13. 

Flg. 2. Four acantharian spccimcns with their corresponding EDXA spectra showing their SrS04 
composition. Specimen dimensions follow. Lower right: 190 pm long and 100 pm wide; lower left 
118 pm long and 55 )~m wide; upper right: 80 pm in diameter; upper left: 165 in diameter. 

Strontium samples were analyzed by us- 
ing a Perkin-Elmer 603 atomic absorption 
spectrophotometer with a PRSlO printer 
sequencer in parallel with a strip chart re- 
corder. To prevent salt buildup on the nebu- 
lizer, samples were diluted by a factor of 5. 
Standards, in concentrations ranging fiom 
0.5 to 2.5 mg of Sr per liter, were prepared 
by appropriate dilutions of Titrisol atomic 
absorption standard SKI2. The sodium con- 
tent of the standards was matched to that of 
the samples by composing the standards in a 
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Flg. 3 (bft). Acantharian &SO4 
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0.5M solution of NaCI. To monitor instru- 
mental drift during the course of these anal- 
yses, a secondary standard of Copenhagen 
water was also prepared (P-90, C1 = 

19.3755 per mil). Lanthanum was added to 
both the standards and the samples to pre- 
vent interference (final concentration of 10 
g of lanthanum per liter) from Si, Al, phos- 
phate, and sulfate. During analyses, an ini- 
tial standard curve was run and samples 
were subsequently interspersed with blanks. 
Blanks averaged 0.08 ? 0.03 ( l o )  mg of Sr 
per liter. Samples were run in quadruplicate 
and yielded lo standard deviations ranging 
from + 0.34 to + 1.8%. Results of samples 
analyzed by atomic absorption spectroscopy 
were then compared with those obtained by 
using inductively coupled plasma emission 
spectrometry. The two techniques provided 
similar results. Salinities were analyzed at sea 
with a Guildline autosal salinometer. 

After EDXA confirmation of acantharian 
skeleton and cyst composition (Fig. 2), our 
gravimetrically derived acantharian fluxes 
were translated into SrS04 fluxes. Vertical 
SrS04 fluxes below 100 m show similar 
patterns on both sides of the ocean (Figs. 3 
and 4). The 100-m fluxes in the western 
Pacific are low to nondetectable, whereas 
those in the eastern Pacific are comparable 
to the 400-m flux values from the same 
stations. On both sides of the North Pacific, 

maximum fluxes are generally observed at 
400 m. By 900 m most acantharian SrS04 
seems to be mobilized, and in only one case 
(NWP-12) was a flux detectable at 2170 m. 
No acantharian specimens were found in the 
3500-m traps. The sharp decrease in flux 
values between 400 and 900 m indicates a 
rapid mobilization of acantharian-derived 
SrS04, which appears complete by 3500 m. 

Nonuniform acantharian distribution is 
indicated by variable replicate sample flux 
values. This is consistent with previous bio- 
logical work on standing crops of these 
organisms (3, 25).  

Data on dissolved Sr from the stations 
located on both sides of the North Pacific 
are given in Table 1. The SriCl profiles are 
depicted in Fig. 5. In the upper kilometer of 
the water column, Sr/C1 ratios are not con- 
stant with depth. The largest Sr/CI variation, 
390 to 411 pglg, was observed at NEP-13, 
and the smallest variation, 395 to 405 pgig, 
was observed at NWP-8. Low SriCl ratios 
generally occur within the upper 700 m of 
the water column. Below these depths there 
is often an intermediate maximum between 
700 and 1250 m. From there to the abyssal 
depths, Sr concentrations and SriC1 ratios 
tend to stabilize. 

To our knowledge, these sediment trap 
collections are the first to exhibit acanthar- 
ian specimens. Relatively shallow sampling 

Fig. 5. Profiles of SriCl for selected 390 410 390 41( 
stations in the eastern and western 
North Pacific (Sr in micrograms 
per kilogram; CI in grams per kilo- 
gram; sr /c l  in micrograms per l o o ~  
gram). 

2000 
E - 

depths along with short-term deployment 
times permitted the collection of these labile 
marine components. 

Whether t h e  synthesis and subsequent 
dissolution of acantharian skeletons and 
cysts have a perceptible impact on the dis- 
solved Sr in the water column might be 
ascertained by correlating SrS04 flux-values 
with variations in SriCl ratios. Although 
SriCl ratios reflect the long-term integration 
of processes influencing Sr, and flux data 
derived from short-term deployment of sed- 
iment traps provide essentially a "snapshot" 
view, comparison of the two data sets points 
to certain ikmediate observations andcorre- 
lations. Both data sets indicate an uptake of 
Sr in the upper waters and a release at 
intermediate de~ ths .  This is followed. at 
greater depths, by a stabilization in the 
processes affecting dissolved Sr. Uptake of 
Sr in the upper waters is consistent with data 
by Bishop et al. (8, 9) and Michaels ( l l ) ,  
which show acantharian standing stocks to 
have a near-surface maximum. Subsequent 
mobilization of Sr at intermediate depths 
appears to be nearly complete by 1000 m. 
Comparison of averaged 400-m fluxes (224 
kg m-2 day-') to an average of correspond- 
ing 900-m fluxes (13 pg m-' dayv') indi- 
cates a 94% flux diminution between these 
horizons. At greater depths, only one out of 
seven stations (NWP-12,2170 m) produced 
a detectable flux. This rapid attenuation of 
acantharian SrS04 fluxes* precludes further 
influence on dissolved Sr, thereby account- 
ing for the relatively constant S ~ ~ C I  ratios 
below 1250 m. 

Although a depth-by-depth correlation 
between flux data and SriCl ratios is not 
assured because of the different integration 
times inherent in the data sets, one such 
correlation is particularly striking. From 
among all our stations, the lowest SriCI 
ratios are evident in shallow waters at station 
NWP-18, which is located in the highly 
productive waters of the subpolar gyre. This 
shallow SriCl minimum is correlated with 
the highest flu value (NWP-18, 400 m) in 
our data set. High fluxes, possibly indicative 
of a large Sr uptake, may well account for 

Table 2. Model parameters and estimates of in situ strontium dissolution in the North Pacific. Uncertainties are given at the la level. Abbreviations: JIW, 
dissolution fluxlupwelling velocity; WiI(,, upwelling velocityivertical eddy diffusion coefficient. 

Station Date 
Jl W 

Integrated Sediment 
Latitude Longitude WiK, (mg kg- f l u  trap flux 

!a- ) (g 
vear-'l 

(g  m-* 
vear-'\ , - I , --- , 

NWP-6 4 June 1982 26"11.2'N 165'11.5'E -1.53 0.44 
NWP-8 7 June 1982 30"02.5'N 165"07.01E -1.97 0.23 0.50 r 0.25 0.29 
NWP-12 10June 1982 34'57.3'N 164"58.7'E -1.40 0.14 0.31 k 0.15 
NWP-18 17June 1982 45'17.4'N 16715.9'E -1.26 1.13 
NEP-3 2 July 1985 2S001.4'N 15458.4'W -2.93 0.49 0.67 * 0.33 0.08 
NEP-13 16 July 1985 49'58.3'N 148"03.3'W 0.08 
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low corresponding shallow water SrlCl ra- 
tios. 

Our observations of considerable SrS04 
fluxes at 400 m are supported by Brass's 
(14) multiple flux estimates for surface Pa- 
cific water;. Based on three independent sets 
of parameters, Brass's (14) estimates range 
from 1264 to 2297 pg of SrS04 per square 
meter per day, even larger than the avera e F of all our 400-m fluxes (565 pg m-2 day- ). 
In apparent contrast to our observations, the 
measurements of Bishop e t  al. (8) from the 
Atlantic suggest that most acantharian skele- 
tons are mobilized above 400 m. Thus, the 
acantharian specimens in our trap samples 
may represent only a fraction of the total 
number originally descending through the 
water column. 

Our flux observations may be attributable 
to a robust uarticulate fraction that does not 
undergo extremely shallow mobilization. 
Bishop et al. (8) reported that a typical 
acantharian skeleton contains approximately 
0.2 nmol of Sr. Shallow sediment trap ob- 
servations of acantharians settling out of the 
euphotic zone (26) reveal "typical" forms 
having 20 relatively thin celestite spines. In 
contrast, acantharians in our samples con- 
tained from 5 to 49  nmol of Sr (based on 
me,m weights of groups of acantharians) 
and consisted primarily of comparatively 
robust cysts and a few of the more heavily 
skeletalized acantharian species. Surface-to- 
volume ratios suggest thaithese robust spec- 
imens may dissolve more slowly than typical 
acantharian skeletons. Consequently, we can 
resolve two overlapping patterns of particu- 
late Sr flux: (i) a shallow, rapid regenerative 
cycle in the upper 200 m that involves large 
numbers of typical acantharians, which con- 
tain little Sr and dissolve rapidly and (ii) a 
deeper, slower regenerative cycle that in- 
volves the movement of relatively few, 
heavily skeletalized forms (predominately 
acantharian cysts) into intermediate waters 
where dissolution ultimately occurs. Ac- 
cording to this hypothesis, it is the robust 
acantharian specimens that account for high 
400-m fluxes and the intermediate SriCl 
maximum between 700 and 1250 m. 

In an independent assessment of the Sr 
fluxes, a one-dimensional diffision-advec- 
tion model was used for our data set on 
dissolved Sr. This model, previously used 
for oxygen (27) and total carbon (28), de- 
picts, in our case, vertical dissolution pro- 
files between the minimum and maximum 
SrlCl ratios for each station. Our model was 
limited to depth intervals over which the 
temperature-salinity relation was linear. 
Scale height, which is the ratio Wil(,, at 
each station was determined from either 
salinity or potential temperature data (W is 

upwelling velocity and I(, is the vertical 
eddy diffision coefficient). The upwelling 
velocity was assumed to be 4.5 m year-', 
which is the mean of the most recent esti- 
mates for the North Pacific (28,29). Table 2 
presents a comparison of modeled vertical 
fluxes for Sr and corresponding dissolution 
fluxes estimated from the sediment traps. 

In the two cases where a direct comuari- 
son of the two techniques can be made, the 
estimate from the traps is lower than that 
derived from the model. This is consistent 
with the model's neglect of potentially sig- 
nificant horizontal flux effects as well as the 
potential problem of acantharian SrS04 un- 
derestimations due to dissolution or frag- 
mentation during the course of sediment 
trap sampling and specimen manipulation. 
Within the context of such uncertainties and 
the inherent difficulties encountered in com- 
parisons that cannot account for temporal 
variations, flux estimates that are derived 
from sediment traps are in surprising agree- 
ment with those modeled from data on 
dissolved Sr. 

The emergent picture is one of acanthar- 
ian-mediated SriCl trends in upper and in- 
termediate waters. However, new evidence 
suggests that hydrographic conditions may 
also play a role in the delineation of SriCl 
profiles. Stable lead isotope data from the 
eastern Pacific (30) indicate that horizontal 
advection strongly influences the composi- 
tion of the upper kilometer of the water 
column. Although the extent to which our 
profiles are inflienced by advective forces 
remains unresolved, horizontal advection ef- 
fects might account for some of the fine- 
scale SriCl perturbations observed in our 
profiles. 

constitute an important vector for trace met- 
al transport (13-15). 
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