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Abstract—Sediments from the Atantic coast of Spain have been studied to evaluite environmental quality by using an integrated
approach including chemicnl and toxicological data. Sediment samples were collected in four littoral ceosystems tocated in Spain,
Bay of Cidiz, Guadatguivir River estuary, Rin of Muelva, and Ria of Coruita. To characterize the sedimems, organic carbon,
grantlometric content. total subide. eight wace metals (He, Cd, Pb, Cu, Zin, As, Ni, and Cry, polychlorinated biphenyis (PUBs).
and polycyclic aromatic hydrocarbons {PAHs) were measured, The toxicity of sediments was assessed with the amphipod Ampefisea
brevicornis, the clam Reditapes philippinanon, juveniles of the fish Sofea sencgafensis, populations ol the estuarine rotifer fra-
cirionus plicatitis. and popuistions af the bactetium Vibrio fischeri (3dicrotox®). The results obained show that in general, stations
located in the Rin of Huelvi were associgred with heavy metal contamination and with the highest toxicity, Only chronic toxicity
tests were capable of identifying the effects associuted with PCB concentrations. The sediment quabity guidelines caleulated by
means of a multivariate analysis approwch For contaminants not associned with bislogical effecis {mpfkg) are Ha. (0L34; Cd. (151,

Po. 2000 Cu, 208 Zn. 513; As, 2704 and towad PCBs. (005,

Keywords—Toxicity {esls Contimimstion

INTROBUCTION

Sediments are significant in swdics of pollution in aquatic
environments and are known o transport various contami-
nants. Sediments also serve as a sink or source to the water
column of some contaminants {1, Tor o better assessment of
the pollution process in the marine coastal cnvironment, sev-
eral authors have proposed delerminations based on chemical
measurements together with laboratory woxicity wests [2].
The complex natere of the sediment matrix and complex

iding w rapid and integrated measure of (he toxicological
tgnificance of contaminants bound o sediment {41, In this
nse, sediment toxicity tests provide information on the tox-
Ieity of contaminaled sediments by measuring their effeet on
ested organisms. Furthermore, a battery of hioassays should
Fused to cover the different routes of exposure (whole sed-
ment and sediment elutriate) and to ensure that the no-effect
evel in one test also will discriminate at several traphic levels
31
o this paper. whole-sediment toxicity tests were applied
1sing four arpanisms and six endpoints: amphipod survival,
am mortality and reburial, fish and clam histopathological
ons, and inhibition of bioluminescence of the baclerium
’f__rin Jischeri (Microtox®, Carlshad. CA. USA). Sediment
litriate toxicity tests were applied by wsing declines in rotifer
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Multivariate analysis

populations and inhibition of bioluminescence of V. fischert,
The present article combines sediment contamination with sed-
iment taxicity tests by using mubtivariate analysis to derive
quantitative guidelines tor the chemical contaminants mea-
sured {sediment quality guidelines [SQGs]) associated with
elfect, The objectives of this study were w establish sediment
quatity of samples collected in dilferent arcas affected by dil-
lerent sources of conlamination by using an integrated method
that applies sediment chemistry and toxicity assessment and

samples colfected in different littoral areas alomg the Adantic
coast of Spain (Fig. 1) Eight of the samples were located in
the Scouth of Spain: three from the Bay of Ciddiz (BCIL, BC2,
and BC3). two from the Guadalquivir River estuary (GL and
GR), and three from in the Ria of Hoelva (FE. H2, and H3);
and three located in the North of Spain from the Ria of Corulia
(CO1, CO2, and CO3). The sampling sites represent different
sources and origin of contamination. The Bay of Cddiz has
fow contamination, the Guadalquivir River estuary is atfected
by a mining spill {April {998) the Ria of Huoelva is atfected
by mining and industrial activities, and the Ria of Corufin is
affected by heavy navigation activities. Clean sediment from
the Bay of Cidiz (BC1) was used as negative contral reference
and toxic mud trom an accidental mining spill in Spain {Az-
naleollar, April 1998} was used as posttive controt {6,
Sediment samples were collected with a 0.0235-m° Van Veen
grab and transferred to a cooler. When sufficient sediment
{about 40 L} had been collected from a particular station, the

Cmintures of numerous potential toxicants make it difficult 1o f” dcriv‘c site-specific |:|u‘zlhly \":ﬂucs far the c‘cosystems stu- %
identify the componems that cause biclogical cffects. Some ch'_ dc!met.! 4% rapges n%‘chcmwal concentrations (SQGs) as-
authors have pointed out that rigorous numerical wnalysis of sociated with adverse effects. \}
relationships between sediment loxicity and contamination é
"'n:ly wentify significant associations that could determine the MATERIALS AND METHODS 3«:
Cause of toxicity |31, Sediment taxicity tests can he pertormed Approach
vith relatively simple bioassays designed 1o minimize the ef- . _ o _ . . -
cis of naturally occurring properties of sediments and pro- Phe present study was developed by using [ sediment j%
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Fig, . Map of the Atlantic coast of Spain showing the general arcas sampled and locations of the sampling stations, Three of the four studied
sites are tocated in the South of Spain, the Bay of Cidiz (BC1, BC2, and BCH, the Guadalquivir River estaey (GL and GRY, and the arca of
Huebva (H 1, H2. and H3). Fhe other studied ared is Focated in the North of Spain in the area of Coruna {CO1, CO2, and CO3). The location of

the toxic mud {TM) also is shown,

cooler was transported 1o the taboralory. The contents of the
coaler were homogenized with 2 Tefton® spoon untit no color
or lestural differences could be detected. The sediments were
subsampled for physical characterization and chemical gquan-
tification (1.5-L aliquots). After that, sediment samples were
maintained in the cooler at 4°C in the dark until their use in
sediment toxicity tests and not longer than two weeks 1o avoid
interferences in the toxicity resulbts associated with the storage
periad {2,61.

Chentical anadvses

For sediment grain size analysis, an aliquot of wel sediment
was analyzed with a laser particle-size Fristch analyzer (model

Amalysette 22, Laval Tab, Lavel. PQ, Canada) by following the
method reported by DelValls et al. 73, The remaining sediment
was dricd at 60°C before chemical anulysis. Dried sediments
were gently homogenized. Orpanic carbon content was deter-
myined by using the method reported hy El Rayis {8]. For trace
metal analysis, the sediments were digested as deseribed by
Loring and Ranttla [9]. The concentrations of the heavy metals
Cid, Ni, Croand Ph were determined with a Perkin-Elmer 4100
ZL graphite furnace atomic absorplion spectrophotometer
(Norwalk, CT, USA), and the concentrations of Cu and Zn
were determined with o Perkin-Elmer 2100 flame alomic ab-
sarption spectrophotemeter. Results are expressed as ma/kg
dry sediment, Mercury was determined by eold vapor tech-
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Table 1. Summagized description of sediment biogssays performed in whole sediment and in test
chutriutes collected on the Atlante coast of Spain. The ET30 is the median effective time in the clam
bioussays, TLAO is the median kethat time of 30% of the population of rotifers. and ECH0) 15 the median

effective concentration for the Macrotox test with Vibrio fischeri

Sediment toxicity Tempersture  Duration Endpoint

OTZUNISM [est .

Ampelisea Breviconis (adult 20 nd Survival (%)
amphipod)

Rudirapes philippinarim ut 48 b 10d Clam reburiad ETS0 (hy, Survival, His-
{juvenile bivalve) wpatholegy

Solea senegalensiy (uvenile 0 30 d Histoputhology
flatiish)

Brachionus plicatilis (rotifer 25 7d Population decline TL30 (h)
populiation}

Vibrie fischeri thacteria popa- IS {53-30 win  Luminescency decrease, RO (me/T)
Lation)

pigue and As by hydride generation: in both cases a flow-
ipjection hydride anualysis system coupled with a Perkin-Elmer
100 ZL graphite furpace wtomnic absorption speciraphotom-
cter was employed. Total sullides were determined by poten-
tiometric titration {Metrehm, 670, Berchem, Belgium) by using
a selfur-specific electrade (FL2128, Radiomeler, Westlake,
OH, USA)Y and 2 reference clectrode (Metrobhm, 60726100,
Briefly, 1 (o 3 g of sediment was buflered 1o a pH of 11.3
with 13 ml of a solution containing 0.2 mM Na,PO,-2H.O.
0.45 mM NaNQO;, and 0,1 mM NaOH. Treatments were per-
formed in a nitrogen almosphere adapted by Ortega {10]. Poly-
eyelic aromatie hydrocarbons (PAHs) and pelychlorinated bi-
phenyls (PCBs) were analyzed by using a gas chromatogruphy
equipped with an electron capture detector (ECDY (ULS. En-
vironmental Protection Agency methad 80807 by fallowing
methods reported by Riba et al. [11] AR the analytical pro-
cedures were checked with reference materials {Marine Sed-
iment References Material for Trace Metals—!, Nutional Re-
search Council (NRC), Certified Reference Material. 277 BCR,
andd Coneeil National de Reserches Canada, 277 BCR. lor
heavy metsls: and NRC.CNRC HS-1 for organic compounds}
and allow agreement with certified values higher than 90%.

Temperature, salinhty, and dissolved oxygen were measured
during Loxicity testing cvery day. Salinity was determined by
an induction salinometer (Beckman RS-10), Franklin Lakes,
NI USA). The pH (scawater scale) was measured with a po-
tentiometric analyzer (Metrohm, 6707 with 2 glass combination
clectrode (Metrohm, 6.0210.100). Oxygen concentration was
measured by following the Winkler method as reported by
Grasshoft el al, [12].

Toxiciry teses

Five separate sedhment toxicity tests were used 10 measure
sediment toxicity in the selected sampling stutions. Tests were
chosen 1o cover a4 wide range of toxic responses and are de-
sceribed for each species (Table 1) Whole-sediment 1oxicity
tests were conducted with the amphipod Ampelisca brevicor-
nis fL3), the estuarine clam Ruditapes phitippinarum, and the
Juveniles of the fish Sefea seaegalensis. Sediment elulriate
toxicity tests were conducted with populations of the estuaring
rotifer Brachionus plicarilis {14} and the bacterium V. fiveheri
{15]. Both bacterial assays were pertarmed on the solid phase
and elutriates by foltowing standard protocols {15,

In esch bioassay, the temperature (20 = 1°C), pH (7.8-
8.2), salinity (33.8 = 0.2), and dissolved oxygen (>3 ma/L,
60% saturation) were measured and controlied every day. Ro-

tifer and Microtox tests had different temperutures, at 25 =
FCand 15 & 1°CL

Amphipod axsay

Individuads of the amphipod A, brevicornis were obtained
from the clean reference area of the Bay of Cuadiz. The estu-
arine amphipods (20 amphipods per tnk) were cxposed to
bulk sediment with percent of survival after 10 d of exposure
as the endpoeint {13, After this exposure period, the scdiments
were sieved and sorviving amphipods were removed and
counted. The sediment toxicity test was performed with 2-L
ghuss beakers containing a S-cm kyer of test sediment (about
200 mb) overlaid with filiered clean secawater (-~ 500 mi) The
1est was conducted in triplicate.

Clam asseay

Clams (R, philippinarny were obtained from an agquacul-
tare farmy and maintaired in our laboratory under controlled
conditions during a ane-month acclimation period and before
conducting the test. During this period, clams were fed with
a mixwre of microalgae (Terraselnis chuii. Isocrlivsis gal-
Done. and Chaetoceros gracilis). The organisms were main-
tained in avrited tanks of abour 20 L: the water was replaced
{805, viv) every 3 d. After the seclimation (one month) the
test was developed in whole sediment (2 L per duplicate} with
S-cm-deep sediment and 8 L of overlaving water. as reported
by DelValls et al [16] in 15-L tanks. Bricfly. 40 previowusly
acclimated organisms were added to the vessels and exposed
for 10 d. Three differeat endpoints were selected o assess the
toxic effects: the rate of burial of the clams during the first 48
b of exposure period {median effective tme {TIT503; the per-
centage of mortality; and the histological lesions in digestive
eland, gills, and gut tissues at the epd of the experiment (10
db, General indexes of lesions (clam lesion index in digestive
giand {CLID], clam lesion index in gills JCLIGEL and clam
fesion index in gut [CLIGU]) were calcelated for each tissue
as an average value of the clam damuge semiguantified as
previously reported by DelValls et al [17] Briefly, the Ire-
gquency of the histolegical lesions for each organism in each
replicale was used o derive an arithmetic average value
semiguantifving from 0 (uhsence of lesion in all the organisms)
to 3 (abways present in all the organisms).

Fish assay
About 3 L {about 5 cm in depth) of previously wet-sieved
{1-mm) aliquots of sediment per duplicale were placed in
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aguaria of about 200 L ol capacity and flled with clean
seawater (12 L) Individuoal fsh (1421 = 107 cm ol length
and 3.25 = L3I0 g wi were obtained from the aquaculture
tacilities at the Faculty of Marine and Environmental Sciences
before the test. Randemly selected fish of both sexes were
placed in the toxicihty test and control squartums by replicaie
(six tish per replicale). Fish were fed with artificid tood (Gem-
ma 0.9-1.6 mm. Trout, Oslo. Norway) two to three times per
day. Waler was replaced every 2 ar 3 d by using a peristaltic
pumyp. Histopathological lesions ane survival at the end of the
bioassay were selected as endpoints. General indexes of lesions
were calculated for gills (fish lesion index in gills {FLIGT,
gut (fish lesion index in gat [FLIGU ], and liver {(ish lesion
index in liver {FLIL}) as an average value of the fish dumage
semiquantified as previously reported by DelValls et al 117).
Briefly, the frequency af the histologicad lesions for cuch or-
ganism in euch replicate was used Lo derive an aritlimetic
average value semiquantifying lrom O (absence of lesion in
all the organisms) to 3 (abways present in all the orginismsi,

Rugifer assay

This test was conducted on seditment elutriates obtained by
folfowing methods recommended by the Society of Environ-
mentyd Toxicology and Chemistry { 18], Briefly, sediment al-
iquots were maintained in rotation for @ h with clean seawater
a a sediment to water proporiion of L4 (v/v), and then they
were left for 24 h lor the particles 1o settle. The water was
centrifuged (L300 g for 2 h) and the supernatant liguid was
removed to obtain elatrintes used in the tests, Bloassays were
conducted in the next 48 h. The sediment toxicity test with 8,
plicatilis was carried out for 7 d under comtrolled conditions
(Table 1), The rotifer tnocula came lront cultures in exponen-
il growth phase. were fed on the microalpa Nennochloropsis
gaditana, and were exposed Lo 4 constanl lemperature of 25°C
and continuos light (1L300=2,000) tux). To initidte tests, ro-
lifers were sieved throvgh a mesh of 63-pum pore size and
trunsferred 1o a 2-L clean seawater flask without microalgal
food and maintined for 48 h. Initial rotifer concentration was
about 200 individuals per milliliter for each wiplicate of 1est
media (50 mi). The mediom was not renewed amd the rotifers
were nutiniained onled and exposed o o constant temperiture
of 25°C and continuous light during the test (7 d). Subsamples
(0.5 mi) of each rotifer test (30 ml) were taken about every 8
h for 7 d and counted by stereoscopic microscopy (350). A
fiest count was done of dead rotifers (individual showing no
internat or external movement for 10 s} and a second count
was done of the total number of rotiters that previously had
been fixed with 3% buffercd formalin, The survival along the
time of exposure was selected as the endpoint in this bioassuy
ad the tme required to KU1 30 of the initial popoiation
(L.T50} was derived, as reported by DelValls et al. {14,191,
Microrox resting

The bioassay of bioluminescence inhibition with the bae-
terium V. fischeri wus conducted on solid and Haguid phases
with the commercial Microtox apparatus (model 300 by fol-
lowing (he user’s gutde and standard protocols for hoth hio-
assays [IS] For the Microtox elutriate bioassay, sediments
were centrifuged at 1,800 ¢ for 10 min o clear the solution,
then the supernatant liguid was removed for testing. ’

Data ealcnlation and staistical analvaiy

The resulting parameters caleulated from the sedimeny test
and contral replicates, pereent of amphipod survival, ¢lam

I Rebg et

rebutial rates (ETH0Y, and moradity (%2). rotifer decline rates

(LEMN, Microtox effective sample percent (median effective
concentration [ECS00, and general indexes of lesions for

clams and fish were compared by analysis of variunce und

Scheffe’s £ lests o idemify significant differences in sensi-
tivity wnong test sediments and comtrols (p <2 3,011 The py-

rameters ET30 thy and 1T50 (hy were calealated by linear

regression of log time. The oxic parameter for the Microtox

test was obtained from standard software (EC30 tn mg/L). The

parameters ET30 and T30 were caleulated with a probit mod-

ified from the classic methodotogy by following the methoyd
reparted by DelValls et al. | 14,161,

Contamination and toxicity data were analyzed by Tactor
analysis. by using principal components analysis us the ex-
traction procedure, which is o multivariate statistical technigue
o explore variable distributions. The original data set used in
the analysis included 13 chemical concentrations and 1 tox-
icity endpoints. Factor analysis was performed on the corre-
lation matrix, that is, the varables were antoscaled (stundard-
ized) s0 a3 1o be eated with equal importance, All analyvses
were performed by using the principal component amalysis
option of the FACTOR procedure, foliowed by the busie setup
tor factor analysis procedore (PEM) from the BMIDP statistical
software package [20]. Toxicity data on LT30 for the decline
i the rotifer population and on the EC30 for the decrease in
bacterial luminescence were transtformed s Lhe inverse to
show an increase with biological dumage {LT30 Yand EC30- ¢,
respectively). The sorvival percentage of amphipod and clam
were expressed as percenl ol mortaliny.

RESLULTS
Sedimens contamination

Results of heavy metul contamination, PCBs, PAHs, and
parameters anatyzed us organic carbon, grain size, and total
sutfide are summarized in Table 2. In general, sediment sam-
ples had relatively similar wexwore and ranged between 60 and
Q0% of percentage of lines. except BC1 where the percentage .
of fines is approxinutely 2%. Levels of organic carbon i
sediments were similar among stations and ranged between.
0.7 and 4% excepl for sediments colected in the Rio of Corufa,
witich ranged between 5 and 7% Total sulfides runged between
0.2 and 7.6 pmol/p, except for stution H1 (10.7 pmolfg) and.
station CQO2 {12.6 pmol/a). :

Ot all the stations, BC showed the lowest values of chem-
ical concentrations of heavy metuls. PCBs, and PAHs, which®
cauld be refated 1o the lowest volues in this station of con
veptional parameters such as organic carbon content and fin
sediment fractions. In general, the concentrations of heavy
metitls in the area of Huelva (M2 % H1 = H3) were higher:
than those measured in the samples from the Guadajgnivi
River estuary. in the Bay of Cidiz. und In the Ria of Corufia
altbough mercury showed the highest value it sediments fron
CO1. Tis sttion was contaminaled in PCBs and their con
centrations were higher than at CO2 and CO3. The highes
conceptrations of PAHs was measured in sediments from sta
ton CO2, which was considered to be contaminated with
PAHs, as well as station COY; intermediates values of PAH:
were measured in stations CO3 and F12, '

Amphiipend survival

Summarized values ol amphipod survival as well as othe
toxic respoenses for the different bicassays are shown in Figur
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fe 2. Summarized results of chemical cont aminants measured in different sediment sumples along the Atlantie coast ol Spain. Values of
apic carbon (QC. % dry wil, granuiometric cantent (% finesi. totad sullide (TS pmolfg dry wil. heavy metals (mefe), polychlorinated biphenyls
{PCBs, pd‘ﬂ\"} and polveyche aromatic hydrocarhons {PAHs fmg K-}y are caleulated at cach staion®

Stalicn
BCH BC2 RBCA GL GR IH 12 I3 COi co2 (X!
o (0 07t 354 2.27 {81 2510 3.95 303 2,39 5497 7.53 3.07
o Fines L7 O 90,8 80 PXI 893 848 58.0 497 4.3 T4.8
5 21 5014 .54 289 1.4 11,63 3.0 £.22 7.5 [2.63 481
Heavy metals
- He ND 0.4 .22 0.14 R 232 348 1.47 .41 0,467 (1537
B c_{i (.03 014 i3 (19 0.34 1.76 5.82 {3,896 (.96 it 025
L Ph 4.59 413 360 25.0 35.4 423 433 2570 200 2.4 RN
" Co .34 487 47.3 0.6 ann o 2012 3438 o749 209 33.1 35.3
“n 6,248 152 140 943 152 2351 2695 136 513 141 135
As 185 7.33 377 524 436 343 527 23 2743 225 13.6
Ni 170 264 8.4 234 313 331 372 204 9.9 204 (0.2
Cr 3.47 4.6 568 462 i1 648 735 435 287 i1 ERR)
PChs
PCB-28 ND ND ND ND N ND B3 ~ND 0.6 A 4
PCB-52 ND ND ND ND ND NI 0.1 ND 34 L9 0.3
PCB-10 ND 1.7 {38 N ND 0.3 0% NI 322 in 2.5
PCB-1 18 ND 1.4 0.7 1 0.1 (4.3 Lo (1 223 2.8 1.7
PCB-138 ND 34 (IR 0.2 4] thi B8 0.3 Jid I 7.9
PORB-153 ND .4 3.0 0.3 0.2 1.6 30 .5 77.7 183 13.0
PCB-180 ND 7.4 kN 0.2 0.2 1.0 32 0.6 69,10 19.0 t4.6
PALs
Acenaphthene ND ND ND ND ND ND ND ND $A0H (.06 (L132
Accoaphthyiene ND ND ND ND N ND ND ND ND xD NI
Amhracene ND ND ND NI ND ND {02 ND 0,19 ot .03
Bensofalumhneens wND {02 .02 NI ND ND il ~ND (.53 135 0.26
Benzolalpyrene ~ND 003 Loz ND ND ND 0.11 miy (.76 .54 041
Benzolbiluorantien: NI 003 Nz ND ND NI 0.1 NI 167 .75 (136
Benzolghilperyiene NI 0.2 002 ND NI ND .06 ND A (.63 .30
Benzolkliuoranthene ND 0.02 N ~D ND N {101 N (1.36 .34 0.7
Chrysene ~D 402 {02 ND ND ND nal ND .47 a4 026
Dibeneela hlanthracene ND ND ND MND ND ND 002 NI 0.16 0.17 [EREN]
Phenanthrene ND 003 0.02 ND ND ND (B ND (.75 0.42 (LE7
Fluaranthens NI 0.03 003 ND NI ND 025 002 1.09 .80 .35
Fluorens ND N ND ND ND ND ND ND 011 {1.06 0.03
Indene[{,2.3-cd]pyrene ND (Ln3 .02 ND ND ND (L7 NGO (.52 (L6G .35
Maphihalcae ND ND ND ND ND ND ND ~D .08 044 ND
Pyrene ND .04 0.03 NI NI ND 0.20 ND 112 1.01 (L33

*ND = not detected.

2. Mean survival frem the amphipod test (10 d ol exposure
time) ranged between 97,56 ut BCLand 12.5% at 2. Stations
GL. BC2. CO3. GR. and BC3 were not sigaificantly different
{p < L05) from the pegative control (BC1)Y. Al other sedi-
ments were toxic (p < (.05} The concentration of towl am-
monia in the interstitial water was monitored at the beginning
and at the end of the test and ranged hetween 9 and 25 mg/L
{pH ranged between 7.5 and 7.9) at all the stations. These
concentrations are considered without influence on the toxic
results produced by the chemicals.

Cleony mortality and veburial

- The results of the sediment toxicity test for the ET50 for
reburial are shown in Figure 3. The ETS0 was faster (or the
control statton {BC1) compared to the vest of the slations, with
_the highest value that was significantly different from this
station measured in M2 (p < 0.05; Fig. 2). In general, ET58
values were faster at stations located in the Bay of Cidiz (BC1,
BC2, and BC3). Gl., €02, and CO3; slowest at H2: and in-
termediate ot GR. H1, H3, and COl. Examination of the data
from this bioassay endpoint indicates that station H2 waus sig-
wificantly toxic (p < 0.05; Fig. 2). The rest of the stations

were considered 10 be nontoxic when using (his behavioral
endpoint. hused on the similarities in the oxic responses com-
pared to the control.

No clam mortalities occurred in the control sediment {BCH)
over the 10-d exposure period (Fig. 2). In general, examination
of ¢lam mortality data indicates that stations from the Ria of
Huelva were significantly loxic {p < 0.05: Fig. 2). and scdi-
ments at station H2 were considered to be the most toxic for
the clams. The rest of the stations were not toxic compared to
the conteol (7 << (L03). The concentration of tozal ammonia in
the interstitial water was monitored at the beginning wnd at
the end of the bioassay, and was less than 20 mg/t. (pH ranged
between 7.5 and 7.9} in all the sediments and controls.

Rotifer popdarion decline

Menn vilues of the LT (b were caleulated for each tox-
icity test station and the highest value was observed at BCt
(Fig. 2. The LT30 values were fastest at stations H2 and COLL
which were significantly difterent from the control {p < 0.03);
slowest at BCL. BC2, and CO3; and intermediate at stations
H3. H1.BC3, CO2, GL, and GR. Sediment elutriales at stations
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INCREASED TOXICETY

Ampipod BCl GL BC2 €03 GR  BC3 €CO2 col M3 HI 2
Survival (%) 975 975 60 875 825 775 60 575 55 375 125
Clam BCI BC2 GL COZ €03 BC3I GR M3 COI HI H2
reburial 0,067 0,099 0041 0.154 0.193 0233 0.267 0.277 0326 0.3% 1.095
ET50 (h)

Mortatity (%) BC1 BC2  GIL. CO2 CO3 BC3 GR COl HI H3 H2
il 13 13 13 325 25 73 138 363 563 763
{{oti{cr BCI BC2 CO3 H3 W1 B3 CO2 GL GR H2 COl
Survival 632 647 635 612 602 578 567 564 559 497 464
L350 (h) _—
: BC1 H3I BC2 GR BC3 €Ol GL €03 €02 H2 HI
Microtox test . -
ECS0 (mg ) 20230 8645 3745 2068 715 651 541 161 {40 110 51
BC 3 L . 2 {7 N . e
Clun LID Cl BC2 GL BC_3 GR CO2 CO3 HY €Ot HI H2
il 0 0 05 05 05 05 10 1.5 20 25
. . BCl BC3 BC2 GL €03 CO2 GR OH3 HI COl M2
Clam LIG
0 0.3 05 03 05 08 09 17 25 26 28
BC1 2 3 S - 2 C - g
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Fig.

. Summary of the toxicity tests resulls (mean vakoes), Treatments (stations, see Fig 1) not underlined by the sume Fne are sivmtiicantly

different at p < 0.05 (Scheffe's Fiests). ET30 = median effective time; LT30 = lethal time of 30% of the population: EC3(G = median effective
conceatration: LID = lesion index in digestive glund: LIG = lesion index in gitls: LIGU = lesion index in gut; LIL = Iesion index in Hver

See Figure | for study site locations.

H2 and COI1 were considered to be toxic {p -< 0.03) for 4
plicariiis.

Microtox bioassay

Only results obtained by applying the solid phase standard
protocol wre shown because the test carried out on clutriates
produced values not significantty different for all the treat-
ments compared to the contrals, The sensitivity of the Microtox
test conducted on elutrintes of sediments determines that this
test ik a not valid tao] o assess texicity in the samples studied.
Meun values of the quantity of sample needed to produce an

ECS0 (mefL) for the decrease of the bicluminescence by the
bacleria papulation were caleatated for each trentment. Sed

ments from the Bay of Céddiz and Guadalquivir River estuary
were not toxic, whereas sediments from CO2 were not sig-
nificantly different from those from H2 and HI (p < 0.03),
with the lowest values of EC50 measured in Hi. The concen-
tration of sulfides was monitored during this bioassay and in
that with rotiters. The rotifer bioassay has been shown not to
be atfected by sulfide concentrations, althoough the Microtox
test 1s highly affected. In this sense, some of the results ob-
tained in this test could be explained by sullide levels found
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Fig. 3. Sediment toxicity results for the clam reburial test @ each sampled locaton (BCL, BC2, BC3, GL. GR, 14, F12, H3, COL, CO2. amd
CO3: see Fig. 1y The percentuge of clams buried for cach replicate is shown during the first 2 h of a total of 1 d of exposure. The median
éffective time (ET50) values, calculated as the Gme (h) required for the 30% of the population 1o reburicd, are caleunlated from the plots and

presented in the Bgures. See Figure | for study site locations.

in elutriates. On the other hand, in the Microtox test on the
solid phase. the correction on grain size was used by following
lht; method reported by Stroskhorst (211

Fish and clam histopathological lesions

No fish mortalilty was measured in any treatments or at
comtrols: 100% mortality was measured in the positive control
ftoxic mwud). Histopathological alicrations were evaluated
semiquantitatively by ranking the severity of lesions {grades
VE#], 2 [+ 4+, and 3 [+ + + 13 as described in detail by previous
studics corried out in the area [22]. A general index of damage
for each analyzed tissue (FLIG. FLIGU, and FLEL Yor fish:
and CLID, CLIG, and CLIGU for clams) was cstablished to
permit comparison of toxic responses between treatments and
organisms (Tables 3 and 4). An arithmetic average value was
obtained from the original semicquantitative assessment of the
lesions for each tissue and orgunism {Tubles 3 and 4). To derive
these indexes of lesions, we uscd histlomorphologieal akter-

":}timm detected by microscopic ohservition of different tissues.
lfigurc 4 shows examples of some of the lesions (Fig. 4b, .
and £y and controls (Fig. 4a, ¢, and ¢} measured in this study.
The lesions observed in this figure are simitar to those reported
previously in similar organisms when affected by sediment
contamination [23], such as the lamellae aheration (Fig. 4bj,

tubular atteration (Fig. 4b), und gill epitheliad rupture observed
for both kinds of organisms wsed in this study (Fig, 4). The
damages identified in all the tissues analyzed almost always
were present in animals exposed to sediments from stations
H2 and COL. The fesions detected in the tissues of fish und
clams exposed to sediments collected in the Guadalquivir Riv-
er estuary (Tables 3 and 4) are lower than those measured in
the area of Huelva and Coruiia and simitar to those observed
in ormanisms exposed ta sediments From the Bay of Cadiz.
although higher lesion indexes were found in animals cxposed
to sediments from station GR than from station GL. Fish ex-
posed to sediments from the Ria of Huelva and the Rin of
Corufia showed several types of damage, mainly associated
with liver and gills.

DISCUSSION

In surinary. sediments from stations located in the Ria of
Huclva showed the highest toxicity o all the organisms in-
cluded in the battery used in this study, The acute bioassays
(amphipad, Microtox. and ¢lam mortality} clearty detected the
toxicity assaciated with the contaminants bound to sediments
from the Ria of Hoelva: however, the bioassays did not show
& clear response Lo contaminamts basnd to sediments from the
Rin of Corufia, except the amphipod test. The chronic bioas-
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Tuble 3. Summarized semiguanititive resnles of lesions detected i microscopic ahnormatities of individuats of the clam Ruditapes phifippinarn

exposed to sediments collected along the Spanish Atlantic coast. The connnon fesions are tubular alteration (AT) in the digestive shand, citiyy

alteration {AC), conncetive alteration (CAJ and lamellue wheration (ALY in gilts, aiteration in the inestina? epithelivm {1, and gandubar alteration

of the digestive ducts (TG} in gut. General lesion indexes in digestive ghamd (CLHD>Y, gills {CLEG). smdd gt {CLIGL) are cadeudated for the damag
in cach tssue and for ench replicate, Lesions scores are (—) absent Tesion. (4 frequent, {441 very frequenl, and {5+ 5) abways present

Swion
Tissue Lesion B BC2 BC3 GL GR Hi H2 H3 Col Co2 CO3
Digestive AT - - - - - ++ 4
el - - - + +
CLID 0 0 | 4 & H 2 } |
] 0 0 0 i i { £ 0
AC - - - - ++ e + -
- - + + + + o+
Gitls CA B + - - + P +++ -
- - 5 - + +
AL - e + — EE i -+ +
CLIG 0 L6 .3 4 0.7 2 0.6 0.3
0 0 L3 .6 I 2. 1.3 i 0.6
Gt El - - - ks + + + -
TG _ — — — . . -
CLIGL 3 it 1l \] 0.5 1.5 1.5 (1] 1.5 ( {}
0 i u a 3 i I 0 0.5 3 4]
says (rotiter) and those using sublethat endpoints (histopath- plication of factor analysis 1o the chemical and toxicologic

clogical Iesions) confirmed the toxicity detecied by the nm-
phipods in the arex of Corufia. To better understand these
differences in the loxic responses and. furthermore o derive
SQGs far the areas studied. we have applied o multivariate
analysis approach [16.241

The results obtained after factor analysis o link the chem-
ical and biological variables are shown in Table 3. The ap-

data obtained in this stady ia the linoral samples (11 case

indicates that original variables can be represented hy five new
varighles, or principal factorss. These new factors expliin
96.1 24 of the variance in the original data set. Tn the present
study, we selected to interpret a variuble or group of variables
as those assockated with o particular factor where loadings were
0.3 or greater (Table 3}, corresponding o an assoctated ¢

Table 4. Summarized semiguantitiive results of lesions detected in microscopic abnormalities of individuats of the fish Selea senegalensis

exposed {0 sediments collected along the Spanish Atantic coast. The alterations detected are epithelind decimation (DE) lamellae alteration

(AL}, and afteration in cartilaginous tissue (ACR) in the gills: alterations in the mucosd (M3, submucosi (SM, moscular (MS), and serosa (8]

in the gut; and vacuolization in the hepatocytes (HRY and in the vasculnr system (AS) in the liver. General lesion indexes in gitls (FLIG). gut

(FLIGU), and fver (FLIL) are calculuted for the dumage in vach tissue and for cach replicate. Lesion scores are (=) absent, ) lrequent, (+
very trequent, and {3 abways presemt

Station
Tissue Lesion BCI BC2 BC3 GL GR ti H2 H3 COl co? Q3
Gills DE - - + + +
— — — .:.. + - -f_
Al - + +
ACR - - + + : +
ELIG 0 0.3 0.6 I 23 2.3 1.3 0.3
0 0 ; b3 kA 3 t {1
Gy hl - - - - - b + + +
+ - — b+ - } - -
S '.\1 — F———, - — - -+ - —
+ + + + -+ i ++ — -
:\[S — — - —_— — —_— = e —
g _ — — — — -
FLIGU 0 0 0 & {} (.25 1 (123 0
0.5 0.5 0.3 0 0 5 ] 0
Liver HY - - - + - -k |
‘_’\ S — — -~ ES -k 4+ = —_—
— + .+. — ——— =+ 4 - —.
FLIL 3] 14 1 a i (.5 25 1.5 .3
0 i 1.5 4] {1.5 .5 25 (LA {
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" Fig. 4. Example of alterations caused by exposure of clams {Ruditapes phifippinarony andd fish {8ofea senepalensisy w sediments and controts

colleeted along the Atantic coust of Spain. These species wert used W semiguantify the tesions shown in Tables 3 and 4. ¢A) Clam gill exposed
o control G<20) (Bt clam gill exposed 1o CO1 (300 (C) clam digestive glund exposed o conteol (30% (D clam digestive gland exposed
St HE (4408 (E) fish eilts exposed w comtrod {2400 (1) Fish gills exposed o H2 {410,

“plained variance of over 63%. This approximales a cutoff of
.53 for a good association between an original variable and
:'__;1_ lactor, and also twkes into account discontinuitics in the mag-
nitedes of loadings approximately of these ariginal variables
[23}. Each factor is described according 1o (he dominant group
of variables. The first principut fuctor {factor 1) is predominant
<andlaccounts for 38.004 of the vartance: this factor combines
the chemical concentrations of all the metats, although Hy, Cr,
and Ni group with other factors with higher loadings {factor
2, U and Ni; factor 3. Hlg} and afl the biological responses,
except that obtained in the chronic assuy using the population
of rotifers (LT50). This factor can be associated with the toxic
responses associated with heavy metats and use of solid phase
tests with both lethal and sublethal endpoints. Factor 2 ac-
connts for (8.36%: of the variance and combines the organic
) fiirbnm and sulfide content of sediments, the concentration of
orgamic contaminants (PCBs and PAMs, although they have
higher loadings in factor 33, and two biological responses (CLE
GU and EC30). but these twa endpoints have lower loadings
than in the two other factors in which they grouped that have
higher loadings (Jactor T and factor 5). Factor 2 represents the
association of the organte matter and sulfides in sediments and

the concentration ol organic comaminants not associated with
biological response. Factor 3 accounts for 10.453% of the var-
jance and is a combination of sulfides and two metals (Ni and
Cry with the absence of biotogical effect. Facror < accounts
for 6.12% of the variance and groups the biological response
of the commuercial test Microtox and the concentration of sul-
fides. The rotiter population decline endpoint (LT30) also is
inctuded but with negative loading. although this endpoint has
a lower loading than in tuclor 3. This could be related 10 an
effect on the lest with V. fischerd assoctated with the concen-
tration of sullides in sediments. Finally, factor 3 sccounts lor
the lowest vuriance (2.99%) and associates the sublethal end-
points measured as lestons in clam and fish tissues and the
response measured in the chronic bioassay with the population
of rotifers in sediment clutrkates. with the concentration ol Hy
(higher than in other factors) and Pb (lower than in that loading
in factor 1y und the concentrations of PCBs thigher than in
factor 23 amd PAHs (lower than in factor 2} This factor sug-
aests that the biclogica! effects determined by sublethal cnd-
poiuts and chronic bioassays could be related to the concen-
trations of He maobilized from the sediment (rotifer assay) and
10 the sublethal etfects provoked by the PCB concentrations,
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Table 5. Soned rotated frctor oadiags (pattern) of 24 variables oo the five principad factors. Fhe Towding

mitbrix has been ressmanged so that tie columns appear in decreasing order of vartance explained by

factars. Only loadings greater than 003 are shows in the table. Factors are numbered consecutively from

felt to right in order of decreasing varanee expluined. Toxiciy endpoints E130, LT30, and ECS8 are

from Table b chemical variables are from Table 20 and histopathalogicnl lesions are obtained rom
Fables 3 and 4

S Vardanee Factor 1 Factor 2 Factor 3 fractor 4 Factor 3
38.08) 18.56 {045 t12 .59
e Q0 — 0,945 — — —
4 Fines — —_— 933 —
TS {jamolig) — 0880 — 0,364 —
Heg {mgfke} (R EN — — e {1857
Cul L — — —
P a9 — — (L.338
Cu 15.964 —_ e —
n (.9485 —_— — s —
As 0.978 —— — — o
Ni L T S — [VRETH — e
Cr 0457 e L.554 —
XTPCBs {pofkgy — 0418 s —
Toral PAHs (ma/ke) — (L3I0 — e
Morty A¢ (L5892 —_ —_ e —
Moty (™ (L9140 — — — —
ET30 i (L8357 — —_ —
CLI (4874 —_— e —_ (.392
Cil.G 14.772 —_ = — .569
LG 0.724 (L4106 — (ad 14
LI 0.641 — — — fLGO2
FLEGL (L350 — — 750
FLIL 0,707 —_— . —_— 0.508
TESO (R~ — —_— e —{.370 0.794
ECS0 (madLy G637 {hady — (L3503 —

However, based on the low variance explained in this factor,
it should be taken with caution. The feasibility of acule bio-
assays o identify the toxicity associated with compounds such
as PCBs i3 being discussed. In this sense, other bioassays such
as DR-CALUX {21] are recommend to establish the effecis
assoviated with these kinds of contaminants. The use of his-
topathology or bioaccumulstion assays also is recommended
{26].

Ta confirm these factor descriptions and to establish the
SQGs Tor the Adantic cousts of Spain, we propose a trepre-
sentation of cstimated fuctor scores from each case (B sta-
tions) to the centroid of all cases for the orfginal data (Fig.
3). Factor 1 scores were negative in all the cases except for
the stations focated in the Ria ol Huelva., On the other hand,
the positive scores of fretor 3 that were only measured at
station COT and station H2 confirms the descriptinn of his
factor related to the sublethal and chronic effects associated
with PCB and Hg concentrations, respectively.

For the chemicals grouped with thetr highest loadings in
fuctor 1 (Cd, Pb, Cu. Zn. and Ag) and in factor 5 (Hg and
PCBsy we developed SQGs by following the procedures re-
ported by DelValls and Chapman $24] and the factor scores
shown in Figure 3 for the stdied stations. In this approach,
we used the prevalence (fiactor scores) of factors for each of
the cases studied to mauke the three operative definitions based
on the datat obtained from the toxicity tests. It should be em-
phasized that this approach is based on comparing those chem-
ieals that group under the same (actor us the toxicity parameters
{in this study, under foctors 1 and 3. The assumption is that
these chemicals presumably are correlated in a cause-and-cf-
feet manner. In this sense. when the Tactor score from factors
I and 5, which soggest a corrclution between the yhove chem-

= mortality of clams.

icals and biological adverse effects, is 0 or helow with respect:
to all stations (Fig. 5), the maximom concentrations of toxic:
chemicals at any of those stutions represent the maximum -
chemical concentrations that are net asseciated with adverse:
cffects. These are considered to be concentrations below which -
hiological effects are low or minimal and here are indicated |
as not polivted. In contrast. to establish the minimal concen-

trations above which biclogical effects are abways high, those

minimal concentrations at stations where factor scores from
tuctors 1 and 5 were higher than ( were selected and described :
here as highly polluted. Also. an intermediate range of chem-

ical concemtrations representing an arca of uncertainty, or
break point between the high und low concentranions, is showt
and deseribed as moderately polluted.

To facilitate the understanding of the mentioned process to
derive SQGs, we have described the caleulation for Hyg (Table
&), The metal is included In the factors | and 3. so is correlated
to biological effect (Table 5). Also, these factors are positive
in stations M1, H2, H3, and CO1. and are negative in the othe
stations. To derive the guideline being considered nor potluted
(Table 6; for Hg = 0.34), we should find the higher concen-
tration of Hyg meuasured in the sediments from the stations with
negative values for fictor scores | and 3 (Fig. 5 from Table
2. This value is that measured in sediments from station CO3
(6.54), To derive the guideline being considered highly pol-
luted, we should find the lower concentration of the chemical
lrom the stations with positive values for factor scores | and
5 (Fig, 5} trom Table 2. This value is that measured in sedi-
ments from station H3 (1.47). The moderately potluted value
is constdered as the uncertainty area between these two cal-
culated values, A similar procedure can be conducted to de-
termine the rest of SQG vilues shown in Table 6 for metals
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BC . BC2

H2 by 3
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@5, Estimated Dactor seores from the Fi cases evalisted 1o the
t,mrold of all cases for the original data, The factor scores quantily
prevalence of every factor for cuch station und it is vsed to cul-
ML the sediment quality guidelines. Sece Figure | for sty site

Pb. Cu, Zn, and As, by using the pre salence of factor
¢ 1 and tor the £7PCBs by using the prevalence of factor
re 3. All of these vatues are shown in Table 6.
CONCLUSION
Determining SQGs is a dilficult task and comparative eval-
on of broad-scale duta sets encompassing complex inler-
ons based on sediment toxicological data provides a prom-
@ altcenative method for developing site-specific SQGs.
Fiirthermore, this method of deriving guideline concentrations
provides an estimation based on interactions between complex
chemical mixtures that may, individually or in combmation.
be’ responsible for the observed effects. The 8QGs ohtained
his study were compared 1o $QGs previously derived by
ifférent authors {24.27] in the area and $QGs proposed in
as of North America 28], Highest values of SQUs were
l)b_{'aim:d in this study for heavy metals, which were strongly
iluenced by the results obtained in the heavily impacted are
Huclva, except for Cd and As. The $SQUGs derived for Hg
nd PCBs were similar to those previously reported in other
Ent_m'zii areas of the Guif of Cidiz and in North America. The
%.E}?delines derived here could converge on appropriate 5QGs
lﬂ__r the Atlantic coasts ol Spain, aithough further integrated
ludics should be carried out 1o be widely applied as part of
tier testing seheme to risk management in the system studied.
This study presents the results of a combined chemical and
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Table 6. Summary of benchimark sediment quatity gaidelines (5QGs:
mgfkg dry wo proposed o evainate sediment quality In diiferent areas
from the Atlatic coast of Spain for the heavy meds Hg Cd, Ph,
Cu, Zn,oand As and the total ol seven pt}l,\thlurm.md biphenyls
(X7PCRs) associated with toxie offects and by using different
approaches: A = this stdy: B = SQGs I'mm Ribua et ab f27]. C =
SQGs from DelValls and (h.lpmsm [24]: B = 50QGs from Long et

ad, (28]

Sediment quadity guideline

Area of
Chemicil sindy  Highly polluied  Not polluted uncertainty
Ha A w47 =054 (L34-1.47
B J— J— J—
C =57 (L.37-0.57
n =130 0.15.1.3
Cd A =90 .51-0.96
B =090 {.580-0.90
C —_ —
1)) 5.0 4.1-5.0
Ph A =270 268270
B =87 6687
C =S 49--115
0 =HO 3511}
Cu A =070 G79-204
B =53 d3-53
C 48 6808
D =70 70--90)
Zn A =3 3E3-1.31
B =273 138-273
C =225 156325
D =270 1200270
As A =213 274213
C =04 3804
D =83 3385
ETPCBs A =(.254 {1233-0.054
It —_
C =180 (.057-00180
[ —_ — —

biolosical assessment ol sediment quality in different areas
located on the Atlantic coasts of Spain. Within the contexi of
this study some conclusions are obtained and summarized be-
fow.

The battery of sediment toxicity tests used in this study to
identify the biologicnl responses related to the contamination
detected was useful and permitied establishment of differences
in the toxic effects measured between stations and controls.
The inclusion in the battery of sublethal cndpoints measured
s histological lesions in clams and fish identified the effects
caused by organic compounds in the absence of fethal and
acute cffects such as for TIPCBs. Additionally, the use of
chronic hioussays conducted on sediment clutriates by using
the decline in the population of rotifers identified chronie re-
sponses associated with the copcentrations of Hg mobilized
from scditents at station COI.

The multivariate statstical method (factor analbysis) used

in this study provides a deeper insight into the structure of

complex and diverse data. For example, this multbvariate ol
revealed groupings of varying degrees of correlation between
chemicyl concontrations in sediment and biological effects.
Mareover, the relationships between Cd, Po, Cu, Zn, and As
concentrations in sediment with the acute (lethal) effects, and
Hy and E7PCBs concentrations in sediments with the chronic
and sublethal effects with different organisms arc strong
encugh to permit the establishment of SQUs.
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