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ABSTRACT The lethal and sublethal toxlclty of phendnthrene (a polycyclic aromatic hydrocarbon, 
PAH) to 2 species of meiobenthic estuarine harpacticoid copepods (Schfzopera knabeni dnd Nitocra 
lacustrfs) was ~nvestlgated Individuals of different life stages (naup l~us  copepodite, adult male and 
female) were exposed to sediment-associated phenanthrene In separate 10 d bioassays Overall A' 
lacustns (10 d LCj, values ranglng from 43 to 105 pg g ' d ~ y  wt) was more sensitive than S knabeni 
(10 d LCSD values ranging from 84 to 349 pg g ' dry \vt) Signlflcant differences In life-stage-speclfic 
sensitivity wele observed for S knabeni, with the nauplll belng most seniltive tolloived by cope- 
podltes and adults, adult males and females \Yere equally sensltlve For N Iacustris females wele  sig- 
nificantly more sensltlve than all other stages no s ign~f~can t  d~tferences  \yere evldent among the other 
stages Phenanthrene effects on offspring productlon were invest~gated In the adult 10 d b~oassay Sig- 
nificant decreases in offspring productlon occurred at sublethal concentratlons for S knabenl (as low 
as 22 1-19 g.' d r y  wt) but d t  concentratlons In the same lange as the 10 d LC5,values for A' ldcustr~s In 
addition phenanthrene slgnlficantly prolonged embryonic and larval development and decreased egg  
hatching success for both species Our results suggest that PAHs have a negative effect on the repro- 
duc t~on  of melobenthic copepods at sublethal concentrations mostly due  to a decrease In brood pro- 
duc t~on  rate and impalrlnent of hatchlng Overall, deleterious effects were manifested in the same 
range of concentratlons for both species but deflnite specles-spec~flc differences In the pattern of 
responses were evident 
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INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are among 
the most carcinogenic mutagenic and toxic contami- 
nants found in aquatic systems An estimated 2 3 X 

l ob  t of PAHs enter aquatic systems every year (Ken- 
nish 1992) Phenanthrene is a inedium-molecular- 
weight PAH composed of 3 benzene rings and is an 
important environment contaminant ( U  S EPA 1993) 
The lethal toxicity of phenanthrene to numerous spe- 
cies of invertebrates and fish in aqueous exposuies 
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(96 h LC ,, values ranging from 17 7 to >l150 pg 1 l )  is 
summarized by the U S EPA (1993) Studies on the 
sublethal tox~city of phenanthrene report such effects 
as Increased respiration rate and decieased growth 
and larval development rate, offspring production and 
feeding late (Laughlin & Neff 1979, 1980, Geigei & 
Buikema 1981, 1982, Donkin et a1 1989, Emery & Dil- 
lon 1996) Due to theii high hydrophobicity phenan- 
threne and other PAHs In the water column are iapidly 
sequesteied into the organic matrix of suspended 
sediments and bed sediments, resulting in sediment 
contamination Reports of the toxicity of sediment- 
associated phenanthrene to infaunal invertebrates are 
scarce, including lethal toxicity to amphipods (U S 
EPA 1993) and decreased survival feeding rate and 
reproduct~ve output of tubif~cid worms (Lotufo & 
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Fleeger 1996) a.nd harpacticoid copepods (Lotufo 
1997). 

Copepods have been largely employed in water-only 
toxicity bioassays (e.g Bengtsson & Tarkpea 1995), 
including early-life-stage exposures (Verriopoulus & 
Moraitou-Apostolopoulou 1982, O'Brien et al. 1988, 
Hutchinson et al. 1994) and life-table studies (Daniels 
& Allan 1981, Allan & Daniels 1982, Bechmann 1994). 
Harpacticoid copepods are also well suited for sedi- 
ment-toxicity assessment. Methods for culturing and 
use in toxicity bioassays have been described (e.g. 
Chandler & Green 1996, Lotufo 1997). Most species 
undergo a short life cycle and all larval stages are 
infaunal, making them excellent test organisms for 
assessing the effects of sediment-associated contami- 
nants on life-history traits. investigations employing 
copepod life-history-related endpoints in sediment 
exposures include reproductive output (Chandler 
1990, Strawbridge et al. 1992, DiPinto et al. 1993, 
Chandler & Green 1996), life-stage-specific survival 
(Green et al. 1996) and a partI.a.1 life-table study (Green 
& Chandler 1996). 

Decreased offspring production was observed at 
sublethal concentrations when copulating pairs of 
Schizopera knabeni were exposed for 14 d to PAH- 
amended sediments (Lotufo 1997). However, it was not 
possible to discern the specific causes of the decrease. 
The reduction in reproductive output could have been 
due to changes in egg production rate, hatch~ng suc- 
cess or early-stage survival, alone or in combination. 
The objective of the present study was to enhance the 
understanding of the effects of PAHs on the life-history 
of meiobenthic copepods. The lethal and sublethal tox- 
icities of phenanthrene to 2 species, S. knabeni and 
Nitocra lacustris, were investigated and compared. 
Both harpacticoid copepod species inhabit the upper 
zone of intertidal mudflats of salt marshes of the 
Atlantic and Pacific coasts of the USA. Both species 
complete a full life cycle in less than 21 d at 25OC and 
are easily cultured under laboratory conditions. Ten 
day exposures, starting with different life stages (nau- 
plius, copepodite, or adult), were conducted to investi- 
gate phenanthrene effects on life-stage-specific sur- 
vlval, development, offspring production, clutch size 
and hatching success. 

METHODS 

Culture conditions. Schizopera knabeni Lang and 
Nitocra lacustris (Schmankevitsch) were obtained from 
mono-specific laboratory cultures started with stock 
collected from the surface sediment of intertidal mud- 
flats in a Spartina alterniflora salt marsh at Port Four- 
chon., Louisiana, USA. S. knabeni has been cultured 

since October 1993 and N, lacustris since February 
1995. They were cultured sediment-free in 500 m1 
Erlenmeyer flasks at room temperature with 350 m1 of 
25O& artificial seawater (ASW; Instant Ocean, Aquar- 
ium Systems, Mentor, OH, USA) in static conditions 
without aeration. The light regime was approximately 
12 h light: 12 h dark. The medium was renewed every 
14 d and food was added twice a week as 3 m1 (approx- 
imately 15 mg dry wt) of a mlxture (8:2, dry wt:dry wt) 
of Chaetoceros muelleri (a planktonic diatom), and 
Microfeast Plus Larval ~ i e t @  (Provesta Corporation, 
Bartlesville, OK, USA). Adult copepod density in cul- 
ture flasks maintained under these conditions was typ- 
ically 1 to 3 X 103 individuals. 

Partial life-cycle observations. The offspring pro- 
duction of Schizopera knabeni and Nitocra lacustns 
was monitored daily for 10 d. Six copulating pairs of 
S. knabeni and non-copulating pairs of N. lacustris 
were kept in small dishes (1 pair per dish) containing 
uncontaminated 25OA ASW without sediment. Copu- 
lating pairs consisting of an adult male clasping a pre- 
adult female (copepodite V) were abundant for S. 
knabeni but rare for N. lacustris. The use of dishes 
with water only allowed direct observation and accu- 
rate determination of life-history features such as the 
timing and frequency of egg-sac extrusion and hatch- 
ing, and the per-brood and total nauplii production 
during 10 d. Copepods were kept at 25OC and fed 
0.1 m1 (0.5 mg dry wt) of Chaetoceros muelleri every 
other day. Adults were observed and transferred to 
new dishes daily. Nauplii were enumerated and 
removed from the dish as soon as their presence was 
detected. For each species. 4 groups of 15 newborn 
nauplii of each species were also observed daily 
throughout their development to adulthood. 

Test organisms. Individuals at distinct life stages 
were used in 10 d bioassays to determine life-stage- 
specific responses to contamination. Copepods were 
removed from the culture and copulating pairs or sin- 
gle adults (males and non-ovigerous fema1.e~) were 
sorted under a stereo microscope and used in the 
male/non-ovigerous female bioassays (see below). 
Approximately 100 ovigerous females were kept in 
loosely covered crystallizing dish.es and fed 1 m1 (5 mg 
dry wt) of Chaetoceros muelleri. Eggs started hatching 
within a few hours. After 48 h, all females were 
removed and nauplii (1 or 2 d old) were sorted and 
immediately used in the naup11.u~ bioassays (see 
below). Eight or nine day old copepodites were 
obtained from the same dishes 7 d after the removal of 
adults. At the end of this period, all offspring had meta- 
morphosed to early copepodite stages and were imme- 
diately used in the copepodite bioassays (see below). 

Sediment dosing. Sediment was collected from the 
top 2 cm of a mudflat in a Spartina alterniflora salt 



Lotufo & Pleeger: Effects of phenanthrene on copepods 93 

marsh near Cocodrie, Louisiana. The typical total PAH 
(kSD) concentration in this sediment is 0.24 + 0.012 pg 
g-' dry wt (Carman et al. 1995). Stock test-sediment 
was prepared by sieving the mud through a 45 pm 
mesh. The sediment that passed through the sieve was 
left to settle overnight at  4OC. The supernatant was 
removed by aspiration, and the sediment was auto- 
claved. A liquid slurry (dry to wet wt ratio = 0.15) was 
created by homogenizing the autoclaved sediment 
with the appropriate volume of 25"810 ASW. Sediments 
with similar dry to wet wt ratios are  routinely used in 
sediment-toxicity tests with meiobenthic copepods 
(Chandler & Green 1996). Total solids was determined 
by oven drying sediment samples at  80°C. The sedi- 
ment organic carbon (SOC) of the resultant slurry. 
measured in duplicate on a Perkin Elmer (Norwalk, 
CT, USA) 2400 CHN Elemental Analyzer, was 1.5% 
after acidification with HC1 to remove inorganic car- 
bonate. 

Phenanthrene (98% purity, Aldrich Chemical Co., 
Milwaukee, WI, USA) was added to the sediment 
slurry by spiking. Homogenized stock test-sediment 
(150 g wet wt, dry to wet wt ratio = 0.15) was trans- 
ferred to each of nine 500 ml beakers and vigorously 
stirred. The appropriate amount of phenanthrene, car- 
ried in 0.2 m1 of acetone, was added, to the slurry and 
stirred for 4 h. The required amount of spiked phenan- 
thi-ene was calculated on a dry weight basis. Target 
concentrations were: 12.5, 25, 50, 100, 200, 300, 500, 
and 750 1-19 g-' dry wt. A control was prepared by 
adding 0.2 m1 of acetone only. Spiked sediment was 
stored at  4OC. After settling overnight, the overlying 
water was removed by aspiration, replaced with fresh 
ASW and the sediment homogenized. This procedure 
was repeated twice and is expected to remove excess 
solvent (Landrum et al. 1994). Sediments were stored 
in the dark at  4OC for 3 to 6 wk and fully homogenized 
with the overlying water before use. Phenanthrene 
sediment concentrations were measured by reverse- 
phase HPLC as described in Lotufo & Fleeger (1996), 
and determined to be  0, 11 + 2 (mean + SD), 22 + 5,  45 

7, 90 _+ 7, 177 2 13, 217 + 20, 492 + 45, and 739 78 
1-19 g-' dry wt. The mean, extraction recovery was 87 ?.;, 

Toxicity bioassays. In all bioassays, copepods were 
exposed to sediment treatments in 50 X 35 mm crystal- 
lizing dishes (Kimble, Toledo, OH, USA) filled with 
25 m1 of 25% ASW. In each dish, 8 m1 of sediment 
treatment was dispensed to the bottom with a 5 m1 
  inn pipette^, creating a 3 to 4 mm sediment layer 
Food was added to each dish as 0.3 mg of Microfeast 
Plus Larval Dietm mixed in 0.1 m1 of 25%" ASW. Dishes 
were placed inside loosely covered plastic containers. 
Soaked paper towels placed inside the containers cre- 
ated a humid environment to retard evaporation from 
experimental dishes. The plastic containers were kept 

overnight at 25OC In a temperature-controlled environ- 
mental chamber with no ill.u.mination before test 
organisms were added. 

Ten day bioassays were conducted to determine 
stage-specific sensitivity to phenanthrene lethal effects 
as well as phenanthrene sublethal effects on reproduc- 
tion and development. Separate experiments were 
conducted using Schlzopera knabeni and Nitocra 
lacustris. Four replicates were used per concentration. 
For each species, 3 bioassays were conducted using 
malehon-ovigerous-female pairs, early-age nauplii, or 
early-age copepodites. For all bioassays, copepods 
were introduced to experimental units, which were 
then returned to plastic containers and kept inside a n  
environmental chamber at  25OC for 10 d. Bioassays 
were conducted in the dark to prevent PAH photo- 
induced toxicity. At test termination, the contents of 
each dish were separately sieved over a 45 ].]m mesh 
sieve and  the retained material was washed into a 
plastic cell-culture dish. To avoid disturbance to the 
test organisms, 5 additional experimental units con- 
taining control sediment were prepared to measure 
salinity (Keichert refractometer, Cambridge Instru- 
ments, Buffalo, NY, USA) and oxygen concentration 
(Orion 820 oxygen meter, Boston, MA, USA) at initia- 
t ~ o n  and term~natlon of the experiment. 

Male/female bioassays were initiated with 10 copu- 
lating pairs of Schizopera knaheni or 10 non-copulat- 
ing adult pairs (single males and non-ovigerous 
females) of Nitocra lacustris per replicate. Copulating 
pairs of N. lacustris were rare among individuals 
retrieved from the culture system, and therefore not 
available in sufficient number for their use in the 
bioassays. At test termination, surviving adults and 
produced offspring were fixed with 4 % buffered for- 
malin and  stained with Rose Bengal. Adult copepods 
were subsequently sorted and offspring enumerated as 
described in Chandler & Green (1996). Clutch size was 
determined by enumeration of the eggs in intact sacs 
detached from ovigerous females. S. knabeni carries 2 
sacs, while N. lacustris carries only 1 sac. Nauplius 
bioassays were initiated with 15 individuals (1  or 2 d 
old) per replicate; all phenanthrene concentrations 
were used. except for l l and 739 pg g-' dry wt. Cope- 
podite bioassays were initiated with 20 individuals (8 
or 9 d old) per replicate; all treatments were used 
except for 739 pg g-' dry wt. At test termination, all 
surviving individuals were enumerated and examined 
for developmental stage (nauplius, copepodite, adult 
male, or adult female) in both nauplius and copepodite 
bioassays. 

In order to determine phenanthrene effects on 
embryonic developn~ent,  ovigerous females obtained 
from the copepodite bioassays were individually 
placed in tissue-culture dishes (35 X 10 mm) half filled 
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with 25Yh1 ASW (no sediment), fed 0.3. m1 (0.5 mg  dry 
wt) of Chaetoceros mueller], and observed every 8 h 
until eggs hatched. Nauplii were enumerated when 
their presence was detected in the dishes. One oviger- 
ous female from each replicate of the copepodite 
bioassay was used. The 90 and 177 pg g-' dry wt treat- 
ments from the Schizopera knabeni bioassay yielded 
single ovigerous females from only 3 replicates and the 
217 pg g.' dry wt did not yield any ovigerous females. 
Because S. knabeni ovigerous females of the same age 
were carrying their first brood of eggs, their age  at first 
reproduction (age when first brood hatched) could be 
determined. This determination was not possible for 
Nitocra lacustris, because some females had already 
produced their first brood when the observation period 
was initiated. 

Statistical analysis. For each copepod species, sepa- 
rate experiments were conducted using individuals of 
different life stages (nauplius, copepodites or adults]. 
Each of the following endpoints were analyzed using 
l -way analysis of variance (ANOVA): (1) fraction of 
test organisms found live at experiment termination in 
each bioassay (male/female, naup1,ius and cope- 
podite); (2) offspring production (number of offspring 
divided by the number of surviving females) in the 
male/female bioassay; (3) number of eggs carried per 
ovigerous female (clutch size) at test termination in 
the male/female bioassay; (4) fraction of total off- 
spring comprised of realized offspring (nauplii + cope- 
podites) and fraction of realized offspring comprised 
of copepodites in the male/female bioassay; (5) frac- 
tion of surviving copepods that attained copepodite 
stages in the Schizopera knabeni nauplius bioassay; 
(6) fraction of surviving copepods that attained the 
adu1.t stage in the Nitocra lacustris nauplius bioassay 
and in the copepodite bioassays; and (7) fraction of 
surviving adults comprised of males at  termination of 
the copepodite bioassays. In addition, the l-way 
ANOVA was used to test for differences in time for 
egg hatching and number of eggs successfully hatch- 
ing per brood from ovigerous females obtai.ned at ter- 
mlnation of the copepodite bioassays. Percentages 
were arcsine square-root transformed prior to analysis 
so that the data conformed to the assumption of 
homogeneity of variances. Phenanthrene treatments 
were compared with control treatments using Dun- 
nett's 2-tailed I-test (a = 0.05). Ten day LCS0 values 
were computed uslng the trimmed Spearman-Karber 
method (Hamilton et  al. 1977). Insufficient partial 
mortality in most bioassays prevented the use of pro- 
bit analysis. In order to compare and test for signifi- 
cant differences in the sensitivit~.es of the 4 life stages 
(nauplius, copepodite, adult male, adult female) to 
phenanthren.e, surv~vorship data for each copepod 
species were analyzed statistically. A 2-way .ANOVA 

using the split-plot design tested for the significance 
of 3 different effects on copepod survival in the pres- 
ence of phenanthrene: the main unit effect (or the 
effect of life stage], the subunit effect (or the effect of 
contamination level), and the effect of the ~nteraction 
of these 2 factors. Data for the 11 pg g ' dry tvt treat- 
ment were not available for naupliar stages and 
therefore were removed from the analysis. Of princi- 
pal interest was the comparison of overall survival 
under each life stage in a pairwise fashton (female vs 
male; female vs copepodite; female vs nauplius; male 
vs copepodite; male vs nauplius; and copepodite vs 
nauplius). However, if the interaction between life 
stage and contamination level was significant, the 
above pairwise comparisons were tested at each con- 
centration level by calculating least significant differ- 
ences according to Steel & Torrie (1960). When the 
interaction effect was not significant but the effect of 
life stage was, pairwise comparisons among life 
stages were performed, again using Bonferroni 
adjustment for multiplicity (Steel & Torrie 1960). The 
observed survival proportions (y) were transformed 
via the angular transformation (Green et al. 1996): 

y = V ( r  + 0.3?5)/(11+ 0.75) 

where r is the observed number of survivors and n is 
the total number of organisms exposed in each repli- 
cate. The transformed proportions Cy) were used in the 
2-way ANOVA. Statistical analyses were performed 
using TOXCALCTu version 5.0 (Tidepool Software, 
McKinleyville, CA, USA) and SAS' software (Release 
6.03 Edition; Cary, NC, USA). 

RESULTS 

Partial life-cycle observations 

Daily observations of male/female pairs of Schiz- 
opera knabeni and Nitocra lacustris in uncontaminated 
water for 10 d indicated that egg clutches were first 
extruded after 2 to 3 d from the beginning of the obser- 
vation period and hatched 1 d later The beginning of 
the observation period roughly coincided with the fer- 
tilization event for S. knabeniand with the period prior 
to the extrusion of an  egg clutch for already fertilized 
N. lacustris. Each female S. knabeni produced 4 4 * 0.9 
(mean + SD) clutches (1 every 2.4 k 0.5 d) with 16.9 + 
1.3 nauplii hatching from each brood. Nauplius pro- 
duction over 10 d was 73.5 * 15.3, and clutch size of 
females ovigerous at Day l 0  was 22.6 i 0.6. N. lacustris 
produced 3.7 * 0.5 clutches ( 1  every 2.7 * 0.4 d ) ,  with 
15 k 1.6 nauplii hatching per brood, and a total of 56.3 
k 11 nauplii over l 0  d .  Clutch size at Day 10 was 17.5 k 

2.3. Four groups of fifteen 1 d old naupl~i  of each 
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Table 1. Ten day m e d ~ a n  lethal concentrat~ons [LC,,,, values; cal- 
culated using the trimmed Spearman-Karber method ( l  lamilton 
et al. 1977)l derived from bioassays starting with different life 
stages of Schizopera knabeni and A!~tocra lact~stris. Numbers 
in parentheses indicate 95'5 confidence ~ntervals.  All values 

expressed as pg g-I dry wt 

Lc50 N~tocra lacustris Schizopera knabenj 

Female 105 (95-116) 345 (291-407) 

species were also observed daily. For S. knabeni, the 
copepodite stage was attained at age  7 to 8 d. Sexual 
maturity was attained quickly; eggs were extruded at 
age  17 to 18 d and hatched at  age  18 to 20 d. For N. 
lacustris, the copepodite stage was attained at age  5 to 
7 d ;  eggs were extruded at age 14 to 16 d and hatched 
at  age  16 to 18 d .  

Lethal toxicity: life-stage sensitivity 

ANOVA indicated significant phenanthrene-treat- 
ment effects (p c 0.05) on survivorshlp in all Nitocra 
lacustrjs and Schizopera knabeni 10 d bioassays. The 
salinity remained unchanged (25:'on) throughout the 
10 d.  Mean dissolved oxygen levels in the overlying 
water were 5.5 * 1.5 mg 1-' (79";) saturation) at  Day 0 
and 5.2 * 1.2 mg I-'  (75% saturation) at  Day 10. 

For Nitocra lacustris, control survival was >80 "1, for 
all life stages (Fig. 1). Male survival was significantly 
lower than the control at 90 1-19 g ~ '  dry wt and higher 
concentrations. Female survival was significantly 
lower than the control only at  177 pg g.' dry wt and 
higher concentrations. Survival was significantly lower 
than the control at 22 pg g-' dry wt and higher concen- 
trations for copepodites and at 45  pg g-' dry wt and 
higher concentrations for nauplii. No copepod sur- 
vived exposure to 177 pg g-' dry wt and higher con- 
centrations (Fig. 1). The 10 d LC,,, values were 105 pg 
g-' dry wt for females, 72 1-19 g-' dry wt for males. 43 pg 
g.' dry wt for copepodites, and 71 pg g-' dry wt for 
naupl~i (Table 1).  Results from the 2-way ANOVA on 
copepod survival indicated a non-significant interac- 
tion between life stages and contamination level (p = 
0.21) and a significant life-stage effect (p  < 0.01); 
female survival was significantly higher than survival 
of all other life stages. Adult male, copepodite and 
naupliar survival were not significantly different 
(Table 2). 

For Schizopera knabeni, mean adult survival was 
high in controls (97.5% for females and 100% for 

1 

Nrtocra lacustris , - .  .: .- feniale 

male 

i copepodite 

m naupliur 

, 
6 T - ~chriopera knabeni 

Phenanthrene concentration (pglg) 

Fig. 1 ~V~tocra lacustrjs and Schizopera knaben~.  Survlval of 
life stages (adult female, adult male, copepodlte, and nau- 
plius) exposed to sediment-associated phenanthrene for 10 d. 
Error bars show + l  SD of the mean (n = 4 ) ;  'significant differ- 

ence (n = 0.05) from control mean 

males) and remained above 67.6% at concentrations 
from 11 to 492 pg g-' dry wt. Survival of males and 
females was significantly lower than in the control only 
at 492 pg g-' dry wt, and all adult copepods died dur- 
ing the exposure to 739 pg g-' dry wt (Fig. 1). Mean 

Table 2. Results of the statistical analysis comparing differences 
among the mean survival of different life stages of Schizopera 
knahenl and Nitocra lacustns exposed to sediment-associated 
phenanthrene. For N. lacustns, the 2-way ANOVA indicated a 
non-significant interaction between life stage and contamina- 
tion level (p = 0.21 l ) ,  and overall differences among life stages 
were analyzed. For S, knabenl, this interaction xvas significant 
( p  < 0.01), and differences among life stages bvere analyzed at  
each contan~ination level. Different letters indicate significant 
differences among life stages, overall or at each concentration. 

See 'Methods: Stat~stlcal analysis' for details 

Concentration Female Male Cope- hduplius 
(pg g- :  dry cvt) podite 

Nitocra lacustris a b b b 
Schizopera knabeni 

0 a a a a 
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copepodite su~vival  was high (>87%)  In the control 
and phenanthrene concentratlons ranging from l l to 
45 pg g ' dry wt and gradually decreased at higher 
concentratlons, it was s~gnif~cant ly  lower than the con- 
trol a t  177 and 217 1-14 g.' dry wt and all copepodltes 
died during exposure to 492 and 739 pg g ' dry wt 
Mean naupllar survival was h ~ g h  (>go%)  In the control 
and at 22 pg g ' dry wt and decreased at hlgher 
phenanthrene concentratlons, ~t was signlf~cantly 
lower than the control at 45 and 90 pg g ' dri  wt, and 
all naup l i~  d ~ e d  durlng exposule to 177 1-19 g ' dry wt 
and higher concentratlons The 10 d LC, values were 
345 pg g-' dry tvt for females, 349 pg q ' dry wt for 
males, 172 pg g ' dry wt for copepodites and 84 pg g ' 
dry wt for naup l i~  (Table 1) Results from the 2-way 
ANOVA on S k n a b e n ~  survlval indicated a significant 
lnteractlon between llfe stages and contamlnatlon 
level ( p  i 0 01) Adult male and female survival were 
not significantly dlfferent at any contamination level 
naupliar survlval was sign~flcantly lower than cope- 
podlte survlval at 45 pg g ' dry wt and hlgher concen- 
tratlons, and lower than adult male and female surv~val  
at 90 pg g ' dry wt and higher concentratlons Cope- 
podlte survlval was significantly lower than adult male 
survlval a t  90 pg  g-' dry wt and lower than female sur- 
vival at 177 1-19 g-' dry wt and hlgher concentrations 
(Table 2) The LC,,, values of adult females and males 
were practically identical The 95 % C1 (confidence 
intervals) for the nauplius, copepodite and adult LC,, 
values did not overlap (Table l ) 

Sublethal toxicity: offspring production 

ANOVA ind~cated  s~gniflcant phenanthrene-treat- 
rnent effects (p  < 0 05) on offspnng product~on in the 
N~tocra lacustris and Sch~zopera knabeni male/female 
10 d bioassays Adult mortality took place in most 
replicates and increased wlth phenanthrene concen- 
t ra t~on In order to more accurately assess sublethal 
effects on reproductive output, mean offsprlng produc- 
tlon was calculated on a per-surviving-female basis 
The s t a n d ~ n g  stock of unhatched eggs at the t e rm~na-  
tion of the 10 d exposure was determined by measur- 
ing the clutch size of surviving ovigerous females 
Nauplii and copepodites surviving exposure com- 
prised the reallzed offsprlng, nauplli and copepodltes 
plus thc~ unhatched eqqs comprised the total or poten- 
tlal offspr~ng (Chandler & Green 1996) 

For Nitocra lacustns the mean number of reallzed 
offsprlng was highest (not slgnlf~cantly) at 11 and 
22 pg g-l dry wt, followed by the control, 45 and 90 pg 
g.' dry wt treatments (Fig 2 ) ,  lt was signiflcantly lower 
than in the control only at 90 pg g-I dry wt The mean 
fraction of total offsprlng compnsed of reallzed off- 

1 Nitocia lacuslris I 

L 

E Schizopera knabeni 
L 50 Y 
0 

Phenanthrene Concrntrclt~on ( p g l g )  

Fig 2 N~tocra  lacustris and Schizopera k n a b e n ~  Number of 
offspnng produced by exposed to sed~ment-assoc~ated  
male/female palrs phenanthrene for 10 d Offspnng were 
fractlonated Into eggs carned by survlvlng females and real- 
 zed offspr~ng [ n a u p l ~ ~  (naup)  plus copepod~tes (copep)] pre- 
sent at  test t e r m ~ n a t ~ o n  Error bars show + l  SD of the mean (n 
= 41, * s ~ g n ~ f ~ c a n t  d~fference (a  - 0 05) from control mean for 
number of eggs or reallzed offspnng, numbers over bars 1nd1- 
cate the mean percentage of reallzed offspring compr~sed of 
copepodltes No N lacustris surv~ved exposure to 177 pg g ' 
dry wt and h ~ g h e r  concentrat~ons and no S knabeni su rv~ved  

exposure to the 739 pg g-I dry ~ v t  treatment 

spring was slgnlficantly lower than the control at 
45 and 90 pg g ' dry wt The mean fraction of realized 
offsprlng comprised of copepodites was slgnlficantly 
lower than in the control a t  45 and 90 pg g ' dry wt 
(Fig 2) Clutch slze (data not shown) ranged from 15 4 
to 17 9 and was not slgnlflcantly dlfferent among sedi- 
ment treatments ( p  = 0 59) 

For Schizopera knaben~ ,  the mean numbel of real- 
ized offspring was significantly lower than In the con- 
trol for all phenanthrene treatments except 11 pg g-'  
dry wt (Flg 2) The mean fraction of the total off- 
spring comprised of reallzed offspring was signlfi- 
cantly lower than the control a t  177 pg g ' dry wt and 
higher concentratlons The mean fraction of reallzed 
offsprlng comprised of copepodites was slgnlficantly 
lower than In the control for all phenanthrene treat- 
ments except 11 pg g ' d r ~  wt No copepodltes \\ ere 
found at concentrations of 45 pg g ' dry wt and 
hlgher Mean clutc!~ size (data not shown) was highest 
in the control (19 9) and ranged from 16 6 to 18 9 In 
phenanthrene treatments up to 217 pg ry dry wt, 
none of w h ~ c h  were signiflcantly different from the 
control Mean clutch size in the 492 pg q dry tvt 
treatment (12 1) was s~gn~f icant ly  lower than in the 
control 
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Fig. 3 ~Vjtocra lacustris and Sc/?izopera knabenj. Distrlbution Fig. 4 .  hritocra lacustrjs and Schizopera knabeni.  Distrlbution 
of surviving copepods among lifr stages in the 10 d nauplius of surviving copepods among life stages in the  10 d cope- 
bioassay. Naup: nauplius; copcp: copepodite; female: adult podite bioassay. Ov fem: oviqerous female; fem: non-oviger- 
female; male: adult male No nauplll survived exposure to the ous adult female; male adult rnalc3; copep- copepodlte. No 

177, 217 and 492 pg g-' dry bvt treatments copepod~tc  .V lacustris survlved exposure to the 177. 217 and 
492 pg y ' dry wt treatments and no copepodite S. knabeni  

survived exposure to the 492 pg g-' dry wt treatment 

Sublethal toxicity: development 

Effects of phenanthrene on the development rate of 
larval and juvenile copepods over 10 d were exam~ncd 
in the nauplius and copepodite bioassays by identifica- 
tion of life stage at the end of the exposure period. In 
the Nitocra lacustris nauplius bioassay (Fig. 3), the 
fraction of surviving copepods that attained the adult 
stage in 10 d was highest in the control and 22 pg g-' 
dry wt treatments (8816) and significantly lower than 
the control at 45 and 90 pg g '  dry wt. Males comprised 
approx~mately 50% of the adult copepods in the con- 
trol and 22 pg g-' dry ~ v t  treatments (sex ratio near 1 : l ) .  
The mean fraction of males was higher than in the con- 
trol in the 45 and 90 pg g-' dry wt treatments (77 and 
78"Ib, respectively), but not significantly. In the Schiz- 
opera knabeni nauplii bioassay (Fig 3), all surviving 
individuals in the control replicates metamorphosed to 
copepodites in 10 d. However, copepods still in nau- 
pliar stages were observed at test termination in all 
phenanthrene treatments. The mean fraction of surviv- 
ing copepods attaining copepodite stages decreased 
with phenanthrene concentration and was signifi- 
cantly lower than in the control at 45 and 90 pg g.' 
dry wt. 

In the Nitocra lacustris copepodite bioassay (Fig 4), 
all surviving copepods developed to adult stages in the 
control treatment; however, a fraction ranging from 12 
to 17 % remained in copepodite stages in all phenan- 
threne treatments. The fraction of individuals attaining 

adult stage was not significantly different among treat- 
ments (p  = 0.17). Early-age nauplii were present in 
some replicates of all treatments, indicating offspring 
production by exposed copepods (data not shown). 
The sex ratio was near 1: l  across treatments, with 
males comprising from 39 to 55% of the adults. In the 
Schizopera knabeni copepodite bioassay (Fig. 4 ) ,  all 
surviving copepods had developed to adult stages at 
experiment termination in all treatments except 45, 90 
and 217 1-19 g-' dry wt, where individuals still at a cope- 
podite stage were found. The fraction of surviving 
copepods comprised of adults was significantly lower 
than in the control at 217 1-19 g-l dry wt. Ovigerous 
females comprised 70'% of the total number of frrnales 
found in the control. This fraction tended to decrease 
with increasing phenanthrene concentration and was 
significantly lower than In the control at 90 and 177 pg 
g-' dry wt. The proportion of adults comprised of males 
was 5 3 %  in the control. This fraction increased with 
increasing phenanthrene concentrations (up to 8gn'.), 
but never significantly. 

Periodic visual observation of ovigerous females ob- 
tained in the copepodlte bioassay suggested an in- 
crease in the embryo maturation period in the presence 
of phenanthrene. For Nitocra lacustris, hatching oc- 
curred In the control after an average period of 1.5 d 
from the beginning of the observation period. Mean 
time for hatching was significantly longer (up to 3.8  d) 



98 Mar Ecol Prog Ser 151: 91-102, 1997 

0 11 22 45 90 'l77 

Phennnrhrene Concentration (pg/g) 

Fig. 5. Nitocra lacustris and Schizoper-a knabeni. Time to 
hatching for eggs carried by ovigerous females obtained in 
the 10 d copepodite bioassay. Time is expressed in days from 
the beginning of the observation period. Error bars show + l  
SD of the mean (n = 4);  *significant difference (U = 0.05) from 

control mean 

Phenanthrene Concentration (&g) 

Fig. 6. Nitocra lacustris and Schizopera knaben~. Hatching 
success of ovigerous females obtained in the 10 d copepodite 
bioassay. Hatching success is expressed as  the number of 
nauplii hatching per female. Error bars show +l  S D  of the 
mean (n = 4); *significant difference (a = 0.05) from control 

mean 

trol and at significantly longer periods (up to 3.3 d) at 22 
and l77 pg g-' dry wt (Fig. 5).  Delayed egg hatching 
represented an increase in the mean age at first repro- 
duction from 19 days in the control to 21.3 d at 177 pg 
g-' dry wt. Partial life-cycle observations indicated that 
eggs hatch after an average of 1 to 2 d from the time 
they are extruded, suggesting that the late hatching ob- 
served with phenanthrene-exposed females is most 
likely due to slower embryonic development rather 
than to delay in when eggs were extruded. 

Sublethal toxicity: hatching success 

For Njtocra lacustris, the mean number of nauplii 
hatching from individual ovigerous females obtained 
from the copepodite bioassay ranged from 10 to 14.25 
in the control and 11, 22 and 45 pg g-' dry wt phenan- 
threne treatments (Fig. 6) .  A significantly lower mean 
(2.75 eggs) hatched from females exposed to 90 1-19 g-I 
dry wt. For Schizopera knabeni, the mean number of 
nauplii hatching from exposed females was highest in 
the control (14.5) and significantly lower than the con- 
trol (as low as 3.7) at 45. 90 and 177 pg g-' dry wt. 
Clutch size, not directly measured because of the 
experimental design, appeared to be similar among all 
N. lacustris and S. knabeni ovigerous females used in 
these observations. 

DISCUSSION 

Effects on survival 

Ten day LC50 values were obtained from tests start- 
ing with different life stages of Sch~zopera knabeni 
and Nitocra lacustns and indicated markedly differ- 
ent patterm of life-stage-specific sensitivity for the 
2 species (Table 1) For S knabeni, the lowest 10 d 
LCSo value was obtained when exposure was initiated 
with early naupliar stages, followed by early cope- 
podite stages, and adult males and pre-adult females. 
This apparent gradual decrease in sensitivity to 
phenanthrene as larval development progresses is 
supported by statistical analysis. No sex-specific dif- 
ferences in sensitivity were apparent, as indicated by 
very similar 10 d LCS0 values for males and females. 
The 10 d LCjn value for adult copepods was approxi- 
mately 4 times higher than that for nauplii and 2 
times higher than that for copepodites. For N. lacus- 
tris, the lowest 10 d LC,, value was for copepodites 
and was increasingly higher for nauplii, adult male, 

at 45 and 90 pg g-' dry wt (Fig. 5). Schizopera knabeni and adult females. Statistical analysis indicated a 
carrying their first brood of eggs were observed. Hatch- higher tolerance of adult females but a lack of differ- 
ing occurred after an average period of 1 d in the con- ences a.mong all other life stages. Sex-specific diifer- 
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ences were observed, with females significantly more 
tolerant than males. 

Early larval stages of numerous species of crus- 
taceans are more sensitive than adults to crude oil 
(Katz 1973, Karinen & Rice 1974, Mecklenburg et al. 
1977, Cucci & Epifanio 1979, Capuzzo et al. 1984) and 
phenanthrene (Laughlin & Neff 1979). The molting 
process may be involved; higher PAH tissue burden 
was found in newly molted compared to intermolt 
crabs perhaps as a consequence of increased water 
uptake and integument permeability at ecdysis or 
decreased PAH biotransformation rate during the molt 
process (Mothershead & Hale 1992). Naupliar stages of 
meiobenthic copepods were consistently the most sen- 
sitive in aqueous exposures to heavy metals (Ver- 
riopoulus & Moraitou-Apostolopoulou 1982, O'Brien et 
al. 1988, Hutchingson et al. 1994) and chlorpyrifos 
(Green et al. 1996). Higher tolerance of female cope- 
pods, as observed with N. lacustris, has been reported 
for other species of copepods in aqueous and sediment 
exposures to PCBs (polychlorinated biphenyls) and 
petroleum hydrocarbons (Dalla Venezia et al. 1981, 
DiPinto et al. 1993, Carman & Todaro 1996) and has 
been speculated to be related to the elimination of 
hydrophobic contaminants via egg production (Dipinto 
et  al. 1993). 

Overall, Nitocra lacustris was more sensitive to 
phenanthrene lethal toxicity than was Schizopera 
knabeni. The 10 d LC50 values for S. knabeni ranged 
from 84 to 349 pg g-' dry wt (5600 to 26800 1-19 got-' 
dry wt; where g,, is g organic carbon), whereas with 
N. lacustris values ranged from 43 to 105 pg g-' dry 
wt (2867 to 7000 1-19 g,,-' dry wt). Phenanthrene lethal 
toxicity in sediment exposures is only known for a 
limited number of species. Comparison of 10 d LC50 
values (on an organic carbon basis) suggests that all 
stages of N. lacustris and the larval stages of S. 
knabeni are equally or more sensitive than mature or 
sub-adult individuals of the marine amphipods Eohas- 
torious estuarinus (3820 to 4050 1-19 g,;' dry wt; U.S. 
EPA 1993) and Leptocheirus plumosus (6490 to 8200 
pg g,,-' dl-y wt; U.S. EPA 1993), whereas adult S. 
knabeni are  significantly more tolerant. Both S. 
knabeni and N. lacustris were more sensitive to 
phenanthrene than the oligochaete Limnodrilus hoff- 
meisteri (10 d LC5" = 42500 pg go,-' dry wt; Lotufo & 
Fleeger 1996) 

Ultraviolet radiation in sunlight dramatically 
increases the lethal toxicity of PAHs to infaunal organ- 
isms due to the formation of excited states of the parent 
molecule, even in the presence of sediment (Ankley et 
al. 1994). In order to prevent the confounding effect of 
this phenomenon, all experiments in this study were 
conducted in the dark. I t  has been demonstrated, how- 
ever, that several PAH congeners, among them 

phenanthrene, are not phototoxic (Newsted & Giesy 
1987). Mechanistic explanations for the prediction of 
photo-induced toxicity to specific congeners are pro- 
vided by Mekenyan et al. (1994). 

Effects on reproduction and development 

Phenanthrene delayed embryonic and larval devel- 
opment in Nitocra lacustris and Schizopera knabeni 
(Figs. 3, 4 & 5) Decreases in developmental and 
growth rates have been reported for other crustaceans 
in aqueous exposures to phenanthrene (Laughlin & 
Neff 1979, Geiger & Buikema 1982) and crude or fuel 
oils (Capuzzo e t  al. 1984 and references therein). 
Reduced feeding and decreased scope for growth have 
been demonstrated in crustaceans exposed to petro- 
leum hydrocarbons (Wang & Stickle 1987, Lotufo 1997) 
and are likely related to delayed development and low 
growth rate. In addition, Capuzzo et  al. (1984) showed 
that delayed development and lower growth rate in 
larval lobster exposed to petroleum hydrocarbons was 
related to alterations in normal patterns of lipid stor- 
age,  utilization and synthesis. Copepod developmental 
rate and onset of reproduction were also delayed 
under aqueous exposure to 2,4-dichlorophenol and 
4-chlorophenol (Kuiper & Hanstveit 1984) and insecti- 
cides (Allan & Daniels 1982, Savitz et al. 1994, Wright 
et al. 1996). 

The sex ratio of adult copepods on Day 10 in the 
phenanthrene treatments of the Nitocra lacustris nau- 
plius and the Schizopera knabeni copepodite bioas- 
says was skewed, although not significantly, towards 
males (Figs. 3 & 4).  There are several possible ways 
that PAHs might have influenced sex ratio in these 10 d 
experiments. Environmental sex determination has 
been suggested for copepods (Fleeger & Shirley 1990), 
and may be influenced by PAHs, but a more likely 
explanation involves the effect of PAHs on develop- 
mental rate. Male copepodites attain the adult stage 
earller than females (Bergmans 1981). Because devel- 
opment was faster in controls. copepodites of both 
sexes attained adult stage during the short duration of 
the experiment. If the exposure period were longer, 
female copepodites in phenanthrene treatments would 
probably have developed to adults as well. No previ- 
ous studies have reported PAH effects on sex ratio in 
crustaceans. 

Nitocra 1acust1-is and  Schizopera knabeni early-stage 
copepodites exposed to sediment-associated phenan- 
threne for 10 d that developed into ovigerous females 
were isolated and observed in clean 25%0 ASW for egg 
hatching. Although there was no apparent difference 
in clutch size, broods from phenanthrene-exposed 
females produced significantly fewer nauplii as com- 



100 Mar Ecol Prog Ser 151: 91-102, 1997 

pared to broods from control females (Fig. 6). Hatching 
success was significantly reduced by approximately 
75% in relation to the control at  90 pg g-l dry wt for 
both N. lacustris and S. knabeni. Nauplius survival at 
90 pg g-' dry wt was reduced by only approximately 
40% in both species, suggesting that the egg stage is 
more sensitive than larval stages to phenanthrene tox- 
icity. Low egg-hatching success has been observed for 
ovigerous females of a planktonic copepod (Cowles & 
Remillard 1983) and grass shrimp (Tatem 1977, Fisher 
& Foss 1993) following exposure to petroleum hydro- 
carbons. 

Phenanthrene did not have a negative impact on 
Schizopera knabeni clutch size (number of eggs per 
brood), except at 492 pg g-' dry wt. The number of nau- 
plii and copepodites produced per surviving female of 
S. knabeni, however, decreased in a concentration-de- 
pendent fashion (Fig. 2). Offspring production was sig- 
nificantly reduced by 24 O/o of control levels at 22 ug g-' 
d.ry wt. Because neither clutch size, hatching success, 
nor naupliar survival were adversely affected at 22 pg 
g-' dry wt, the significant reduction in offspring pro- 
duction was probably a consequence of decreased 
brood production rate. However, decreased hatching 
success and larval survivorship must have also con- 
tributed to reduce the final number of nauplii and cope- 
podites at higher concentrations. The fraction of the re- 
alized offspring comprised of copepodites tended to 
decrease with increasing phenanthrene concentrations 
(Fig. 2 ) ,  likely due to delayed formation and hatching of 
the earliest broods and slow metamorphosis. 

Nitocra lacustris offspring production was affected 
by phenanthrene to a lesser extent than Schizopera 
knabeni. The reproductive output of surviving females 
was significantly decreased only at 90 yg g-' dry wt 
(30% of control level) in N. lacustris. The 10 d cope- 
podite bioassay indicated that copepodite survival at 
90 1-19 g-' dry wt was also decreased to 30 O/o of control 
level, suggesting that early-stage mortality signifi- 
cantly contributed to the overall decrease in offspring 
production over the 10 days. Phenanthrene also likely 
inhibited hatching, as the fraction of surviving females 
that were ovigerous at test termmation wa.s signifi- 
cantly higher at 90 pg g.' dry wt (80%) than in the con- 
trol (8%; data not shown). The fraction of offspring 
attaining copepodite stages was significantly lower in 
phenanthrene treatments than in the control, probably 
because of reduced juvenile survival and developmen- 
tal rate. 

Ecological significance 

Survival and offspring production were not moni- 
tored for the entire life cycle of female copepods, pre- 

venting the construction of a full life table. Results from 
this study nevertheless reveal that phenanthrene con- 
centrations much lower than the adult 10 d LC5, value 
will reduce hatching success, early-stage survivorship, 
rate of development, sexual maturation and fecundity 
of some benthic harpacticoids. Offspring production of 
Schizopera knabeni, for example, was significantly 
decreased at concentrations as low as 22 pg g L  dry wt, 
whereas adult survival was significantly decreased 
only at 492 pg g-' dry wt. But in Nitocra lacustr~s, 
effects on survival and reproduction occurred at simi- 
lar contaminant levels. This species-specific difference 
makes it difficult to generalize our results to field set- 
tings. Major effects on either mortality or reproduction 
occurred at concentrations from about 20 to 40 pg g-' 
dry wt for both species. Total PAH concentration in 
heavily contaminated estuarine sediments may reach 
or exceed this level (Kennish 1992), but such contami- 
nation occurs in only a relatively small percentage of 
estuarine sites (Daskalakis & O'Conner 1995). Long 
et al. (1995) determined sediment concentrations fre- 
quently associated with adverse effects (effects-range 
median, or ER-M guideline values) for phenanthrene 
to be in the range of 2.25 1-19 g-' dry wt at 1.5% 
SOC. The U.S. EPA (1993) has proposed a salt-water 
sediment quality criteria (SQC) for phenanthrene of 
3.75 pg g-l dry wt at 1.5% SOC (SOC of the sediment 
used in this study) Since n.o statistically significant 
effect was detected at  the lowest concentration used in 
our toxicity bioassays ( l 1  pg g-' dry wt), the SQC and 
the ER-M would be protective for both N. lacustris and 
S. knabeni. Fleeger & Chandler (1983) reported that N. 
lacustris was unaffected by crude oil application to 
salt-marsh sediments in the only known field study 
involving either species used in our experiments. 

The results of this study suggest that, for Schizopera 
knabeni, offspring production and age at  first repro- 
duction are the most sensitive life-cycle variables (slg- 
nificant effect 22 pg g-' dry wt), followed by egg hatch- 
ing success (significant effect at 45 pg g-' dry wt). For 
Nitocra lacustris, results suggest that early-stage sur- 
vival is the most sensitive variable (significant effect at 
22 1-19 g-' dry wt), followed by egg hatching and off- 
spring production (significant effect at 90 pg g-' dry 
wt). A prediction of which life-history-related endpoint 
is the most relevant from an ecotoxicological perspec- 
tive cannot be attempted with the available data from 
th.is stud.y. Based on complete llfe-cycle experiments 
with soil nematodes, Kammenga et al. (1996) showed 
that although a reduction in the duration of the repro- 
ductive period (period of entire lde-cycle during which 
viable offspring was produced) by cadmium was the 
most pronounced (45%) among several life-cycle vari- 
ables, it did not have an effect on fitness (defined as 
r,). Prolongation, of the juvenile period by 7.5% or a 
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reduction in offspring production by 22%,  however, 
had the greatest impact, decreasing fitness by 5%. 
Only a full life-table study accompanied by a deter- 
ministic model designed to relate changes in individ- 
ual variables to fitness would indicate the ecological 
significance of each variable individually (Kamn~enga 
et al. 1996). Life-table experiments exposing copepods 
to individual contaminants have been successful 
(Daniels & Allan 1981, Allan & Daniels 1982, Bech- 
mann 1994, Green & Chandler 1996). Full lllc-cycle 
sediment exposures of benthic copepods to PAHs and 
other contaminants accompanied by a deterministic 
model analysis as in Kammenga et al. (1996) is encour- 
aged for a better understanding of the ecological impli- 
cation of sublethal contaminant impact on life-history 
parameters. 
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