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Abstract 

This research investigated the extent t  which vari us c mm n hydr carb n measures can be used t  predict t xicity t  fresh-
water aquatic  rganisms due t  f uling by  il. Actual t xicity results,  n lab rat ry freshwater marsh micr c sms using tw  water-
c lumn species and a benthic species, were described earlier. The hydr carb n measures used were TPHg, TPHFID, TPHMS, TTAH 
(sum  f 41 target ar matic hydr carb ns), principal c mp nents  f 41 TAHs, and each individual TAH. In general, t xicity was 
m re cl sely related t  TPHMS levels than t  TPHFID and (especially) TPHg levels. The str ngest relati nships were f und f r 
TTAH levels and f r the principal c mp nents  f the TAHs. Regressi ns  f t xicity  n many individual TAHs were als  str ng, 
with a single gr up  f c mp unds explaining as much as 59%  f the variati n in survival. While the vari us regressi ns were highly 
significant statistically and at times able t  accurately predict br ad differences in t xicity, the high variati n in survival at a specific 
hydr carb n c ncentrati n indicates that these hydr carb n measures can n t substitute f r actual t xicity determinati ns in 
accurately ranking the t xicity  f samples fr m  iled freshwater marshes. 
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1. Introduction 

Aquatic  rganisms  ften suffer t xic effects when 
exp sed t   il (f r example: Elmgren et al., 1983; 
Gundersen et al., 1996; da Silva et al., 1997; J nes et al., 
1998). T xic effects may be highly visible (e.g. the case 
 f  il-c ated waterf wl), while quantifying effects  n 
 ther aquatic c mmunities (e.g. the benth s) may 
require a significant am unt  f research. It is theref re 
advantage us if t xicity t  aquatic  rganisms c uld be 
predicted fr m c ntaminant levels. A quick analysis  f 
hydr carb n levels f ll wing an  il spill c uld then 
result in a m re direct targeting  f clean-up measures. 
Inf rmati n  n the relati nship between vari us 
hydr carb n measurements and t xicity is als  needed 
f r  ptimizing envir nmental m nit ring pr grams and 
f r interpreting their data. 
Vari us hydr carb n measurements are c nducted in 

r utine m nit ring pr grams and f r assessing the 
impact  f  il spills. C mm nly used hydr carb n 
measurements include: t tal extractable materials; t tal 
petr leum hydr carb ns (TPH); c mbinati ns  f speci-
fic subgr ups such as alkanes, alkynes, and ar matics; 
specific individual p lycyclic ar matic hydr carb ns 
(PAHs), and the sum  f vari us PAH subsets (e.g. 
�naphthalenes, �PAHs) (Swartz et al., 1995; Hutches n 
et al., 1996; Barr n et al., 1999; Mueller et al., 1999). 
Furtherm re, specific variables can be  btained by dif-
ferent meth d l gies. F r example, TPH can be deter-
mined by GC/MS, GC/FID, SIMS, infrared detecti n, 
UV flu rescence,  r gravimetrically (Barr n et al., 1999; 
W ng et al., 1999). Each meth d has advantages and 
disadvantages with respect t  fact rs such as detecti n 
limit and analytical c st (Hutches n et al., 1996). 
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It is n t clear which hydr carb n measurement best 
predicts t xicity. There is s me c nsensus  n a few 
general principles. F r example, sh rter-chain hydr -
carb ns tend t  be m re t xic than l nger-chained  nes, 
while aliphatic hydr carb ns are relatively n nt xic 
(Payne et al., 1995). H wever, we are n t aware  f 
freshwater m dels that predict t xicity  n the basis 
 f specific hydr carb n measurements. The  ne m del 
that exists f r estuarine and marine sediments uses c n-
centrati ns  f 13 PAHs, assumes that effects are addi-
tive, and weights the c ncentrati ns  f the vari us 
PAHs  n the basis  f their t xicity t  amphip ds  r 
their K w partiti n c efficient (Swartz et al., 1995). 
While this m del advances  ur ability t  predict t xi-
city, it is still fairly simplistic as it is based  n t xicity t  
 nly  ne gr up  f benthic  rganisms and excludes many 
hydr carb ns as well as interacti ns between c mp -
nents. The devel pment  f freshwater m dels is ham-
pered by a sh rtage  f data  n freshwater t xicity and 
t xicity interacti ns f r petr leum hydr carb ns. The 
lack  f m dels using detailed hydr carb n inf rmati n 
t  predict t xicity  f  il in freshwater ec systems means 
that the detail  f analysis pr vided by the GC/MS 
meth d may be an  verkill. It is p ssible that gravi-
metric  r GC/FID meth ds pr ve t  be p werful 
en ugh t  predict t xicity. On the  ther hand, the GC/ 
MS appr ach may eventually all w the refinement  f 
target lists  f hydr carb ns. 
This paper assesses the predictive p wer (with respect 

t  t xicity)  f vari us hydr carb n analyses. T xicity 
was determined in a lab rat ry setting, with micr -
c sms c ntaining fresh marsh sediment and water. 
These micr c sms were studied during a six m nth 
peri d f ll wing exp sure t  c mm n hydr carb n 
mixtures and chemical resp nses. T xicity was studied 
after 1, 7, 31 and 186 days f ll wing the initial exp -
sures, f r a benthic species (the chir n mid Chirono us 
tentans) and tw  water-c lumn species (the water flea 
Daphnia pulex and the fish Oryzias latipes). Hydr -
carb n c ntent was measured gravimetrically, by GC/ 
FID, and by GC/MS. These analyses were d ne f r 
micr c sm water (t  relate it t  t xicity in the species 
residing in the water-c lumn) and f r the c mbinati n 
 f water and sediment (t  relate this t  t xicity in the 
benthic species). Statistical analyses then determined 
which  f the hydr carb n analyses were best suited f r 
predicting the  bserved t xicity. 
2. Materia s and methods 

2.1. Overall design and toxicity deter inations 

A brief summary  f the general experimental design 
and t xicity determinati n is pr vided here; m re 
detailed inf rmati n was published previ usly (Bhatta-
charyya et al., 2003). Experiments were c nducted in 
lab rat ry micr c sms made with sediment c llected 
fr m tw  freshwater marshes, with each micr c sm 
c nsisting  f appr ximately 480 ml  f a sediment slurry 
with 320 ml well water added. F ll wing a five m nth 
aging/acclimati n peri d, the micr c sms were sub-
jected t   ne  f nine different treatments (a c mbinati n 
 f three  il treatments and three chemical treatments). 
The  il treatments c nsisted  f S uth L uisiana crude 
 il, diesel fuel,  r n   il (c ntr l). The chemical treat-
ments c nsisted  f the dispersant C rexit 9500, the 
cleaner C rexit 9580,  r the c ntr l—n  chemical added. 
Separate micr c sms were used f r each sampling p int 
(days 1, 7, 31, and 186 after the additi n  f the  ils and 
chemical treatments), since the rem val  f materials f r 
t xicity testing and hydr carb n analyses destr yed 
the micr c sm. A t tal  f eight replicates were used f r 
each treatment gr up (f ur replicates f r each  f the 
tw  marsh s ils). Oil and chemical treatments were 
weathered  vernight and added t  the micr c sms 
based  n weight, equivalent t  a pre-weathering v lume 
 f 6 ml  il and/ r 1.2 ml  f dispersant/cleaner per 800 
ml micr c sm. T xicity was determined  f water 
( btained by centrifugati n  f micr c sm c ntent, since 
fl ating marshes f rmed while n  clear sediment/water 
separati n  ccurred in the micr c sms) and  f the 
c mbinati n  f sediment and water taken fr m 
the micr c sms  n days 1, 7, 31, and 186 after the additi n 
 f the  ils and chemical treatments. The t xicity  f the 
water was assessed  n the basis  f survival  f newb rn 
medaka fish and y ung daphnids. Sediment t xicity was 
assessed  n the basis  f survival  f chir n mid larva. 
The t xicity experiments with D. pulex lasted 48 h, while 
the  thers were 96 h exp sures. 

2.2. Hydrocarbon analyses 

Gr ss hydr carb n c ncentrati ns were measured 
f ur ways: T tal Petr leum Hydr carb ns based  n 
gravimetric analysis (TPHg), TPH based  n GC-FID 
analyses (TPHFID), TPH based  n GC/MS analyses 
(TPHMS), and Target Ar matic Hydr carb ns (TAH) 
based  n GC/MS analyses f r 42 TAHs. Gravimetric 
analyses were d ne f r all samples, while GC/FID and 
GC/MS analyses were d ne f r a subset  f samples 
because  f the high c sts  f these determinati ns. The 
GC analyses were c nducted  n  ne  f the f ur repli-
cates  f each gr up f r all time p ints, with the excep-
ti n  f the n - il treatments f r which analyses were 
limited t  the t1 and t186 samples. All hydr carb n 
analyses were d ne f r b th the aque us samples (in 
 rder t  relate these data t  t xicity t  O. latipes and D. 
pulex), as well as f r the sediment/water mixture (t  
relate these data t  C. tentans t xicity). 
Separate micr c sms were dismantled 1, 7, 31,  r 180 

days after adding  ils and chemicals. Half  f each 
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micr c sm was used f r t xicity tests (see Bhatta-
charyya et al., 2003); the  ther half was used f r 
hydr carb n analyses. The water fracti n (where used) 
was  btained by centrifugati n  f a subsample  f the 
micr c sm c ntents. Samples were generally refri-
gerated 1 t  5 days bef re hydr carb ns were extracted, 
alth ugh  ne initial set  f 18 was st red 24 days. All 
glassware utilized in the extracti ns was rinsed with 5% 
acid and pesticide-grade dichl r methane (DCM). 
Appr ximately 60 g  f substrate (water and/ r sedi-

ment) was placed in 500-ml glass flasks. Hexam-
ethylbenzene was added t  244 ( f the 576) samples t  
serve as an internal standard f r analyses  f T tal Pet-
r leum Hydr carb ns (TPH) via GC-FID. Als , inter-
nal standards f r analyses via GC/MS (p-Terphenal-
d14, Acenapthene-d10, and Phenanthrene-d10) were 
added t  122  f the samples. After adding internal 
standards (if any), appr ximately 30 ml  f GC-res lve-
grade DCM was added t  the substrate. This v lume  f 
DCM was used because trials indicated that rec very 
fell bel w 90% if less DCM was used but rec very  nly 
slightly impr ved when 30 t  50 ml  f DCM was used. 
Flasks were immediately c rked with rubber st ppers 
c vered with aluminum f il; the f il was rinsed with 
pesticide-grade DCM pri r t  use. Flasks were placed 
 n a shaker table (180 rpm) f r at least 16 h. After 
shaking, the DCM fracti n was pipetted fr m under-
neath the water fracti n and p ured thr ugh a funnel 
c ntaining glass w  l and NaSO4; this was d ne t  
rem ve water and particulate matter. Extracts were 
sealed and refrigerated until analyses. 
F r samples analyzed gravimetrically f r TPH, the 

extract (8 ml  n average) was p ured int  a DCM-
rinsed, preweighed glass Petri dish and the DCM was 
all wed t  evap rate under a fume h  d. Heat was n t 
used. The mass  f the material remaining after eva-
p rati n was determined t  the nearest 0.001 g. The 
c ncentrati n  f TPHg in the sample was calculated 
fr m the mass  f the sample, the v lume  f DCM added 
t  the sample, the v lume  f DCM evap rated, and the 
mass  f material remaining after evap rati n. Gravi-
metric analyses were n t perf rmed  n several samples 
because <10 mL  f DCM was rec vered and analyses 
via GC-FID  r GC-MS were als  intended  n th se 
extracts and given pri rity. L w rec very appeared 
m re c mm n  n samples c ntaining the dispersant but 
this effect was n t  bjectively evaluated. Gravimetric 
analyses were n t perf rmed  n tw  sets  f extracts 
(n=36) because they were c ntaminated with debris 
during evap rati n. 
Half  f the extracts (n=244) were analyzed by GC/ 

MS and GC-FID at the Institute f r Envir nmental 
Studies at L uisiana State University. T tal Petr leum 
Hydr carb n c ncentrati n was calculated fr m the 
sum  f peaks identified with either GC-FID (n=122)  r 
GC/MS (n=122). An initial c mparis n  f estimates 
fr m the tw  detect rs  n a subset  f the samples indi-
cated that the estimates were n t c rrelated (r=0.0188, 
n=8, P=0.8878). These variables, TPHFID and TPHMS 

were theref re analyzed separately. The c ncentrati ns 
 f 42 target ar matic hydr carb ns (see Table 2) and t tal 
target ar matic hydr carb ns (TTAH) were determined 
via GC-MS in 122  f the extracts. 
Hydr carb n c ncentrati ns were expressed  n a wet 

weight basis (mg/g, with the density  f b th the water 
and sediment/water samples appr aching  ne) rather 
than being n rmalized t   rganic carb n. Since all 
micr c sms were c nducted with sediment fr m  ne  f 
tw  c llecti n sites (sediment fr m each site was well 
h m genized pri r t  placing in the micr c sms), OC-
n rmalizati n w uld n t have greatly affected the 
results. The  rganic carb n levels in the sediment were 
very high, averaging 77.9 and 89.5% f r the tw  
sediment types. 

2.3. Statistical analyses 

The extent t  which t xicity (as expressed by survival 
in the bi assays) was related t  different hydr carb n 
measures was evaluated with regressi n techniques. 
Separate equati ns were devel ped f r water and sedi-
ment/water mixture samples because the substantial 
difference in t xicity between the water-c lumn and the 
benthic bi assays prevented analyzing all  bservati ns 
simultane usly. Furtherm re, fr m a bi l gical p int  f 
view it is m re realistic t  relate t xicity f r water-c l-
umn species t  hydr carb n levels in the water samples 
than t  hydr carb n levels in the sediment. F r the tw  
water-c lumn species, we c nducted linear regressi ns 

p
 f survival (arcsine p transf rmed)  n hydr carb n 
c ncentrati ns (l g transf rmed). F r the benthic spe-
cies (where m rtality was  ften 100%), we c nducted 
l gistic regressi ns  f survival (using tw  survival cate-
g ries; less than 10% and 510% survival)  n hydr -
carb n c ncentrati ns (l g transf rmed). B th linear 
and l gistic regressi ns were d ne f r TPHg, TPHFID, 
TPHMS, TTAH, 41 individual TAHs ( ne less than the 
t tal number analyzed, since anthracene was n t detec-
ted in any  f the samples), and principal c mp nents  f 
the TAHs (see bel w). Because  f the large number  f 
regressi ns (a t tal  f 46) c nducted  n each set  f sur-
vival data, we used a B nferr ni adjustment when 
determining significance with alpha set at 0.0011 (0.05/ 
46). 
Since the vari us c ncentrati ns  f individual TAHs 

were highly c rrelated (e.g. c rrelati ns between c n-
centrati ns am ng the 41 TAHs measured in the water 
 f the micr c sms were as high as 0.997 and averaged 
0.413), the use  f a multiple regressi n as a way t  
c mbine the vari us TAHs int   ne analysis is inap-
pr priate (see e.g. Philippi, 1993). We theref re c n-
ducted a principle c mp nent analysis t  reduce the 
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large number  f variables (41 individual TAHs, l g 
transf rmed) t  a small subset  f independent variables. 
The 75% rule was f ll wed, where the number  f fac-
t rs is ch sen as the smallest number that explains at 
least 75%  f the variance in the data. Multiple regres-
si ns were then used f r determining the relati nship 

p
between survival (arcsine p transf rmed) and the 
fact r l adings f r the independent fact rs. 
All statistical analyses were c nducted using StatView 

5.0 (SAS Institute). 
3. Resu ts 

3.1. Water-colu n species 

Similar patterns were  bserved f r the daphnid and 
medaka data, which may reflect that t xicity/hydr -
carb n relati nships f r these tw   rganisms were 
based  n the same hydr carb n c ncentrati ns (mea-
sured in water). M re ver, medaka and daphnid survi-
val were highly c rrelated (Bhattacharyya et al., 2003), 
with r=0.917 f r the gr up means (n=72) and r=0.853 
f r the individual data (n=286). 
Regressi ns  f survival  n hydr carb n measures 

were statistically significant f r each  f the br ad 
hydr carb n measures (Table 1). F r b th the daphnid 
and the medaka, survival was m re str ngly related t  
TPHMS than t  TPHFID  r TPHg, with the latter sh w-
ing the p  rest relati nship (with  n average 26%  f the 
variati n in survival explained by TPHg). While TPHMS 

sh wed a cl ser relati nship with survival than the 
 ther tw  TPH measures, further impr vement was 
 btained using the sum  f the individual c ncentrati ns 
Table 1 
Estimates  f the degree t  which vari us br ad measures  f hydr -
carb n c ncentrati ns (in micr c sms d sed with  il and chemical 
treatments) were related t  survival in daphnids, medakas, and 
chir n mids 
Daphnid 
Medaka 
Chir n mid 
TPHg (n=213-220) 
0.285 
0.232 
0.181 

TPHFID (n=60) 
0.334 
0.287 
– 

TPHMS (n=58-59) 
0.384 
0.313 
– 

TTAH (n=57) 
0.500 
0.405 
0.593 

TAH-PCs (n=57) 
0.492 
0.468 
0.627 
F r daphnids and medakas, standard linear regressi n was used t  
regress survival (arcsine �p transf rmed)  n hydr carb n c ncentra-
ti ns (l g transf rmed) in the micr c sm water. H wever, the regres-
si ns  n TAH-PCs were multiple regressi ns  n the tw  principal 
c mp nents extracted fr m 41 individual PAHs by principal c mp -
nent analysis. F r the chir n mids, l gistic regressi n was used t  
regress survival (gr uped int  categ ries  f less than 10% and 510% 
survival)  n hydr carb n c ncentrati ns (l g transf rmed) in the 
sediment/water c mbinati n  f the micr c sms. The (l gistic) regres-
si n  n TAH-PCs was again a multiple regressi n. Sh wn are the 
am unts  f variati n explained by the regressi ns (R2 values) where 
the regressi ns were statistically significant (P40.0011). 
Table 2 
List  f the 42 individual target ar matic hydr carb ns analyzed and 
estimates  f the degree t  which their c ncentrati ns in micr c sms 
d sed with  il and chemical treatments were related t  survival in 
daphnids, medakas, and chir n mids 
Daphnid 
Medaka 
Chir n mid 
Naphthalene 
– 
– 
– 

C1-Napthalenes 
0.368 
0.446 
– 

C2-Napthalenes 
0.411 
0.416 
– 

C3-Napthalenes 
0.459 
0.408 
– 

C4-Napthalenes 
0.486 
0.433 
– 

Flu rene 
0.391 
0.446 
– 

C1-Flu renes 
0.489 
0.490 
– 

C2-Flu renes 
0.505 
0.459 
– 

C3-Flu renes 
0.480 
0.429 
– 

Dibenz thi phene 
– 
– 
– 

C1-Dibenz thi phenes 
– 
– 
– 

C2-Dibenz thi phenes 
0.293 
0.237 
0.588 

C3-Dibenz thi phenes 
0.236 
0.202 
0.568 

Phenanthrene 
0.428 
0.437 
– 

C1-Phenanthrenes 
0.501 
0.426 
– 

C2-Phenanthrenes 
0.497 
0.415 
– 

C3-Phenanthrenes 
0.423 
0.363 
– 

C4-Phenanthrenes 
0.274 
0.233 
0.481 

Naphth benzthi phene 
– 
– 
– 

C1-Naphth benzthi phenes 
– 
– 
– 

C2-Naphth benzthi phenes 
– 
– 
– 

C3-Naphth benzthi phenes 
– 
– 
– 

Flu ranthene 
– 
– 
– 

Pyrene 
0.346 
0.246 
– 

C1-Pyrenes 
0.288 
0.207 
– 

C2-Pyrenes 
– 
– 
– 

C3-Pyrenes 
– 
– 
– 

C4-Pyrenes 
– 
– 
– 

Benz [a]anthracene 
– 
– 
– 

Chrysene 
– 
– 
– 

C1-Chrysenes 
– 
– 
– 

C2-Chrysenes 
– 
– 
– 

C3-Chrysenes 
– 
– 
– 

C4-Chrysenes 
– 
– 
– 

Benz [b,k]flu ranthene a 
– 
– 
– 

Benz [e]pyrene 
– 
– 
– 

Benz [a]pyrene 
– 
– 
– 

Perylene 
– 
– 
– 

Inden [1,2,3-cd]pyrene 
– 
– 
–b 
Benz [g,h,i]perylene 
– 
– 
–b 
Dibenz [a,h]anthracene 
– 
– 
–b 
F r daphnids and medakas, standard linear regressi n was used t  
p

regress survival (arcsine p transf rmed)  n hydr carb n c ncentra-
ti ns (l g transf rmed) in the micr c sm water. F r the chir n mids, 
l gistic regressi n was used t  regress survival (gr uped int  categ ries 
 f less than 10% and 510% survival)  n hydr carb n c ncentrati ns 
(l g transf rmed) in the sediment/water c mbinati n  f the micr -
c sms. Sample size was 57 f r all regressi ns. Sh wn are the am unts 
 f variati n explained by the regressi n (R2 value) where the regres-
si n was statistically significant (P40.0011) 
Samples were analyzed f r anthracene but this c mp und was n t 

detected in any sample. 
a Benz [b]flu ranthene and benz [k]flu ranthrene were c mbined 

(t  simplify integrati n). 
b L gistic regressi n c uld n t be c mpleted (due t  singular err r 

matrix). 
348 P.L. Klerks et al. / Environ ental Pollution 129 (2004) 345–353 



 f the target ar matic hydr carb ns, with the regres-
si ns  n TTAH f r the daphnid and the medaka 
explaining respectively 50 and 40%  f the variati n in 
survival (Table 1). The principal c mp nent analysis  n 
the c ncentrati ns  f the individual target ar matic 
hydr carb ns yielded tw  fact rs that explained 78%  f 
the t tal variance in hydr carb n c ncentrati ns. The 
first fact r was cl sely related t  c ncentrati ns  f the 
dibenz thi phenes, and t  a lesser extend t  levels  f 
napthadibenz thi phenes, napthalenes, pyrenes and 
chrysenes (data n t sh wn). The sec nd fact r was cl sely 
related t  the flu renes and phenanthrenes. While this 
meth d reduced the 41 highly c rrelated variables t  
tw  unc rrelated maj r variables, the multiple regres-
si ns using these tw  variables had c efficients  f 
determinati n  f just under 50%; similar t  th se 
 btained with the regressi ns  n the sum  f all the 
target ar matic hydr carb ns (Table 1). 
F r the gr ss hydr carb n measure that sh wed gen-

erally the best relati nship with survival (TTAH), the 
individual data-p ints and the regressi ns were pl tted 
f r a visual representati n  f the degree t  which survi-
val c rresp nded t  TTAH c ncentrati ns (Fig. 1). 
These graphs sh w that while there was indeed a highly 
significant relati nship between these tw  variables, 
TTAH c ncentrati ns were n t g  d predict rs f r 
t xicity, especially at intermediate c ncentrati ns where 
survival ranged fr m alm st zer  t  100% at the same 
TTAH level (Fig. 1). 
Many  f the individual target ar matic hydr carb ns 
sh wed a str ng relati nship with survival  f b th the 
daphnid and the chir n mid species, with an absence  f 
clearly different patterns am ng the tw  water-c lumn 
species. The best relati nships were  bserved f r alky-
lated naphthalenes, flu rene, alkylated flu renes, phen-
anthrene and alkylated phenanthrenes, with c efficients 
 f determinati n generally in the range  f 0.4–0.5 
(Table 2). Statistically significant but weaker regressi ns 
(R2 values in the 0.2–0.3 range) were  bserved f r the 
C2- and C3-dibenz thi phenes, pyrene and C1-pyrenes. 
N  significant regressi ns were  bserved f r naphtalene, 
dibenz thi phene, napth benz thi phenes, flu ranthene 
 r the TAHs bey nd C1-pyrene. 
Graphs sh wing the individual data-p ints and the 

fitted regressi n line were drawn f r the TAH that 
sh wed  n average the cl sest c rrelati n with survival 
(C4-naphthalenes). The regressi ns  f survival  n the 
c ncentrati n  f this TAH gr up sh w that there was in 
general a cl se relati nship between these variables, but 
als  a large am unt  f variati n n t explained by the 
regressi n (Fig. 2). 

3.2. Benthic species 

Regressi ns  f chir n mid survival  n hydr carb n 
c ncentrati ns were statistically significant f r three  f 
the br ad hydr carb n measures (Table 1). The 
strength  f the relati nship with TPHg was fairly l w, 
Fig. 1. Relati nship between survival ( f Daphnia pulex and the medaka Oryzias latipes) and the sum  f the c ncentrati ns  f 41 target ar matic 
p

hydr carb ns (TTAH) in micr c sm water. Survival was arcsine p transf rmed (100% survival c rresp nds t  a transf rmed value  f 1.57) while 
TTAH c ncentrati ns were l g-transf rmed. Sample size was 57 f r each species. 
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with the regressi n explaining  nly 18%  f the variati n 
in survival. In c ntrast, the regressi n  n the TTAH 
measure explained substantially m re (59%)  f the var-
iati n in survival. In the pr cedure where the 41 target 
c mp unds were reduced t  a small number  f inde-
pendent fact rs, again  nly tw  fact rs were needed t  
explain m re than 75%  f the variance in hydr carb n 
c ncentrati ns (data n t sh wn). The first fact r 
(explaining 45%  f the variance) was cl sely related t  
the dibenz thi phenes, naphth benz thi phenes, alky-
lated pyrenes and the vari us chrysenes, while the sec-
 nd fact r (explaining 33%  f the variance) was cl sely 
related t  the flu renes, phenanthrenes and the parent 
pyrene c mp und. This pr cedure resulted in a str ng 
relati nship with survival, with the regressi n explain-
ing 63%  f the variati n in survival (Table 1). 
F r the l gistic regressi ns  f chir n mid survival  n 

c ncentrati ns  f individual target ar matic hydr -
carb ns (Table 2), statistically significant relati nships 
(P<0.0011) were f und f r  nly a few  f the hydr -
carb ns (3  ut  f 41). F r these, tw  alkylated diben-
z thi phenes and an alkylated phenanthrene, R2 values 
ranged fr m 0.48 t  0.59. 
T  illustrate the predictive p wer  f the l gistic 

regressi ns, the frequency  f c rrect classificati ns were 
quantified f r th se regressi ns that were statistically 
significant (Table 3). With the tw  survival categ ries 
used (less than 10% and 510% survival), the regres-
si ns c rrectly classified survival  n the basis  f hydr -
carb n levels f r 91%  f the t xicity data  n average. 
Accuracy was higher f r predicting l w survival 
(<10%) than it was f r predicting higher survival 
values. Am ng the different hydr carb n measures 
f r which the l gistic regressi n was significant, the 
predictive p wer was l wer f r TPHg than the  ther 
measures. The regressi n  n TPHg c ncentrati n was 
especially p  r in accurately predicting survival in the 
510% categ ry (Table 3). 
Fig. 2. Relati nship between survival ( f Daphnia pulex and the medaka Oryzias latipes) and the c ncentrati n  f C4-naphthalenes in micr c sm 
p

water. Survival was arcsine p transf rmed (100% survival c rresp nds t  a transf rmed value  f 1.57) while the c ncentrati n  f C4-naphthalenes 
was l g-transf rmed. Sample size was 57 f r each species. 
Table 3 
Accuracy (expressed as % c rrect classificati n) f r the statistically 
significant l gistic regressi ns in predicting chir n mid survival 
(gr uped int  categ ries  f less than 10% and 510% survival) fr m 
vari us hydr carb n c ncentrati ns (l g transf rmed) in the sedi-
ment/water c mbinati n  f the micr c sms. N=57, except where 
indicated  therwise 
<10% 
(%) 
510% 
(%) 
Overall 
(%) 
TPHg (n=213) 
94.3 
30.8 
82.6 

TTAH 
93.9 
87.5 
93.0 

TAH-PCs 
93.9 
87.5 
93.0 

C2-Ddibenz thi phenes 
93.9 
87.5 
93.0 

C3-Dibenz thi phenes 
93.9 
87.5 
93.0 

C4-Phenanthrenes 
91.8 
87.5 
91.2 
350 P.L. Klerks et al. / Environ ental Pollution 129 (2004) 345–353 



4. Discussion 

Our results may appear t  indicate that much 
str nger relati nships between t xicity and hydr -
carb n measures existed f r the water-c lumn species 
D. pulex and O. latipes than f r the benthic C. tentans. 
H wever, this may well be a c nsequence  f the differ-
ent statistical meth d l gies used. Due t  the high 
m rtalities am ng the chir n mids (maj rity  f data-
p ints with 100% m rtality), regular regressi n analysis 
was n t appr priate. In the l gistic regressi n analysis 
that was used, specific survival values were placed int  
tw  categ ries and this l ss  f inf rmati n reduced the 
p wer f r detecting significant relati nships. 
The patterns am ng the three bi assay species in the 

strength  f regressi ns f r the individual target ar -
matic hydr carb ns indicate that the sediment-dwelling 
species was affected by different PAHs than the tw  
water-c lumn species. F r example, the c ncentrati ns 
 f the alkylated naphthalenes and flu renes sh wed a 
str ng relati nship with t xicity t  the daphnid and 
medaka, but n t t  the chir n mid. The difference 
between the tw  gr ups  f species is n t surprising, 
since the vari us PAHs will distribute differently 
between water and sediment and since the tw  gr ups  f 
 rganisms are expected t  differ in their PAH uptake 
r utes. The chir n mid ingests sediments and is there-
f re likely t  accumulate hydr carb ns b th fr m 
interstitial water and fr m the sediment. It is expected 
that the diss lved fracti n  f PAHs will play a relatively 
m re imp rtant r le in the bi accumulati n  f PAHs 
by the water-c lumn species. F r an  il spill assessment, 
this means that the analysis  f petr leum hydr carb ns 
in  ne c mpartment within the aquatic envir nment is 
unlikely t  pr vide a c mplete picture  f the risk t  
b th water-c lumn and benthic  rganisms. 
The strength  f the relati nships between c ncen-

trati n  f individual PAHs in  iled micr c sms and 
t xicity d  n t pr vide a direct estimate  f each PAH’s 
c ntributi n t  t xicity, since the c ncentrati ns  f the 
vari us PAHs were highly c rrelated (which explains 
why the am unt  f variati n in survival explained by all 
the c mp nents sums up t  well  ver 100%; e.g. 690% 
f r the daphnid). H wever, a high R2 value f r a 
specific PAH is indicative  f this c mp und having a 
larger c ntributi n t  the  verall t xicity than  ne with 
a l w R2 value. We are n t aware  f  ther analyses  f 
the strength  f relati nships between c ncentrati ns  f 
individual PAHs in  il and t xicity t  freshwater 
 rganisms. The c mp unds with the highest R2 value 
with chir n mid t xicity in  ur study (C4-phenan-
threnes, C2- and C3-dibenz thi phenes) d  n t include 
th se c mp unds identified as making the largest c n-
tributi n t  amphip d t xicity in PAH-c ntaminated 
marine and estuarine sediments (Swartz et al., 1995). 
The latter included the benz [b,k]flu ranthenes, pyrene 
and flu ranthene. One pr blem with this c mparis n is 
that the amphip d analysis was limited t  parent c m-
p unds, while  ur study did include the vari us gr ups 
 f alkylated PAHs (f r which little t xicity inf rmati n 
exists). A study using Micr t x1 t  test f r t xicity  f 
 il-c ntaminated estuarine sediments (Mueller et al., 
1999) did n t detect a significant relati nship f r any  f 
the individual PAHs tested. H wever, the sediment 
t xicity in the latter study appr ached the detecti n 
limit  f the Micr t x1 assay. In the present study, the 
 ccurrence  f large differences am ng individual PAHs 
in their c ntributi n t  t xicity means that using  ne  f 
them as a reference c mp und f r all ar matics (as was 
d ne in e.g. Hutches n et al., 1996) might well lead t  
inc rrect t xicity evaluati ns. 
Am ng the gr ss measures  f petr leum hydr carb n 

levels, the best relati nships with t xicity t  the water-
c lumn species were  btained f r TPHMS, f ll wed by 
TPHFID and by TPHg. The latter explained  nly ab ut 
25%  f the variance in survival. A relatively p  r fit  f 
t xicity with TPHg levels was als   btained in  ther 
studies (Mueller et al., 1999; W ng et al., 1999). While 
the relati nship between t xicity t  the benthic species 
and gr ss hydr carb n measures was statistically sig-
nificant f r TPHg but n t f r TPHMS  r TPHFID, the 
difference in sample size prevents  ne fr m interpreting 
the differences in significance as evidence  f differences 
in the strength  f ass ciati n. 
The sum  f all the target ar matic hydr carb ns 

(TTAH) sh wed a str ng relati nship with t xicity, 
explaining  n average 50%  f the variati n in survival. 
This results c ntrasts with results  btained in the 
Mueller et al. (1999) study with  il-c ntaminated 
estuarine sediment, where n  relati nship between t xi-
city and TTAH was  bserved. It is n t clear if that dif-
ference is indicative  f inherent differences between 
freshwater and estuarine envir nments,  r related t  the 
detecti n limit issue  f the Mueller et al. (1999) study. 
Using a m re c mplicated pr cedure than just adding 

up the c ncentrati ns  f the 41 target ar matic hydr -
carb ns (using a multiple regressi n with tw  indepen-
dent variables  btained by principal c mp nent analysis 
 f the target ar matic hydr carb n data-set) had basi-
cally a similar result, with the hydr carb n data 
explaining  n average 53%  f the variability in survival. 
Adding up the c ncentrati ns  f all TAHs is  f c urse a 
rather crude appr ach, since it is based  n the simplistic 
and unrealistic assumpti ns that the t xicity  f each 
c mp nent is equivalent and that there are n  interac-
ti ns in t xicity between any  f the c mp nents. The 
SPAH m del (Swartz et al., 1995) is in principle an 
impr vement, since it includes inf rmati n  n the rela-
tive t xicity  f the vari us PAHs. H wever, an equiva-
lent m del has n t yet been devel ped f r freshwater 
 rganisms, while the SPAH m del assumes that t xi-
cities are additive and ign res alkylated PAHs. It is well 
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kn wn that the alkylated PAHs c ntribute t   il t xi-
city (see e.g. McAuliffe, 1987). The use  f �PAH  r 
TTAH as a predict r  f t xicity assumes that ar matic 
hydr carb ns are a maj r determinant  f  il t xicity; 
which may n t h ld true f r s me  ils (Barr n et al., 
1999). 
F r several TAHs (especially alkylated naphthalenes, 

flu renes and phenanthrenes), regressi ns  f survival  n 
c ncentrati ns  f individual TAHs had c efficients  f 
determinati n that were equivalent t  th se  f the 
TTAH measure. This means that measuring just  ne 
PAH may pr vide as much inf rmati n  n t xicity as 
can be  btained by measuring a large number  f PAHs. 
This relati nship between c ncentrati n  f  ne PAH in 
an  il-c ntaminated sample and that sample’s t xicity is 
m stly c rrelative, since many  ther PAHs in that sam-
ple c ntribute t  the t xicity. M re ver, c mp nents 
 ther than PAHs, such as alkanes, may be causing 
t xicity (Peters n, 1994). The phen men n that an 
individual c ntaminant in a c mplex mixture (especially 
when c ncentrati ns  f c mp nents are highly c rre-
lated) sh ws a str ng relati nship with t xicity but is 
resp nsible f r  nly a small pr p rti n  f the t xicity, 
has been referred t  as ‘‘the mixture parad x’’ (Swartz, 
1999). This is n t really a pr blem, as l ng as it is kept 
in mind that the relati nship between a single PAH in a 
c mplex mixture and that mixture’s t xicity is n t 
necessarily a causal relati nship. 
The relati nships between t xicity and the hydr -

carb n measures used in this study were at best able t  
explain ab ut 60%  f the variati n in survival. The 
imp rtance  f unidentified fact rs became m re evident 
when the regressi ns were pl tted t gether with the 
individual data-p ints. This large am unt  f unex-
plained variability has als  been  bserved in  ther 
studies (e.g. Swartz, 1999) and means that while the 
hydr carb n measures used here d  pr vide inf rma-
ti n  n p tential t xicity, these measures can n t accu-
rately rank t xicity  f samples and can  nly pr vide a 
general guideline. The l gistic regressi n analyses  n the 
chir n mid data sh wed that a gr ss predicti n  f 
t xicity (distinguishing between very l w survival and 
survival  f 10% and higher)  n the basis  f hydr -
carb n levels, c uld be  btained relatively accurately. 
Instead  f using chemical data t  predict t xicity t  
water-c lumn and benthic animals, it may p tentially be 
p ssible t  estimate t xicity  n the basis  f effects  n 
 ther ec system c mp nents such as vascular plant and 
micr bial c mmunities. H wever,  bservati ns that 
vascular plants are fairly t lerant  f crude  il (e.g. Lin 
and Mendelss hn, 1996), and that micr bial c mmu-
nities are temp rarily stimulated by crude  ils (Nyman, 
1999) preclude using indices  f vegetative health and 
micr bial activity as a basis  f ranking animal t xicity 
am ng sites. It theref re appears that current insights 
d  n t all w us t  precisely quantify impacts at  il-
c ntaminated freshwater sites with ut d ing the actual 
t xicity measurements. Eff rts t  increase the number 
 f c mp unds identified and quantified, c mbined with 
additi nal experiments relating t xicity t  chemical 
c ncentrati ns and the t xicity interacti ns between 
the vari us c mp unds, sh uld eventually pr vide the 
inf rmati n needed t  predict t xicity  n the basis  f 
chemical analyses. 
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