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Abstract—Short-term sediment toxicity tests that only measure effects on survival can be used to identify high levels of contam-
ination but may not be able to identify marginally contaminated sediments. The objective of the present study was to develop a
method for determining the potential sublethal effects of contaminants associated with sediment on the amphipod Hyalella azteca
(e.g., reproduction). Exposures to sediment were started with 7- to 8-d-old amphipods. On day 28, amphipods were isolated from
the sediment and placed in water-only chambers where reproduction was measured on day 35 and 42. Typically, amphipods were
first in amplexus at about day 21 to 28 with release of the first brood between day 28 to 42. Endpoints measured included survival
(day 28, 35, and 42), growth (as length and weight on day 28 and 42), and reproduction (number of young/female produced from
day 28 to 42). This method was used to evaluate a formulated sediment and field-collected sediments with low to moderate
concentrations of contaminants. Survival of amphipods in these sediments was typically .85% after the 28-d sediment exposures
and the 14-d holding period in water to measure reproduction. Reproduction was more variable than growth; hence, more replicates
might be needed to establish statistical differences among treatments. Previous studies have demonstrated that growth of H. azteca
in sediment tests often provides unique information that can be used to discriminate toxic effects of exposure to contaminants.
Either length or weight can be measured in sediment tests with H. azteca. However, additional statistical options are available if
length is measured on individual amphipods, such as nested analysis of variance that can account for variance in length within
replicates. Ongoing water-only studies testing select contaminants will provide additional data on the relative sensitivity and
variability of sublethal endpoints in toxicity tests with H. azteca.
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INTRODUCTION

A variety of standard methods has been developed for as-
sessing the toxicity of contaminants associated with sediments
using amphipods, midges, polychaetes, oligochaetes, mayflies,
or cladocerans [1–7]. Several endpoints are suggested in these
methods to measure effects of contaminants in sediment in-
cluding survival, growth, behavior, or reproduction; however,
survival of test organisms in 10-d exposures is the endpoint
most commonly reported. These short-term exposures, which
only measure effects on survival, can be used to identify high
levels of contamination but may not be able to identify mar-
ginally contaminated sediments. Sublethal endpoints in sedi-
ment tests may also prove to be better estimates of responses
of benthic communities to contaminants in the field [1]. The
objective of the present study was to develop a method for
determining the potential sublethal effects of contaminants as-
sociated with sediment on the amphipod Hyalella azteca in-
cluding effects on reproduction. Companion studies have been
conducted that evaluated sublethal endpoints in sediment tests
based on a life-cycle test with the midge Chironomus tentans
[8–10].

Hyalella azteca are routinely used to assess the toxicity of
contaminated sediments [11–19]. Test duration and endpoints
recommended in standard methods for sediment testing with
H. azteca include 10-d survival [4] and 10- to 28-d survival
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and growth [1,6]. At our laboratory, sediment toxicity tests
with H. azteca have typically been conducted for 28 d, starting
with about 14-d-old organisms at 20 to 238C. Endpoints mea-
sured in these tests include survival, growth, and sexual mat-
uration [20]. While survival and growth endpoints have pro-
vided unique information on the toxicity of sediments, most
samples that resulted in a lower percentage of amphipods be-
coming sexually mature were the same samples that reduced
growth [20].

The reproductive biology of H. azteca is compatible with
the measurement of reproduction as an endpoint in sediment
tests. Hyalella azteca develops through five to eight prere-
productive instars and an indefinite number of postreproduc-
tive instars [21,22]. The first five instars correspond to the
juvenile stage of development, instars 6 and 7 correspond to
the adolescent stage (when sexes can be differentiated), instar
8 correspond to the nuptial stage, and all later instars represent
the adult stage [21–23]. Reproduction can reportedly occur
from 10 to 288C with highest reproduction at 26 to 288C [24].
Positive intrinsic rates of natural increase were reported above
108C with maxima between 20 to 258C [22].

Reproduction in H. azteca starts with amplexus, in which
a male grasps the female with its gnathopods while on the
back of the female. After 1 to 7 d in amplexus, the pair sep-
arates for a short time while the female sheds her exoskeleton,
then reunite briefly for copulation. After copulation, the pair
again separates and the female releases eggs from her oviducts
into the marsupium where the eggs are fertilized. The devel-
oping embryos and newly hatched young are kept in the mar-
supium until the next molt. The next amplexus occurs during
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incubation of the previous brood in the marsupium [1,21]. At
24 to 288C, hatching ranges from 5 to 10 d after fertilization
[22,25]. The time between molts for females ranges from 18
to 20 d at 20 to 228C [25], 9 to 10 d at 258C [26], and 7 to 8
d at 26 to 288C [25]. Hyalella azteca averages 15 broods in
152 d with brood sizes averaging 18 eggs/brood [23]. The size
of the first brood ranges from 4 to 10 young/female [22,26]
with larger organisms typically producing larger broods [22].

Several designs were considered for measuring reproduc-
tion in sediment exposures based on the reproductive biology
of H. azteca. The first design considered was a continuation
of the 28-d sediment exposures described in Ingersoll et al.
[20] for an additional 2 weeks to determine the number of
young produced in the first brood. The limitation of this design
is the difficulty in quantitatively isolating young amphipods
from sediment [27]. A second design considered was extension
of the 28-d sediment exposure for an additional month or
longer until several broods are released. These multiple broods
would then be isolated from the sediment. The limitation of
this second design is that specific effects on reproduction could
not be differentiated from reduced survival of offspring and
it would still be difficult to isolate the young amphipods from
sediment. A third design considered, and the one evaluated in
the present study, was to expose amphipods in sediment until
a few days before the release of the first brood. The amphipods
could then be sieved from the sediment and held in water to
determine the number of young produced. This test design
allows a quantitative measure of reproduction. However, one
limitation to this design is that amphipods might recover from
effects of sediment exposure during this holding period in
clean water.

This paper describes results of the three studies: (1) an
evaluation of the time for newborn H. azteca to produce a first
brood in water-only exposures using three different diets, (2)
exposure of H. azteca for 28 d to formulated or field-collected
sediments (low to moderate levels of contamination) followed
by a 14-d holding period in water to measure reproduction,
and (3) exposure of H. azteca in three types of sediments to
better define a feeding ration to optimize water quality, sur-
vival, growth, and reproduction. Results of these studies were
used to both develop a procedure for quantitatively evaluating
reproduction in sediment tests with H. azteca and to evaluate
relationships between growth (i.e., length or weight) and re-
production of H. azteca.

MATERIALS AND METHODS

Culture of amphipods

Mixed-age amphipods were cultured in 80-L glass aquaria
containing 50 L of water that received about 6 volume addi-
tions/d of well water (hardness 283 mg/L as CaCO3). Cultures
were maintained at 238C (618C) at light intensity of about
500 lux and were fed Tetramint fish food (Tetra-Werke, Melle,
Germany) and presoaked maple leaves ad libitum. Each aquar-
ium contained six nylon substrates (20-cm-diameter sections
of nylon ‘‘Coiled-web material’’; 3-M, St. Paul, MN, USA)
[27]. Known-age amphipods were obtained by sieving organ-
isms from the mixed-aged culture through a no. 25 (710-mm
mesh) U.S. standard size sieve placed under water. Mature
amphipods retained on the sieve were pipeted into a no. 40
(425-mm mesh) sieve, placed in a shallow glass pan containing
water, and left overnight to release newborn amphipods [27].
After 24 h, the ,24-h-old amphipods (neonates) were rinsed
through the no. 40 sieve into the surrounding water. The ne-

onates were held in a 2-L beaker for 7 to 10 d before the start
of a test. On the first day of isolation, the neonates were fed
10 ml of YCT (yeast–cerophylt–trout chowt, 1,800 mg/L
stock solution [4]; cerophyl as dried cereal leaves obtained
from Sigma Chemical, St. Louis, MO, USA and trout chow
obtained from Zeigler Brothers, Gardners, PA, USA) and 10
ml of Selenastrum capricornutum (about 3 3 107 cells/ml).
On the third, fifth, seventh, and ninth day after isolation, the
amphipods were fed 5 ml of both YCT and S. capricornutum.
Amphipods were initially fed a higher volume to establish a
layer of food on the bottom of the culture chamber. If dissolved
oxygen dropped below 4 mg/L, about 50% of the water was
replaced. Preparation of YCT and algae followed procedures
outlined in ASTM [1] and EPA [4].

Feeding study in well water

A 49-d water-only feeding study was conducted in well
water to compare survival and reproduction of H. azteca fed
three different diets: (1) YCT and algae, (2) Purina Rabbit
Chowt (Ralston Purina, St. Louis, MO, USA), or (3) Tetramin.
The objective of this feeding study was to determine the in-
fluence of these three diets that are commonly used in sediment
tests with H. azteca on time to amplexus, release of the first
brood, and size of the first brood.

Three diet treatments were evaluated: (1) 1.5 ml YCT
(1,800 mg/L stock solution) and 3 3 105 cells of S. capri-
cornutum added daily to each beaker; (2) 6 mg Rabbit Chow
added three times/week to each beaker; and (3) 2.5 mg Tetra-
min added three times/week to each beaker. These feeding
levels were chosen to be representative of levels recommended
by the U.S. Environmental Protection Agency (U.S. EPA) [4]
for YCT, by Kemble et al. [28] for Rabbit Chow, and by Day
et al. [18] for Tetramin. Eight replicate beakers were tested
for each diet treatment. Ten 10- to 11-d old amphipods were
placed in 300-ml beakers containing 150 ml of well water and
a 5-cm 3 5-cm piece of Nitext screen (Nylon bolting cloth;
44% open area and 280-mm aperture, Wildlife Supply Com-
pany, Saginaw, MI, USA). We have observed improved sur-
vival of amphipods when a substrate is provided in water-only
exposures. These beakers have a 1.6-cm hole cut above the
150-ml level that is covered with stainless-steel cloth (36%
open area and 40 3 40 mesh/inch, McMaster-Carr, Chicago,
IL, USA). Two volume additions/day of well water were added
to each beaker using an automated water-delivery system [29].
Exposures were conducted at 238C (618C) on a 16 light:8 dark
photoperiod at a light intensity of about 500 to 1,000 lux.

The following information was obtained for amphipods in
each beaker: (1) weekly survival, (2) time to first occurrence
of amplexus, (3) length (four replicates destructively sampled
on day 28), and (4) daily young production was obtained for
the amphipods in each replicate. At the start of the exposure,
about 20 amphipods were also archived in 8% sugar formalin
for later measurement of amphipod length [1]. Length of am-
phipods was measured along the dorsal surface from the base
of the first antenna to the tip of the third uropod along the
curve of the dorsal surface using a microscope and digitizing
system [28]. Excess food and debris were removed from the
beaker when weekly survival estimates were made. Repro-
duction was determined by removing amphipods in amplexus
from each beaker and placing these paired organisms into in-
dividual 300-ml beakers containing 150 ml of water and a 5-
cm 3 5-cm piece of Nitext screen. Each pair of isolated am-
phipods was fed at 20% of the original feeding level with
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Table 1. Results of a water-only feeding study conducted with the amphipod Hyalella azteca in relation to three diets

Diet
Day of first
amplexus

Lengtha (mm),
day 28

No.
pairs, day 28

No.
pairs, day 38

Young/
female,
day 38

No.
pairs, day 48

Young/
female,
day 48

No. pairs
one brood,

day 48

No. pairs
two broods,

day 48

YCT 1 algae
Rabbit Chow
Tetramin

23
25
31

4.2 (0.03)b

2.8 (0.19)
2.9 (0.23)

9
3
0

14
8
2

1.2
0
0

15
10

5

6
0.8
1.2

10
2
2

1
0
0

a Starting body length of amphipods was 1.7 mm (0.09 standard error of the mean; SE, n 5 28).
b Standard error of the mean.

Fig. 1. Results of the water-only feeding study with the YCT diet.
m, The day a pair of amphipods was observed in amplexus and iso-
lated into individual chambers; l, days the paired amphipods were
not in amplexus; *, death of one of the paired amphipods; and a
number indicates the number of young produced by a pair of am-
phipods on a particular day.

water replacement as described above. Daily observations
were made to determine duration of amplexus, time to release
of the first brood, and number of young released.

Results of this water-only feeding study are presented in
Table 1 and Figure 1. A slight buildup of food was observed
in the bottom of the beakers in each of the diets indicating the
amphipods were fed in excess. Survival of amphipods was
.90% through day 28 and .78% through day 35 across all
three diets. Amphipods were first observed in amplexus on
day 23 when fed the YCT 1 algae diet, on day 25 when fed
the Rabbit Chow diet, and on day 31 when fed the Tetramin
diet. Length of amphipods on day 28 was greater with the YCT
1 algae diet (4.2 mm) compared to either the Rabbit Chow
(2.8 mm) or Tetramin (2.9 mm) diets.

By day 35, 14 pairs of amphipods had been isolated from
the YCT 1 algae diet compared to only 8 in the Rabbit Chow
diet and 2 in the Tetramin diet (Fig. 1). Ten of the 15 pairs of
amphipods fed the YCT 1 algae diet had their first brood by
day 48 and a second brood was produced by one of these pairs
(Table 1). In contrast, only two pairs of amphipods fed either
the Rabbit Chow or Tetramin diets produced broods by day
48. The number of young/female was also higher at day 38
and 48 with amphipods fed the YCT 1 algae diet compared
to the other two diets. Isolated pairs of amphipods fed the YCT
1 algae diet were maintained until day 56 when most of these
pairs had produced a second brood. Timing and duration of
amplexus or size of first brood in this study are similar to
results of previous studies conducted at comparable temper-
atures [21–23,25,26]. A reduction in growth and reproduction
and a delay in the onset of amplexus of H. azteca was also
reported in a study that varied feeding level of Rabbit Chow
[30].

Sediment study conducted with field-collected samples

The objective of this study was to evaluate effects of field-
collected sediments on survival, growth, and reproduction of
H. azteca in 42-d exposures (28-d exposure to sediment fol-
lowed by a 14-d holding period in water to measure repro-
duction). The sources of sediment samples evaluated in this
study were (1) a U.S. Naval Air Station in Brunswick, Maine,
USA (NB, four samples, suspected contaminants included
polycyclic aromatic hydrocarbons [PAH]); (2) the Upper Mis-
sissippi River (UM, four samples, low concentrations of PAHs,
and polychlorinated biphenyls [PCBs] [31]); (3) the Rio Grande
River (RG, three samples tested in 1995 and two samples tested
in 1996, suspected contaminants included both urban and ag-
ricultural contaminants); (4) Eliza Pool, Austin, Texas, USA
(EP, one sample, suspected contaminants included both urban
and agricultural contaminants); (5) Canal Creek in Aberdeen
Proving Grounds, Maryland, USA (CC, four samples, sus-
pected contaminants included PAHs, PCBs, and metals); and
(6) a formulated sediment (FS) (N.E. Kemble, unpublished
results). The control sediment was obtained from West Bear-
skin Lake, Minnesota (WB) [15]. Sediment samples from the
field were collected from about the upper 6 cm sediment sur-
face using a petite Ponar grab (225 cm2), with a hand-held
scoop, or with a coring device (1996 Rio Grande samples).
Sediments were stored at 48C in high-density polyethylene
containers until the start of the tests. All of the field-collected
sediment samples were tested concurrently except for the sam-
ples from the upper Mississippi and the second set of samples
from the Rio Grande.

Based on the results of the first feeding study (Table 1),
sediment tests with H. azteca were conducted for 42 d with
a diet of YCT 1 algae. Exposures to sediment were started
with 7- to 8-d old amphipods. On day 28, amphipods were
isolated from the sediment and placed in water-only chambers
where reproduction was measured on day 35 and 42 (Appen-
dix). Using this design, amphipods can be expected to be in
amplexus first at about day 21 to 28 with release of the first
brood between day 28 to 42. Survival was measured on day
28, 35, and 42, growth (length) was measured on day 28 and
42, and reproduction (number of young/female produced) was
measured on day 35 and 42. Starting the test with 7- to 8-d-
old amphipods would probably not reduce the sensitivity of
the test. Collyard et al. [32] reported that the sensitivity of H.
azteca to a variety of contaminants was relatively similar up
to at least 24- to 26-d-old organisms.

Ten amphipods were exposed in 300-ml beakers containing
100 ml of sediment and 175 ml of overlying water (Appendix
[29]). At the start of a test, about 20 amphipods were archived
in sugar formalin for later measurement of length. Exposures
were conducted at 238C (618C) on a 16 light:8 dark photo-
period at a light intensity of about 500 to 1,000 lux. Eight
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replicate beakers/sediment were tested (four for 28-d length
and four for reproduction and 42-d length; except for the sam-
ples from the Upper Mississippi River where all eight repli-
cates were used to measure reproduction and 42-d length).
Each sediment sample was thoroughly mixed, visually in-
spected to judge homogeneity, and subsamples were added to
the test beakers the day before start of the sediment test (day
21).

Well water used as the source of overlying water was added
on day 21 in a manner that minimized suspension of sediment.
For sediment samples from Aberdeen that were collected from
brackish water, overlying water was amended with the addition
of Instant Oceant salt (Aquarium Systems, Mentor, OH) to
achieve a salinity of two parts per thousand. Two volume
additions of overlying water were added each day using an
automated water-delivery system [29]. Well water was used
as the source of overlying water because Kemble et al. [31]
and McNulty [33] observed poor survival of H. azteca in tests
conducted 14 to 28 d using a variety of reconstituted waters
including the reconstituted water (reformulated moderately
hard reconstituted water) described in Smith et al. [34] and
U.S. EPA [4]. Borgmann [35] described a reconstituted water
for culturing H. azteca; however, other laboratories have not
found this reconstituted water to be an improvement over use
of a natural water (T.J. Norberg-King, personal communica-
tion).

Feeding rates differed somewhat among sets of sediments
tested at different times, reflecting refinement in feeding re-
gimes. In most of the studies, amphipods in each beaker were
fed a 1.5-ml mixture of the YCT stock solution (1,800 mg/L)
and 3 3 105 cells of S. capricornutum three times/week. In
exposures with upper Mississippi River sediments, amphipods
were fed this same quantity of YCT and algae daily. In ex-
posures with two Rio Grande sediments (RG-04 and RG-05),
amphipods were fed 1 ml of YCT daily without the addition
of algae. Results of a subsequent feeding study in sediment
(described in the next section) resulted in modifying this feed-
ing regime (to 1 ml of YCT daily without the addition of algae;
Appendix).

On day 28 of the exposures, four of the replicate beakers/
sediment were sieved through a no. 50 sieve (300-mm mesh),
and surviving amphipods were preserved in sugar formalin for
later length measurements. The remaining four replicate beak-
ers/sediment to be used for determination of reproduction were
also sieved on day 28. Surviving amphipods isolated from
these beakers were placed in corresponding 300-ml water-only
beakers containing 150 ml of water and a 5-cm 3 5-cm piece
of Nitext screen. In a subsequent study, improved reproduction
of H. azteca was observed when the Nitex screen was replaced
with a 3-cm 3 3-cm piece of the nylon ‘‘Coiled-web material’’
described above for use in culturing amphipods (T.J. Norberg-
King, personal communication). Each water-only beaker re-
ceived two volume additions of water daily and YCT 1 algae
as previously described. Production of young amphipods in
theses beakers was determined on day 35 and 42 by removing
and counting the adults and young in each beaker. On day 35,
the adults were then returned to the same water-only beakers.
Adult amphipods surviving on day 42 were preserved in sugar
formalin for subsequent determination of sex and length. The
number of adult males and females in each beaker was deter-
mined from the day 42 sample (mature male amphipods were
distinguished by the presence of an enlarged second gnatho-

pod). This information was used to calculate the number of
young produced/female/beaker from day 28 to 42.

A buildup of food and mold was observed on the sediment
surface after day 14 of exposures conducted with samples from
the upper Mississippi River (i.e., a diet of 1.5 ml YCT and
algae daily). Thus, feeding was reduced in these exposures for
7 of the remaining 14 d of the sediment exposure. In the
subsequent exposures with the other sediments listed above,
the feeding rate was adjusted to 1.5 ml of YCT and algae three
times/week. With this reduced feeding rate, a buildup of food
was not observed on the surface of the sediment. However,
survival and growth of amphipods fed three times/week in the
formulated sediment was reduced relative to the amphipods
fed daily (see the Results and Discussion section).

Feeding study in sediment

To better assess the importance of food quantity, a subse-
quent feeding study was conducted to evaluate the performance
of amphipods in 42-d exposures using the following sediments:
(1) West Bearskin, (2) formulated sediment, and (3) Florissant
soil (FL) [13]. Each of these sediments has been previously
been used as a control sediment. For this study, four feeding
levels of YCT were evaluated: 1.5, 1.0, 0.75, and 0.5 ml/d/
beaker (1,800 mg/L stock solution of YCT) without the ad-
dition of algae (the addition of algae was not found to improve
the performance of amphipods in 42-d exposures, unpublished
data). All other test conditions were the same as described for
the exposures conducted with field-collected sediments (Ap-
pendix).

Endpoints measured in the feeding study included survival
on day 28, 35, and 42, length on day 28 and 42, and repro-
duction from day 28 to 42. In addition, dry weight of amphi-
pods in each replicate was determined after length was mea-
sured on day 28 and 42 using amphipods preserved in sugar
formalin. Gaston et al. [36] and Duke et al. [37] have shown
that weight or length of several aquatic invertebrates did not
significantly change after 2 to 4 weeks of storage in 10%
formalin. Dry weight of amphipods was determined by (1)
transferring the archived amphipods from a replicate out of
the sugar formalin solution into a crystallization dish, (2) rins-
ing amphipods with deionized water, (3) transferring rinsed
amphipods to a preweighed aluminum pan, (4) drying samples
for 24 h at 608C, and (5) weighing the pan and dried amphipods
on a balance to the nearest 0.00001 g. Average dry weight of
individual amphipods in each replicate was calculated from
these data. Due to the small size of amphipods, caution must
be taken during weighing (10 dried amphipods after a 28-d
sediment exposure weigh only about 2.5–3.5 mg). Weigh pans
need to be handled carefully using powderless gloves and the
balance should be calibrated with standard weights with each
use. We initially planned to report dry weight for the study
conducted with field-collected sediments; however, these data
are not reported due high variability in the measurements of
weight at day 28 and 42. Subsequent use of smaller aluminum
pans (7 3 22 3 7 mm, Sigma Chemical, St. Louis, MO, USA)
reduced variability in measurements of dry weight. Others
have also used weigh boats constructed from sheets of alu-
minum foil.

Water quality measurements

Pore-water samples were analyzed for total sulfide and am-
monia, alkalinity, pH, hardness, conductivity, and dissolved
oxygen using methods described in Kemble et al. [28]. About
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Table 2. Pore-water quality for the whole-sediment tests; total sulfide was ,0.1 mg/L and hydrogen sulfide was ,0.05 mg/L for all samples

Sample pH
Alkalinity

(mg/L)
Total hardness

(mg/L)
Dissolved oxygen

(mg/L)
Conductivity
(mmho/cm)

Unionized ammonia
(mg/L)

Total ammonia
(mg/L)

Controla

NB-01
NB-04
NB-07
NB-10

7.35
7.06
7.10
6.85
7.10

126
130
125

52
54

160
108

50
76
66

7.17
6.97
8.06
8.14
8.76

303
327
312
290
243

0.002
0.002
0.001

,0.001
,0.001

1.80
2.64
1.88
0.80
0.61

UM-04C
UM-11C
UM-14C
UM-24C
RG-01

7.84
7.45
7.53
7.45
7.90

NMc

415
NM
NM

1,100

NM
418
NM
NM
714

7.90
5.90
4.35
6.40
7.88

747
786
636
708

3,220

0.005
0.006
0.007

NDd

0.009

1.37
4.44
4.29
NM
2.29

RG-02
RG-03
RG-04
RG-05
EP-01

7.66
7.99
8.28
7.61
7.60

1,492
857
120
300
511

1,064
593
220
340
511

7.45
5.33
8.90
8.70
7.79

2,100
3,080

533
1,768
1,000

0.019
0.012
0.001
0.006
0.004

8.25
2.44
0.083
2.81
2.21

CC-REF
CC-01
CC-02
CC-03
FS-3X/7X
FSb

7.28
6.95
7.88
7.83
5.81
7.63

220
260
300
243

36
240

814
494
560
630
116
252

5.54
4.05
6.58
7.37

10.1
10.3

7,080
4,440
5,320
5,060
1,014

638

0.007
0.043
0.030
0.002

,0.001
0.002

6.97
12.9

5.32
3.52
2.16
2.06

a West Bearskin.
b Formulated sediment used in feeding study.
c NM 5 not measured.
d ND 5 not determined.

170 ml of pore water was isolated from each sediment sample
by centrifugation at 48C for 15 min at 5,200 rpm (7,000 g)
before the start of the tests (day 21 of the sediment exposure).
A wide range in the water quality characteristics of the pore
water was observed for pH (5.81–8.28), alkalinity (36–1,492
mg/L as CaCO3), hardness (50–1,064 mg/L as CaCO3), dis-
solved oxygen (4.4–10.3 mg/L), and conductivity (243–7,080
mmho/cm; Table 2). Concentrations of total ammonia (,12.9
mg/L), unionized ammonia (,0.043 mg/L), and hydrogen sul-
fide (,0.05 mg/L) were relatively low in these pore-water
samples.

Water quality characteristics of the overlying water of sed-
iment measured on day 21 (the day before organisms were
placed into beakers) and at the end of each sediment test in-
cluded dissolved oxygen, temperature, conductivity, pH, al-
kalinity, total hardness, and total ammonia (Table 3). Dissolved
oxygen was measured weekly in the overlying water. Over-
lying water quality characteristics were similar among all treat-
ments and the in-flowing test water (Table 3). Dissolved ox-
ygen measurements were at or above acceptable levels in all
treatments throughout the study (.40% saturation) [1].

Physical characterization of sediment samples

Physical characterizations of sediment samples included or-
ganic carbon content, water content, and particle size (Table 4).
See Kemble et al. [28] for a description of these methods. Sed-
iment samples exhibited a wide range in total organic carbon
(0.3–9.6%), water content (19–81%), and particle size (Table 4).

Chemical characterization of sediment samples

Chemical analyses included PAHs, organochlorine pesti-
cides (OCs), PCBs, acid volatile sulfide (AVS), and simulta-
neously extracted metals (SEM; Table 5). Kemble et al. [31]
(N.E. Kemble, unpublished results) describe methods used to
perform chemical characterization of sediment samples or re-
sults of these analyses for samples from the upper Mississippi

River, Aberdeen Proving Grounds, Rio Grande (RG-04 and
RG-05), formulated sediment, and Florissant soil.

For the remainder of the samples listed in Table 5, U.S.
EPA methods [38] were used to analyze for PAHs (method
8270A; gas chromatography/mass spectrometry [GC/MS]) and
for PCBs and OCs (method 8080; GC with an electron capture
detector). The estimated quantitation limit of method 8270A
for determining PAHs was 0.330 mg/g (wet weight). Extracts
were prepared using appropriate sample preparation and clean-
up (methods 3540, 3550, 3611, 3630, 3640) before analysis.
The following compounds were ,0.1 mg/g (dry weight) for
all samples: naphthalene, 1-methyl- and 2-methylnaphthalene,
biphenyl, 2,3,5- and 2,3,6-trimethylnaphthalene, 1-methylflu-
orene, 1-methyl-, and 3,6-dimethylphenanthrene. Sediment
samples from CC-01, CC-02, and NB-07 had elevated con-
centrations of several PAHs (.0.6–1.4 mg/g). Concentrations
of PAHs, if detected, were typically low (,0.6 mg/g) for the
other sediment samples listed in Table 5 or in the formulated
sediment, Florissant soil, or the samples tested from the upper
Mississippi River [31] (N. E. Kemble, unpublished results).

Interferences associated with analyses of OCs and PCBs
were minimized by cleanup with Florisil column (method 3620),
followed by sulfur cleanup (method 3660). All OCs and PCBs
were below detection limits (typically ,4 mg/g for OCs and
,0.07 mg/g for PCBs) with the following exceptions: 4,49-di-
chlorodiphenyltrichloroethane (DDT), 3.8 mg/g in NB-01, 11.1
mg/g in NB-04, 6.1 mg/g in NB-07; o,p9-dichloroethylidenebis-
chlorobenzene (DDD), 3.6 mg/g in NB-04; PCB 1242, 0.55 mg/
g in CC-01; PCB 1248, 2.48 mg/g in CC-01, 0.85 mg/g in CC-
02; PCB 1254, 0.34 mg/g in CC-01, 0.17 mg/g in CC-02, 0.93
mg/g in CC-03; and PCB 1260, 0.23 mg/g in CC-01, 0.11 mg/
g in CC-02, 1.12 mg/g in CC-03.

Metals (cadmium, copper, nickel, lead, mercury, and zinc)
in sediments were extracted with dilute hydrochloric acid (3
N HCl; simultaneously extracted metal; SEM) at room tem-
perature for 1 h simultaneously with AVS determination [39].
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Table 3. Mean measured overlying water quality for the whole-sediment tests conducted with sediments; water quality was conducted on day
0, 7, 14, 21, and 27

Sample pH
Alkalinity

(mg/L)
Total hardness

(mg/L)

Dissolved
oxygen
(mg/L)

Conductivity
(mmho @ 258C)

Unionized ammonia
(mg/L)

Total ammonia
(mg/L)

Field-collected sediments
Controla

NB-01
NB-04
NB-07
NB-10

8.17
8.14
8.30
8.30
8.28

175
206
181
181
198

210
220
211
217
214

6.94
6.38
7.02
7.00
7.13

517
520
528
529
528

0.002
0.001
0.001
0.001

,0.001

0.287
0.169
0.058
0.046
0.162

UM-04C
UM-11C
UM-14C
UM-24C
RG-01

8.35
8.33
8.30
8.22
8.29

248
246
248
249
202

290
284
288
280
224

6.57
6.62
6.13
6.26
7.25

628
622
618
609
593

NDd

ND
ND
ND

0.001

NMe

NM
NM
NM

0.153
RG-02
RG-03
Controlb

RG-04
RG-05

8.20
8.31
8.05
8.24
8.16

212
200
224
246
251

229
239
256
260
286

6.88
7.10
7.64
7.94
7.19

611
600
600
602
618

0.003
0.001
0.001
0.005
0.003

0.426
0.142
0.307
0.324
0.396

EP-01
Controlc

CC-REF

8.17
8.12
8.20

189
206
218

225
577
595

7.32
7.01
7.05

545
3,720
3,730

0.001
0.002
0.005

0.192
0.343
0.590

CC-01
CC-02
CC-03
FS-3X
FS-7X

8.24
8.35
8.33
8.17
8.13

224
231
222
175
173

592
607
607
207
210

7.05
6.90
7.07
7.73
6.85

3,620
3,750
3,750
5,414

544

0.007
0.004
0.004

,0.001
,0.001

0.815
0.381
0.362
0.040
0.040

Feeding study
WB-0.5
FL-0.5
FS-0.5
WB-0.75
FL-0.75

8.23
8.19
8.23
8.24
8.19

253
266
257
247
272

290
300
288
287
300

7.26
7.47
6.66
6.96
7.27

626
644
628
622
643

0.002
0.003
0.001
0.002
0.004

0.217
0.383
0.157
0.223
0.491

FS-0.75
WB-1.0
FL-1.0
FS-1.0
WB-1.5

8.28
8.23
8.19
8.22
8.31

270
253
254
258
253

292
294
286
317
288

6.68
7.13
6.78
6.50
6.59

645
634
643
639
644

0.006
0.002
0.001
0.001
0.003

0.339
0.260
0.208
0.183
0.236

FL-1.5
FS-1.5

8.21
8.19

280
259

282
311

6.77
6.24

675
647

0.003
0.001

0.333
0.18

a West Bearskin.
b West Bearskin for RG-04 and RG-05 samples.
c West Bearskin for CC samples.
d ND 5 not determined.
e NM 5 not measured.

Minimum detection limits (in mg/g) were 0.001 for cadmium,
0.045 for copper, 0.051 for nickel, 0.003 for lead, 0.097 for
zinc, and 0.004 for sulfur. Mercury was ,0.09 mg/g in all
samples. The AVS has been demonstrated to control pore-
water concentrations and bioavailability of divalent metals in
sediment toxicity and bioaccumulation tests [40]. Divalent
metals in sediment with molar concentration of SEM less than
AVS would not be predicted to be toxic to aquatic organisms.
The SEM metal concentrations in the samples were typically
low with an excess of AVS relative to SEM (Table 5) [31]
(N.E. Kemble; unpublished results). Samples NB-04, NB-07,
NB-10, and RG-04 had low concentrations (,0.023 mmol/g)
of AVS; however, the magnitude of the difference between
SEM and AVS was quite small and other sediment-binding
phases in addition to AVS may also limit the bioavailability
of metals in sediment (e.g., organic carbon [40]).

Statistical analyses

Statistical analyses were conducted using one-way analysis of
variance (ANOVA) at a 5 0.05 for all endpoints except length,
which was analyzed using a one-way nested ANOVA at a 5

0.05 (amphipods nested within a beaker). Percent survival data
were arcsin transformed, and length, weight, and reproduction
data were log transformed before analysis. Mean separation was
performed by Fisher’s protected least-significant difference test
at a 5 0.05. Spearman rank correlation procedures were used to
evaluate relationships between the responses of amphipods ex-
posed to field-collected sediments (Table 6) and the physical
characteristics of sediment (Table 4), the water quality charac-
teristics of the pore water (Table 2) or overlying water (Table 3),
or the metals concentrations in sediment (Table 5). Concentrations
of organic contaminants in sediment samples were typically be-
low detection and were not evaluated using rank correlations.
Statistical significance for the rank correlations was established
at p 5 0.0005 to minimize experiment-wise error (Bonferroni
method) [41]. All statistical analyses were performed with Sta-
tistical Analyses Systems programs [42].

RESULTS AND DISCUSSION

Sediment study conducted with field-collected samples

Mean survival of amphipods across sediment types was
typically .85% and was not significantly different among
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Table 4. Physical characteristics of sediments samples

Sample

Total organic
carbon

(%)
Water
(%)

Particle size (%)

Sand Clay Silt
Sediment

classification

Control-WB
NB-01
NB-04
NB-07
NB-10

9.6
5.3
0.3
0.3
5.7

81
58
26
26
24

74
83
91
90
92

16
14

9
9
8

10
3
1
1
0

Sandy loam
Sandy loam
Sand
Sand
Sand

UM-04C
UM-11C
UM-14C
UM-24C
RG-01

5.0
1.8
3.0
1.7
2.7

79
35
39
43
34

33
46
59
31
64

40
22
18
22
25

27
31
23
47
11

Clay loam
Loam
Sandy loam
Loam
Sandy clay

RG-02
RG-03
RG-04
RG-05
EP-01

2.3
3.0
0.1
0.1
7.5

41
35
19
26
58

62
40
82
53
38

24
32
17
27
31

14
28

1
20
31

Sandy clay
Clay loam
Sandy loam
Sandy clay loam
Clay loam

CC-REF
CC-01
CC-02
CC-03
FS 3X/7X

9.0
2.6
2.0
4.0
1.6

78
83
41
66
31

45
39
78
59

7

25
27
13
18
54

30
34

9
23
39

Clay loam
Clay loam
Sandy loam
Sandy loam
Clay

FSa

Florissant
2.2
1.2

31
32

74
13

16
61

11
26

Sandy loam
Silty loam

a Formulated sediment used in feeding study.

treatments after the 28-d sediment exposures and the 14-d
water-only reproduction period (Table 6). Exceptions to this
trend were lower survival of amphipods in formulated sedi-
ment fed three times/week (68% survival) compared to the
amphipods fed daily (88% survival) and lower survival of
amphipods in the CC-REF sample on day 28 (80% survival).
Significant differences in mean length of amphipods were ev-
ident among sediment treatments after both the 28-d sediment
exposure (3.3–4.3 mm) and after the 14-d water-only repro-
duction period (3.0–5.0 mm). Increase in length of amphipods
between day 28 and 42 was typically 5 to 25%; however, mean
lengths in two treatments (NB-10 and CC-01) were lower at
day 42 compared to day 28. This smaller length at day 42 may
have been the result of measuring length on different replicates
on day 28 compared to day 42. Lengths of amphipods in the
control sediment were typically similar to, or less than, lengths
of amphipods in the other treatments. An exception to this
trend was significantly shorter lengths of amphipods in the
CC-02 treatment at day 28 and the CC-01 and NB-07 treat-
ments at day 42 compared to the control.

Mean reproduction ranged from 0.8 to 8.3 young/female
and was typically not significantly different among treatments.
Exceptions to this trend were significantly higher reproduction
of amphipods in Rio Grande sediments (RG-02, RG-03) com-
pared to the control sediment and significantly lower repro-
duction in the CC-02 sediment (0.8 young/female) compared
to a reference sediment (3.5 young/female). In addition, re-
production of amphipods in formulated sediment fed a daily
ration of YCT (8.3 young/female) was significantly higher than
reproduction in the control or formulated sediments fed YCT
three times/week (1.2 and 1.8 young/female).

While daily feeding 1.5 ml of YCT in formulated sediment
increased reproduction relative to feeding three times/week,
dissolved oxygen in overlying water was consistently lower
in the treatment receiving food daily. No obvious pattern was
observed between reproduction and the percentage of females
in a treatment or in individual replicates (Table 6).

Feeding study in sediment

The second feeding study was designed to determine if
reproduction and dissolved oxygen concentration would be
improved in sediment tests by feeding a lower ration of YCT
daily instead of the higher ration three times/week. Table 7
summarizes mean survival, growth, and reproduction of am-
phipods fed four rations of YCT daily in three sediments.
During the 28-d sediment exposure, dissolved oxygen was
.40% saturation across all treatments. However, dissolved
oxygen in overlying water was consistently lower at the highest
feeding ration of YCT (1.5 ml/day) compared to the lower
feeding rations (Table 3).

Mean survival of amphipods across feeding rations and
sediment types was typically .85% and was not significantly
different among treatments at day 42 (Table 7). Exceptions to
this trend were significantly lower survival of amphipods fed
1.5 ml of YCT in the Florissant soil or formulated sediment
compared to the West Bearskin sediment.

Significant differences in mean length and weight of am-
phipods were evident among feeding or sediment treatments.
Mean lengths and weights after the 28-d sediment exposure
and the 14-d water-only reproduction period tended to increase
with increasing feeding ration. Exceptions to this pattern were
lower weight at day 28 and shorter length on day 28 and 42
of amphipods fed 1.5 ml of YCT in formulated sediment.
Amphipods at the lower feeding rations in formulated sediment
were generally larger than amphipods fed the same ration in
the Florissant soil or West Bearskin treatments.

Mean reproduction was related to the quantity of food sup-
plied. With the exception of West Bearskin, reproduction in
Florissant soil or formulated sediment was highest in amphi-
pods fed 1.0 ml of YCT. In addition, a feeding ration of 1.0
ml of YCT maximized growth relative to the lower feeding
rations of 0.5 or 0.75 ml and maximized survival and dissolved
oxygen in the overlying water relative to the higher feeding
ration of 1.5 ml of YCT. Brood sizes of amphipods fed 1.0 ml
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Table 6. Results of the 42-d sediment tests conducted with the amphipod Hyalella aztecaa

Sample

Survival (%)

Day 28 Day 35 Day 42

Length (mm)

Day 28 Day 42

No.
young/female,
day 28 to 42 Females (%)

U.S. Naval Air Station
Control-WBb

NB-01
NB-04
NB-07
NB-10

98 (4.5)
98 (1.1)
93 (2.2)
97 (1.2)
94 (1.8)

100 (0)
98 (2.5)
93 (4.8)

100 (0)
90 (7.1)

100 (0)
93 (2.8)
93 (7.5)

100 (0)
93 (7.5)

3.3 (0.06)B
3.4 (0.14)B
3.3 (0.07)B
3.5 (0.09)B
4.2 (0.38)A

4.1 (0.08)AB
4.2 (0.13)A
4.0 (0.10)ABC
3.7 (0.11)C
3.8 (0.02)BC

1.2 (0.46)
3.3 (0.64)
2.8 (1.12)
1.1 (0.31)
0.9 (0.42)

60
50
64
64
65

Upper Mississippi River
Control-WBc

UM-04C
UM-11C

98 (1.6)
100 (0)
100 (0)

95 (2.7)
96 (2.6)
95 (2.7)

93 (2.5)
99 (1.3)
95 (2.7)

NMe

NM
NM

4.5 (0.03)A
4.3 (0.04)B
4.2 (0.02)C

5.4 (0.74)
3.9 (0.65)
4.2 (0.38)

58
63
43

UM-14C
UM-24C

96 (1.8)
96 (2.6)

98 (1.6)
99 (1.3)

95 (2.7)
95 (2.7)

NM
NM

4.4 (0.05)B
4.5 (0.05)A

3.9 (0.76)
5.1 (0.63)

52
58

Rio Grande
Control-WBb

RG-01
RG-02
RG-03

98 (4.5)
99 (1.3)
96 (1.8)

100 (6.8)

100 (0)
98 (2.5)
98 (2.5)
93 (7.5)

100 (0)
98 (2.5)
95 (2.9)
88 (9.5)

3.3 (0.06)C
3.7 (0.05)B
4.3 (0.06)A
3.7 (0.24)B

4.1 (0.08)B
4.0 (0.13)B
4.5 (0.07)A
4.6 (0.05)A

1.2 (0.46)C
3.1 (0.03)BC
7.2 (2.17)AB
7.7 (0.38)A

60
41
61
63

Control-WBd

RG-04
RG-05

96 (1.8)AB
100 (0)a
91 (3.5)B

95 (2.8)
98 (2.5)
90 (5.8)

93 (2.5)
95 (5.0)
90 (5.8)

3.8 (0.05)
3.9 (0.06)
3.9 (0.06)

4.3 (0.05)
4.3 (0.06)
4.3 (0.04)

2.2 (0.82)
3.6 (0.83)
3.3 (0.76)

35
32
44

Eliza Pool
Control-WBb

EP-01
98 (4.5)
93 (3.7)

100 (0)
95 (5.0)

100 (0)
98 (2.5)

3.3 (0.06)
3.3 (0.11)

4.1 (0.08)
4.1 (0.06)

1.2 (0.46)
1.6 (0.23)

60
47

Aberdeen
Control-WBb

CC-REF
CC-01
CC-02
CC-03

96 (2.6)
80 (9.4)
91 (8.8)
94 (3.8)
94 (3.2)

93 (2.5)
83 (8.5)
98 (2.5)
88 (7.5)
88 (6.3)

95 (5.0)
83 (8.5)
98 (2.5)
83 (4.8)
88 (6.3)

3.8 (0.12)A
3.9 (0.18)A
4.1 (0.12)A
3.3 (0.18)B
3.5 (0.16)AB

4.1 (0.08)A
4.3 (0.01)A
3.0 (0.05)B
4.0 (0.04)A
4.1 (0.17)A

1.5 (0.47)AB
3.5 (1.32)A
2.0 (0.53)AB
0.8 (0.43)B
2.3 (0.90)AB

57
58
41
65
58

Formulated sediment
Control-WBb 98 (4.5)A 100 (0)A 100 (0)A 3.3 (0.06)B 4.1 (0.08)C 1.2 (0.46)B 60
FS-3X
FS-7X

69 (5.2)B
91 (3.0)A

68 (4.8)C
88 (2.5)B

68 (4.8)B
88 (2.5)C

3.6 (0.12)B
4.2 (0.07)A

4.5 (0.17)B
5.0 (0.08)A

1.8 (0.41)B
8.3 (3.2)A

59
54

a Means (standard error of the means in parentheses) within a column and within a group of samples followed by a common letter are not
significantly different (p . 0.05). For means not followed by a letter, the ANOVA was not significant (p . 0.05).

b Starting body length of amphipods was 1.2 mm (0.03 SE, n 5 20); n 5 4 replicate beakers for all samples except for day 28 survival where
n 5 8. Amphipods in each beaker were fed YCT 1 algae three times/week (except for the FS-7X that received YCT 1 algae daily).

c Starting body length of amphipods was 1.6 mm (0.06 SE, n 5 16); n 5 8 replicate beakers for all samples. Amphipods were fed YCT 1 algae
daily.

d Starting body length of amphipods was 1.2 mm (0.05 SE, n 5 19); n 5 4 replicate beakers for all samples except for day 28 survival where
n 5 8. Amphipods were fed YCT daily.

e NM 5 not measured.

of YCT daily were comparable to the size of the first broods
(about 4–10 young/female) for H. azteca [22,26]. No obvious
pattern was observed between reproduction and the percentage
of females in a treatment or in individual replicates (Table 7).

Relationships between physical and chemical
characteristics of sediments to biological endpoints

No significant Spearman rank correlations were observed
among the biological endpoints listed in Table 6 and the phys-
ical (Table 4), pore-water (Table 2), overlying water (Table 3),
or chemical characteristics (Table 5) of the sediments (p .
0.0005). Weak relationships were evident between mean re-
production of amphipods and percent clay (r 5 0.48, p 5
0.03), percent silt (r 5 0.42, p 5 0.06), and percent sand (r
5 20.45, p 5 0.04). Additional study is needed to better
evaluate potential relationships between reproduction of H.
azteca and the physical characteristics of the sediment. The
weak relationship between particle size of sediment and re-

production in the present study may have been due to the fact
that samples with higher amounts of sand (i.e., Aberdeen and
U.S. Naval Air Station) also had higher concentrations of or-
ganic contaminants compare to other samples. Hyalella azteca
tolerated a wide range in sediment particle size and organic
matter in 10- to 28-d tests measuring effects on survival or
growth [15,17,20] (N.E. Kemble, unpublished results).

Until additional studies have been conducted that substan-
tiate this lack of a correlation between physical characteristics
of sediment and the endpoints measured in this test, it would
be desirable to test control sediments that are representative
of the physical characteristics of field-collected sediments.
Formulated sediments could be used to bracket the ranges in
physical characteristics expected in the field-collected sedi-
ments being evaluated [1,5] (N.E. Kemble, unpublished re-
sults). Addition of YCT should provide a minimum amount
of food needed to support adequate survival, growth, and re-
production of H. azteca in sediments low in organic matter.



Sublethal endpoints in sediment tests with Hyalella azteca Environ. Toxicol. Chem. 17, 1998 1517

T
ab

le
7.

R
es

ul
ts

of
a

42
-d

fe
ed

in
g

st
ud

y
co

nd
uc

te
d

w
it

h
th

e
am

ph
ip

od
H

ya
le

ll
a

az
te

ca
an

d
th

re
e

se
di

m
en

ts
a

T
re

at
m

en
t

(m
l

Y
C

T
/d

)

S
ur

vi
va

l
(%

)

D
ay

28
D

ay
35

D
ay

42

L
en

gt
hb

(m
m

)

D
ay

28
D

ay
42

W
ei

gh
t/

in
di

vi
du

al
(m

g)

D
ay

28
D

ay
42

N
o.

of
yo

un
g/

fe
m

al
e,

da
y

28
to

42
F

em
al

es
(%

)

W
es

t
B

ea
rs

ki
n

0.
5

0.
75

1.
0

1.
5

98
(2

.5
)A

80
(8

.0
)B

90
(2

.7
)A

B
95

(1
.9

)A

95
(5

.0
)

85
(1

5.
0)

90
(4

.1
)

98
(2

.5
)X

90
(7

.1
)

85
(1

5.
0)

90
(4

.1
)

98
(2

.5
)X

2.
8

(0
.0

3)
D

Z
3.

5
(0

.0
6)

C
Y

3.
7

(0
.0

6)
B

Y
4.

1
(0

.0
7)

A
X

Y

3.
6

(0
.0

4)
C

Y
3.

7
(0

.0
6)

C
Z

4.
2

(0
.0

5)
B

Z
4.

4
(0

.0
6)

A
Y

0.
10

(0
.0

2)
Y

C
0.

18
(0

.0
1)

Y
C

0.
26

(0
.0

2)
B

Y
0.

33
(0

.0
2)

A

0.
23

(0
.0

2)
C

Y
0.

29
(0

.0
6)

B
C

0.
38

(0
.0

2)
A

B
Y

0.
49

(0
.0

6)
A

1.
5

(0
.7

7)
Y

5.
8

(2
.6

2)
3.

0
(0

.9
5)

Y
7.

1
(2

.0
7)

X

51 47 42 51

F
lo

ri
ss

an
t

so
il

0.
5

0.
75

1.
0

1.
5

94
(2

.6
)

91
(4

.0
)

94
(2

.6
)

85
(4

.6
)

88
(4

.8
)

80
(8

.2
)

88
(6

.3
)

80
(5

.8
)Y

88
(2

.5
)

80
(7

.1
)

88
(6

.3
)

73
(4

.8
)Y

3.
3

(0
.0

3)
C

Y
3.

2
(0

.0
4)

C
Z

3.
7

(0
.0

6)
B

Y
4.

2
(0

.0
9)

A
X

3.
7

(0
.0

6)
D

Y
4.

0
(0

.0
7)

C
Y

4.
4

(0
.0

5)
B

Y
4.

7
(0

.0
7)

A
X

0.
20

(0
.0

2)
Y

0.
28

(0
.0

2)
Y

0.
24

(0
.0

7)
Y

0.
27

(0
.0

6)

0.
20

(0
.0

2)
C

Y
0.

28
(0

.0
2)

B
0.

35
(0

.0
2)

B
Y

0.
45

(0
.0

3)
A

1.
4

(0
.4

5)
B

Y
1.

1
(0

.5
4)

B
6.

1
(0

.0
6)

A
X

Y
3.

0
(1

.3
4)

B
X

Y

69 44 58 47

F
or

m
ul

at
ed

se
di

m
en

t
0.

5
0.

75
96

(2
.6

)A
86

(3
.8

)B
90

(4
.1

)
85

(6
.5

)
90

(4
.1

)
85

(6
.5

)
3.

9
(0

.0
8)

B
X

4.
5

(0
.0

7)
A

X
4.

3
(0

.0
7)

B
X

5.
2

(0
.0

6)
A

X
0.

36
(0

.0
5)

A
B

X
0.

47
(0

.0
3)

A
X

0.
34

(0
.0

3)
B

X
0.

39
(0

.0
6)

B
6.

3
(1

.7
5)

A
X

5.
7

(1
.5

7)
A

75 38
1.

0
1.

5
93

(3
.1

)A
B

85
(6

.0
)B

88
(4

.8
)

85
(5

.0
)Y

88
(4

.8
)

85
(5

.0
)Y

4.
4

(0
.0

6)
A

X
3.

6
(0

.1
5)

B
Y

5.
0

(0
.0

8)
A

X
4.

4
(0

.1
0)

B
Y

0.
46

(0
.0

4)
A

B
X

0.
29

(0
.0

9)
B

0.
53

(0
.0

3)
A

X
0.

55
(0

.0
4)

A
14

.2
(5

.3
2)

A
X

0.
83

(0
.4

9)
B

Y
51 45

a
M

ea
ns

(s
ta

nd
ar

d
er

ro
r

of
th

e
m

ea
ns

in
pa

re
nt

he
se

s)
ac

ro
ss

fe
ed

in
g

le
ve

ls
w

it
hi

n
a

se
di

m
en

t
ty

pe
fo

ll
ow

ed
by

a
co

m
m

on
le

tt
er

(d
es

ig
na

te
d

w
it

h
a,

b,
or

c)
ar

e
no

t
si

gn
ifi

ca
nt

ly
di

ff
er

en
t

(p
.

0.
05

).
M

ea
ns

ac
ro

ss
se

di
m

en
t

ty
pe

s
w

it
hi

n
a

fe
ed

in
g

le
ve

l
fo

ll
ow

ed
by

a
co

m
m

on
le

tt
er

(d
es

ig
na

te
d

x,
y,

or
z)

ar
e

no
t

si
gn

ifi
ca

nt
ly

di
ff

er
en

t
( p

.
0.

05
).

F
or

m
ea

ns
no

t
fo

ll
ow

ed
by

a
le

tt
er

,
th

e
A

N
O

V
A

w
as

no
t

si
gn

ifi
ca

nt
ly

di
ff

er
en

t
( p

.
0.

05
).

O
ne

-w
ay

A
N

O
V

A
w

as
us

ed
to

an
al

yz
e

th
es

e
da

ta
be

ca
us

e
th

e
pr

im
ar

y
ob

je
ct

iv
e

of
th

is
st

ud
y

w
as

to
ev

al
ua

te
th

e
in

fl
ue

nc
e

of
fe

ed
in

g
le

ve
lo

n
th

e
re

sp
on

se
s.

In
te

ra
ct

io
n

am
on

g
se

di
m

en
ts

ac
ro

ss
fe

ed
in

g
le

ve
ls

w
as

no
t

a
cr

it
ic

al
is

su
e

an
d

m
ig

ht
be

ex
pe

ct
ed

du
e

to
di

ff
er

en
t

nu
tr

ie
nt

co
nt

en
t

in
th

e
se

di
m

en
ts

.
b

S
ta

rt
in

g
bo

dy
le

ng
th

of
am

ph
ip

od
s

w
as

1.
3

m
m

(0
.0

2
S

E
,

n
5

21
);

n
5

4
re

pl
ic

at
e

be
ak

er
s

fo
r

al
l

sa
m

pl
es

ex
ce

pt
fo

r
da

y
28

su
rv

iv
al

w
he

re
n

5
8.



1518 Environ. Toxicol. Chem. 17, 1998 C.G. Ingersoll et al.

Fig. 2. Proportion of effect range medians (ERMs) exceeded versus the mean ERM quotient. #, Nontoxic samples; l, toxic samples for Hyalella
azteca 28-d toxicity tests previously reported in Ingersoll et al. [20] or Kemble et al. [31]. Odd numbers indicate toxic samples and even numbers
indicate nontoxic samples from Table 6 (1/2: U.S. Naval Air Station, 3/4: Rio Grande, 5/6: Eliza Pool, 7/8: Aberdeen, 9/0: Upper Mississippi
River).

Without addition of food, H. azteca can starve during expo-
sures [33] making it impossible to differentiate effects of con-
taminants from other sediment characteristics.

In addition to the correlation procedure described above,
sediment chemistry was evaluated using previously published
effect range medians (ERMs) for 28-d toxicity tests with H.
azteca [20]. An ERM was calculated as the median concen-
tration for a chemical in toxic sediment samples above which
an effect is usually or always observed. Toxicity endpoints
measured in these 28-d tests included survival, growth, or
sexual maturation of amphipods. Ingersoll et al. [20] reported
ERMs primarily for metals and PAHs. Use of ERMs to classify
samples as toxic or not toxic minimized type I (false positives)
and type II (false negative) errors relative to other sediment
quality guidelines reported in Ingersoll et al. [20].

In sediment assessments by Ingersoll et al. [20] and Kemble
et al. [31], the frequency of samples classified as toxic was
highest when the proportion of ERMs exceeded .0.4 or when
the mean ERM quotient was .1 (Fig. 2). In the present study,
only three samples had a proportion of ERMs that exceeded
about 0.4 or a mean ERM quotient .1 (CC-01, CC-02, and
NB-07; Table 5 and Fig. 2). These three samples were also
designated as toxic relative to the control sediment (signifi-
cantly shorter lengths at day 28 or 42 relative to the control;
Table 6).

Three additional samples from the Upper Mississippi River
were designated as toxic (significantly shorter lengths at day
42 relative to the control; UM-04C, UM-11C, UM-14C; Table
6) but did not exceed any ERMs and had a mean ERM quotient
of ,0.2 (Fig. 2). These three samples had ,7% reduction in
42-d length of amphipods relative to the control. In contrast
the remaining toxic samples with elevated concentrations of
contaminants (CC-01, CC-02, NB-07) had a 10 to 27% re-
duction in length relative to the control (Table 6). The lack of
correspondence between toxicity and chemistry in the Upper
Mississippi River samples may have been due to unmeasured
contaminants or other stressors in these samples. However,
these responses may only be statistical differences rather than
a true toxic effect (i.e., low variability in the responses). In a

database described by Ingersoll et al. [20], a difference of about
10% in length of H. azteca was needed to consistently identify
sediment samples as toxic relative to contamination.

In summary, of the 18 field-collected samples in Table 6,
83% of the samples were correctly classified as toxic (n of 3)
or not toxic (n of 12), 17% were toxic samples classified as
not toxic (false negative, n of 3), and none of the nontoxic
samples were classified as toxic (false positive, Fig. 2). The
majority of the samples (67%) were low in contamination and
not designated as toxic and none of the remaining samples
designated as toxic were severely contaminated or consistently
toxic to all endpoints measured. This is consistent with the
low to moderate concentrations of contaminants in these field-
collected sediments.

Relationship between growth and reproduction endpoints

Natural or anthropogenic stressors that effect growth of
invertebrates may also effect reproduction, because of a min-
imum body size needed for reproduction [9,10,30,43–46]. In
the present study, there was a significant correlation between
reproduction from day 28 to 42 and length of amphipods on
day 28 when data are plotted by the mean of each treatment
(Fig. 3a; Spearman rank correlation of 0.59, p 5 0.0001, n 5
53). Based on 28-d lengths, smaller amphipods (,3.5 mm)
tended to have lower reproduction and larger amphipods (.4.3
mm) tended to have higher reproduction; however, the range
in reproduction was wide for amphipods 3.5 to 4.3 mm in
length. Based on 42-d lengths, there was a weaker correlation
between length and reproduction (i.e., reproduction and length
measured in paired replicates; Fig. 3b, Spearman rank corre-
lation of 0.49, p 5 0.0001, n 5 58). Similarly, plotting data
by individual replicates (data not shown) did not improve the
relationship between 42-d length and reproduction compared
to the plots by the mean of each treatment (Fig. 3b). Weaker
relationships were observed between reproduction and weight
measured on day 28 (Fig. 4a, Spearman rank correlation of
0.44, p 5 0.0037, n 5 42) or weight measured on day 42 (Fig.
4b, Spearman rank correlation of 0.34, p 5 0.0262, n 5 42).
Recently completed round-robin studies have generated ad-
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Fig. 3. Relationships between amphipod length and reproduction by
(a) treatment means for 28-d length or (b) treatment means for 42-d
length. ,, Data from the feeding study with sediments (Table 7); V,
data from field-collected sediments (Table 6); M, data from Waukegan
Harbor (N.E. Kemble, unpublished data); and #, unpublished data
for round-robin testing (G.A. Burton).

Fig. 4. Relationships between amphipod dry weight and reproduction
by (a) treatment means for 28-d weight or (b) treatment means for
42-d weight. See legend to Figure 3 for a description of the symbols.

ditional data to further evaluate relationships between growth
and reproduction of H. azteca in sediment tests using the pro-
cedures outlined in the Appendix (G.A. Burton, personal com-
munication).

A significant correlation was evident between length and
weight of amphipods (Fig. 5, Spearman rank correlation of
0.80, p 5 0.0001, n 5 415), indicating that either length or
weight could be monitored in sediment tests with H. azteca.
However, additional statistical options are available if length
is measured on individual amphipods, such as nested ANOVA
that can account for variance in length within replicates [47].
Analyses are ongoing evaluating the ability of length versus
weight to discriminate between contaminated and uncontam-
inated samples in the database described in Ingersoll et al.
[20].

The relatively weak relationship between growth and re-
production probably reflects the fact that these comparisons
were made within a fairly narrow range in length (3.5–4.5
mm; Fig. 3) or weight (0.25–0.50 mg; Fig. 4). Other inves-

tigators have reported a similar degree of variability in repro-
duction of H. azteca within a narrow range of length or weight,
with stronger correlations observed over wider ranges
[26,30,48,49]. The degree of correlation between growth and
reproduction may also be dependent on the strain of H. azteca
evaluated [26,50].

The proportion of males to females within a treatment or
by replicate was not correlated to young production (Tables 6
and 7) but may have contributed to variation in reproduction.
Wen [49] reported that when two or three males were placed
in a beaker with one female H. azteca, the frequency of suc-
cessful amplexus was reduced, possibly from aggression
among males. Future study is needed to determine if increasing
the number of amphipods/beaker would result in a more con-
sistent proportion of males to females within a beaker and
would reduce variability in reproduction.

Reproduction was often more variable than growth (Tables
6 and 7). The coefficient of variation (CV) was typically ,10%
for growth and .20% for reproduction. This difference in
variation affects the statistical power of comparisons and the
number of replicates required for a test. For example, detection
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Fig. 5. Relationship between amphipod length and dry weight. ,,
Data for day 28; V, data for day 42. Sources of data included Ingersoll
et al. [20] Kemble et al. [31], and unpublished data from G.A. Burton
and N.E. Kemble.

Table 8. Percentage of paired tests or paired endpoints identifying samples as toxic in Hyalella azteca
14-d or 28-d testsa

Comparisons
Tox/toxb

(%)
Not/notc

(%)
Tox/notd

(%)
Not/toxe

(%) Nf

Survival or growth: 14 d/28 d
Survival: 14 d/28 d
Growth: 14 d/28 d

34
25

8

53
66
64

6
0

12

6
10
16

32
32
25

14 d: survival/growth
28 d: survival/growth

4
16

60
52

20
14

16
18

25
44

a See U.S. EPA [51] for a description of this historic database.
b Tox/tox: samples toxic (significant reduction relative to the control p , 0.05) with both tests (or both

endpoints).
c Not/not: samples not toxic with both tests (or both endpoints).
d Tox/not: samples toxic to the first but not the second test (or endpoint).
e Not/tox: samples not toxic to the first but toxic to the second test (or endpoint).
f N 5 number of samples.

of a 20% difference between treatments means at a statistical
power of 0.8 would require about 4 replicates at a CV of 10%
and 14 replicates at a CV of 20% [4]. In the present study, to
detect a 20% difference among treatments at a power of 0.8,
4 to 8 replicates/treatment would be adequate for measuring
effects on growth, but not reproduction. Fewer replicates
would be required if detection of only larger differences among
treatment means were of interest. Ongoing water-only studies
testing select contaminants will hopefully provide additional
data on the relative sensitivity and variability of sublethal end-
points in toxicity tests with H. azteca.

Kubitz et al. [19] recommended a two-step process for as-
sessing growth in sediment tests with H. azteca. A limited
number of replicates are tested in a screening step and samples
identified as possibly toxic are then tested in a confirmatory
step with additional replicates. This two-step analysis con-
serves laboratory resources and increases statistical power
when needed to discriminate sublethal effects. A similar ap-
proach could be applied to evaluate reproductive effects of
contaminants in sediment where a limited number of replicates
could be initially tested to evaluate potential effects. Samples
identified as possibly toxic based on reproduction could then
be re-evaluated using an increased number of replicates. How-

ever, the use of sediments stored for extended periods of time
may introduce variability in results between the two studies [1].

Relative endpoint sensitivity

Measurement of sublethal endpoints in sediment tests with
H. azteca provides unique information that has been used to
discriminate toxic effects of exposure to contaminants. Table
8 compares the relative sensitivity of survival and growth end-
points in 14- and 28-d tests with H. azteca in a historic database
[51] generated at our laboratory with contaminated sediments.
When 14-d and 28-d tests were conducted concurrently mea-
suring both survival and growth, both tests identified 34% of
the samples as toxic and 53% of the samples as not toxic (N
5 32). Both tests identified an additional 6% of the samples
as toxic. Survival or growth endpoints identified a similar
percentage of samples as toxic in both the 14- and 28-d tests.
However, the majority of the samples used to make these com-
parisons were highly contaminated. We have not compared
responses in 14-d and 28-d tests using moderately contami-
nated samples. Additional exposures conducted with moder-
ately contaminated sediment may exhibit a higher percentage
of sublethal effects in the 28-d test compared to the 14-d test.

When both survival and growth were measured in 14-d tests
(N 5 25), only 4% of the samples reduced both survival and
growth; however, 20% reduced survival only and 16% reduced
growth only (60% did not reduce survival or growth). Hence,
if survival was the only endpoint measured in 14-d tests, 16%
of the toxic samples would be incorrectly classified. Similar
percentages are also observed for the 28-d tests. When both
survival and growth were measured in the 28-d test (N 5 44),
16% of the samples reduced both survival and growth, 14%
reduced survival only, 18% reduced growth only, and 52% did
not reduce survival or growth.

The endpoint comparisons in Table 8 represent only sam-
ples in which both survival and growth could be measured. If
a sample was extremely toxic, it would not be included in this
comparison because growth could not be measured. Moder-
ately contaminated sediments that did not severely reduce sur-
vival could have reduced growth. For example, in 28-d tests
with sediments from the Clark Fork River, growth was a more
sensitive endpoint compared to survival or maturation. Only
13% of the samples reduced survival and 20% of the samples
reduced maturation; however, growth was reduced in 53% of
the samples [28].

Other investigators have reported measurement of growth
in tests with H. azteca often provides unique information that
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can help to discriminate toxic effects of exposure to contam-
inants in sediment [19,47,52] or water [53–55]. Similarly, in
sediment tests with the midge C. tentans, sublethal endpoints
are often more sensitive than survival as indicators of contam-
inant stress [9,10,56]. In contrast, Borgmann et al. [57] re-
ported that growth or reproduction did not add additional in-
formation beyond measurement of survival in H. azteca water-
only exposures with cadmium or pentachlorophenol. Similarly,
Day et al. [18] reported that weight did not add additional
information beyond measurement of survival in 14-d sediment
tests with H. azteca. Ramirez-Romero [58] reported that re-
production of H. azteca was not affected by exposure to sub-
lethal concentrations of fluoranthene in sediment when ex-
posures were started with juvenile amphipods. Brasher and
Ogle [53] started exposures with adult amphipods and ob-
served the sensitivity of reproduction compared to survival of
H. azteca was dependent on the chemical tested (reproduction
more sensitive to selenite and survival more sensitive to sel-
enate in water-only exposures). Long-term exposures starting
with juvenile amphipods would likely be more appropriate to
assess effects of contaminants on reproduction (i.e., [59,60]).

In summary, the method outlined in the Appendix can be
used to measure sublethal effects of contaminated sediments on
H. azteca in 42-d exposures and these sublethal endpoints pro-
vide unique information regarding effects of contaminants. Both
this method and the method described by Benoit et al. [8] for
C. tentans are being considered as possible revisions to existing
methods published by U.S. EPA [4] and ASTM [1]. The method
outlined in the Appendix has also been evaluated in a prelim-
inary round-robin test with 12 laboratories using two clean sed-
iments. After the 28-d sediment exposures with H. azteca, lab-
oratories typically reported survival .80%, length .3.2 mm/
individual, and weight .0.15 mg/individual. Reproduction was
more variable within and among laboratories (0–11 young/fe-
male; G.A. Burton, personal communication).

Either length or weight of amphipods can be measured in
the sediment test. However, additional statistical options are
available if length is measured on individual amphipods, such
as nested ANOVA, which can account for variance in length
within replicates. Reproduction was more variable than
growth; hence, more replicates might be needed to establish
statistical differences among treatments. A two-step analysis
could be used where a limited number of replicates are initially
evaluated and then select samples identified as possibly af-
fecting reproduction could be re-evaluated using an increased
number of replicates.

Additional studies are needed to evaluate further the use
of reconstituted water and the influence of sediment particle
size and ammonia in these long-term exposures with H. azteca.
Ongoing water-only toxicity tests with select chemicals (i.e.,
cadmium, ammonia, and an organic compound) should gen-
erate data that can be used to better determine the relative
sensitivity of endpoints measured in this test. These water-
only studies will also be used to evaluate potential recovery
of amphipods after transfer into clean water to measure re-
production. Results of these water-only studies will help to
determine if there is a substantial increased sensitivity in this
42-d test compared to the 10-d sediment test with H. azteca
where only lethality is measured. In addition to evaluating the
relative sensitivity of endpoints in the laboratory, the ultimate
measure of the utility of this or any other toxicity test is the
ability of the test to estimate effects on populations in the field.
Therefore, additional research is also needed to evaluate the

ability of survival, growth, or reproductive endpoints measured
in the laboratory tests to estimate responses of benthic organ-
isms exposed in the field to contaminated sediments.
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APPENDIX

Conditions for conducting sediment tests with Hyalella azteca measuring effects on survival, growth, and reproduction (adapted from ASTM
[1] and U.S. EPA [4])

Parameter Conditions

1. Test type Whole-sediment with renewal of overlying water
2. Temperature 238C
3. Light quality Wide-spectrum fluorescent lights
4. Illuminance About 500 to 1,000 lux
5. Photoperiod 16 light:8 dark
6. Test chamber 300-ml high-form lipless beaker
7. Sediment volume 100 ml
8. Overlying water 175 ml in the sediment exposures (150 ml in the water-only exposure from day 28 to 42). Source of

overlying water was well water in the present study (hardness 283 mg/L as CaCO3).
9. Renewal water 2 volume additions/d

10. Age of organisms 7- to 8-d old
11. Organisms/beaker 10
12. Number replicates/

sediment
4 for 28-d survival and growth and 8 for 42-d survival, growth, and reproduction; additional replicates

may need to be tested to evaluate reproduction in a confirmatory test.
13. Feeding 1.0 ml YCT (1,800 mg/L stock) daily. This feeding level was developed from the results of the feeding

studies in well water and in sediment (see Results and Discussion).
14. Aeration None, if dissolved oxygen .2.5 mg/L (40% of saturation) in overlying water.
15. Beaker cleaning Gently brush screens on outside of beakers as needed.
16. Water quality Hardness, alkalinity, conductivity, pH, ammonia at start and end. Temperature daily. Dissolved oxygen

weekly.
17. Test duration 42 d
18. Endpoints Survival, length, and weight on day 28 and 42; number of young/female from day 28 to 42.
19. Test acceptability Minimum mean control survival of 80% on day 28. Round-robin studies are ongoing to establish an ac-

ceptable minimum mean length (or weight) of amphipods in controls. Additional general performance-
based criteria are outlined in ASTM [1] and U.S. EPA [4].


