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Abstract

Silver is taken up as a Nanalog (Ad) by freshwater organisms, but little is known about its bioavailability in relation to
salinity. AdultOpsanus betavere acclimated to 2.5, 5, 10, 20, 40, 60, 80, and 100% seawater 825 mM) and exposed for
24 hto 2.18.g L~ silver as'®"Ag-labelled AgNQ, a concentration close to the U.S. EPA marine criterion and less than 0.1%
of the acute 96-h LC50 in seawater. Plasma osmolality, ldad Ct remained approximately constant from 100% down to
20-40% seawater, thereafter declining to 89% (osmolality) and 82% (@a) of seawater values at the lowest salinity (2.5%
seawater), while plasma Mgwas invariant. lonic measurements in intestinal fluids and urine supported the view that above
the isosmotic point (about 32% seawater), toadfish drink the medium, absbdyCNaand water across the gastrointestinal
tract, actively excrete Naand CI across the gills, and secrete Mdnto the urine. Below this point, toadfish appear to stop
drinking, actively take up Naand CI at the gills, and retain ions at the kidney. Silver accumulation varied greatly with salinity,
by nine-fold (whole body), 26-fold (gill tissue), and 18-fold (liver), with the maxima occurring in 2.5% seawater, the minima
in 40% seawater (close to the isosmotic point), and slightly greater values at higher salinities. Highest silver concentrations
occurred in liver, second highest in gills, intermediate concentrations in kidney, spleen, and gastrointestinal tissues, and lowest
in swim bladder and white muscle, though patterns changed with salinity. There were substantial biliary but minimal urinary
levels of silver. The salinity-dependent pattern of silver accumulation best correlated with the abundance of the neutral complex
AgCly, though the presence of small amounts of A the lowest salinities may also have been important. In contrast, silver
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accumulation in the esophagus-stomach was greatest in 100% seawater and least at the isosmotic salinity (five-fold variation), :
pattern probably explained by drinking and silver uptake into the blood through the gills. Models of silver bioavailability across
salinity must consider the presence of silver-binding ligands on both gills and gastrointestinal tract, changing silver speciation,

and the changing ionoregulatory physiology of the organism.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

cations that compete with Ador binding to these lig-
ands. In addition, the geochemical stability constants

In the past decade, an intensive research effort hasfor all these reactions are incorporated in order to pre-

greatly improved our understanding of the toxicity of
silver in freshwater (reviewed bgndren and Bober
(2002). The integration of fundamental principles of
physiology, aquatic geochemistry, and toxicology has
yielded biotic ligand models (BLMs) which are capa-
ble of site-specific predictions of acute toxicity (e.g.,
96-h LC50s) in any particular freshwater chemistry
(Paquin et al., 1999, 2002a,b; McGeer et al., 2000
The BLMs hinge on the understanding that only the
free ion, Ad, causes acute toxicity by binding to
key target sites on the gills as a Nanalog. These
“toxic sites” (anionic biotic ligands) are proteins, par-
ticularly Na*,K*ATPase, carbonic anhydrase, and'Na
channels, which are intimately involved in active’™Na
and CI~ uptake Morgan et al., 1997, 2004; Bury and
Wood, 1999; Bianchini and Wood, 2003 he greater
the saturation of these sites with Aghe greater the
predicted toxicity. Thus freshwater organisms subject
to silver poisoning may die from ionoregulatory fail-
ure Wood et al., 1996 The BLM approach relates
the metal load on the gills during short-term expo-
sures (3—-24 h; i.e., before pathology develops) to 96-h
toxicity.

Silver BLMs have been developed by integrating
modern geochemical modeling programs with empir-
ical determinations of the short-term binding affinity
and capacity of the gills for Agy(e.g.,Janes and Playle,
1995; Schwartz and Playle, 2001; Morgan and Wood,
2004 and the influence of different components of wa-
ter chemistry (e.g., Cl, Na", C&*, sulfide, dissolved
organic matter) on gill binding and toxicity&nes and
Playle, 1995; Erickson et al., 1998; Karen et al., 1999;
Bury et al., 1999a,b; Mann et al., 2004 he computa-
tional core of the BLM takes into account the concen-
trations of silver itself, the biotic ligands (toxic sites)
on the gills, all other anions that complex Agnd all

dict whether a certain concentration of silver will be
acutely toxic to a reference organism in a particular
freshwater quality.

There has been far less research on, and as yet no
BLMs for, silver toxicity in the estuarine and seawa-
ter environment, but already it is clear that the situa-
tion is very different. Marine fish have not one but two
potential target tissues for silver, the gills and the gut
(reviewed byWood et al. (1999) and in contrast to
freshwater fish, drink the medium so that the gut can
absorb N4, CI—, and thereby water to replace osmotic
water loss across the gillStith, 1930. Furthermore,
the gills, rather than performing active Nand CI
uptake, serve to actively excrete the exces$ hiad
CI~. Thus across the gradient of increasing salinity in
estuaries, the function of the gills changes gradually
from ionic absorption to ionic excretion as the isos-
motic point is crossed, and drinking begins around this
point. In the water, silver speciation is dominated by the
concentration of Ci, and as salinity increases, the free
Ag* ion essentially disappears, being replaced with a
sequence of neutral and anionic silver chloride com-
plexes (e.g.Ferguson and Hogstrand, 1998

Silveris far less toxic in seawater than in freshwater,
though the variable pattern atintermediate salinities has
probably been complicated by incomplete salinity ac-
climation or tolerance of the test organisrio(fman,
1977; Ferguson and Hogstrand, 1998; Shaw et al.,
1998. Silver uptake appears to be lower in full strength
seawater than in intermediate salinities, though again
there are some variationStfaw et al., 1998; Webb and
Wood, 2000. In both, silver accumulates in gut as well
as in gill tissue and in internal organs, especially the
liver. In full strength seawater, the acute toxic mech-
anism again involves ionoregulatory impairment, but
in contrast to freshwater exposures, plasma, &,
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and osmolality levels tend to rise rather than fall*Na 2002 from Biscayne Bay, South Florida, by commer-
and CI” excretion at the gills, Naand CI™ uptake at cial shrimp fishermen using a roller trawl. Upon ar-
the gut, associated N&K*ATPase activities at the two  rival in the laboratory, the fish were bathed in freshwa-
sites, as well as drinking rate itself all appear to be ter for 3min, followed by a 3-h treatment with mala-
affected Hogstrand et al., 1999; Grosell et al., 1999; chite green (0.05mgt!) plus formalin (15mgL?)
Webb et al., 2001; Grosell and Wood, 2001 in seawater, and the latter treatment was repeated on
In coastal regions, most silver-containing liqguid day 3 to eliminate potential infection¥pod et al.,
waste is processed through sewage-treatment plantsl997. Toadfish were held in flowing seawater (salin-
that discharge freshwater effluent into estuaries or ity =33-35ppt, temperature = 24-25, natural pho-
inshore watersHowler and Nordberg, 1986; Eisler, toperiod) in large aquaria (45L) at a density of about
1996). Therefore, the intermediate, variable salinities 25 g L~ for 9—12 days prior to salinity acclimation (see
are the most relevant for environmental regulation, yet below). They were fed once with shrimp on days 4-6,
atpresentthe responses to silver of the organisms whichand not fed thereatfter.
dwell there are the least well understood. Our goal was
to address this issue for the purpose of future BLM 2.2. Acclimation to different salinities
development for estuarine and marine waters. Our par-
ticular focus was how short-term silver bioavailabil- Toadfish were acclimated to 100, 80, 60, 40, 20,
ity (i.e., 24-h silver uptake and internal distribution) 10, 5, and 2.5% seawater, with= 10 fish in each of
changes over a wide range of salinity (2.5-100% sea- two replicates, at 24—2%. Dilutions of 100% sea-
water), and the relative importance of gills and gut in water were made using in-house reverse osmosis wa-
these phenomena. We chose a hardy teleost, the gulfter, which had measured NaCl~, and C&* levels
toadfish Opsanus befawhich is reputed to be highly ~ <100pmolL~1. On Day 0, toadfish were transferred
tolerant to awide salinity range and to occur naturallyin in batches of 10 to plastic buckets filled with 16 L
inshore waters and at freshwater discharge sgesfy of 100% seawater (i.e., density about 25¢) with
et al., 1997. To confirm this salinity tolerance, we vigorous aeration. Apart from two batches that were
documented ionoregulatory status at each acclimation kept at 100%, the fish were progressively transferred
salinity by analysis of plasma, gut fluid, and urine ions, at 24-h intervals to 80%, then 60%, then 40%, then
and plasma osmolality. To avoid complications of tox- 20% seawater, then 10%, then 5%, and finally 2.5%,
icant stress, we used a very low, environmentally rele- achieved by complete replacement of water each day.
vantlevel of silver exposure (nominally 2.3 L1, the Once duplicate batches reached their intended final
current U.S. marine criterion value),S. EPA, 1980 salinity, they were held there for 7 days, with exper-
This was found to represent less than 0.1% of the acuteimentation performed on the eighth day. During this
96-h LC50 forO. betain seawater. Silver levels of week-long period, 50% of the water was replaced ev-
0.06-2.9ug L~1 have been reported in intertidal areas ery 24 h. Salinity was checked using a Radiometer
close to sewage outfalls and industrial siteswler and CMT 10 coulometric chloride titrator (100% seawa-
Nordberg, 1986; Eisler, 1996Radiolabelled1®MAg ter =545 mmol -1) and was deemed acceptable if CI
was used to provide greatest sensitivity in analyzing was within 10 mmol ! of the intended value at higher
accumulation and internal distribution at this low sil-  salinities, and within 2mmolt! at the two lowest
ver level (cf.Wood et al., 2002; Galvez et al., 2002; salinities. To avoid complications of possible changes
Hogstrand et al., 2003 in drinking rate or changes in water silver speciation
associated with feeding and defecation, fish were not
fed.
2. Material and methods
2.3. Exposure to silver at different salinities
2.1. Experimental animals
On the day of experimentation, five toadfish from
Gulf toadfish O. betaGoode and Bean, 3#5g, each duplicate were transferred to a fresh 16 L of the
N=210, range 15-71g) were collected in spring of appropriate salinity, allowed to settle for 2 h, and then
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exposed to radiolabelled Ag. The other 10 fish were greatly, so gonads were not sampled separately, and
amalgamated into a second 16 L atthe same salinity andsex was not recorded as a variable. The remaining tis-
sacrificed on the following day for measurements of sues were amalgamated as a single sample (“carcass”)
plasma and intestinal fluid electrolytes (see below). For which was weighed, diluted with a known amount of
silver exposure, our goal was to achieve a mean value distilled water, and ground in a Waring blender to a
of 2.3ug L~ averaged over the 24-h exposure. As we fine paste from which an aliquot-6 g) was gamma-
anticipated that there would be some loss due to adsorp-counted. In general, one or two fish were rejected from
tion to the bucket walls and uptake by the fish, the nom- each experiment because of surface wounds (probably
inal starting silver concentration was 3.6 L~ added due to aggression), and in two instances because of
as AgNG; (analytical grade, Fisher Scientific) andradi- cannibalism, and in some cases urine, bile, or gut fluid
olabelled with 0.33.Ci L ~1of 119MAgNOs (RIS@ Nu- samples could not be taken. Thus, typisahumbers
clear Research Reactor, Risg, Denmark). Silver was were 7-9 per salinity.
added from a single stock solution used in all expo-  The relative contributions of each of the or-
sures; total Ag and®MAg gamma radioactivity were  gans/tissues sampled to the weight of the whole body
assayed in triplicate in this stock at the beginning and are summarized iffiable 1 Clearly the carcass (mus-
end of the 16-day experimental session and remainedcle, bone, nervous tissue, skin, gonads if present, and
constant. Within each exposure, duplicate water sam- trapped blood) was the largest component, while the
ples were taken at 0.1, 12, and 24 h, one of which was other compartments generally comprised less than 2%
directly acidified (1% ultrapure HN§) Fisher Scien-  each. The unaccounted compartment probably reflects
tific) for the later measurement of total silver, and the blood, gut fluids, urine, and other body fluids lost in
other of which was filtered through a 0.45 Gelman dissection and blotting.
syringe filter, then acidified, for the later measurement
of 110MAg gamma radioactivity. o 2.4. Sampling for plasma, intestinal fluid, and

. At 24 h, g_ll 10 fish in the buckeF were rapidly killed | rine ions at different salinities
via the addition of 2.5 g £ neutralized MS-222 (Syn-

del Labs). The fish were weighed and blood sam-  Tne other 10 fish in each treatment were sacrificed
ples (0.5ml) were rapidly drawn by caudal puncture jngividually by placing them in 2.5 gt! neutralized
into lithium-heparinized syringes, discharged into tared
plastic centrifuge tubes, weighed, and plasmawas sepa- .
rated by rapid centrifugation (13,000 G for'2 min). The Percentage contribution of each measured tissue compartment to the
plasmawas decanted, and the tubes reweighed to detergota| hody mass of toadfish

mine the mass of the red blood cell pellet and the hema-

; i ; i N Compartment Percent
tocrit. The fish itself was rinsed in clean seawater and Carcass DAL 035
stored at£Cin asealed plastic bag forno morethan4 h 1294002
before d.issection. The gall bladder qnd the larger 'Iobe Liver 0.98+0.03
of the urinary bladder were removed intact and drained Esophagus-stomach 1D+ 0.04
into tared gamma tubes to provide bile and urine sam- Anterior intestine (B0+0.02
ples. Gut fluids were obtained from various parts of the Mid intestine 046-0.01

. . . . . Posterior intestine 62+0.02
digestive tract as described below, and while originally .- 0.2740.01
kept separate, were Iatgr pooledto obt.ain ;ufﬁcient Vvol- spleen 084+ 0.00
ume for gamma counting. The following tissues were Kidney 036+0.01
removed in their entirety, blotted, and placed into tared Urine 037+0.00
gamma counting tubes that were reweighed: gill fila- Swim bladder £5+0.01

Gut fluids 019+0.02

ments (trimmed from arches), esophagus-stomach (a
single organ in the toadfish), anterior, middle, and pos- Tota? 93.05+0.35
teriorintestine, liver, kidngy, sw?m bladder, spleen, plus peant 1S.E.M. (=63) for toadfish at all salinities.

a 0.5-g sample of epaxial white muscle. The degree 2 The unaccounted compartment reflects body fluids lost in dis-
of sexual maturity, and therefore gonadal size, varied section and blotting.
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MS-222 and were sampled immediately for blood (by
caudal puncture), urine (by removing and draining the
larger lobe of the urinary bladder), and fluid from the
anterior, middle, and posterior intestine following the
procedure ofGrosell et al. (2004a)Each ligated in-

testinal section was drained into an individual sam-
pling tube. It was not possible to obtain all samples
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absorption spectrophotometry (Varian 1275). Plasma
osmolality was measured using a Wescor 5100C va-
por pressure osmometer. Total silver concentrations
in the 11°MAg-labelled AgNQ stock solution were
measured by graphite furnace atomic absorption spec-
trophotometry (Varian 1275 with GTA-9 atomizer) us-
ing a certified standard (Aldrich). As background lev-

from all fish, soN numbers ranged from 4 to 10. The els of total silver in all salinities were below detec-
esophagus-stomach could not be sampled because littlgion (<0.05ug L~1), silver levels in the various expo-
or no fluid was generally present. Plasma, urine, and sure waters were calculated by dividing the measured
intestinal fluid samples were stored-a20°C for later 110mag radioactivity of the water samples (cpmt)
analysis. by the measured specific activity of the stock solu-
tion (cpmpg Ag—1). Similarly, the concentrations of
newly accumulated silver in all tissue and body fluid
samples were calculated by dividing the measured
110mag radioactivity of the tissue samples (cpmty
Three traditional toxicity trials $prague, 1969 by the mean measured specific activity of the stock
were run in 100% seawater. Toadfish were of the same solution. The whole-body concentration of newly ac-
size as those used in the bioaccumulation tests, andcumulated silver for each fish was calculated as the
were held under identical conditions, with 10 fish sum of all of the organ-specific contents (including
in each 16L bucket. Nominal silver exposure con- carcass), divided by the total mass of all of the or-
centrations were 0 (control), 500, 1000, 2000, 4000, gans plus carcass. On average, this accounted for 93%

2.5. Determination of the threshold for acute
silver toxicity

8000p.g L~ (added as AgNg) in the first trial; 0 (con-
trol), 4000, 8000, 16,000, 32,00@ L~ in the second
trial; and 0 (control), 16,000, 32,00y L1 in the fi-

of the original measured body masgable ). To
compensate for differences in mean exposure concen-
trations of waterborne silver among different salini-

nal trial, each with 10 fish per concentration and with ties, all bioaccumulation data were normalized to the
50% replacement of the test solution every 24 h. The mean overall total water silver measured across all
first two trials lasted 96 h and the third 192 h, with mor- salinities using a different correction factor at each
talities recorded at 12-h intervals. Water samples (both salinity, as described in Secti@ In the toxicity tri-
filtered and unfiltered) were taken before and after each als, total and dissolved silver concentrations in se-
exchange of the test solution and preserved for total sil- lected samples were analyzed by graphite furnace
ver analysis, though in light of the results, only a small atomic absorption spectrophotometry. Dilution fac-
subset was analyzed. tors were so large that interference by the high back-
ground levels of other ions in seawater was not a prob-
2.6. Analytical methods lem.
All tissue samples, duplicate filtered and unfiltered
water samples (3ml), and aliquots of the radiola- 2.7. Silver speciation
belled AgNG; stock solution were counted f&19MAg
gamma radioactivity using a Cobra Il Packard gamma  According toWard and Kramer (2002jraditional
counter according to the window selection guidelines aquatic geochemistry programs are in error for sil-
of Hansen et al. (2002)Chloride in seawater and ver speciation in seawater and intermediate salinities
plasma samples was measured with a Radiometer-because their functions do not give the proper cor-
Copenhagen CMT10 coulometric chloride titrator, and rections for activity coefficients, and because they
in intestinal fluid samples (which were generally of include a species (Agg}) which does not occur

small volume) by the colorimetric method &fall
et al. (1956) Na" and M¢* concentrations in plasma

at such salinities. Therefore, we adopted the spe-
ciation scheme recommended kyard and Kramer

and intestinal fluids were measured by flame atomic (2002)
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2.8. Statistical methods

Data are generally expressed as medrs.E.M.
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Na* concentrations in gut fluids were lowest in
100% seawater and were significantly greater at all
lower salinities, though surprisingly constant at levels

(N). To compare differences in tissue-specific concen- ¢jose to those in blood plasma right from 80% down to

trations of newly accumulated silver or ionic concen-
trations in body fluids among different salinities, data

2.5% seawateiHig. 2A). At the two highest salinities,
Na* concentrations were significantly lower in the pos-

were first tested for normality and homogeneity of terjor intestine than in the other segments, but this did
variances. Where necessary, data were log-transformedyot occur at lower salinities. Clconcentrations were
prior to further analysis to pass Bartlett's chi square test more variable, with no well-defined trends across salin-
forhomogeneity of variances, and percentage data werejtjes (Fig. 2B). However, C concentrations in the pos-
subjected to arcsine transformation. Data were then an-terior segments were almost always lower than those

alyzed by one-way ANOVA, followed by Tukey’s hon-
estly significant difference test to detect specific differ-

in the other two sections, which were generally close
to blood plasma levels. Mg concentrations in gut flu-

ences (Statistix for Windows). In those few instances igs were very high (80—160 mmoft) in 100, 80, and

where the data still did not pass Bartlett's test, the non- g, seawater, falling dramatically to much lower lev-
parametric Kruskal-Wallis signed ranks test was used g|s (5-30 mmol £1) at all lower salinities Fig. 2C).

in place of the ANOVA and Tukey’s test. The con-

In 100% seawater, Mg concentrations were highest

vention used in all figures is that means not sharing the i the posterior intestine; there was some indication of
same letter are significantly different. Comparisons be- an opposite trend at salinitiest0%.

tween tissues were made using Student’s paitedt
(two-tailed). A significance level d? <0.05 was used
throughout.

3. Results

3.1. lonoregulatory status of toadfish at each
acclimation salinity

Plasma osmolality was maintained at about
320mOsmkg? at acclimation salinities from 100%
down to 40% seawater, but fell significantly at salin-
ities below this point Fig. 1A). However, even at
the lowest salinity (2.5% seawater), toadfish main-
tained osmolality at 89% of the control value. Based

Toadfish bladder urine Na was very low
(9mmolL~1) in 100% seawater, increased progres-
sively down to 40% seawater (167 mmoil), and then
declined progressively to 106 mmotL at 2.5% sea-
water fig. 3A). In contrast, bladder urine Clwas
high (80-100mmol 1) at 100 and 80% seawater,
but much reduced (5-20 mmott) at all lower salin-
ities (Fig. 3B). Mg?* concentrations in bladder urine
were not obtained from fish acclimated to 100% sea-
water due to a procedural problem, but were very high
(168 mmol 1) in toadfish acclimated to 80% seawa-
ter (Fig. 3C). Urine Md* fell progressively at lower
salinities reaching a minimum of about 10 mmot'L
in toadfish acclimated to 2.5-10% seawater.

on these data, toadfish plasma would have had equal3.2. Silver concentrations and speciation in

osmolality to the external environment at about 32%

exposure water

seawater; thus the 40% seawater treatment was clos-

est to the isosmotic point. Plasma™Nand CI- con-
centrations exhibited very similar trends to osmolal-
ity, though more precipitous declines occurred be-
low 10% seawater, to about 82% of control values
(Na* =162 mmol =1, CI~ =157 mmol L%; Fig. 1B).
Plasma Mg remained steady at about 1.75 mmoftL
across all salinitiesHig. 1C). Hematocrit was rea-

Initial total silver concentrations were generally
close to the intended starting value of a@L 1, and
declined in a more or less linear fashion in the 12-
and 24-h samples. Decreases in silver concentrations
were greater at the lower salinities, ranging from about
15% in 100% seawater to about 70% in 2.5% seawater.
Based on measured whole-body silver accumulation

sonably constant across salinities at 24-31% (data (see below), only a small fraction (<5%) of the lost

not shown); the only significant difference was be-
tween 80% seawater (33152.2% [8]) and 5% sea-
water (21.5+ 1.7% [8]).

silver was due to uptake by the fish, the rest adsorb-
ing to the container wall and to mucus precipitates.
The dissolved fractions were initially greater than 90%
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Fig. 1. The influence of acclimation salinity (shown as both % seawater and the correspondicmn€éntration) on (A) plasma osmolality;
(B) plasma sodium and chloride; and (C) plasma magnesium concentrations in the gulf toadfist. MeEM. (N=7-10). Means not sharing
the same letter (of the same case) are significantly diffeRR0(05). There are no significant differences in panel C.

of the total, but underwent somewhat larger declines, values ranged from 1.58gL~1 in 2.5% seawater to
especially at the two lowest salinities. Overall means 2.89ug L~ in 100% seawater. Based on the probable
are summarized iffable 2 The 24-h average for to-  assumption that silver uptake would be concentration-
tal silver concentration was 2.4#80.09.g L1, with dependent within any one salinity, all bioaccumulation
a dissolved fraction of 74 2%. While the formerwas  data were normalized to the overall mean exposure
very close to the total silver target of 2ug L1, the concentration so as to facilitate comparisons between
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Fig. 2. The influence of acclimation salinity (shown both as % seawater and the corresponding chloride concentration) on the ionic composition
of fluids sampled from the anterior, mid, and posterior intestine of toadfish: (A) sodium; (B) chloride; and (C) magnesium concentrations.
Mean+ 1S.E.M. N=4-10). For comparisons among the same intestinal segments at different salinities, means not sharing the same case lettel
are significantly differentR < 0.05). Within a salinity, asterisks indicate means that are significantly difféPen®(05) from the corresponding

value in the anterior intestine.
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Fig. 3. The influence of acclimation salinity (shown both as % seawater and the corresponding chloride concentration) on the ionic composition
of urine sampled from the bladders of toadfish: (A) sodium; (B) chloride; and (C) magnesium concentrations: MeBrM. (N=7-10).

Means not sharing the same letter are significantly differeért.05). Urine magnesium concentrations were not obtained at 100% seawater
due to a procedural problem.
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Table 2
Mean measured total silver concentrations and filtered fractions in
the exposure waters over the 24-h exposure period

Percent Measured total silver Measured 0.45M
seawater (%) (ngL~1,N=3) filtered silver (%,N=23)
100 289 81

80 264 82

60 231 89

40 176 81

20 192 79

10 238 78

5 197 58

25 159 61

Mean 218 74

S.E.M. N=24)+0.09 +2

Mean+ 1S.E.M. ().

salinities. This was done by applying a different correc-
tion factor at each salinity—i.e., by multiplying mea-

sured values of newly accumulated silver by the ratio
of 2.18ug L~ to C, where C was the measured 24-
h average total silver concentration for that particular
salinity.

Fig. 4 illustrates the speciation of 2.1& L1 to-
tal silver in the exposure water at each salinity using

the respective mean measured particulate fraction (non-

filterable) of silver over 24 h and applying the compu-

C.M. Wood et al. / Aquatic Toxicology 70 (2004) 137-157

tational framework oWWard and Kramer (2002p the
mean measured dissolved fraction (filterable). Particu-
late silver was more or less constant at aboup@ 4 1
down to a salinity of 10%, and increased to about
0.8ug L1 at the two lowest salinities. This probably
represents silver bound to mucus produced by the fish
plus other particles in the water, because .48 1
total silver is below the threshold for formation of in-
soluble cerargyrite at all salinities. AgsZ decreased
linearly from the largest fraction (1,59 L 1) in 100%
seawater to QgL~! at the lowest salinity. AgGH
dominated at intermediate salinities (10—-60% seawa-
ter), but declined at both low and high salinity. The
neutral complex AgG was negligible at higher salin-
ities, but increased greatly at lower salinity, becom-
ing approximately equal to Aggt (~0.65pg L~1)in
2.5% seawater. Agwas the smallest fraction, account-
ing for at most 2% of total silver at the lowest salinity,
and declining to negligible values0.06%) at salini-
ties>20% seawaterHig. 4).

3.3. Bioavailability and internal distribution of
silver in toadfish at different salinities

On a whole-body basis, the 24-h uptake of newly
accumulated silver varied more than nine-fold across
salinities, with the highest accumulation at 2.5% sea-

1.50 )
AgCl,™
1.25
1.00 1
g
2 0.75 1
]
=
@ 050+ Particulate Ag
0.25 Agcly
_—AdCh
0.00 1
. . | . ‘ ™ Ag'
0 20 40 60 80 100 Percent Seawater
0 109 218 327 436 545 CI” (mM)

Fig. 4. Speciation of 2.18g L~ of total silver (as AgN@) in each of the exposure salinities, calculated using the mean measured particulate
fraction of silver over 24 h at each salinity and applying the computational framewdMaaf and Kramer (2002p partition the measured

dissolved fraction into its various components.
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Fig. 5. The influence of acclimation salinity (shown both as % seawater and the corresponding chloride concentration) on the concentrations of
newly accumulated silver in (A) the whole body, (B) the gills and esophagus-stomach, and (C) the various sections of the gastrointestinal tract of
toadfish exposed to 2.18y L1 of silver (as ANQ) for 24 h. Meant 1S.E.M. N = 7-9). Means not sharing the same case letter are significantly
different (P <0.05). In (B), asterisks indicate significant differences between gill and esophagus-stomach values. In (C), a cross marks the only
case (in 80% seawater) where there was a significant difference between the anterior intestine vs. the middle and posterior intestine. At all other
salinities, concentrations were statistically the same in the three intestinal segments, so the data were combined for subsequent analyses. Mean:
not sharing the same lower case letter are significantly diffefea10(05) for intestinal segments (combined data) and means not sharing the

same upper case letter for esophagus-stomach are significantly different. Asterisks indicate significant differences between esophagus-stomact
concentrations and intestinal concentrations (combined data) at the same salinity.
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water, and the lowest at 40%, close to the isosmotic of 60% (0.57+0.19 [8]ugL~1), 80% (1.03+0.61
point (Fig. 5A). The difference in accumulation be- [8] wgL~1), and 100% (0.66-0.38 [7]ngL~1) but
tween 40 and 100% seawater was only about 1.6-fold, were not significantly different from the exposure water
so most of the variation reflected the large increases atat lower salinities.
the lower salinities. Of the various internal organs assayed, the liver ex-
A comparison of the two most probable sites of hibited by far the highest levels of newly accumulated
silver uptake, esophagus-stomach versus gill, revealedsilver (Fig. 6A). The overall pattern with respect to
two very different patterns of bioaccumulation with re-  salinity was somewhat similar to that seen in the whole
spectto salinityfig. 5B). For gill tissue, accumulations  body (cf.Fig. 54), reflecting the fact that the liver ac-
remained low from 100% down to 40% seawater (min- counted for 23—40% of the whole-body accumulation.
imum), then increased dramatically (26-fold) at lower Thus, hepatic silver accumulation decreased by slightly
salinities to a maximum in 2.5% seawat®ig. 5B). less than half from 100 to 40% seawater, then increased
For esophagus-stomach, the highest accumulation oc-from this minimum by more than 18-fold to the high-
curred in 100% seawater, declined to a minimum at in- est values in 2.5% seawater. Although the exposures
termediate salinities (10—40%), then increased again atwere only for 24 h, newly accumulated silver had al-
the two lowest salinities to values that were not signifi- ready been passed into the bile in appreciable amounts
cantly different from those in 100% seawateiq. 5B). (Fig. 6B). Absolute biliary concentrations were about
Overall variation was about five-fold. Silver accumu- 5-20% of those in liver, and exhibited a very similar
lations in the esophagus-stomach were fairly similar to pattern of variation with salinity.
those in the gills down to a salinity of 60%, but below Newly accumulated silver concentrations in kidney
this level, the gill values exceeded the gut values by an (Fig. 7A) were far lower than those in the liver (cf.
increasingly greater extent. Fig. 6A) and comparable to those in whole body (cf.
Within various parts of the intestinal tract at a par- Fig. 5A). Overall patterns were similar to both, de-
ticular salinity, newly accumulated silver levels were clining by about half from 100 down to 40% seawa-
very similar between anterior, middle, and posterior ter, then increasing by seven- to eight-fold at the two
intestine Fig. 5C). The overall pattern was that val- lowest salinities. Newly accumulated silver levels in
ues declined from 100% seawater down to minima the urine were very lowKig. 7B), significantly below
in 40 and 60% seawater, then increased to the high- (about one-third) those in plasma at most salinities (cf.
est levels in 2.5 and 5% seawater. This biphasic trend Table 3, and far below than those in bile at all salini-
was very different from that in the esophagus-stomach ties (cf.Fig. 6B). There were no significant differences
(Fig. 5B). Plotting these data togethdfig. 5C) em- among salinities.
phasizes that esophagus-stomach concentrations were White muscle concentrations of newly accumulated
about five-fold higher than in the intestinal segmentsin silver were the lowest of any tissue sampled, signifi-
100% seawater, but that this difference progressively cantly lower even than those of the carcass, of which
declined at lower salinities. Below 40%, there were it was the principal constituent, or the swim bladder
no significant differences, and esophagus-stomach con-(Table 3. All three tissues showed generally simi-
centrations tracked those of the intestinal segments aslar patterns, again comparable to those of the whole
they increased again at the lowest salinities. body (cf.Fig. BA). Plasma and red blood cell levels of
Gut fluid volumes were small, especially at salinities newly accumulated silver were not consistently differ-
below 60%, and it was necessary to pool the samplesent from one another, the only significant differences
from different parts of the digestive tract to provide (in opposite directions) occurring at 5 and 20% sea-
sufficient volumes for reliable analysis. There were no water (Table 3. Variation across salinities was not as
significant differences in gut fluid silver concentrations great as for most other tissues, though again, the low-
across the entire salinity range (data not shown). The est concentrations occurred in fish at 40—-60% seawater.
overall mean was 2.68 0.69 (63)ug L1, close to the Notably, plasma concentrations of newly accumulated
mean exposure concentration of 2:48.09ug L1, silver were significantly below those in the exposure
However, gut fluid concentrations were significantly water (2.18.g L~1) at every salinity except the lowest.
lower than those in the exposure water at salinities Concentrations of silver in the spleen, which functions
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Fig. 6. The influence of acclimation salinity (shown both as % seawater and the corresponding chloride concentration) on the concentrations of
newly accumulated silver in (A) the liver and (B) the bile of toadfish exposed todj18?! of silver (as AgNQ) for 24 h. Meant 1S.E.M.
(N=7-9). Means not sharing the same letter are significantly diffeRerD(05).

to store red blood cells, were rather variable but gen- However, some of the fish appeared very lethargic at
erally higher than those of the erythrocytes themselves this concentration, so a third, longer trial was per-

at most salinitiesTable 3. formed, at just the two highest concentrations, 16,000
and 32,00Gu.g L~1 (nominal). In both, mortality started
3.4. Threshold for acute silver toxicity in toadfish at120 h, with 50% dead at 168 h (7 days), and was com-

plete by 200 hFig. 8). Speciation calculations at these
Toadfish proved exceedingly tolerant to silver in Vvery high concentrations are problematical, but indi-
100% seawater. In the first two trials, there was no cated that at most 11% of the total added silver should
mortality up to 96h at any concentration tested up 9o into solution, the rest forming cerargyrite, an insol-
to 32,000ug L~1 (nominal); this was obviously well  uble silver chloride complex. Actual measured concen-
above the solubility limit, as the water was very cloudy. trations in the exposure water were in reasonable agree-
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Fig. 7. The influence of acclimation salinity (shown both as % seawater and the corresponding chloride concentration) on the concentrations of
newly accumulated silver in (A) the kidney and (B) the urine of toadfish exposed t@.8.18 of silver (as AgNQ) for 24 h. Meant 1S.E.M.
(N=7-9). In (A) means not sharing the same letter are significantly diffeRaD(05). In (B), there are no significant differences among

salinities.

ment with this prediction. At 16,000gL~1 (nom- 4. Discussion

inal), measured concentrations were only 16086

(20)pg L1 total and 876+ 32 (20)ug L1 dissolved 4.1. Osmo- and ionoregulation of toadfish in

(i.e., 0.45um filterable) and at 32,000g L~ (nomi- relation to salinity

nal) were 2253 213 (20)ug L~ total and 980t 47

(20)ug L~ dissolved. Note the very similar dissolved ~ The data offig. 1 confirm the ability ofO. beta
concentrations associated with the identical-time mor- (Serafy et al., 1997to osmo- and ionoregulate effec-
tality curves Fig. 8). Thus the 96-h LC50 is above tively over arange from full strength seawater down to
980ug L1 dissolved silver and 2250gL~! total almost freshwater (2.5% seawater) despite an absence

silver, but the true incipient LC50 is undoubtedly of feeding, at least for the 1-2-week period of the cur-
lower. rent exposures. (Attempts to acclimate the toadfish to



Table 3

The influence of acclimation salinity (shown as both % seawater and the corresponding chloride concentration) on the concentrafiporipgly accumulated silver in the

white muscle, carcass, swim bladder, red blood cells, blood plasma, and spleen of toadfish exposgdytb 2. b8 silver (as AgNQ) for 24 h

% SW (CF, mM)

2.5 (14)

100 (545)
673+13.9 bc
218+ 44.8 cde

80 (436)
1160+ 8.7 bed

492+ 7.7cC

60 (327)

20 (109) 40 (218)
45.9-85¢

10 (54)

5 (27)

635+9.9 bc

810+6.1 abc

179+ 245ab 1332+20.7 abc
76+117.9a 3546+39.7 bc

42@+99.2a
1368+173.7a 6224+249.6ab 34B+66.9b

197.6:27.7 a

Muscle

188+23.12de 13®@+159e

72+11.0d

3537+ 66.8 bcd 151.420.3e

14688+ 14.2 bc

5743 66.2 ab
436.490.0a

Carcass

840+9.6 cd
2041 +£32.7b

82.3:16.0cd

456.4t 93.8 ab

2281 +58.5 ab

Swim bladder

5929+ 145.3 ab

29P+76.9b
2850+2525b 459+53.7ab 48%+93.4ab

855.3187.1 ab

Red blood cells

Plasma
Spleen

825" +111.7a 25%246h

675 +81.7a 70#+157.7a
5906.82956.2a 2529 +342.1a 88%6+202.4ab 2163 +926.2ab 1090.8123.3ab 557+91.9b

1466.3681.1 a

C.M. Wood et al. / Aquatic Toxicology 70 (2004) 137-157 151

7868+ 167.7b 2146+ 1253.6 ab

7-9). Within a tissue, means not sharing the same letter are significantly different (P <0.05). Asterisks indicate significant differenceddshaemmdp

Mean+ 1S.E.M.

red blood cell concentrations at the same salinity.

true freshwater resulted in partial mortalities.) In gen-
eral, the pattern of changes in plasma osmolality and
ions, as well as urinary ions, corresponded well with a
less extensive data set reported in the congeri@pic
sanus taylLahlou et al., 1969 Both species are virtu-
ally aglomerular, forming the primary urine largely by
secretion Klarshall, 1930; Lahlou et al., 1969; Howe
and Gutknecht, 1978; McDonald et al., 2000, 2003
However, clearly the renal system continues to play an
important ionoregulatory role, in particular, secreting
Mg2* at higher salinities and reabsorbing Cind to

a lesser extent Naat lower salinities fig. 3), similar

to glomerular teleostsHickman, 1968; Hickman and
Trump, 1969; Beyenbach and Kirschner, 1975

In view of the electrolyte gradients between the ex-
ternal environment and the blood plasntag( 1B),
the ionoregulatory strategy of toadfish likely switches
over at 30-40% seawater, from active 'Nand CI-
excretion across the gills at high salinities, to active
uptake of these ions at lower salinities. Like other ma-
rine teleosts$mith, 1930, toadfish drink the external
medium at higher salinities, transporting™Nand CI-
across the intestinal epithelium so as to absorb water,
while excluding divalent ions such as Kfg(Grosell
etal., 2004a,pb Because water permeability¢we and
Gutknecht, 197Band urinary water lossMcDonald et
al., 2000, 200Bare both low, drinking rates tend to
be lower than in most other marine teleostsosell
et al. (2004b)reported rates of 0.5-1.5mlkgh—1,
and we measured rates of 0.65mtikd~1 (unpub-
lished data) in trials done in parallel to the current ex-
periments in unfe®. betaacclimated to 100% seawa-
ter. A priori, we would expect drinking to be turned
off close to the isosmotic point (cfShehadeh and
Gordon, 1969 the intestinal M§* data suggest that
this occurred in the fish acclimated to 40% seawater
and below Fig. 2C).

Notably, N& and CI- concentrations in intestinal
fluids (Fig. 2A and B) were similar to or somewhat be-
low plasma ion levelsKig. 1B) at salinities (60-100%
seawater) where the fish were obviously drinking. This
fits with the theory that the bulk of desalination goes
on in the esophagus-stomach region, i.e., anterior to the
points where the present samples were taken, so water
absorption can occur by more or less isosmotic trans-
port of N&, CI~, and water in the subsequent intesti-
nal segments (reviewed Hyoretz (1995). At lower
salinities (2.5-40% seawater), the fact that intestinal
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Fig. 8. Time-mortality curves for toadfish exposed to 16,000 and 32,800 ! of silver (nominal concentrations as AgNON =10 per
concentration) in 100% seawater. Note the absence of mortality up to 96 h, and the similarity of the two mortality curves from 120 h onwards.
See text for measured silver levels in the exposure water.

fluid Na* and CI- concentrations remained similar to 1), it would be of interest to measure 96-h LC50s in
plasma levels suggests that the fluid is either derived toadfish at such salinities. Regardless, the level of sil-
from extracellular fluid, or ifingested in smallamounts, Vver used in the bioavailability tests (2.48 L~ to-

quickly equilibrates with extracellular fluid. tal silver for 24 h) was so far below the toxic thresh-
old (less than 0.1%) that the present results likely re-
4.2. Acute toxicity of silver in toadfish flected pure bioavailability considerations dictated by

organism physiology and silver speciation, and were
Relative to summaries of acute toxicity thresholds not complicated by pathological responses.
by theU.S. EPA (1980)Ratte (1999)andDeBoeck Inthis regard, it is of interest to note that in a parallel
et al. (2001) many of which are based on nomi- study (unpublished data), we have recently measured
nal concentrations). betais clearly the most silver-  total liver silver levels in toadfish collected from the
tolerant marine fish ever studied, with a 96-h LC50 in same site (Biscayne Bay, south Florida) as those used

100% seawater greater than 98§L ~dissolved sil- in the present study. Total “background” silver burdens
ver, 2250ug L~ total silver, and 32,00Qg L~1 added were several-fold greater than the 24-h levels of “newly
silver (i.e., nominal;Fig. 8. The measured total sil- accumulated silver” measured in the present study for
ver value, equivalent to approximately 2ol L=, 100% seawater acclimated fishig. 6A), again indi-
may be compared with a measured total copper 96- cating that the present exposures were well below con-
h LC50 greater than 340molL~1 (Grosell et al., centrations that would have caused any acute pathol-

20043, showing that the toadfish is even more resistant ogy. However, it is not known how these “background”
to a metal which shares some chemical similarities to silver concentrations present in wild fish might have
silver. In other marine teleosts where toxicity is seen at influenced the uptake and tissue distribution of the ra-
much lower silver concentrations below the threshold diolabelled silver.
for cerargyrite formation, ionoregulatory impairment
appears to be the toxic mechanishostrand et al.,  4.3. Bioavailability of silver in relation to salinity
1999; Grosell et al., 1999; Webb et al., 2001; Grosell in toadfish
and Wood, 20011

In view of the reportedly greater toxicity of sil- To our knowledge, this is the first study of sil-
ver at lower salinities in other teleosts (see Section ver bioavailability to a single species across a range
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of salinities from almost freshwater right up to full

strength seawater. Bioavailability (reflected in whole-
body silver accumulation at an environmentally rele-
vant level of waterborne silver) varied more than nine-
fold across salinities, with the highest value occurring
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ing at a rate of 1.5mlkgt h—1 (Grosell et al., 2004b
see Sectiod. 1), ingestion of 100% seawater contain-
ing 2.18ugL~1 would account for an accumulation
of about 80 pgg* over 24 h, relative to a measured
value of 374 pg gt in the whole bodyFig. 5A). Tak-

at 2.5% seawater, and the lowest at 40%, close to theing the relative mass of the esophagus-stomach into

isosmotic pointFig. 5A). Accumulation in 100% sea-
water was only about 1.6-fold higher than in 40% sea-
water, so most of the variation reflected the large in-
creases at the lower salinities. While bioaccumulation
is not necessarily correlated with toxicity, the present
pattern Fig. 5A) nicely parallels earlier theoretical sce-
narios about silver toxicity based on speciation mod-
eling and predictions about organism physiology at
different salinities.Hogstrand and Wood (199&nd
Wood et al. (1999predicted greatest toxicity at low-
est salinity (reflecting the availability of the free Ag
ion), lowest toxicity at the isosmatic point (reflecting
the absence of Ag the absence of drinking intake,

account Table 1), approximately half of the accumu-
lation by drinking was retained in this tissue. From this
we conclude that the gill is the dominant route80%)

of uptake even at the highest salinity, with this con-
tribution increasing close to 100% of the much higher
accumulation at the lowest salinities (e.g., 2153pY g

in 2.5% seawatelf-ig. 5A). Taking the relative mass
of the gill into accountTable ), less than one-third of
this silver uptake remained in the gill tissue at 24 h, the
bulk being redistributed via the bloodstream to other
tissues. Using a more direct experimental approach,
Grosell and Wood (2001gimilarly concluded that the
gastrointestinal tract contributed only a small percent-

the reduced activity of ionoregulatory processes, and age of silver uptake relative to the gills in the lemon

the minimal overall solubility of silver at this salinity),
and moderately greater toxicity at higher salinities up
to 100% seawater (reflecting drinking intake and the
increasing importance of ionoregulatory processes).
Comparison ofFig. 5A with Fig. 4 indicates that
bioavailability of silver to toadfish cannot be related un-
equivocally to the availability of a single silver species.
Of the various possibilities, the occurrence of the neu-
tral dissolved AgQd complex appears to be the best
correlated with accumulation, and this would agree
with evidence that AgGlis also taken up by fresh-
water fish McGeer and Wood, 1998; Wood et al.,
2002; Hogstrand et al., 20p3However, the very small
amount of Ag in exposures at20% seawater cannot
be discounted, as this is the form primarily taken up by
the active N& uptake mechanism on the gills in fresh-
water fish Bury and Wood, 1999 Such a mechanism
would not be operating above the isosmotic point, but
with the onset of drinking, another route of uptake, the
gastrointestinal tract, will become available. The very
different patterns of silver accumulation in gills ver-
sus esophagus-stomadéhd. 5B) are diagnostic of this
changing organism physiology across salinities.
Silver loads in the two tissues, which make com-
parable contributions to total body mass (1.1-1.2%;
Table 1), are similar down to 60% seawater, but the gill

sole Parophrys vetulusin 95% seawater, even though
at least half of the toxicity to ionoregulation (at much
higher waterborne silver concentrations) was of gas-
trointestinal origin.

Detailed analysis of the silver accumulation pat-
tern in various parts of the gastrointestinal tract reveals
that most silver was accumulated by the esophagus-
stomach down to 40% seawater, whereas all segments
exhibited similar silver concentrations at salinities be-
low this point Fig. 5C). Silver concentrations in in-
testinal fluids were below those in the exposure wa-
ter only at higher salinities. Very probably, this result
reflects drinking occurring only at the higher salini-
ties, with silver being preferentially taken up in the
first compartment, the esophagus-stomach, by the well-
known desalination mechanisms (active and passive
transport of NaCl) that occur in this segmehbfetz,
1995. Hogstrand et al. (2002)sing an in vitro intesti-
nal preparation of the European floundBtatichthys
flesu3, provided evidence for transcellular, carrier-
mediated silver uptake. At lower salinities (2.5-20%
seawater), the homogeneous distribution of silver in all
segments and increasing absolute concentrations prob-
ably result from bloodborne distribution of silver to the
tissues, rather than a resumption of drinking; note the
similar pattern in red blood cells and plasnialfle 3.

concentration becomes progressively greater at lower This silver would have entered the blood via the gills

salinities Fig. 5B). Using a generous estimate of drink-

(Fig. 5B).
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4.4. Internal distribution of silver in relation to
salinity in toadfish

Silver entering across the gills was efficiently scav-

C.M. Wood et al. / Aquatic Toxicology 70 (2004) 137-157

it is fairly modest Fig. 7A). Urinary silver concentra-
tions have not been measured in previous studies; the
present dataHig. 7B) indicate a minimal renal role
in silver homeostasis, as urinary silver concentrations

enged from the blood by the various organs. Plasma andremained below plasma levekig. 7B, Table 3.

erythrocytes appear to be more or less in equilibrium
(Table 3. With the exception of white muscle, carcass,
and swim bladderTable 3, all other tissues exhib-

Accumulations of silver in muscle tissue, which
makes up most of the carcass by mass, were extremely
low, in accord with the cited literature (see above),

ited greater mass-specific silver accumulation than the whereas carcass accumulations were somewhat greater

blood (Table 3. The liver was clearly the dominant or-
gan in this regardKig. 6A), accounting for only~1%

of body mass but about 23% of the whole body bur-
den at higher salinities, increasing to 40% at the lowest
salinity (Fig. 9). This finding is in accord with all pre-
vious studies on silver accumulation in both marine
(e.g.,Pentreath, 1977; Hogstrand et al., 1999; Webb
and Wood, 2000; Rouleau et al., 2000; Grosell and
Wood, 200) and freshwater teleosts (e.Garnier and
Baudin, 1990; Garnier et al., 1990; Hogstrand et al.,
1996, 2003; Bertram and Playle, 2002; Galvez et al.,
2002; Nichols and Playle, 20D4rhe rapid (<24 h) ap-
pearance of this newly accumulated silver in the bile
(Fig. 6B) in approximate proportion to the liver ac-
cumulation Fig. 6A) suggests that the hepatobiliary
route may be an important and rapid pathway for silver
homeostasis in the toadfish, as for chemically similar
copperinthe same speci€rpsell etal., 2004bMany

of these investigations have also measured kidney ac-

cumulations and concur with the present finding that
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(Table 3. This suggests that the contained bone, skin,
nervoustissue, gonad, and blood components may have
exhibited higher concentrations, though still very low
relative to liver Fig. 6A). Nevertheless, on a percentage
basis, the carcass was the single biggest contributor to
the whole-body burderHg. 9) at every salinity except
2.5% seawater (where the liver dominated), reflecting
its 85% contribution to total body masEable ). Fig. 9
further emphasizes that over 90% of the total burden
was accounted for by only four compartments (carcass,
liver, gill, and esophagus-stomach) at every salinity.
The relative contribution of the esophagus-stomach be-
came negligible at salinities <40% seawater, whereas
the relative contributions of the liver and the gill in-
creased at the expense of the carcass at these lower
salinities. The overall distribution of newly accumu-
lated silver in toadfish acclimated to 2.5% seawater
was very similar to patterns that have been reported in
trout and eel after comparable 24-h exposures to low
levels of'19MAg in freshwaterogstrand et al., 2003

Other
Esophagus-Stomach

Gill

Liver

Carcass

Percent Seawater
CI" (mM)
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Fig. 9. Relative contribution of four compartments to whole-body concentration of newly accumulated silver in toadfish exposedyto 218

of silver (as AgNQ) for 24 h.



C.M. Wood et al. / Aquatic Toxicology 70 (2004) 137-157

4.5. Concluding remarks

The present study has demonstrated that the shor
term bioavailability and internal distribution of silver
are both greatly affected by salinity in the gulf toad-
fish. These effects are explained in part by salinity-

dependent changes in metal speciation, but just as

importantly, by salinity-dependent changes in the
ionoregulatory physiology of the organism. Efforts to

extend the Biotic Ligand Modeling approach (see Sec-
tion 1) to the estuarine and marine environment must
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freshwater chemistry on the physiological responses of rainbow
trout to silver exposure. Environ. Toxicol. Chem. 18, 49-55.

DeBoeck, G., Grosell, M., Wood, C.M., 2001. Sensitivity of the
spiny dogfish $qualus acanthigso waterborne silver exposure.
Aquat. Toxicol. 54, 261-275.

Dorfman, D., 1977. Tolerance &undulus heteroclituso different
metals in saltwater. Bull. N. J. Acad. Sci. 22, 21-33.

Eisler, R., 1996. Silver hazards to fish, wildlife, and invertebrates: a
synoptic review. U.S. Department of the Interior National Bio-
logical Service Biological Report 32. 44 pp.

recognize that ligands on the gills and the gut are both Erickson, R.J., Brooke, L.T., Kahl, M.D., Vende Venter, F., Harting,

potentially important, and must take this changing or-
ganism physiology into account.
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