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ABSTRACT: We tes ted the  hypothesis  that  s t ron t ium:ca ldron  (Sr:Ca) in otoli tbs are reflective of environulental  salinity 
expe r i enced  by two es tuar ine  f ishes  dur ing  early life. Labora tory  and  field exper iu len t s  were  p e r f o r m e d  to examine  the  
e f fec t s  of  salinity a n d  teu lpera ture  on Sr:Ca in otoli ths o f  b lack druu l  (Pogo~as crorMs) and  r ed  drnul  (Sciaerropsocellatu,). 
Otol i th  St:Ca of juveni les  reared  at f o u r  salinities (5%0, 15%0, 25%0, 35%0) d i f fe red  significantly for  P. o'om/s while no 
salinity ef fec t  was obse rved  fo r  S. oeellatus. Otoli th St:Ca o f  both  species  were no t  a f fec ted  by t empera tu re  (23~ and  

30~ sugges t ing  that  par t i t ioning of  Sr in otoli ths o f  these  taxa is cons tan t  over the  t empera tu re  range examined .  A 
f i e ld  ver i f icat ion  trial w a s  c o n d u c t e d  f o r  P cromis a n d  a posit ive relat ionship between otolith St:Ca a n d  ambien t  salinity 
was observed,  even though  the pe rcen t  variability exp la ined  was modes t .  A ser ies  o f  Sr:Ca po in t  m e a s u r e m e n t s  were 
taken f roul  the  core to the  edge  o f  the  otolitbs of  wild P crorMs a n d  S. ocellatus, a n d  otol i th Sr:Ca chronologies  o f  both  
spec ies  showed  consp icuous  decl ines  dur ing  the  first few m o n t h s  of  life. While  Sr:Ca chronologies  of  both  species  sugges t  
that  ingress  is associa ted with a reduc t ion  in otolith Sr:Ca~ inconsis tencies  in labora tory  a n d  field expe r imen t s  int imate  
that  Sr uptake  in the  otolith may  be  inseltsitive to salinity and  regula ted  by o ther  fac tors  (aqueous  cheulistry, ontogenet ic  
sh i f t s  in habitat~ or physiology). Resul ts  f r om early life his tory t ransects  of  otolith St:Ca c o n f o r m  to expec ted  pa t t e rns  
of  es tuar ine  ingress-egress dur ing  early  l i f e  and  indicate that  the  approach  may  be useful  for  de tec t ing  large-scale habi tat  
t ransi t ions (mar ine  to es tuar ine  habitats).  

In t roduc t ion  

Physicochemical  gradients  within estuaries vary 
over spa t io tempora l  scales creat ing a mosaic  of  en- 
v i ronmenta l  condit ions (Alongi 1998; Lay et al. 
1999; Able et al. 2001). Salinity is often regarded  
as the p r imary  chemical  scalar within estuaries 
s ince these  sys tems a re  c h a r a c t e r i z e d  by p ro -  
nounced  spatial and t empora l  f luctuat ions in ma- 
rine and freshwater  input.  Es tua r ine -dependen t  
fishes are regulated to some degree  by salinity 
since this p a r a m e t e r  affects metabol ic  costs, phys- 
iological p e r f o r m a n c e ,  and growth (Aristizabal 
1992; Lankford  and  Target t  1994; Swanson 1998). 
Predators  and prey  often segregate a long salinity 
gradients  within an estuary, leading to spatial 
changes  in behaviors  of  associated taxa (galtz et al. 
1998; Pe terson et al. 9000), so salinity is of ten used 
to del ineate habitats  and may directly or indirectly 
inf luence pa t te rns  of dispersal and r ec ru i tmen t  
success of fishes inhabi t ing estuaries (e.g., Lank- 
ford and  Target t  1994; Kimura  et al. 9000; Gelwick 
et al. 2001). 

Recent  advances in the microanalysis of  otoli th 
s t ront ium (Sr) have af forded researchers  a useful 
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m e t h o d  for tracing salinity history and reconstruct-  
ing dispersive behaviors  of  e s tua r ine -dependen t  
fishes (L imburg  1995; Fdmura et al. 9000; Secor  
and Rooker  2000). The  technique  is based on the 
premise  that  otolith 8r, measured  as strontium:cal-  
cium (Sr:Ca), varies as a funct ion  of amb ien t  salin- 
ity. T h e  under ly ing m e c h a n i s m  is that aqueous  Sr: 
Ca is directly p ropor t iona l  to that  in the otolith 
(Bath et al. 2000), and in estuaries, changes  in 
aqueous  Sr:Ca can be substantial  and  are typically 
described by a power  funct ion with a m i n i m u m  val- 
ue in freshwater (Surge and  L o h m a n n  2009). Es- 
t imates of  otolith Sr:Ca within and a m o n g  daily or 
seasonal (annular)  inc rements  can be used to re- 
const ruct  salinity history of individual fish. While 
the use of otolith Sr for recons t ruc t ing  environ- 
menta l  histories is well recognized and  r epo r t ed  
(Secor and  Rooker  9000), the fundamen ta l  ques- 
tion of whether  fish otoliths can funct ion as reli- 
able indicators  of  salinity history remains  largely 
untested.  

T h e  response  of otolith Sr:Ca over a range  of 
known env i ronmenta l  condi t ions  is rarely mea- 
sured empirically (Secor and Rooker  2000). O f  the 
validation studies conducted ,  only a few have at- 
t empted  to contrast  bo th  laboratory-based and 
field-based estimates of  salinity and  t e m p e r a t u r e  el- 
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fects (Secor et al. 1995; Townsend et al. 1995). Sub- 
stantial inconsistencies have been  repor ted  in the 
l i terature regarding the effects of both  salinity and 
tempera ture ,  and there has been  disagreement  
over the inf luence of each factor in modifying oto- 
lith Sr:Ca (Campana 1999). The  purpose  of this 
study was to examine the capability of otolith Sr: 
Ca for measuring spatial-temporal pat terns  of es- 
tuarine dispersal during the early ontogeny of two 
es tuar ine-dependent  fishes. Our  pr imary objective 
was to experimental ly assess the impor tance  of sa- 
linity ( i ndependen t  of water chemistry or aqueous  
St:Ca) and tempera ture  on Sr integrat ion in oto- 
liths of black d rum (Pogonias cromis) and red d rum 
(Scia~zops ocellat'us) in both  laboratory and field tri- 
als. We also investigated otoli th Sr:Ca chronologies  
of wild /? cromis and S. ocetlatus. 

Materials and Methods  

Due to differences in the timing of  estuarine res- 
idency, it was not  possible to run  laboratory trials 
on P. cromis and S ocetlat'us concurrently.  Juvenile 
P. cromis used for laboratory trials were collected 
from Galveston Bay, Texas. Juveniles were seined 
from known nursery  areas and individuals ranged 
in size f rom 75 to 129 m m  standard length (SL). 
Insufficient numbers  of S. oceltatus were collected 
in 2000 for the exper imental  trial and, as a result, 
juveniles (range: 28-54 m m  SL) were obtained 
from the Sea Center  Texas ha tchery  (Texas Parks 
and Wildlife Depar tment )  located in Lake Jackson, 
Texas. Both species were held in large holding 
tanks for approximately  10-15 d pr ior  to experi- 
mentat ion.  Individuals used for construct ing oto- 
lith Sr:Ca life history chronologies  were collected 
from three  estuaries in Texas. Polyhaline to euha- 
line condit ions characterized all three estuaries 
and annual  means  from daily estimates of salinity 
showed the Christmas Bay (31~ and Aransas 
Bay (29~ mainta ined higher  salinity than Gal- 
veston Bay (93~ P. cromis (BD 91, 93, 96, 98, 
99, 102) were collected in Sep tember  1999 from 
Christmas Bay (29~ 95~ while S. ocelta 
t'us were collected in February  2000 from ei ther  
Galveston Bay (RD 20, 21, 23; 99~ 94~ 
or Aransas Bay (RD 76, 88, 79; 28~ 97~ 
Wild-caught individuals ranged in age from ap- 
proximately 4--5 and 6-8 mo for S. oceltatus and P. 
cromis, respectively. 

LAB VALIDATION TRIALS 

Exper iments  using control led levels of salinity 
and tempera ture  were conduc ted  separately for 
each species. At the beginning of an exper iment ,  
simila>sized individuals were marked using alizarin 
complexone  (100 mg 1-1 for 2 h),  p roducing  a dis- 
cernible mark on the otolith. Randomly selected 

Otolith Sr:Ca of Black Drum and Red Drum 3 3 5  

juveniles were acc l imated  over a 94-h per iod and 
stocked (5 per  40-1 tank} at four salinities {5%0, 
]5%0, 25%0, 35%0) and tWO t empera tures  (2S~ 
and S0~ Salinity and t empera tu re  t rea tment  lev- 
els were selected to represent  condit ions typically 
exper ienced  by P. cromis and S. ocetlat'us in Texas 
estuaries during the first year of life. Only the 
15%o and 25%o salinity t reatments  were investigat- 
ed at the higher  t empera ture  (30~ Salinity and 
tempera ture  were moni to red  daily during labora- 
tory validation trials and mean  values for each 
t rea tment  were within 1%o or 1~ of target value; 
s tandard deviation of observed values within salin- 
ity and tempera ture  t reatments  ranged 0.7-1.3%o 
and 0.9-1.0~ respectively. Th ree  replicate tanks 
were established for each t rea tment  level (total - 
18 tanks). Exper imenta l  salinities were established 
by diluting seawater (85%0) with filtered water (2 
M ~  cm 1) at the Texas A&M University at Galves- 
ton /Na t iona l  Oceanic and Atmospher ic  Adminis- 
tration-National Marine Fisheries Service rearing 
facility. Aqueous  Sr:Ca was assumed to be equiva- 
lent across treatments.  Tempera tu re  differences 
were created by lowering ambient  t empera ture  in 
the rearing facility to 23~ and increasing t empe>  
atures in designated tanks to 30~ using heaters. 
Both species were reared in exper imenta l  condi- 
tions for 14 d. All captive fishes were fed ad libitum 
an artificial diet (Rangen, Inc). 

FIELD VALIDATION TRIALS 
Juvenile P. cromis were collected from natural  

habitats, marked  with alizarin complexone ,  and 
placed in 1.9-m s cages const ructed of a PVG frame 
and covered with 1.25-cm nylon mesh. Individuals 
were randomly assigned to cages in three locations 
in Galveston, Texas: the m o u th  of Trinity River in 
Trinity Bay (29~ 94~ Kemah Cove, Gal- 
veston Bay (29~ 95~ and 6 miles off- 
shore from the Galveston Ship Channel  on  pro- 
duct ion platform GA-150L (29~ 94~ 
Sites were selected to represent  mesohal ine  (mean: 
8.8%o), polyhaline (mean: 22.0%o), and euhal ine 
(mean: 32.0%o) conditions,  respectively. While this 
exper imen t  contained a wide range of salinities, 
variation in water chemistry (Sr:Ca) was expected 
to be small, on the order  of 2-3 m m o l  tool 
(based on observed Sr:Ca in water at 8%o and 
32 %o; Surge and L o h m a n n  2002). Individuals were 
held in cages for 2 wk, and tempera ture  and salin- 
ity were r eco rded  at each site every 3-4 d during 
the trial. Due to the lack of significant findings for 
S. ocettatus in the laboratory trial, a field validation 
exper imen t  was no t  conducted.  

OTOLITH SR:C& ANALYSIS 
Three  (P. crorais) or four  (S. oceltatus) fish were 

used f rom each tank for otolith Sr:Ca analysis. Oto- 
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liths were removed,  cleaned,  and set in epoxy res- 
in. Transverse sections containing the core were 
cut f rom each otoli th using a low-speed d i amond  
blade saw. Th in  sections were m o u n t e d  to a slide 
with thermoplas t ic  c e m e n t  and  polished using wet- 
dry s a n d p a p e r  and a pol ishing cloth with 0.8 l Jan 
a lumina  pol ishing c o m p o u n d .  Polished thin sec- 
tions were carbon coated pr ior  to e lementa l  anal- 
ysis to reduce  charging.  Elementa l  concent ra t ions  
of  Sr and  Ca in otoliths were d e t e r m i n e d  by Wave- 
length Dispersive X-ray Spec t rome t ry  (WDS) using 
a J E O L  JXA-8900 electron p robe  micro-analyzer  at 
the Centra l  Facility for Microanalysis, University of  
Maryland,  College Park, Maryland.  Calcite and 
strontianite  s tandards  were used dur ing each ses- 
sion. An area  of 100 >m 2 (approximate ly  10 >m 
diam) const i tuted one m i c r o p r o b e  sample  and 
points  were scanned using nomina l  beam d iamete r  
with an accelerat ing voltage of 25 kV and cur ren t  
of  20 nA. Peak Sr count  t ime was 80 s, and  peak 
Ca count  t ime was 10 s. Mean  detect ion limits of  
ca l c ium ox ide  and  s t r o n t i u m  ox ide  were  70 
(range: 50-94) and  98 (range: 68-106) p p m ,  re- 
spectively. In transverse otolith sections, analysis of  
the marg ina l  growth i n c r e m e n t  was conduc ted  by 
analyzing 4-5 points  (approximate ly  10 >m diam) 
between the alizarin mark  and otolith marg in  
a long the edge of the section f rom the sulcus to 
the ventral  tip. Otol i th Sr:Ca was est imated for 
each individual by taking the m e a n  of all points  
assayed. Points were later  identified with light mi- 
croscopy as bu rn  marks  in the ca rbon  coating that  
could be re fe renced  to the alizarin mark.  In  the 
analysis of  life history chronologies  of otolith Sr 
and Ca, po in t  measures  f rom the core to the edge 
a long the ventral  axis of the section were analyzed. 
It was observed that with a m i n i m u m  spacing of 16 
microns  there was no appa ren t  overlap in b u r n  
marks  be tween adjacent  points; this m i n i m u m  
spacing was used for all analyses. N u m b e r  of  points  
analyzed for life history chronologies  of otoli th Sr: 
Ca ranged  f rom 70 to 100 and  were evenly spaced. 
Since individuals r anged  in age approx imate ly  4-8  
mo,  successive p robe  points  co r r e sponded  to pe- 
riods of  roughly  2-4  d (assuming constant  l inear  
growth of the otolith).  

DATA ANALYSIS 

For l abora to ry  trials, individual fish were used to 
assess the effects of salinity and t e m p e r a t u r e  on 
otolith Sr:Ca. Individual  fish in each tank were not  
i ndependen t ,  but  t reated as exper imenta l  units for 
statistical testing. Repea ted  measures  analysis of  
variance (ANOVA) was used to mode l  the effects 
of  t e m p e r a t u r e  and  salinity, and  i n d e p e n d e n c e  of 
exper imenta l  units was no t  assumed with this anal- 
ysis ( U n d e r w o o d  1999). T h e  repea ted  measures  

app roach  allowed us to mode l  corre la t ion between 
fish within a given exper imen ta l  tank. Regression 
analysis was used to mode l  the effects of  salinity on 
otolith Sr:Ca for poo led  labora tory  and field data 
of  P cromis. Before  statistical testing, residuals were 
examined  for normal i ty  and h o m o g e n e i t y  a m o n g  
factor levels. Within g roup  distr ibution and  vari- 
ance were examined  and  natural  log t ransforma-  
tions were used when necessary to m e e t  pa ramet r ic  
assumptions.  A significance level (or value) of 0.05 
was used for  all trials. 

Sr:Ca life history chronologies  of  wild spec imens  
were examined  by plot t ing Sr:Ca of po in t  measures  
taken f rom the core to marg in  of the otolith. Lo- 
cally weighted scat terplot  smoo th ing  (LOWESS re- 
gression analysis) was then  used to evaluate func- 
tional re lat ionships  between otoli th Sr:Ga and oto- 
lith radius (Trexler  and Travis 1993). Smoo th ing  
weight or tension used for t ime series data was set 
at two levels (0.1 and  0.5). Tens ion  de t e rmined  the 
stiffness of the smooth ing  funct ion and ranges  
f rom 0 to 1 (Wilkinson et al. 1996). 

Results  
VALIDATION TRIALS 

In labora tory  trials, otolith Sr:Ca varied signifi- 
cantly across salinity t r ea tment  levels for P. eromis 
(p < 0.001). Otol i th  Sr:Ca of P. cromis were posi- 
tively associated with salinity (Fig. la ,  Table 1). Ra- 
tios r anged  f rom 2.34 m m o l  tool x at 5%0 to 3.06 
m m o l  tool -1 at 35%0. Ratios were lower (1.58-2.55 
m m o l  mo1-1) for S. oceltatus, and no effect of  salin- 
ity on otolith Sr:Ca was observed (p - 0.068; Fig. 
lb ,  Table 1). Otol i th  Sr:Ca ratios of  bo th  species 
were not  affected by t empera tu re :  P cromis p - 
0.156 and X ocdtatus p - 0.210 (Fig. 2). 

Findings f rom the field enclosure  expe r imen t  
concur red  with results f rom control led experi- 
ments.  Otol i th  Sr:Ca of P. cromis were positively re- 
lated to ambien t  salinity (p - 0.045, Fig. 3). Sr:Ca 
in the otoliths of/~. cromis were lowest at the me-  
sohaline site (8.8%0) and  highest  for  individuals 
caged at the euhal ine  site (82.0%0). Sr:Ca in- 
creased by approx imate ly  0.014 m m o l  mo1-1 pe r  
%0 increase in amb ien t  salinity. ANCOVA results 
indicated that the response  of otoli th Sr:Ca to sa- 
linity was similar for l abora tory  and field trials (p 
- 0.564). Regression analysis of poo led  labora tory  
and cage data showed that otoli th Sr:Ga ofP. crornis 
increased at a rate of approx imate ly  0.020 m m o l  
mo1-1 pe r  %0 increase in salinity (Fig. 3). Based on 
inspect ion of 95% conf idence  intervals, changes  in 
salinity grea ter  than 10%o were requi red  to pro- 
duce a significant change  in m e a n  otoli th Sr:Ca. 

OTOLITH SR:C& LIFE HISTORY CHRONOLOGIES 

Otoli th  Sr:Ca of wild P. cromis r anged  in ampli- 
tude f rom approx imate ly  2.0 to 2.5 m m o l  tool 
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Fig. 1. Mean St:Ca (+SE) of otoliflls from A) black drum 
(Pogonias cromis) and B) red drum (Sciaenops ocellatus) reared at 
fore- salinities (5%o, 15%o, 25%o, 35%o) in the laboratory. 

for  f o u r  o f  six i n d i v i d u a l s  (BD 91, 93, 96, 102; Fig. 
4). O t o l i t h  Sr :Ca  o f  P cromis in i t ia l ly  d e c l i n e d  a n d  
ra t ios  were  lowest  in  t he  m i d d l e  s ec t i on  o f  the  oto-  
l i th  t r ansec t  (0 .2 -0 .4  m m )  for  severa l  i n d i v i d u a l s  
(BD 91, 93, 96, 102);  BD 98 s h o w e d  s ign i f ican t ly  
lower  o to l i t h  S r :Ca  (1 ,5 -2 .2  m m o l  m o l  2), O t o l i t h  
Sr :Ca  of  P. crornis in  m o s t  i n d i v i d u a l s  s h o w e d  a 
s l ight ly  i n c r e a s i n g  t r e n d  f r o m  the  m i d d l e  s ec t i on  
to t he  m a r g i n  o f  the  o to l i th ,  e x c e p t  for  BD 99, 
w h i c h  s h o w e d  a sha rp ly  d e c r e a s i n g  t r end .  U s i n g  
the  r e g r e s s i o n  f r o m  the  l a b o r a t o r y  a n d  f ie ld vali- 
d a t i o n  tr ials ,  l i f e t ime  sa l in i ty  ( m e a n  of  all  sa l in i ty  
f r o m  Sr:Ca)  o f  wild P. cro~dswas e s t i m a t e d  to r a n g e  
f r o m  8.0 to 19.6 (SD - 6 .1-8 .3) .  

M o r e  cons i s t en t  p a t t e r n s  o f  o to l i t h  Sr :Ca  were  
e v i d e n t  for  wild S. ocdlatus with  a c o n s p i c u o u s  d r o p  
in r a t io s  d u r i n g  ear ly  life for  all  i n d i v i d u a l s  (Fig. 
5). O t o l i t h  Sr :Ca  p e a k e d  n e a t  t he  co re  o f  the  oto-  
l i th  for  all  i nd iv idua l s  assayed  a n d  ra t ios  n e a r  the  
co re  r a n g e d  f r o m  2.3 to 2.8 m m o l  tool  1 with the  
h i g h e s t  va lues  o b s e r v e d  for  i n d i v i d u a l s  f r o m  A r a n -  
sas Bay (RD 76, 77, 79).  In te res t ing ly ,  o to l i t h  Sr :Ca  
for  t he  l a t t e r  ha l f  o f  t he  life h i s t o r y  c h r o n o l o g y  
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TABLE 1. Repeated measures ANOVA results for main effects 
of salinity and temperature for black drum (Pogonias cromis) and 
red drum (Sciaer~ops ocellat'~s) reared at fore- salinities (5%o, 
15%(>, 25%o, 35%o) and tw,-o temperatures (23~ and 30~ in 
the laboratory. 

Source 5:5 df MS F p 

Pogonias crorais 
Between subjects 

Salinity 3.188 3 1.063 13.010 0.000 
Temperature 0.185 1 0.185 2.263 0.156 
Error 1.062 13 0.082 

Within subjects 
Tank 0.365 2 0.183 1.889 0.171 
Tank • salinity 0.764 6 0.127 1.317 0.285 
Tank X ternperamre 0.746 2 0.373 3.858 0.034 
Error 2.518 26 0.097 

Sciaer~ops ocellat,~s 
Between subjects 

Salinity 0.674 3 0.225 3.032 0.068 
Ternperatm'e 0.129 1 0.129 1.741 0.210 
Error 0.964 13 0.074 

Within subjects 
Tank 0.062 8 0.021 0.888 0.798 
Tank X salinity 0.154 9 0.017 0.283 0.976 
Tank • temperature 0.028 8 0.008 0.126 0.944 
Error 2.363 39 0.061 

were  subs tan t i a l ly  l ower  t h a n  levels  o b s e r v e d  in  lab-  
o r a t o r y  r e a r e d  S. ocellatus. O t o l i t h  Sr :Ca  n e a r  the  
m a r g i n  a p p r o a c h e d  1.0 m m o l  m o l  1 for  RD 23, 76, 
a n d  79. 

Discuss ion 

O t o l i t h  Sr :Ca  a r e  c o m m o n l y  u s e d  to i n fe r  pas t  
e n v i r o n m e n t s  in wh ich  a fish l ived,  even  t h o u g h  
t h e r e  is c o n t i n u i n g  d i s a g r e e m e n t  over  the  va l id i ty  
o f  the  a p p r o a c h  ( C a m p a n a  1999).  O u r  r e s p o n s e  
o f  o to l i t h  Sr :Ca  to c h a n g i n g  sa l in i ty  in  t he  l abo ra -  
t o ry  was n o t  cons i s t en t  b e t w e e n  the  two s c i a e n i d s  
tes ted .  We o b s e r v e d  a pos i t ive  r e l a t i o n s h i p  be-  
tween  o t o l i t h  Sr :Ca  a n d  sa l in i ty  for  P. cromis in em-  
p i r i ca l  a n d  f ie ld  tr ials  b u t  no  d i f f e r e n c e  in o to l i t h  
Sr :Ca  a m o n g  sa l in i ty  t r e a t m e n t s  was o b s e r v e d  for  
S. ocdtatus. W h i l e  va r i ab l e  resu l t s  f r o m  e m p i r i c a l  
tr ials  s e e m s  to i n d i c a t e  tha t  Sr  u p t a k e  in o t o l i t h  
may  n o t  be  l i n k e d  s t rong ly  to salinity,  o to l i t h  Sr :Ga 
c h r o n o l o g i e s  of  wild P, crornis a n d  & ocetlatus 
s h o w e d  p a t t e r n s  tha t  a g r e e  with e x p e c t e d  p a t t e r n s  
o f  e s t u a r i n e  ing ress  o r  egress  d u r i n g  ear ly life. 

In  ea r l i e r  work  by H o f f  a n d  F u i m a n  (1995) ,  the  
ef fec t  of  sa l in i ty  on  o t o l i t h  S r :Ca  o f  j u v e n i l e  & ocd- 
latus was e x a m i n e d  over  a 10-40%o r a n g e .  S im i l a r  
to H o f f  a n d  F u i m a n  (1995) ,  we d i l u t e d  seawa te r  
wi th  d e i o n i z e d  wa te r  to c r ea t e  sa l in i ty  t r e a t m e n t s  
a n d  no  effect  of  sa l in i ty  on  o to l i t h  Sr :Ca  was ob- 
s e rved  in e i t h e r  study. W h i l e  d i l u t i o n  lowers  the  
c o n c e n t r a t i o n s  o f  C a  a n d  St, the  Sr :Ca  w o u l d  be  
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Fig. 2. Mean Sr:Ca (+ SE) ofA) ofotoliths from black drum 
(Pogonias cromis) and B) red drum (Sdaenops ocellatus) reared at 
two temperatures (2g~ and g0~ in the laboratory. Tempera- 
rare trials were conducted at t~-o salinities: 15%o (Mack bars) 
and 25%0 (open bin-s). 

the same in all t reatments which is similar to levels 
experienced by these taxa in polyhaline to euha- 
line regions of the estuary where aqueous Sr:Ca 
changes gradually with salinity. The results of no 
t reatment  effect may be expected based u p o n  re- 
cent findings that demonstra te  that otolith Sr:Ca 
are linked directly to aqueous Sr:Ca (Bath et al. 
2000; Milton and Chenery  2001). 

As with & ocdtatus, we expected that aqueous  Sr: 
Ca was constant across salinity treatments for P. 
crorais in the laboratory. The significant salinity 
t reatment  effect in both the laboratory and field 
trials suggests that salinity ( independen t  of water 
chemistry) or some other  factor that is correlated 
with salinity (e.g., osmoregulat ion or other  meta- 
bolic process) modifies the part i t ioning of Sr into 
otoliths of P. cromis. Our  results appear  to contra- 
dict research from geochemical  studies on biogen- 
ic calcium carbonates (corals, bivalves; e.g., de Vil- 
liers et al. 1994; Lea et al. 1999) that suggest aque- 
ous Sr:Ca will be the pr imary de terminant  of oto- 
lith Sr:Ca. The  finding of a salinity effect 
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Fig. g. Otolith Sr:Ca of black drum (Pog~mias cromis) from 
laboratory (triangle) and field (circle) trials as a fimction of 
salinity. Simple linear regression plot with 95% confidence in- 
terval is shown. Linear equation: otolith Sr:Ca = 2.134 + 0.019 
salinity; r ~ 0.24. 

i ndependen t  of water chemistry (i.e., aqueous Sr: 
Ca) must be interpreted cautiously. Al though sig- 
nificant, natural variation in otolith Sr:Ca ex- 
plained by salinity through regression analysis was 
relatively low for bo th  laboratory and field trials 
(25% and 28%, respectively). Salinity or some cor- 
relate of salinity may have inf luenced otolith Sr:Ca 
of P. crornia but this observation does not  indicate 
that salinity is the pr imary de terminant  of otolith 
Sr:Ca. 

Apart  from salinity, Sr deposition in biogenic cal- 
cium carbonate  is dependen t  upon  temperature  
(de Villiers et al. 1995; Townsend et al. 1995; Klein 
et al. 1996). Tempera ture  sensitivity of otolith Sr: 
Ca has been observed for many taxa, most  notably 
for species inhabit ing colder water (Radtke 1989; 
Townsend et al. 1992, 1995). Townsend et al. 
(1992) postulated that physiological discrimination 
of Sr in otoliths relaxes at low temperatures.  Cam- 
pana (1999) tested this hypothesis using meta-anal- 
ysis by regressing slopes of published values from 
Sr:Ca versus  t e m p e r a t u r e  r e l a t i onsh ip s  aga ins t  
mean experimental  temperature.  A significant re- 
lationship was observed suggesting that Sr:Ca ra- 
tios decrease with increasing temperatures  at low 
temperatures  (-<10~ and increase with temper- 
ature at high temperatures.  Only experiments  con- 
ducted in colder waters (10~ produced  slopes 
significantly different from zero. Uncoupl ing  of 
the otolith Sr:Ca temperature  relationship at high- 
er temperatures  appears to be relatively c o m m o n  
in the literature and this may be due to integrated 
effects of matrix format ion and calcification rate 
(Campana  1999). Bath et al. (2000) observed a sig- 
nificant positive association between temperature  
(20~ and 25~ and otolith Sr:Ca in another  
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sciaenid, spot (Leiostor~us xarzthurus). Exper iments  
r epor t ed  here  for two sympatric sciaenids failed to 
show a significant t empera ture  effect across a sim- 
ilar range of tempera tures  and suppor t  the idea 
that the otolith Sr:Ca-temperature relat ionship 
may decouple  at h igher  temperatures .  Still, con- 
spicuous declines in otolith Sr:Ca chronologies  of 

wild S. ocettatus were observed and possibly linked 
to t empera tu re  shifts since these fall settlers may 
exper ience  low tempera tures  (<20~ during the 
winter and these condit ions were not  assessed em- 
pirically in this study. 

Al though findings from the empirical trials dif- 
fered, otoli th Sr:Ca chronologies  of both  species 
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agree with expected patterns of movement  during 
early life. Studies conducted  in the Gulf of Mexico 
and eastern coast of the U.S. indicate that young 
P. cromis move into low salinity regions of the es- 
tuary (e.g., tidal creeks, rivers, secondary  bays) 
during the winter as post-larvae or juveniles and 
spend several m o n t h  in these habitats before mi- 
grating to h igher  salinity zones (Price and Schlue- 
ter 1985; Peters and McMichael 1990). In Florida, 
juvenile P. eromis moved from tidal creeks and sec- 
ondary  bays to passes and nearshore  waters of the 
Gulf of Mexico at approximately 100-200 mm (Pe- 
ters and McMichael 1990). This pat tern of ingress 
followed by egress would take the form of a hy- 
perbola  with elevated Sr:Ca at each end (i.e., core 
and margin of otolith). Otolith Sr:Ca life history 
chronologies  of several P. cromis followed this pat- 
tern (BD 91, 98, 96, 102), suggesting patterns of 
ingress followed by egress occur for P. cromis in- 
habit ing estuaries in Texas. Conspicuous shifts in 
otolith Sr:Ca chronologies  were also evident for 
wild S. ocdlatus, indicative of a major  shift in envi- 
ronmenta l  conditions during early life. Larval & 
oceltatus often spend the first m o n t h  of life (Au- 
gust -October)  in nearshore waters or areas near  
tidal passes before entering pr imary and secondary  
bays (Peters and McMichael 1987; Comyns et al. 
1989). Once  in the estuary, juveniles remain in 
these nursery grounds  for several months  (Rooker 
and Holt  1997; Rooker  et al. 1998; Geary et al, 
2001). Otolith Sr:Ca chronologies  of all S. ocetlatus 
examined showed a conspicuous decline during 
early life, cor responding  with spatial life history 
patterns and expected gradients (albeit minor)  in 
aqueous  Sr:Ca. Whether  the otolith Sr:Ca patterns 
occur due to water chemistry, salinity ( indepen- 
dent  of water chemistry),  temperature,  or a com- 
bination of factors, our  results on both taxa sup- 
por t  the interpretat ion of broad-scale movements  
between coastal and estuarine habitats. 

In  addit ion to physicochemical parameters,  hab- 
itat-induced or developmental ly-induced variation 
may be responsible for observed Sr:Ca patterns of 
wild P. crornis and S. ocetlatus. Spatial shifts (coastal 
habitat to estuary) may influence environmental  
exposure to prey type and food availability that 
may influence Sr uptake (Farrell and Campana  
1996; Kennedy et al, 2000). Ontogenet ic  shifts in 
growth rate, metabolic rate, or condit ion also oc- 
cur during early life and these physiological chang- 
es have been shown to alter deposit ion of elements 
in otoliths by way of changes in metal binding ca- 
pacity or protein mediated discrimination (Kalish 
1989; Friedland et al. 1998; Arai et al. 2000). As a 
result, observed patterns of otolith Sr:Ca from the 
core to the margin of the otolith may be affected 
by ontogenet ic  shifts in habitat or physiology, and 

may not  be linked simply to changes in salinity or 
Sr:Ca gradients. 

Significant differences across salinity t reatments 
in laboratory and field trials for P. crornis appear  to 
indicate that salinity or some factor correlated with 
salinity may be an impor tant  de te rminant  of oto- 
lith Sr:Ca. Otolith Sr:Ca in experimental  trials on 
S. ocdlatus also suppor t  the assertion that otolith 
Sr:Ca is linked to water chemistry (Sr:Ca water). 
These results demonstra te  that mechanisms for 
modifying otolith Sr:Ca patterns may vary between 
closely related species, and precaut ion must be ex- 
ercised when inferring environmental  histories 
w i thou t  f u r t h e r  l a b o r a t o r y  va l ida t ion  studies.  
While mechanisms responsible for Sr uptake in 
these tauxa were not  resolved in this study, otolith 
Sr:Ca chronologies  of wild individuals were asso- 
ciated with patterns of estuarine ingress or egress 
during early life, suggesting the approach  has 
promise for detecting large-scale habitat transitions 
(e.g., marine to estuarine habitats). Interact ions 
among  aqueous Sr:Ca, salinity ( independen t  of wa- 
ter chemistry), temperature,  and ontogeny must 
be examined comprehensively before the utility of 
the approach  for detecting movement  within the 
estuary or across major salinity gradients can be 
effectively applied. 
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