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Abstract- The toxicities of di-n-butyl phthalate (DBP) and di-n-octyl phthalate (DOP) were assessed 
by measuring the effect of exposure to these compounds on the fecundity of Daphnia magna and 
on the hatching and survival of the early life stages of the fathead minnow Pimephales promelas. 
For D. magna, exposure to 1.8 mg/L DBP or 1.0 mg/L DOP caused a significant reduction in 
reproduction. Doses of 0.56 mg/L DBP or 0.32 mg/L DOP had no significant effect in decreasing 
reproduction. Survival of fathead minnow embryos was decreased by exposure to 1.8 mg/L DBP; 
none of the embryos exposed to this dose hatched successfully. Hatching and larval survival were 
affected by exposure to 1.0 mg/L DBP, but not to 0.56 mg/L. Exposure to DOP did not affect 
survival of either early embryos or larvae of the fathead minnow at doses up to 10 mg/L (the highest 
dose tested). Hatching of the embryos was significantly decreased at 10 mg/L, but not at 3.2 mg/L 
DOP. 
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INTRODUCTION 

The diesters of phthalic acid have been identi
fied by the U.S. Environmental Protection Agency 
(EPA) as priority pollutants because of their large 
annual production (in the range of 20 million 
kg/yr). The use and disposal patterns for these 
compounds tend to favor their eventual entry into 
the environment, and because of their potential for 
bioaccumulation and their resistance to biodegra
dation, they pose a potential environmental haz
ard. The primary use of phthalate esters is in the 
plastics industry, where they are used as plasticiz
ers to soften resins. The phthalates tend to migrate 
slowly out of the plastic, either into the air by 
volatilization or into water or other solvents by 
dissolution. In view of the large production and 
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ubiquitous use of phthalate esters, it is not surpris
ing that phthalates have been identified in water, 
sediment and biota in many parts of the world. 
• To provide information on the toxicity of 
phthalate esters, the effect of chronic exposure to 
two phthalates on the early life stages of the fat
head minnow Pimephales promelas and on the 
reproductive capacity of the cladoceran Daphnia 
magna was examined. The study was conducted 
using two phthalates of differing molecular weight 
and aqueous solubility, di-n-butyl phthalate (DBP) 
and di-n-octyl phthalate (DOP). 

MATERIALS AND METHODS 

The stock of D. magna used in these tests was 
procured from Miami University (Ohio) and has 
been maintained in our laboratory since April 
1977. The D. magna stock was maintained on a 
diet of Purina Trout Chow and yeast. Test animals 
for both the acute immobilization tests (range
finding test) and the reproduction test were col
lected when the animals were less than 24 h old. 
The range-finding tests were run for 48 h; the 
reproduction tests were run for 15 to 16 d, which 
was the time required for production of at least 
three broods [ 1). 

• 
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The fathead minnows (P. promelas) used in the 
early life stage rests were obtained from a long
term laboratory culture maintained in large flow
through tanks (:ipproximately 0.' x 2.1 x 0.6 m). 
Minnows were maintained at 23 oc and fed frozen 
brine shrimp five times a week. Freshly fertilized 
eggs were obtained by permitting the minnows to 
deposit eggs on the inside of sections of plastic 
pipe; the pipes were coated with sand to facilitate 
removal of the embryos. 

DBP was obtained from Fluha-Garantre, Swit
zerland. The compound was 99.51l7o pure (T. Ho, 
Oak Ridge National Laboratory [ORNL], personal 
communication). DOP was synthesized to greater 
than 981l7o purity (T. Ho, ORNL, personal com
munication). The phthalate esters were dissolved 
in acetone, used as a carrier for their introduction 
into test exposure water. In all tests, two controls 
were run: an uncontaminated water control (no 
toxicant or carrier, designated "control" in the 
figures and tables) and a carrier control contain
ing acetone at the same concentration as in the 
toxicant exposures (designated "0.0" in the figures 
and tables). Water quality characteristics of the 
dechlorinated tap water used during the experi
ments are listed in Table I. 

The concentrations of each phthalate ester in 
samples of the exposure water were measured 
twice a week during toxicity tests with both chem
icals. The water was extracted twice with methy
lene chloride after addition of an internal standard 
[benzylbutyl phthalate (BBP), 100 ~g). The volume 
of aqueous sample extracted depended on the 
exp"'-:ted concentration. The methylene chloride 
extract was evaporated to dryness and the residue 
redissolved in 1.0 ml benzene. Two microliters of 
sample was analyzed on a Hewlett-Packard 5840 
gas chromatograph equipped with a Model 7671A 
automatic liquid sampler, using a 3 m x 3.1 mm 
glass column packed with 31l7o SP-2250 DB on 
100/20 mesh Supelcoport. The carrier gas was 
helium at a flow rate of 30 ml/min. The column 
oven temperature program ran from 200°C (held 
at 200°C for 2 min) to 250°C at a rate of 4°C/ 
min, and held at 250°C for 10 min. The injector 
temperature was 250°C and the flame ionization 
detector was maintained at 300°C. The precision 
of the analysis was ± 101l7o. Standards of 100 mg/L 
of DBP or DOP and BBP were analyzed with each 
group of samples. 

Dissolved oxygen (DO) and temperature were 
measured with a Yellow Springs Instruments 
Model 51 B oxygen meter, and pH was measured 
with a Corning Model 109 pH meter. 

Table I. Water quality characteristics of water used 
in toxicity tests 

Characteristic 

Total alkalinity 
Total hardness 
Dis-;olved organic carbon 
Total organic carbon 
Ca 
~g 
K 
Na 
Cl 
NO,-N 
so. 
Total phosphorus 
F 

Pb 
Zn 
Cr 
Cd 
Cu 
Hg 

Value (mg; L) 

82 
8S 

1.1 
1.3 

23.9 
6.5 
0.46 
0.64 
1.50 
0.025 
4.32 
0.020 
0.1 

(l'g/L) 

0.1 
0.40 
0.35 
0.01 
7 
0.003 

Tests for the D. magna reproduction experi
ment followed the guidelines recommended by 
Organization for Economic Cooperation and 
Development [1]. For the immobilization test 
(range-finding test), animals were exposed to six 
doses of each phthalate ester, with two replicates 
per dose. Five animals were exposed in each repli
cate in 100-ml glass beakers for 48 h. 

The D. magna reproduction tests were run as 
semistatic exposures with a 12-h light: 12-h dark 
cycle. Solutions were renewed three times a week 
during the experiment with DOP. During the 
reproduction test with DBP, solutions were 
renewed daily because the concentration of this 
phthalate ester decreased to very low levels if solu
tions were renewed only three times a week. In the 
reproduction test with DBP, 40 animals less than 
24 h old were placed individually into 100-ml glass 
beakers (80 ml of solution) for each dose. Before 
solutions were renewed each day, the beakers were 
inspected for dead animals, presence of eggs and 
released young. The first-instar daphnids were 
counted and discarded. The reproduction test with 
DOP was run with five 400-ml glass beakers per 
dose (8 animals and 320 ml per beaker). Animals 
were examined three times a week, and the num
ber of surviving adult daphnids and the number of 
released, viable juvenile daphnids was recorded. 

In reproduction tests with both phthalate esters, 
temperature, DO and pH were recorded for each 
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dose when solutions were renewed. Animals were 
fed a mixture of Trout Chow and yeast (2 mg/80 mJ 
or 8 mg/320 ml) when solutions were renewed. 

Since DOP and DBP are hydrophobic com
pounds capable of binding to the particulate 
organic matter introduced as the food source for 
the D. magna, the fraction of the phthalate ester 
bound to the particulates was measured under the 
conditions of these toxicity tests. Phthalate ester 
in carrier was dissolved in water and the mixture 
of Trout Chow and yeast added. The solution was 
stirred for 4 h and filtered through precombusted 
glass fiber filters (What man GF /F) to retain the 
particulates. The filters were extracted with methy
lene chloride and analyzed for phthalate levels by 
gas chromatography. The fraction bound to par
ticles was calculated as the ratio of the amount of 
phthalate retained on the filter to the total amount 
of compound in the suspension. 

The protocol for the fathead minnow early life 
stage test followed the standard test protocol 
developed by the U.S. EPA [2]. Embryos that 
were between 24 and 48 h old were pooled from 
several egg masses; they were separated from each 
other by finger-rolling and gentle teasing with for
ceps. Any dead or unhealthy eggs were discarded 
after inspection under a dissecting microscope. For 
initial range-finding tests, groups of embryos were 
allowed to hatch in uncontaminated water, and the 
new fry were divided into 4-liter aquaria contain
ing different doses of phthalate ester. The percent 
survival of the fry over 96 h was recorded. 

For the early life stage tests, 30 to 50 embryos 
were randomly distributed into glass embryo cups, 
with Nitex screening on the bottom, and placed in 
finger bowls (90 x 170 mm). Two replicates (one 
embryo cup per finger bowl per replicate) were 
prepared to test the effect of each concentration. 
The organisms were exposed to the phthalate esters 
in a flow-through exposure system (Environ-Tox 
diluter system, Specialized Environmental Equip
ment, Inc., Easley, South Carolina). All containers 
and tubing were constructed of glass, stainless steel 
or Teflon. The acetone solutions of the phthalate 
esters were injected into water in a toxicant mix
ing bottle using Frazer injecters (George Frazer, 
Duluth, Minnesota). Acetone with no toxicant was 
injected at the same rate into the diluent water so 
that the concentration of carrier was constant 
across all doses (0.1 milL water). A set of repli
cates was also exposed to carrier-free uncontami
nated water. A 12-h light: I 2-h dark cycle was 
maintained during all exposures. 

During the embryonic exposure period, the fin-

ger bowls were fitted w;th se!f-starting siphons, 
which partially drained the exposure chambers 
when they filled to the top of the siphons; this 
promoted flushing of the toxicant through the 
embryo cups and increased aeration of the 
embryos. When the embryos hatched, they were 
released into the finger bowls for the remainder of 
the test. After the swim-up stage, fry were fed 
freshly hatched brine shrimp. Records were kept 
of the number of embryos hatched, and the num
ber of normal and deformed fry. Dead animals 
were removed daily. 

DO was monitored daily, and temperature and 
pH were monitored weekly in each replicate; one 
replicate was monitored continuously for fluctua
tions in temperature. 

Statistical analysis of the results of all tests used 
the procedures in the Statistical Analysis System 
(Statistical Analysis Institute, Cary, North Caro
lina). Range-finding tests were analyzed by probit 
analysis when possible. Differences in survival, 
hatching or reproduction among doses were deter
mined by an analysis of variance; a Duncan's mul
tiple range test was used to separate means that 
were significantly different. Results are reported 
based on nominal concentrations of the phthalate 
esters. 

RESULTS 
D. magna reproduction tests 

Effect of DBP. In the acute mortality test 
(range-finding test), all D. magna were dead after 
48 h of exposure to nominal concentrations of 7.5 
and 10.0 mg/L DBP. At the lower doses of 3.0, 
1.0 and 0.5 mg/L DBP and in controls, all animals 
survived, except for one individual at 3.0 mg/L. 
The LC50 (lethal concentration to 500Jo of the test 
population) is between 3.0 and 7.5 mg/L DBP. 
Although a probit analysis cannot be performed, 
because this procedure requires two responses that 
are between 0 and IOOOJo mortality, a non paramet
ric analysis was developed for steep dose-response 
bioassays (Schmoyer, Beauchamp and McCarthy, 
manuscript in preparation). The LC50 was esti
mated using this method and was equal to 5.2 
mg/L, with 950Jo confidence limits of 4. 7 and 5.6 
mg/L. 

Temperature, DO and pH remained relatively 
constant throughout each test and across all con
cc>ntrations (Table 2). The measured concentra
tions of DBP in the freshly prepared solutions 
(before animals were added) were fairly close to 
the nominal doses; however, after 24 h, the con
centrations dropped by about one-third (Table 2). 
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Table 2. Water quality and phthalate concentrations during exposure of Daphnia magna 
to di-n-butyl phthalate 

Nominal Dissolved 
concentration Temperature oxygen 
(mg/L) (OC) (mg/L) 

Control 21.1 ±0.1 6.8 ± 0.1 
0.0 21.1:!: 0.1 6.0 ± 0.1 
0.056 21.1±0.1 6.0 :t 0.1 
0.18 21.3±0.1 5.9 ± 0.1 
0.56 21.2±0.1 5.9 ± 0.1 
1.8 21.2 ± 0.1 5.6 ± 0.1 
3.2 21.3 ± 0.1 5.7 ± 0.1 

Values are means± SE for all recorded measurements. 

The results of the filtration experiment designed 
to determine the fraction of DBP bound to the 
suspended particulates in the food demonstrated 
that only 2.507o (±0.2117o) of the DBP was bound 
to the suspended particulate matter. 

Survival of D. magna exposed to DBP ex
ceeded 80117o in all concentrations except 1.8 and 
3.2 mg/L and in the carrier-free control. The 
reason for the poor survival (and poor reproduc
tion) of the control group is not clear; the same 
problem was evident in the DOP experiment (see 
below). By the end of the experiment (day 16), 
7007o of the D. magna were alive at 1.8 mg/L and 
1807o were alive at 3.2 mg/L DBP (Fig. 1 and 
Table 3). 

The number of young produced per surviving 
adult at each dose is indicated in Table 3. 
Reproduction in D. magna was stimulated at low 
levels and inhibited at higher concentrations of 
DBP. Exposure to 0.056 to 0.56 mg/L DBP 
increased the total numbers of young produced. 
Reproduction was significantly impaired at 1.8 
mg/L, compared with that at either the 0.56 mg/L 
dose or the carrier control. Although eggs were 
occasionally observed in the brood sacs of animals 
exposed to a dose of 3.2 mg/L DBP, no viable 
young were produced. If the no observed effect 
concentration (NOEC) and the lowest observed 
effect concentration (LOEC) are assumed to 
reflect only inhibition of reproduction (as opposed 
to the apparent stimulation observed at moderate 
doses), then the NOEC for DBP is 0.56 mg/L and 
the LOEC is 1.8 mg/L (nominal concentrations). 

Since the animals exposed to DBP were cul
tured individually, information was obtained on 
the effect of DBP on the total number of broods 

Observed concentration 
(mg/L) 

Fresh After I d 
pH solutions with D. magna 

8.1 :!: 0.03 <0.001 <0.001 
7.9:!: 0.04 <0.001 <0.001 
7.9 ± 0.02 0.044 ± 0.004 0.029 ± 0.006 
7.9 ± 0.02 0.15 ± 0.02 0.059 ± 0.013 
7.9±0.03 0.50 ± 0.05 0.33 ± 0.04 
7.9 ± 0.02 1.56 ± 0.15 0.92 ± 0.17 
7.9 ± 0.03 2.80 ± 0.25 2.08 ± 0.11 

(as defined by appearance of eggs in the brood sac, 
rather than by release of viable young) and on the 
number of days and number of molts required to 
achieve reproductive maturity (primiparous instar). 
DBP had relatively little effect on any of these 
parameters, although the highest dose did result in 
a significant decrease in the total number of 
broods and in the instar at which eggs were first 
observed in the brood sac (primiparous instar, 
Table 4). 

Effect of DOP. The results of the acute 
immobilization test (range-finding test) for D. 
magna exposed to DOP indicated that this phtha
late ester was not toxic to the animals at any dose 
up to and including lO mg/L, the highest dose 
tested; this dose exceeds the aqueous solubility of 
DOP by three to four orders of magnitude (M. 
Maskarinec, ORNL, personal communication). 

Temperature, DO and pH remained constant 

Table 3. Effect of di-n-butyl phthalate on the survival 
and reproduction of Daphnia magna 

Nominal Survival of 
concentration adults Number of 
(mg/L) (OJo) young per adult 

Control 70.0 ± 1.1 (A) 56.0 ± 4.8 (AB) 
0 88.0 ± 0.8 (B) 69.4 ± 14.1 (AB) 
0.056 88.0 ± 0.8 (B) 89.3 ± 6.9 (A) 
0.18 80.0 ± 1.0 (C) 78.9 :t 9.9 (A) 
0.56 95.0 ± 0.5 (D) 85.0 ± 8.8 (A) 
1.8 70.0 ± 1.1 (A) 32.7 ± 10.4 (B) 
3.2 18.0 ± 9.6 (E) 0 ± 0 (C) 

Values are means± SE. FN each variable, means with the 
same letter (in parentheses) are not significantly different 
(p = 0.05). 
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Table 4. Effect of di-n-butyl phthalate on three biological measurements of reproductive success 
in Daphnia magna 

Nominal Days to 
concentration Primiparous primiparous Total number 
(mg/L) instar instar of broods 

Control 6.0 ± 0.2 (A) 7.4 ± 0.2 (AB) 3.1 ± 0.1 (BC) 
0 5.9±0.1 (A) 7.2 ± 0.2 (AB) 3.3 ± 0.1 (ABC) 
0.056 6.1 ± 0.2 (A) 7.5 ± 0.3 (AB) 3.2 ± 0.1 (ABC) 
0.18 5.9 ± 0.2 (A) 6.9 ± 0.2 (B) 3.4 ± 0.1 (AB) 
0.56 6.2 ± 0.1 (A) 7.1 ± 0.2 (B) 3.5 ± 0.1 (A) 
1.8 6.2 ± 0.2 (A) 7.7 ± 0.3 (AB) 3.0 ± 0.1 (C) 
3.2 5.3 ± 0.2 (B) 8.0 ± 0.2 (A) 2.2 ± 0.3 (D) 

Value~ are means± SE. For each variable, means with the same letter (in parentheses) are not significantly different 
(p = 0.05). 
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Table 5. Water quality and phthalate .:oncentrarions during exposure of Daphnia magna to di-n-octyl phthalate 

~ominal Dissolved 
concentration Temperature oxygen 
(mg/L) (oC) (mg;L) 

Control 22.6 ± 0.08 7.2 ± 0.07 
0.0 22.4 ± 0.06 5.1 :': 0.18 
0,01 22.5 ± 0.04 5.3:!: 0.15 
0.03 22.4 ± 0.04 5.3 :': 0.16 
0.10 22.4 :': 0.05 5.3±0.15 
0.32 22.6 ± 0.05 5.2 :': 0.14 
1.00 22.8 :': 0.05 5.3 :': 0.17 
3.20 22.9 ± 0.06 4.0 :': 0.15 

Values are means:: sE for all recorded measurements. 

throughout the course of the exposure and was 
constant between treatments, except for the 
slightly higher DO levels in the carrier-free control 
solutions (Table 5). The concentration of DOP in 
the exposure beakers remained relatively constant 
over the course of the study; the nominal and 
observed concentrations agreed well, except at the 
highest dose in which the actual concentration was 
higher than the nominal. Solutions in which D. 
magna were maintained for 2 to 3 d were also ana
lyzed for the levels of DOP remaining. The level 
of DOP was slightly higher after incubation of the 
animals, although the differences are not statisti
cally significant (Table 5). 

The results of the filtration experiment designed 
to measure the fraction of DOP bound to sus
pended food panicles demonstrated that all of the 
DOP was bound to the food particles. Little, if 
any, of the phthalate ester was available for up
take from the dissolved phase. 

Survival of the test animals exceeded 8007o, 
except at the highest concentration (3.2 mg/L) in 
which only 4507o remained alive through the end of 
the experiment (Table 6 and Fig. 2). 

The number of young produced per surviving 
adult at each dose is indicated in Table 6. 
Reproduction in the carrier-free control was sig
nificantly lower than in the acetone control. The 
reason for this effect is not clear; however, a simi
lar effect was observed in the reproduction test 
with DBP. Since the carrier control was identical 
in composition to the toxicant solutions, except for 
the presence of the DOP, this control seems the 
more appropriate one for comparison with the 
treated groups. 

pH 

8.0 ± 0.02 
7.7 ± 0.01 
7.7 :': 0.01 
7.7±0.02 
7.7±0.01 
7.7:':0.02 
7.7 ± 0.02 
7.7±0.02 

Observed 
concentration ( mg/ L) 

Fresh After 2-3 d 
solutions with D. magna 

<0.0001 0.007 ± 0.007 
<0.0001 0.002 ± 0.002 

0.008 ± 0.008 0.004 ± 0.002 
0.027 ± 0.004 0.033 ± 0.010 
0.093 ± 0.020 0.147 ± 0.043 
0.31 ± 0.09 0.44 ± 0.13 
1.24 ± 0.120 1.48 ± 0.43 
4.50 ± 0.64 3.44 ± 1.26 

The number of young produced per surviving 
adult was not significantly different in D. magna 
exposed to doses of DOP from 0 (acetone control) 
to 0.32 mg/L, but reproduction was significantly 
reduced at 1.0 and 3.2 mg/L. The NOEC is 0.32 
mg/L and the LOEC 1.0 mg/L. 

Fathead minnow early life stage test 
Effect of DBP. The results of the preliminary 

range-finding test with newly hatched fathead 
minnow larvae indicated that the LC50 for DBP 
was 2.02 mg/L (lower and upper 9507o fiducial 
limits of 1.32 and 2.85 mg/L). 

The embryo-larval early life stage test was 
conducted with doses of DBP ranging from 0.1 to 
1.8 mg/L. Temperature, DO and pH remained 
constant over the exposure period (Table 7). The 

Table 6. Effect of di-n-octyl phthalate on the survival 
and reproduction of Daphnia magna 

Nominal Survival of 
concemration adults Number of 
(mg/L) ( OJo) young per adult 

Control 82.1 ± 11.6 (A) 19.1 ± 3.5 (B) 
0 82.5 ± 9.3 (A) 79.4 ± 8.3 (A) 
0.01 95.0 ± 5.0 (A) 84.5 ± 6.3 (A) 
0.03 95.0 ± 5.0 (A) 82.3 ± 7.1 (A) 
0.10 92.5 ± 5.0 (A) 77.6 ± 7.4 (A) 
0.32 97.5 ± 2.5 (A) 71.2 ± 10.1 (A) 
1.0 77.5 ± 10.7 (A) 19.9 ± 3.3 (B) 
3.2 45.0 ± 12.2 (B) 18.3 ± 3.5 (B) 

Values are means± sE. For each variable, means with the 
same letter (in parentheses) are not significamly differem 
(p = 0.5). 
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Table : Water quality and phthalate concentrations during exposure of fathead minnow embryos and larvae 
to di-n-butyl phthalate 

Nominal Dissolved Observed 
concentration Temperature oxygen concentration 
(mg/L) (OC) (mg/L) pH (mg/L) 

Control 22.3 :t: 0.2 7.5 :t: 0.1 8.3 :t: 0.2 <0.001 
0.0 22.7±0.2 7.0 :t: 0.2 8.2:: O.o3 <0.001 
0.10 23.1::0.2 6.7 :t: 0.2 8.2 I 0.03 0.06 :t: 0.01 
0.18 23.1 = 0.3 6.9 = 0.2 8.2 ± 0.03 0.14 = 0.02 
0.32 23.3 = 0.2 5.7 :t: 0.2 8.::! 0.04 o.::~ :::om 
0.56 23.9 ± 0.2 6.9 :t: 0.3 8.2 = 0.02 0.53 :: 0.05 
1.0 24.1 ± 0.2 6.7:: 0.2 8.2:! 0.02 0.9"7 = 0.10 
1.8 24.5 = 0.4 6."7 = 0.5 8.~ = 0.08 1.74 I 0.22 

Values are means I sE for all recorded measurements. 
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.:oncentration of DBP did not vary greatly over the 
experiment; the observed concentrations were very 
close to the nominal doses (Table 7). 

Two r ·p!icates containing approximately 50 
freshly d<:posited embryos ( <48 h old) were 
exposed to each concentration of DBP or to con
trol solutions. The survival of the embryos during 
the first 48 h of exposure was not significantly 
reduced by doses of DBP up to 1.0 mg/L; how
ever, survival was significantly reduced after 48 h 
of exposure to 1.8 mg/L (Table 8). Exposure to 
the higher doses of DBP had a significant effect on 
hatching success. None of the embryos exposed to 
1.8 mg/L succeeded in hatching. Hatching rate 
was significantly reduced at 1.0 mg/L DBP. 
Lower doses had no significant effect (Table 8). 

The survival of the fish fry was followed 
through day 20; the experiment was terminated at 
this time due to an accident in the laboratory. 
Although the test did not continue for the recom
mended 28 d, the percentage of larvae surviving 
was fairly constant throughout the exposure 
period, except at 1.0 mg/L in which a large num
ber of sac fry died shortly after hatching (Fig. 3). 
There is no evidence that the additional exposure 
time would have produced any meaningful differ
ences in the test results. Larval survival was greater 
than 80()1o for animals exposed to doses of 0.56 
mg/L or less (Table 8), but was significantly 
reduced at 1.0 mg/L. Since none of the embryos 
hatched at 1.8 mg/L, larval survival was not mea
sured at this dose. 

The NOEC for the fathead minnow early life 
stage test with DBP is 0.56 mg/L and the LOEC 
is 1.0 mg/L. 

Effect of DOP. The results of the preliminary 
range-finding test with newly hatched fathead min-

now larvae indicated that DOP did not reduce lar
val survival at concentrations from 0.32 to 32 
mg/L, the highest dose tested. The highest dose 
exceeded the water solubility by 5everal orders of 
magnitude. 

Temperature, DO and pH varied only slightly 
over the course of the 34-d exposure period (Table 
9). The concentration of DOP remained fairly 
constant over the course of the experiment; 
observed concentrations were slightly lower than 
the nominal concentrations (Table 9). 

Two replicates of 30 embryos (24 to 48 h old) 
were exposed to each dose of DOP or to control 
solutions. None of the embryos died during the 
first 48 h of exposure. Continued exposure to 
DOP did not significantly decrease the survival or 
hatching success of the embryos in controls or in 
DOP-exposed animals at doses from 0.1 to 3.2 
mg/L (survival and hatching rates exceeded 950Jo ). 
At a dose of 10 mg/L, hatching dropped to 650Jo, 
a statistically significant decrease (Table 10). 

The survival of the larvae was followed through 
28 d of exposure. There was no significant de
crease in the survival of the larvae in the controls 
through DOP doses of 10 mg/L; survival equaled 
or exceeded 800Jo at all doses (Table 10 and Fig. 4). 

The length and weight of the larvae that were 
alive at the end of the experiment were determined 
for each replicate. There were significant differ
ences in the length and even larger differences in 
the weight of larvae exposed to DOP (Table II); 
however, the pattern of change did not follow any 
dose-dependent relationship. Also, density did not 
play a part since there was no correlation between 
the number of larvae in the exposure chambers 
and their final length or weight. Since the amount 
of food supplied to each chamber was varied 

Table 8. Effect of di-n-butyl phthalate on the early life stages of the fathead minnow 

Nominal Embryo survival Hatching Larval 
concentration at 48 h rate survival 
(mg/L) (Oio) (Oio) (07o) 

Control 73.4 ± 9.0 (A) 68.7 ± 8.8 (A) 93.8 ± 0.4 (AB) 
0 61.1± 6.9 (A) 56.5 ± 2.5 (AB) 98.2 ± 1.8 (A) 
0.10 72.5 ± 3.9 (A) 66.0 ± 3.0 (A) 82.9 ± 4.0 (B) 
0.18 74.5 ± 3.6 (A) 68.5 ± 6.5 (A) 85.9 ± 3.6 (AB) 
0.32 67.5 ± 3.8 (A) 68.0 ± 7.0 (A) 94.0 ± 0.5 (AB) 
0.56 54.0 ± 17.3 (A) 54.5 ± 16.5 (AB) 85.4 ± 9.2 (AB) 
1.0 54.1 ± 8.7 (A) 28.0 ± 15.0 (CB) 20.8 ± 2.6 (C) 
1.8 10.0 ± 10.0 (B) 0.0 ± 0 (C) 

Values are means± sE. For each variable, means with the same letter (in parentheses) are not significantly different 
(p = 0.05). 
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Fig. 3. Survival (lifo) of fathead minnow larvae exposed to di-n-butyl phthalate since the embryo stage. Day 0 is 
the day that larvae were released from the embryo cups. 

Table 9. Water quality and phthalate concentrations during exposure of fathead minnow embryos and larvae 
to di-n-octyl phthalate 

Nominal Drssol,ed Ob,ened 
concentration Temperature oxygen -:on,entration 
(mg/L) t'C) (mg L) pH (mg L) 

Control 22.1 = 0.15 7.2 ~ 0.06 8.4 ~ 0.03 <0.001 
0.0 23.2:!0.37 7.0 ~ 0.11 8.2 = 0.()4 <0.001 
0.10 23.5:! 0.54 8.1 = 0.11 8.2:! 0.06 0.10:!0.02 
0.32 22.9 ~ 0.24 8.1 ± 0.10 8.2 ~ 0.06 0.21 :! 0.05 
1.0 23.5 ± 0.20 :.~:::0.14 8.3 = 0.06 0.94:!0.36 
3.2 23.4 = 0.40 '.9::: 0.13 x.2 ::: o.os 1.~6 = 0.43 

10.0 23.6 + 0.54 -(I~ 0 13 ~.:'=(I ()h R.~O :-: 0.90 

\"a1ues are meam ± SE for all recorded measurement\. 
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Fig. 4. Survival (117o) of fathead minnow larvae exposed to di-n-octyl phthalate since the embryo stage. Day 0 is the 
day that larvae were released from the embryo cups. 

Table 10. Effect of di-n-octyl phthalate on the early life stages of the fathead minnow 

Nominal Embryo survival Hatching Larval 
concentration at 48 h rate survival 
(mgiL) (1170) (07o) (07o) 

Control 100 ::0 (A) 98.5 ± 1.5 (A) 79.7 ± 8.2 (A) 
0 100 ::0 (A) 100 ± 0 (A) 85.5 ± 105 (A) 
0.10 98.5 :t 1.5 (A) 100 ± 0 (A) 91.5 ± 8.5 (A) 
0.32 100 ±0 (A) 98.5 ± 1.5 (A) 80.0 ± 7.0 (A) 
1.0 96.5:: 3.5 (A) 95.0 ± 5.0 (A) 92.0 ± 4.0 (A) 
3.2 100 ±0 (A) 100 ± 0 (A) 89.5 ± 10.5 (A) 

10 100 ::0 (A) 65.0 ± 22 (B) 84.0 ± 16.0 (A) 

Values are means± SE. For each variable, means with the same letter (in parentheses) are not significantly different 
(p = 0.05). 
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Table II. Length and weight of fathead minnow 
larvae surviving exposure to di-n-octyl phthalate 

Nominal 
concentration Length Weight 
(mg/L) (em) (mg) 

Control 1.5 ± 0.04 (A) 24.2 ± 2.0 (A) 
0 1.5 ± 0.03 (A) 28.1 ± 2.1 (A) 
0.10 1.3 ± 0.04 (CD) 15.5 ± 1.3 (BC) 
0.32 1.2 ± 0.03 (D) 10.7 ± 1.3 (C) 
1.0 1.4 ± O.Q3 (AB) 18.6 ± 1.5 (B) 
3.2 1.3 ± 0.03 (BC) 14.6 ± 1.1 (BC) 

10.0 1.5 ± 0.05 (A) 25.1 ± 3.0 (A) 

Values are means± SE. For each variable, means with the 
same letter (in parentheses) are not significantly different 
(p = 0.05). 

according to the number of larvae present, food 
availability should not have played a role in the 
observed differences. 

Based on the hatching success of the fathead 
minnows, the most sensitive parameter in this 
experiment, the NOEC for DOP is 3.2 mg/L and 
the LOEC is 10 mg/L. 

DISCUSSION 

Although there have been several reports on the 
toxicity of DBP to aquatic organisms, almost 
nothing is known about the toxicity of DOP. In 
the range-finding test with DBP, acute mortality 
was observed at levels of 2 to 7 mg/L for both D. 
magna and the larval fathead minnows. The 
LOECs for chronic, sublethal effects on repro
duction of D. magna or on survival of fathead 
minnow early life stages was I to 1.8 mg/L DBP. 
These results are within the range of toxic or 
chronic effect concentrations previously reported 
for other aquatic organisms. The 48-h EC50 for 
midge larvae was 0. 76 mg/L [3] and the 96-h LC50 
for amphipods was 2 mg/L [4,5]. The survival and 
development rate of larval grass shrimp were 
unaffected by 30-d exposures to levels of DBP up 
to I mg/L [6]. The grass shrimp did die rapidly at 
DBP concentrations of 10 to 50 mg/L; the effect 
was thought to be due to the presence of coalesced 
droplets of DBP at concentrations beyond the 
solubility limits of the phthalate [6]. The acute tox
icity of DBP (96-h LC50) in fish ranged from 0. 7 
and 1.3 mg/L for bluegills and fathead minnows, 
respectively, to 6.5 mg/L for trout [4.5]. DBP was 
reported to decrease the hatchability of brine 
shrimp eggs at levels of 10 mg/L [7] and to 
decrease the heart rate of goldfish within minutes 

after exposure to 5 mg/L [8]. On a community 
level, 2 weeks of exposure to 3.7 mg/L of DBP 
decreased the abundance and diversity of labora
tory-developed estuarine benthic communities; the 
next lowest treatment level of 0.34 mg/L had a 
small, but statistically significant, effect on com
munity structure, and 0.04 mg/L had no effect [9]. 
DBP has also been reported to affect the growth 
of phytoplankton: Exposure to levels of 5 mg/L 
over 4 d decreased the growth rate of Skeletonema 
[10], whereas exposure to 0.2 mg/L over 4 d 
reduced the growth rate of Gymnodinium [II]. In 
general, both chronic and acutely toxic levels of 
DBP appear to fall in the range of 0.5 to 5 mg/L 
for a wide variety of aquatic organisms. This range 
corresponds to 5 to 5007o of the aqueous solubil
ity limit of DoP [12]. 

The only other phthalate ester that has been 
extensively studied is di-2-ethylhexyl phthalate 
(DEHP), and there is less agreement on levels of 
DHEP that cause toxic effects than there is for 
DBP, especially with respect to its effect on 
reproduction of D. magna. While Mayer and 
Sanders [4] reported reduced reproduction at 3 to 
30 1-1g/L, Brown and Thompson [13] found that 
doses up to 100 1-1g/L DEHP (the highest dose 
tested) had no significant effect. The large differ
ence in the reproductive rate observed in the two 
studies is notable: Mayer and Sanders reported an 
average of only II offspring produced per adult 
over 3 weeks, compared with 170 offspring per 
adult over the 3 weeks of the Brown and Thomp
son study. In the present study, an average of 70 
to 80 offspring was produced per adult over 2 
weeks, a reproductive rate comparable with that in 
the Brown and Thompson study. The greater 
tolerance to DEHP reported by Brown and 
Thompson is also in general agreement with our 
result for DBP and DOP (NOECs of 0.56 and 
0.32 mg/L, respectively). 

Mayer and Sanders [4] and Mehrle and Mayer 
[14] also reported that survival of trout sac fry was 
affected by very low levels of DEHP (5 to 14 
1-1g/L). In contrast, long-term exposure to concen
trations up to 100 1-1g/L did not affect the survival 
or growth of adult fathead minnows or rainbow 
trout (60-d exposures) or of D. magna (21-d 
exposures) or Mytilus (28-d exposures) [13-15], 
and I mg/L did not affect survival or growth of 
g1 ass shrimp larvae [6]. The 48-h EC50 for midge 
larvae exposed to DEHP was greater than 18 
mg/L, whereas chronic effects were seen at levels 
greater than 0.36 mg/L [3]. Acute toxicity to 
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DEHP was not observed below ..:oncentrations of 
32 mg/ L in amp hi pods [5] or in bass, trout or 
goldfish [16]. (Reference 16 identifies the toxicant 
as dioctyl phthalate, but the correct nomenclature 
is DEHP .) Since the aqueous solubility limit of 
DEHP is approximately I mg/L [6], reports of 
toxic levels far in excess of the solubility limit are 
difficult to interpret. 

The problem of solubility limits versus appar
ent toxic levels of a contaminant is even more 
obvious in the present study with DOP. The aque
ous solubility of DOP, based on retention time on 
reversed phase high performance liquid chro
matography columns [17] and on the amount pass
ing through a 0.45-Jlm silver filter, is in the low 
microgram per liter range (M. Maskarinec, 
ORNL, personal communication). Yet, acute tox
icity to DOP was not seen even at levels of 10 to 
32 mg/L in either D. magna or larval fathead min
nows. The hatching success of fathead minnow 
embryos was not deleteriously affected at DOP 
concentrations below 10 mg/L. At this exposure 
level, an obvious surface slick of DOP was visible 
in the exposure chambers. It is unclear whether the 
reduced rate of hatching to viable larvae was due 
to uptake of DOP from the water, or due to the 
embryos or larvae coming in contact with the sur· 
face slick. Reproduction of D. magna was deleteri
ously affected at l mg/L; however, in this 
experiment, all of the DOP was bound to the food 
particles. In this case, the toxic effect could be due 
to uptake of the phthalate from the contaminated 
food. 

These results raise questions about how to 

interpret structure-activity relationships for differ
ent phthalates that vary so widely in soiubility. The 
toxicity may be controlled as much by the mode of 
exposure as by the direct toxic properties of the 
contaminant. For compounds that are toxic at 
levels below their solubility limit, such as DBP, the 
effect is probably due to the contaminant being 
taken up from the water and exerting a direct 
effect on the organism. Reports of acute or chronic 
toxicity under these conditions can be interpreted 
in a straightforward manner. When the deleterious 
effect is observed at concentrations above the solu
bility limit, interpretation of the results is con
founded by the partitioning of the compound 
within the environment (e.g., sorption to particu
late or dissolved organic matter in the water or to 
the sediment and the sides of exposure chambers) 
and the relative availability of the contaminant in 
these different phases for uptake by organisms. 
The sorption of phthalate esters to clay minerals, 

calcite and sediment is inversely proportional to 
the aqueous solubility of the phthalate [18]. This 
relationship has been observed for a wide variety 
of organic contaminants [19,20]. In a microcosm 
experiment with DEHP, 6207o of the phthalate was 
recovered from the glass, sediment or surface 
microlayer [21]. In the present experiment with 
DOP, all of the contaminant was bound to the 
food particles during the exposure of the D. 
magna. 

Since a basic toxicological assumption is that 
the effect of a contaminant will be related to the 
amount taken up by the animal (dose), the relative 
availability of contaminant from the various 
phases within the environment must be considered 
in interpreting the toxicity data. For polynuclear 
aromatic hydrocarbons (PAHs), the rate coeffi
cient for uptake of the contaminant in true solu
tion in the water is 10-fold greater than the uptake 
rate for contaminant sorbed to food particles [22]; 
i.e., for every mole of the chemical bound to par
ticles, 9007o is unavailable for uptake by filter
feeders. The interaction of phthalates with dis
solved organic matter in the water [23,24] may also 
reduce their bioavailability in the same way that 
hydrophobic contaminants (PAHs) bound to dis
solved organic matter are essentially unavailable 
for uptake by fish or by D. magna [25]. Uptake of 
P AH contaminants sorbed to the sediment is also 
much lower than is uptake of dissolved material 
[26]. 

From the structure-activity perspective, these 
observations suggest that the activity of a phtha
late may be a function of the chemical properties 
of the contaminant affecting its partitioning within 
the environment (related, for example, to the solu
bility of the compound) as much as a function of 
the toxicological properties acting within the 
organism. 
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