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Abstract —Sediments of the upper Clark Fork River, from the Butte and Anaconda area to Milltown Reservoir (230 km down-
stream), are contaminated with As, Cd, Cu, Pb, Mn, and Zn primarily from mining activities. The toxicity of pore water from
these sediments was determined using Daphnia magna (48-h exposure), rainbow trout (96-h exposure), and Microtox®. How-
ever, pore-water data from these exposures were questionable because of changes 1n the toxicity of pore-water samples after
5 to 7d of storage. Whole-sediment tests were conducted with Hyalella azteca (28-d exposure), Chironomus riparius (14-d ex-
posure), rainbow trout (Oncorhynchus mykiss) 21- to 28-d exposure and Daphnia magna (2- to 22-d exposure). Sediment sam-
ples from Milltown Reservoir and the Clark Fork River were not generally lethal to test organisms. However, both reduced growth
and delayed sexual maturation of amphipods were associated with exposure to elevated concentrations of metals in sediments
from the reservoir and river. Relative sensitivity (most sensitive to least sensitive) of organisms in whole-sediment toxicity tests
was: Hyalella azteca > Chironomus riparius > rainbow trout > Daphnia magna. Relative sensitivity (most sensitive to least sen-
sitive) of the three end points evaluated with Hyalella azteca was: length > sexual maturation > survival. The lack of lethal ef-

fects on organisms may be related to temporal differences in sediment, acid-volatile sulfide, or organic carbon.
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INTRODUCTION

The Clark Fork River, located in southwestern Montana,
is the largest tributary of the Columbia River in the north-
western United States. The upper Clark Fork River from the
Butte and Anaconda area to at least 230 km downstream at
Milltown Reservoir is contaminated with As, Cu, Cd, Pb,
Mn, and Zn primarily from mining activities (see Fig. 1 in
Canfield et al. [1]). Silver Bow Creek, the upper Clark Fork
River, and Milltown Reservoir have been designated Super-
fund sites by the U.S. Environmental Protection Agency
(EPA) because of metal-contaminated bottom sediments and
arsenic (As) in drinking water [2].

The toxicity of chemicals in sediments is strongly influ-
enced by the extent to which the chemical binds to sediment.
As a consequence, different sediment types will exhibit differ-
ent degrees of toxicity for the same total quantity of chemical
[3]. For example, the toxicity of non-ionic organic chemicals
in sediment is controlled primarily by the organic carbon con-
tent of the sediment [4]. The toxicity of many divalent met-
als may be controlled by the acid-volatile sulfide (AVS) phase
of sediment [5]. Additionally, oxides of iron and manganese
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may regulate the bioavailability of metals in oxidized sedi-
ments [6,7].

This report is one in a series of reports assessing the na-
ture and extent of sediment contamination at selected stations
in Milltown Reservoir and the upper Clark Fork River. This
assessment was accomplished by completing the following
tasks: (a) ecological characterization and biological assess-
ment for a soil contamination evaluation [8]; (b) preliminary
field surveys and food-chain contamination evaluations for
small mammals; (c) physical and chemical characterization
of the sediment [9]; (d) whole-sediment toxicity tests; (€)
benthic-community structure analysis [1]; (f) whole-sediment
bioaccumulation tests [10]; (g) physiological changes and tis-
sue metal accumulation in rainbow trout (Oncorhynchus
mykiss) exposed to foodborne and waterborne metals {11];
and (h) development of an ecological risk assessment [12].

The objective of the present study was to assess the tox-
icity of metal-contaminated sediments and pore waters col-
lected from Milltown Reservoir and the upper Clark Fork
River to fish and aquatic invertebrates in laboratory toxic-
ity tests and to evaluate how other factors in addition to met-
als influence metal toxicity. Pore-water toxicity tests were
conducted with Daphnia magna (48-h exposure), rainbow
trout (Oncorhynchus mykiss) (96-h exposure), and Micro-
tox®, Whole-sediment toxicity tests were conducted with
Hpyalella azteca (28-d exposure), Chironomus riparius (14-d
exposure), D. magna (2- to 22-d exposures), and rainbow
trout (21- or 28-d exposure). Daphnids and trout were rela-
tively insensitive in the whole-sediment toxicity tests [13];



1986 N.E. KEMBLE ET AL.

therefore, results of whole-sediment toxicity tests are de-
scribed for only amphipods and midges.

MATERIALS AND METHODS
Summary of sampling stations

Stations were selected to represent a gradient of sediment
contamination that included relatively uncontaminated ref-
erence stations. Surface sediments were collected at six sta-
tions along the Clark Fork River from September 16-19,
1991: CF-01, Silver Bow Creek 1 km above a lime shack;
CF-02, Clark Fork River near Warm Springs Pond; CF-03,
Clark Fork River near Deer Lodge; CF-04, Clark Fork River
at Gold Creek Bridge; CF-05, Clark Fork River at Turah
Bridge; and CF-06, a reference station on Rock Creek within
5 km of its confluence with the Clark Fork River (see Fig. 1
in citation [1]). Sediments from seven stations in or near
Milltown Reservoir were sampled from July 22-25, 1991:
MR-01, a reference station on the Blackfoot arm of the Res-
ervoir, and MR-02, MR-07, MR-11, MR-17, MR-19, and
MR-25, all located on the Clark Fork arm of the Reservoir
(see Fig. 2 in citation [1]).

Sample collection, handling, and storage

Sediment samples were collected from depositional zones
with a petite Ponar grab (225-cm? area) or polypropylene
scoop. Each sample was a composite of a minimum of 10
grabs/station taken from an area of about 100 m? in the res-
ervoir and from an area about 3 X 6 m for the river samples.
Polypropylene scoops were used in shallow backwater areas
where bottom type or depth prevented use of a Ponar grab.
Samples consisted of the upper 6 cm of the sediment surface.
A total of 20 L of sediment from each station was placed in
two 10-L high-density polyethylene (HDPE) containers. Sam-
ples were shipped to the laboratory by overnight courier for
toxicity testing, bioaccumulation testing [10], benthic com-
munity assessment [1], and physical and chemical analyses
[9]. The control sediment was a fine silt-clay agricultural soil
collected near St. Louis, Missouri, and has been used in pre-
vious studies [4,14]. Sediments were held less than 3 weeks
before the start of a test.

Culturing of test organisms

Amphipods were mass-cultured according to procedures
outlined in Kemble et al. [13] using 80-L glass aquaria con-
taining 50 L of well water (hardness 283 mg/L as CaCO;,
alkalinity 255 as CaCO;, pH 7.8) and either maple leaves or
“coiled-web material” (3M Co., Saint Paul, MN) as sub-
strate. Amphipods were isolated by placing the substrate on
a 5-mm-mesh sieve in a pan containing about 2 cm of well
water. Well water was sprinkled over the substrate, flushing
mixed-age amphipods into the pan below. Immature amphi-
pods (<2 mm total length) used for testing were then rinsed
into a no. 40 sieve (U.S. standard-sieve size 425 um).

Midges were mass-cultured in polyethylene chambers
(30 % 30 x 30 cm) containing 3 L of well water according to
procedures of Ingersoll et al. [15]). To obtain first instar lar-
vae (<24 h old) for testing, egg cases were placed in individ-
ual 100-ml glass chambers containing 50 ml of test water at
20°C for about 2 d before hatching occurred.

Daphnids were mass-cultured according to procedures de-
scribed in Ingersoll et al. [15]. Eyed rainbow trout eggs were
obtained from the Ennis Fish Hatchery, Ennis, Montana.
Toxicity tests with trout were started about 5 d after hatching
(except for trout in the toxicity test with Milltown Reservoir
sediments, which hatched 1 week earlier than anticipated).
Fish were not fed during holding, acclimation, or testing [13].

Toxicity tests

Pore-water toxicity tests were conducted with Daphnia
magna (48-h exposure), rainbow trout (96-h exposure) and
Microtox (15-min exposure). A minimum of 2 L of pore wa-
ter was isolated from each homogenized-sediment sample
by centrifugation at 4°C for 15 min at 5,200 rpm (7,000 g).
After centrifugation, the supernatant was poured through a
no. 60 (U.S. standard-sieve size 250 um) polyester sieve into
a 1-L amber glass bottle to remove any large floating parti-
cles. Pore-water samples were held at 4°C in the dark until
testing. Aliquots of pore water were used for (a) metals anal-
ysis, (b) water-quality characterization, and (c) toxicity test-
ing. The test water was reconstituted to be representative of
the low hardness conditions in the Clark Fork River (CFR;
hardness and alkalinity 100 mg/L as CaCO;, pH 8.0, con-
ductivity 200 uS/cm [13]).

Daphnids were exposed in static toxicity tests for 48 h
to 100, 50, 25, 12.5, and 6.25% pore water and to a nega-
tive control of CFR water. Before the test started, daphnids
(<24 h old) were acclimated to CFR water by sequentially
placing animals at 2-h intervals into 50:50 and 25:75 mix-
tures of well water to CFR water and then into 100% CFR
water. Twenty daphnids, five at a time, were counted into
each 250-ml test beaker containing 200 ml of water at 20°C.
The photoperiod was 16.8 h light : dark at an intensity of about
500 lux. Aeration (about 2 bubbles/s) was used throughout
the test because of low initial dissolved oxygen concentra-
tions. Mortality was recorded in all treatments at 24 and
48 h. Death was defined as a lack of a response to prodding
with a blunt probe during a 5-s observation period.

Exposures of rainbow trout to pore-water samples were
similar to the exposure of daphnids except (a) test tempera-
ture was 10°C, (b) study duration was 96 h, and (c) 1-L test
beakers containing 500 ml of water were used.

Microtox exposures were conducted at 15°C with lumines-
cent bacteria (Photobacterium phosphoreum) and a model
500 Microtox instrument [16]. Full-strength (100%) pore wa-
ter was tested using the “100%” test method [13]. Sodium
chloride was substituted for the Microbics® osmotic adjust-
ing solution (MOAS) to osmotically adjust the sample. Tox-
icity was measured as the 15-min EC50 value (the percent
dilution of the pore waters that produced a 50% reduction
in light output of the luminescent bacteria).

Whole-sediment toxicity tests were conducted with Hya-
lella azteca (28-d exposure) and Chironomus riparius (14-d
exposure). Overlying water used in exposures was reconsti-
tuted CFR water. Biological observations included survival,
total body length, weight, sexual maturation, or reproduc-
tion of test species. Amphipods were acclimated to CFR wa-
ter by sequentially transferring animals at 24-h intervals into
50:50 and 25:75 mixtures of well water to CFR water and
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then into 100% CFR water. Midge larvae were hatched in
100% CFR water.

Sediment samples were homogenized and placed into bea-
kers 4 d before animals were added (day —4) using proce-
dures described in Kemble et al. [13]. Midges and amphipods
were exposed to 200 ml of sediment with 800 ml of overlying
water in 1-L flow-through test beakers (4 replicates/treat-
ment) at 20°C. Each beaker received 1.25-volume additions/d
of overlying water starting on day —3. Aeration (about
2 bubble/s) was used in the whole-sediment Clark Fork River
tests because of low dissolved oxygen in overlying water.
The photoperiod was 16:8 h light:dark at an intensity of
about 500 lux.

Tests were started on day 0 by counting 20 amphipods or
50 midges, five at a time, into the test beakers containing sed-
iment and overlying CFR water. Amphipods were fed 6 mg
of Purina® rabbit pellets in a water suspension three times
a week for the first 7 d of the study and 12 mg three times
a week for the last 21 d. Midges were fed 10 mg of Cerophyl®
for the first 6 d of the test and 10 mg Hartz® Dog Treats
and 6 x 107 algae cells (Selenastrum capricornutum) daily
throughout the test. If excessive mold was observed on the
sediment surface of any of the beakers, midges were fed only
algae for that day [14].

Amphipods and midges were retrieved from test beakers
at the end of exposures by wet-sieving the sediment. Over-
lying water (about 600 ml) was poured through a no. 50 U.S.
Standard sieve and was swirled with enough action to sus-
pend the upper 1 cm of the sediment. This slurry was then
poured through the no. 50 sieve, and the contents were washed
into an examination pan. The coarser sediment remaining in
the beaker was rinsed through a no. 40 sieve, and the con-
tents of this sieve were then washed into a second exami-
nation pan. Surviving organisms were removed from the ex-
amination pans and preserved in 8% sugar formalin until
their length and sexual maturation were determined [14].

Amphipod body length was measured from the base of
the first antenna to the tip of the third uropod along the curve
of the dorsal surface with a Zeiss® interactive digital analy-
sis system in combination with a Zeiss SV8 stereomicroscope
at a magnification of 25x. Amphipods were classified as ei-
ther “mature male” or “female or immature male” based on
the presence of an enlarged second gnathopod. An enlarged
second gnathopod of male amphipods was a consistent mea-
sure of sexual maturation (it is difficult to distinguish sex-
ual maturation of females at this age). No attempt was made
to quantify production of young amphipods. Body lengths
of up to 20 midges/replicate were measured from 20- x 30-cm
glossy black-and-white photographs (1-cm gridded back-
ground) at a magnification of 3.5x using a Houston Instru-
ment True Grid® 1017 digitizing board. Midge lengths were
measured from the anterior of the labrum to the posterior
of the last abdominal segment [17].

Water quality

The following water-quality characteristics were measured
in the pore-water samples: dissolved oxygen, chloride, tem-
perature, conductivity, pH, alkalinity, total hardness, tur-
bidity, total ammonia, and total sulfide [13]. Un-ionized

ammonia concentrations (mg/L, as NH;) were calculated
using pH and temperature in the formula presented in Thur-
ston et al. [18]. Hydrogen sulfide concentrations (mg/L) were
calculated by adjusting the total dissolved sulfide concentra-
tions to pH and temperature using the relationship presented
in Broderius and Smith [19].

Dissolved oxygen, pH, conductivity, and temperature
were measured at the beginning and end of the daphnid and
trout pore-water exposures in the 100% pore-water, 25% di-
lutions, and negative control of dilution water (CFR water).
Dissolved oxygen was measured at 48 h for the trout test in
the 100% pore-water, 25% dilutions, and negative control.

In whole-sediment tests, the following water-quality char-
acteristics were measured on day —1 (the day before animals
are introduced to the test chamber) and at the end of each
test: dissolved oxygen, chloride, temperature, conductivity,
pH, alkalinity, total hardness, turbidity, total ammonia, and
total sulfide, using procedures described in Kemble et al. [13].
Dissolved oxygen, pH, and conductivity concentrations in the
overlying water were measured weekly.

Chemical characterization of pore water

Total and filterable concentrations of Al, As, Cd, Cr, Cu,
Fe, Hg, Mn, Ni, Pb, Se, and Zn were measured in pore-water
samples [9]. Fifty milliliters of each sample were vacuum-
filtered through a 0.4-um polycarbonate membrane, trans-
ferred to a precleaned 60-ml polyethylene bottle, and acidified
with 0.5 ml high-purity HNO; before analysis of filterable
metals. The remaining 50 ml of sample was acidified with
0.5 ml HNO;, and aliquots were digested for “total recov-
erable metals” by one of two methods, depending on the ana-
lyte. For Hg and Se, samples were heated with potassium
persulfate (K,S,04) and HCI [20]. For remaining analytes,
digestion was accomplished by heating with HNO; and
H,0, [21].

Characterizations of sediment

Sediment subsamples from each station were character-
ized for (a) percentage water, (b) particle size, (¢) cation ex-
change capacity, (d) organic carbon, (¢) ash-free dry weight,
and (f) metals and acid-volatile sulfide (AVS) [13]. Determi-
nation of AVS was patterned after EPA draft method 376.3
utilizing a sulfide electrode for detection of trapped sulfide
ion generated after treatment with 3 N HCI [9]. Sediment
characterization also included measurements of hydrogen
sulfide, select pesticides, polycyclic aromatic hydrocarbons
(PAHs), and polychlorinated biphenyls (PCBs) [9]. Whole
sediment sampled the day that pore waters were prepared and
the day whole-sediment toxicity tests were started (about
8 d later) exhibited very little change in AVS, As, Cd, Cu,
Pb, or Zn [13]. Results of quality-control samples analyzed
for physical characterization and water quality are summa-
rized in Kemble et al. [13]. Results of quality-control sam-
ples analyzed for chemical characterization are summarized
in Brumbaugh et al. [9].

Concentrations of metals in subsamples of whole sedi-
ments were determined by a total-acid digestion, a dilute
hydrochloric acid (3 N HCI) extraction (SEM) at room tem-
perature for 1 h simultaneously with acid-volatile sulfide
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(AVS) determination, and a four-step sequential extraction
(bound to oxides, organic matter, sulfides, and residual)
[9,22]. Concentrations of Al, As, Cd, Cr, Fe, Hg, Mn, Ni,
Pb, Se, and Zn were measured in extracts from the total acid
digestion and the dilute HClI extraction of samples. Selected
metals (As, Cd, Cu, Pb, and Zn) were also measured in the
four-step sequential extraction.

Data analysis and statistics

Pore-water toxicity tests. Where mortality of daphnids or
trout exceeded 50%, the EC50 was estimated by the probit
method [23]. If data were incomplete (one or no partial mor-
tality), a range bracketing the EC50 was determined (e.g.,
highest concentrations with 0% mortality and the lowest con-
centrations with 100% mortality), which is a conservative es-
timate of the EC50 confidence interval [23]. The ECS0 for
the Microtox test was estimated using linear regression equa-
tions that plotted log concentrations vs. log gamma (normal-
ized ratio of light lost during the test to light remaining at
time of measurement) [16].

Whole-sediment toxicity tests. Data for percentage sur-
vival and sexual maturation were arcsin transformed before
analysis. Comparisons of mean survival and percentage sex-
ual maturation (amphipod exposures) were made using a one-
way analysis of variance (ANOVA) with mean separation by
Fisher’s protected least-significant difference test at a = 0.05
[24]. Variance among treatment means for body length of
amphipods and midges was heterogenous. Therefore, a rank
analysis of variance was performed and mean differences de-
termined using a ¢ test on ranked means (at o = 0.05}). All
statistical analyses were performed with Statistical Analyses
System programs [25].

No-effect concentrations (NEC). No-effect concentrations,
which are analogous to apparent-effects thresholds (AETs,
[26]), were used to identify sediment characteristics that may
have been associated with a toxic response. An NEC is cal-
culated as the maximum concentration of a chemical (or ma-
terial) in a sediment that did not significantly alter the
particular indicator compared with the control. Exceeding
an NEC for a particular chemical does not mean the chemi-
cal caused the effect. It is the concentration of a chemical as-
sociated with a response. However, if a sediment sample is
toxic and the concentration of the chemical of interest is be-
low the NEC, then the toxicity cannot be attributed solely
to that chemical.

We chose to use the term NEC instead of AET because
(a) we calculated NECs for both whole-sediment and pore-
water concentrations, and AETs are classically calculated for
only whole-sediment concentrations; (b) @a minimum of 25
to 50 samples is recommended for calculating an AET, and
only 15 samples from the reservoir and river were evaluated
in the present study; and (c) we calculated effects relative to
the control sediment, and AETs are typically calculated rel-
ative to reference sediments. We chose to develop NECs rel-
ative to control sediment because the reference sediment for
Milltown Reservoir (MR-01) was contaminated with organic
compounds (e.g., 730 ng/g total PCBs) [9] and was toxic to
Hyalella azteca (e.g., reduced body length). Long and Mor-
gan [27] reported an effect range-median (ER-M) of 400 ng/g

for total PCBs in sediment. The ER-M is a concentration of
a chemical in sediment above which effects are frequently or
always observed or predicted among most species.

RESULTS
Physical characteristics

Physical characteristics of sediment samples are listed
in Table 1. Sediment organic carbon content ranged from
0.76% for samples from station MR-02 to 6.9% for station
CF-01. Mean organic carbon content in the control sediment
was 1.2%. Percentage water ranged from 32% (mean of 4
replicates) for the control sediment to 67% for sediment from
station CF-01. Sediment samples were predominantly sandy-
loam-sized particles. The percentage of sand-sized particles
(>50 um) was about 10 to 15% greater for the river samples
than for the reservoir samples (Table 1). Ash-free dry weights
ranged from about 2.4% for station CF-05 sediment to
14.9% for station CF-01 sediment. Cation exchange capac-
ity (CEC) of sediments ranged from 8.5 meq/kg for station
CF-05 ta 17.1 meq/kg for station MR-07 (Table 1).

Chemicat sediment characteristics

Data are presented for filtered pore-water metals and
SEM metals in whole sediment because these forms are most
representative of bioavailable metals [9]. Analyses of total
metals in pore-water and whole-sediment samples are de-
scribed in Brumbaugh et al. [9].

In pore waters isolated from Milltown Reservoir sedi-
ments, concentrations of filterable Cr and Ni were similar to
those in pore water from control sediment [9]. There was in-
sufficient pore water available for determination of filterable
Hg and Se. Results of tatal-recoverable element analyses in-
dicated that very low concentrations of these elements were
presert in sediment samples from Milltown Reservoir [9].
The pore-water sample from station MR-19 was highest for
As and Cu and among the highest concentrations for Pb, Cd,
and Zn. Pore water from MR-01 was lowest for Cu and Zn
but highest for Fe, Mn, and Ni. Concentrations of Al and
Zn were highest in pore water prepared from station MR-11
sediment. For As, Cd, Cu, Pb, and Zn, proportions of fil-
tered to total concentrations were highest for As and Zn and
intermediate for Cd and Cu, while filterable Pb concentra-
tions were low relative to total Pb [9]. Relatively low percen-
tages of Al and Fe were filterable, but a very high percentage
of Mn was filterable [9].

In pore water prepared from Clark Fork River sediment,
all elements except Al were elevated in samples from at least
one station compared with the control sample [9]. Pore-water
concentrations of Cd, Cu, Fe, Mn, Ni, and Zn were highest
in the pore water prepared from station CF-01 sediment.
Pore water from station CF-06 had the highest concentration
of Al and the lowest concentrations of As, Cu, Mn, and Zn.
With the exception of As and Zn, dissolved metal concentra-
tions were not markedly different among pore-water samples
from CF-04, CF-05, CF-06, and control sediment. The high-
est concentration of As was in CF-03 pore water. The trends
for proportions of dissolved to total metals in the Clark Fork
River pore-water samples were similar to those observed for
the reservoir [9].
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Table 1. Physical and chemical characteristics of sediments from Milltown Reservoir and the Clark Fork River
Total Cation
organic Ash-free exchange * Particle size (%)
carbon dry wgt. capacity Percent Sediment/so1l
Station (%) (%) (meg/kg) water Sand Silt Clay class
Milltown Reservoir
Control (rep. 1) 1.06 3.96 12.8 29 21 57 2 Silt loam
Control (rep. 2) 1.06 NM 14.8 29 10 68 22 Silt loam
MR-01 (ref.) 1.00 3.93 12.5 37 73 17 11 Sandy loam
MR-02 0.76 4.27 13.2 39 54 33 13 Sandy loam
MR-07 2.43 8.16 17.1 54 53 36 17 Sandy loam
MR-11 2.67 8.82 16.9 54 40 4 20 Loam
MR-17 (rep. 1) 1.94 8.63 15.5 56 51 32 18 Loam
MR-17 (rep. 2) NM NM NM 56 47 36 17 Loam
MR-19 1.30 4,23 11.3 35 62 25 13 Sandy loam
MR-25 (rep. 1) 3.19 6.44 14.3 45 56 30- 13 Sandy loam
MR-25 (rep. 2) NM NM NM 45 56 28 16 Sandy loam
Clark Fork River
Control (rep. 1) 1.30 3.70 11.6 35 9 58-¢ 33 Silt clay loam
Control (rep. 2) 1.18 NM 12.7 35 9 68" 29 Silt clay loam
CF-01 6.90 14.93 15.6 67 52 28 20 Loam
CF-02 1.70 6.04 13.2 44 75 12 13 Sandy loam
CF-03 1.41 2.99 12.7 36 74 12 14 Sandy loam
CF-04 3.08 6.35 15.2 42 60 27 13 Sandy loam
CF-05 1.21 2.35 8.5 33 82 6 12 Sandy loam
CF-06 (ref.) 6.67 6.26 12.8 48 70 17 13 Sandy loam

NM = Not measured.

Concentrations of AVS and 12 simultaneously extracted
elements in sediments were determined for samples on the
day pore waters were prepared (Table 2). Mercury and sele-
nium were at or below detection limits in all samples. Among
the reservoir stations, concentrations of Cr and Ni were rel-
atively constant among the samples and were similar to the
control and reference (MR-01) sediments. Sample MR-11 was
the highest for extractable Al, As, Cd, Cr, Cu, Fe, Pb, Mn,
Ni, and Zn. The lowest concentrations of AVS and all ana-
Iytes were in the control and reference sediments (MR-01).
In the reservoir samples, AVS ranged from 48 to 745 ug/g

e

dry sediment, compared with 19.1 ug/g in the reference sed-
iment and <2 pug/g in the control sediment. There was no cor-
relation between AVS and absolute amounts of any of the
simultaneously extracted metals.

Among the river samples, the highest concentrations of
extractable Al, As, Cd, Cr, Cu, Fe, Hg, Pb, Ni, and Zn were
in sediment from station CF-01. The lowest concentrations
of extractable As, Cd, Cu, Pb, Mn, and Zn were measured
in sediment from station CF-06. Station CF-05 had the low-
est concentrations of Al and Fe, whereas Cr and Ni were low-
est in sediment from station CF-03.

Table 2. Concentrations of acid-volatile sulfide and simultaneously extracted metals in sediment samples

Station AVS Al As Cd Cr Cu Fe Hg Pb Mn Ni Se Zn

Control <2.0 1,495 2.1 0.184 1.96 5.7 3,300 <0.024 11.9 456 5.23 <0.025 <20
MR-01 19.1 635 1.2 0.035  0.99 10.6 2,523 <0 024 6.06 205 1.72 <0.025 <20
MR-02 500.0 1,480 5.3 1.59 2.58 141.0 3,948 <4024 32.0 279 3.79 <0.025 538
MR-07 315.0 2,030 9.1 2.04 2.90 233.0 4,558 0.039 45.7 540 4.06 <0.025 680
MR-11 78.6 2,782 43.4 7.49 3.01 607.0 11,650 0.036 56.3 1,367 7.01 <0.025 3,244
MR-17 745.0 1,878 7.4 2.46 2.62 185.0 5,194 0.039 46.3 484 4.33 <0.025 658
MR-19 48.0 1,352 29.2 2.35 2.21 354.0 3,550 0.048 48.6 652  3.53 <0.025 767
MR-25 402.0 1,708 8. 3.87 2.80 178.0 5,844 0.028 36.7 540 4.09 <0.025 1,064
Control <2.0 1,408 1.5 0.167 1.65 <12.0 2,735 0.030 11.7 340 4.17 <0.025 <15
CF-01 8.3 4,562 202.0 31.30 6.18 6,971.0 18,470 0.840 569 2,962  8.16 <0.025 8,873
CF-02 612.0 1,777 23.8 3.12 3.05 325.0 7,313 0.030 62.4 4,348  4.15 <0.025 700
CF-03 165.0 1,148 24.8 1.69 1.72 287.0 3,665 0.020 55.0 468  2.34 <0.025 408
CF-04 415.0 2,124 10.8 1.93 3.86 251.0 6,093 0.040 50.2 638  4.19 <0.025 562
CF-05 251.0 990 2.7 0.762  4.45 77.0 2,262 <0.020 19.4 94  3.29 <0.025 294
CF-06 213.0 1,532 <0.5 0.074 2.37 <12.0 2,306 <0.020 3.5 16 2.46 <0.025 <15

Samples were collected for chemical analyses the day pore waters were prepared. Results expressed as pg/g dry wgt.
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Table 3. Water-quality measurements of pore water the day pore water was isolated from whole sediment

Conductivity Hydrogen Total Un-ionized  Total
Alkalinity Hardness DO (pmho/cm sulfide  sulfide ammonia ammonia Turbidity Chloride
Station pH (mg/L) (mg/L) (mg/L) @ 25°C) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)  (mg/L)
Milltown Reservoir
Control 6.96 48 180 7.1 451 <0.051 <0.10 0.003 0.89 249.0 18.5
MR-01 6.89 840 812 3.9 1,510 <0.056 <0.10 0.028 9.88 455.0 3.24
MR-02 7.36 336 288 3.9 532 0.085 0.28 0.030 3.60 56.0 ND
MR-07 6.91 792 612 2.3 1,387 0.102 0.28 0.081 29.60 191.0 9.45
MR-11 7.42 216 212 4.4 398 <0.029 <0.10 0.002 0.19 43.0 5.13
MR-17 6.96 572 496 5.0 1,048 0.084 0.15 0.031 11.40 94.5 15.5
MR-19 7.48 248 280 4.7 489 <0.027 <0.10 0.014 1.63 39.0 5.59
MR-25 7.03 272 248 2.8 519 0.060 0.12 0.009 3.17 93.5 11.3
Clark Fork River
Control 6.73 52 124 8.4 294 <0.068 <0.10 0.001 0.67 220.0 14.2
CF-01 7.05 1,048 1,500 2.5 2,160 <0.050 <0.10 0.217 67.60 630.0 21.4
CF-02 7.87 304 288 5.1 619 0.053 0.42 0.138 6.32 51.0 11.7
CF-03 7.61 356 348 7.2 711 0.025 0.12 0.008 0.69 45.0 11.1
CF-04 7.31 548 500 4.9 987 0.048 0.14 0.030 4.72 81.0 12.9
CF-05 7.61 288 276 6.5 549 0.022 0.11 0.015 0.95 26.0 7.05
CF-06 7.40 132 124 5.9 234 0.095 0.30 0.003 0.51 67.0 1.88

ND = Not determined.

Concentrations of 23 organochlorine pesticid-; in whole-
sediment samples were below 10 ng/g (the method lower limit
of quantitation; MLLQ; [13]). Concentrations of total poly-
chlorinated biphenyls in these samples were below the MLLQ
of 50 ng/g except for MR-01 (730 ng/g), MR-07 (50 ng/g),
and MR-11 (150 ng/g). Concentrations of polycyclic aro-
matic hydrocarbons (PAHs) in sediment samples were gen-
erally below the MLLQ (30 ng/g). Samples from MR-11
(<145 ng/g), MR-19 (<68 ng/g), and CF-01 (<144 ng/g) ex-
ceeded the MLLQ for some compounds but were still well
below reported sediment effect concentrations for PAHs [27].

Pore-water toxicity tests

Water-quality characteristics of pore water are listed in
Table 3. After aeration, dissolved oxygen concentrations re-
mained above 40% of saturation for the duration of the trout
and daphnid exposures.

Pore waters prepared from MR-01, MR-02, MR-07,
and MR-17 sediment samples were toxic to rainbow trout,
with 96-h EC50s ranging between 50 and 100% pore water.
The ECS50 values for the control, and for MR-11, MR-19,
and MR-25 treatments were greater than 100% pore water
(Table 4). Pore-water samples prepared from Milltown Reser-
voir sediments were not acutely toxic in either the daphnid
or Microtox exposures (EC50 >100% pore water; Table 4).

Among Clark Fork River sites only CF-01 pore water was
toxic in the rainbow trout (EC50: 12 to 25% pore water),
daphnid (EC50: 17% pore water), and Microtox (EC50: 19%
pore water) exposures (Table 4). The influence of storage
time on isolated pore-water samples was evaluated using Mi-
crotox. Pore-water was typically stored 5 to 7 d at 4°C be-
fore toxicity tests were started. The toxicity of pore-water
samples prepared from CF-02 and CF-06 was dramatically
reduced with 5 to 7 d of storage relative to 1 d of storage
(Table 4).

Whole-sediment toxicity tests

Overlying water pH, alkalinity, total hardness, conduc-
tivity, and chloride measurements were similar among all sta-
tions, the control, and the inflowing CFR [13]. Un-ionized
ammonia concentrations in CF-01 and CF-02 were elevated
compared with other treatments and the control. By the end
of the exposures, total-ammonia concentrations in all treat-
ments except Station CF-01 were below the detection limit
(<0.1 mg/L). Total-sulfide concentrations were below the de-
tection limit (<0.1 mg/L) in overlying water for all stations,
the control, and the inflowing CFR water. Dissolved oxygen
measurements were at acceptable levels (>40% of saturation
[28)) in all of the treatments throughout the exposures [13].

Milltown Reservoir. Survival of amphipods was not sig-
nificantly reduced among any of the treatments relative to
the control or reference (MR-01) sediments (Table 5). How-
ever, survival of amphipods in treatments MR-17 and MR-
19 was significantly higher than in the control and reference
sediment. Body length of amphipods was significantly re-
duced in all treatments relative to the control except for MR-
25 and was significantly reduced in treatment MR-11 relative
to the reference sediment (MR-01). Sexual maturation of am-
phipods was significantly reduced in treatments MR-07 and
MR-11 relative to both the control and reference sediments
(Table 5). Both body length and survival of midges in treat-
ment MR-11 were significantly reduced relative to the con-
trol and reference sediments (Table 5). Indigenous organisms
recovered at the end of whole-sediment exposures with res-
ervoir sediments included oligochaetes, ostracods, a mussel,
planaria, and copepods. Caddis fly cases were retrieved from
several treatments; however, no caddis flies were retrieved.
No pattern was evidenced between the toxic responses of
amphipods or midges and the presence of these indigenous
organisms.

Clark Fork River. Amphipod survival was significantly
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Table 4. Pore-water toxicity results: The EC50 (95% confidence intervals in parentheses)
for rainbow trout (Oncorhynchus mykiss; 96 h), Daphnia magna (48 h), and Microtox
(15 min) exposures are calculated as a percentage of the pore-water sample

Station O. mykiss® D. magna® Microtox® Microtox?
Milltown
Control >100 >100 >100 ND
MR-01 (ref.) 59 (49-74)  >100 >100 ND
MR-02 50-100 >100 =>100 ND
MR-07 50-100 >100 =>100 ND
MR-11 =>100 >100 >100 ND
MR-17 50-100 >100 =>100 ND
MR-19 >100 >100 >100 ND
MR-25 >100 >100 >100 ND
Clark Fork River
Control >100 >100 >100 >100
CF-01 12-25 17 (10-26) 19 (18-20) 11 (11-11)
CF-02 >100 >100 >100 16 (8-29)
CF-03 >100 >100 >100 >100
CF-04 >100 >100 >100 >100
CF-05 >100 >100 >100 97
CF-06 (ref.) >100 >100 =>100 6

ND = Not determined.

2Pore water stored for 5-7 d before the start of the test.

®Pore water tested within 24 h of preparation.

reduced relative to the control and reference (CF-06) sedi-
ments in only treatment CF-01 (Table 5). Survival of amphi-
pods in treatments CF-03 and CF-04 was significantly greater
than in the control sediment but not the reference sediment.
Amphipod body length was significantly reduced in treat-
ments CF-01 and CF-03 relative to the control and reference
sediments. Percentage maturation was significantly reduced
in only the CF-01 sediment relative to the control and refer-
ence sediments. Midge survival and body length were not sig-
nificantly reduced in any of the Clark Fork River treatments
relative to the control or reference (CF-06) sediments. Midge
body lengths in all treatments (except CF-03) were signifi-
cantly greater than in the control sediment but not in the ref-
erence sediment (Table 5). Midge pupae were recovered from
the CF-01 and CF-05 sediment samples. When amphipods
were sieved from the sediment on day 28, indigenous animals
were isolated, including oligochaetes, midges, and a snail.
Indigenous organisms isolated on day 14 of the midge expo-
sures included oligochaetes, a leech, and mussels. Again,
there was no pattern between the toxic responses of amphipods
or midges and the presence of these indigenous organisms.

DISCUSSION
Pore-water toxicity tests

Pore-water samples were stored at 4°C for up to 7 d be-
fore the start of the toxicity tests. The decision to store iso-
lated pore water for this long after extraction was based on
our experience with elutriate samples prepared from Great
Lakes sediment [29]. However, the toxicity of isolated pore
water in the Microtox assay changed with storage (Table 4).
Similar changes were observed in toxicity of pore water to
daphnids and trout (unpublished data). A flocculation of ma-
terial occurred within the first 24 h of the pore-water expo-
sures, which indicates metals may have precipitated with Fe

and Mn oxyhydroxides. In the future, investigators should
conduct toxicity tests immediately after isolating pore-water
samples, and test solutions should be renewed frequently dur-
ing exposures (e.g., every 12 or 24 h) to prevent changes in
pore-water toxicity after storage. Given the problem associ-
ated with the changes in toxicity with storage of pore-water
samples, the remainder of the discussion will focus on the
whole-sediment toxicity data. However, pore-water chemis-
try was measured immediately after isolation from sediment
and presumed to be valid [9], and therefore it was used in our
evaluation of whole-sediment toxicity.

Whole-sediment toxicity tests

Whole-sediment samples from Milltown Reservoir and
the Clark Fork River were toxic to amphipods, midges, and
rainbow trout but not to daphnids (Table 5, [13]). The am-
phipod test identified sediment from six of the seven reser-
voir stations as toxic (e.g., significant reduction in length
or sexual maturation relative to the control for MR-01,
MR-02, MR-07, MR-11, MR-17, MR-19 samples). The whole-
sediment midge test identified only one of the seven reser-
voir stations as toxic (MR-11), and the whole-sediment trout
and daphnid tests [13] did not consistently identify any of the
reservoir stations as toxic. The amphipod test identified two
of six river stations as toxic (CF-01, CF-03), the trout and
daphnid [13] tests identified one of six river stations as toxic
(CF-01), and the midge test did not consistently identify any
of the six river stations as toxic.

Hyalella azteca are typically more sensitive than are
midges to contaminated sediments [14,30,31]. In the present
study, relative sensitivity (most sensitive to least sensitive) of
test organisms was: Hyalella azteca > Chironomus riparius >
rainbow trout > Daphnia magna. Relative sensitivity (most
sensitive to least sensitive) of the three end points evaluated
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Table 5. Whole-sediment toxicity results for Hyalella azteca
(28 d) and Chtronomus riparius (14 d) exposures

Survival Length Mature males
Station (%) (mm)? (%)
Hyalella azteca
Control 86 (3.15BC  4.45(0.02) A 41 (3.35) AB

MR-01 (ref.) 93 (1.44) ABC 3.54(0.10) C 28 (1.65) AB

MR-02 94 (4.73))AB  4.11 (0.08) B 39 (7.11) AB
MR-07 79 (6.25) C 4.06 0.100B 13 (5.45) C
MR-11 78 (8.51)C  2.62(0.17)D 10 (3.03)C
MR-17 99 (1.25)A  4.10(0.13)B 27 (4.25)B
MR-19 98 (2.500A  399(0.11)B 26 (1.66)B
MR-25 94 (2.04) AB  4.24 (0.09) AB 50 (10.22) A
Control 74 (2.39) C 3.89(0.120A 31 (6.79) A
CF-01 48 (9.68)D  2.85(0.25) C 8 (5.00) B
CF-02 76 (6.88) BC  3.69 (0.11) AB 15 (1.38) A
CF-03 91 (5.54)AB  3.22(0.13) BC 29 (7.03) A
CF-04 95 (2.04) A  4.03(0.32) A 25 (6.84) A

CF-05 85 (6.45) ABC 3.83 (0.07) A 24 (3.40) A
CF-06 (ref.) 89 (3.75) ABC 4.01 (0.22) A 28 (217 A

Chironomus riparius
Control 67 (2.33) B 10.7 (0.19) D —
MR-01 (ref.) 79 (4.79) AB 12.1 (0.54) B -

MR-02 76 (3.46) AB 11.8 (0.55) BC -
MR-07 78 (2.22)AB  12.1 (0.14)B -
MR-11 47 (12.84) C 8.1 (0.69) E -
MR-17 82 (6.27) AB  13.8 (0.53) A -
MR-19 75 (4.50) AB  10.7 (0.31) CD -
MR-25 93 (3.I1)A  11.8 (0.33) BCD -
Control 81 (4.50) ABC 12.0 (0.33) C -
CF-01 77 (7.19) ABC 16.0 (0.20) A -
CF-02 64 (10.07)C  13.5 (0.54) B -
CF-03 68 (5.12) BC 12.3 (0.43)C -
CF-04 89 (1.7)A 133 (0.27) B -
CF-05 78 (10.72) ABC 13.6 (0.15)B -

CF-06 (ref.) 87 (2.38) AB 13.3 (0.17) B —

Means (standard error of the mean in parentheses) sharing a com-
mon letter within a column at a site for a species are not signifi-
cantly different (p > 0.05; n = 4).

4Starting body length of amphipods was 1.43 mm (0.06 SEM) for
the Milltown Reservoir exposure and 1.31 mm (0.04 SEM) for the
Clark Fork River exposure; midges were less than 24 h old at the
start of the exposures.

in the 28-d whole-sediment toxicity test with Hyalella azteca
was: length > sexual maturation > survival. Daphnids and
trout were probably exposed to lower concentrations of met-
als in the water column than were amphipods and midges,
which were in direct contact with the sediment [13]. The re-
maining discussion on the effects of metals associated with
sediments will focus on Hyalella azteca responses, because
this species was the most sensitive in the whole-sediment tox-
icity tests.

No-effect concentrations

Effects of sediment characteristics on toxicity were ini-
tially evaluated using regression analyses; however, analysis
of sediment characteristics with toxicity was limited because
one or two stations influenced the regression. Therefore, we
chose to focus our evaluations of sediment toxicity on (a) no-
effect concentrations (NECs) and (b) Sediment Quality Triad
[1] approaches.

The sediment chemical and physical data listed in Tables 1,
2, and 6 were used to calculate each NEC. For example,
for SEM Clu, significant reductions in body length were de-
termined for each treatment relative to the control (e.g.,
Table 5). Treatments significantly different from the control
were plotted vs. SEM Cu as circles, and treatments not sig-
nificantly different from the control were plotted as trian-
gles (Fig. 1). The NEC for SEM Cu is the treatment with the
highest concentration of Cu in whole sediment that did not
significantly reduce amphipod body length (e.g., 325 ug SEM
Cu/g for sediment from station CF-02). Three sediment sam-
ples exceeded the NEC for SEM Cu: MR-19 (354 ug/g),
MR-11 (607 ug/g), and CF-01 (6,971 ug/g).

Reported effect concentrations for sediment (e.g., ER-M
[27) or water quality criteria [32]) are also plotted in Fig-
ure 1. For example, the ER-M for total Cu is 390 pg/g, sim-
ilar to the NEC for SEM Cu of 325 pug/g for amphipod length
(Fig. 1). Exceeding an NEC (or an ER-M) for a particular
chemical does not mean the chemical caused the effect. It is
the concentration of a chemical associated with a response.
However, if a sediment sample is toxic and the concentration
of the chemical of interest is below the NEC, then the toxic-
ity cannot be attributed solely to that chemical. Table 7 lists
NECs for Hyalella azteca body length and sexual maturation
for (a) simultaneously extracted metals, (b) SEM metals nor-
malized to AVS, (¢) filtered pore-water metals, (d) pore-water
ammonia and hydrogen sulfide, and (e) physical character-
istics of the sediment samples. Samples exceeding each NEC
and reported effect concentrations for NECs [27] are also
listed in Table 7. Toxic units were calculated for (a) con-
centrations of pore-water metals normalized to water-only
toxicity data [13] or (b) concentrations of SEM metals nor-
malized to NECs [13]. A toxic unit is the concentration of
metal in sediment or water divided by the threshold concen-
tration in sediment or water. If the number is greater than
one, a toxic effect would be predicted [33].

The NEC:s for (a) midge survival and length, (b) daphnid
survival and reproduction, and (c¢) trout length and weight
were greater than the highest concentration of chemicals in
CF-01 sediment; hence, the NECs for these end points are
not listed in Table 7. The NECs for survival of trout or am-
phipods were set most often by exposure to MR-11 sediment
because CF-01 sediment was the only sample that reduced
survival of amphipods or trout relative to the control. For
this reason, the NECs for amphipod and trout survival are
not cited in Table 7.

Reductions in amphipod length or maturation could not
be attributed solely to concentrations of hydrogen sulfide
measured in the pore-water samples, because concentrations
were at or below the NEC in all of the samples. Pore water
sampled from CF-02 sediment had the highest concentration
of hydrogen sulfide, but amphipod length or maturation was
not reduced with exposure to CF-02 sediment relative to the
control (Table 7). Therefore, the NEC for hydrogen sulfide
was =0.42 mg/L.

The un-ionized-ammonia NEC for amphipod length and
maturation was 0.14 mg/L (Table 7). Only one sample (CF-
01, 0.22 mg/L) exceeded the NEC for un-ionized ammonia
measured in the pore-water samples. Hence, reduction in
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Table 6. Dissolved metals measured 1n filtered pore-water samples

Station Al As Cd Cu Cr Fe Mn Ni Pb Zn

Milltown Reservoir
Control 177. <2.6 0.07 5.4 <0.4 0.16 0.2 6.1 0.4 <9.8
MR-01 12.0 15.7 <0.02 1.9 <0.4 3.47 17.5 5.1 0.3 <9.8
MR-02 <6.2 20.7 <0.02 3.7 0.4 <0.08 2.7 <1.8 <0.3 10.6
MR-07 <6.2 6.5 0.11 9.5 <0.4 <0.08 11.2 2.0 0.4 29.2
MR-11 16.5 25.0 3.78 89.9 <0.4 <0.08 3.1 2.2 0.9 187
MR-17 <6.2 7.1 0.15 14.8 <0.4 <0.08 10.9 <1.8 <0.3 50.7
MR-19 8.6 168. 1.59 102. <0.4 <0.08 7.3 2.3 0.9 183
MR-25 9.7 10.1 0.32 15.1 <0.4 <0.08 4.4 1.9 <0.3 135.
Blank <6.2 <2.6 <0.02 <1.4 <0.4 <0.08 <0.1 <1.8 <0.3 <9.8

Clark Fork River
Contro! 186. <l1.1 0.08 4.68 0.67 0.24 <0.13 4.7 <0.21 3.9
CF-01 10.2 57.2 2.35 79.4 <0.46 3.49 77.4 20.3 <0.21 2,630.
CF-02 8.8 53.7 0.36 35.6 0.60 <0.04 12.7 4.1 1.22 166.
CF-03 2.7 72.2 0.26 16.4 <0.46 0.05 2.36 2.0 0.25 40.4
CF-04 <1.5 29.1 0.06 8.75 0.50 <0.04 11.6 4.5 0.29 28.0
CF-05 3.7 22.8 <0.05 8.67 0.69 0.04 0.50 3.9 <0.21 19.9
CF-06 39.4 2.9 <0.05 1.52 0.55 0.05 <0.13 2.4 0.39 2.0

Concentration units are pg/L except for Fe and Mn, which are mg/L.

amphipod length or maturation could be attributed solely to
un-ionized ammonia in only the CF-01 sample. However,
toxicity of ammonia to Hyalella azteca may not be pH de-
pendent (G.T. Ankley, personal communication). Therefore,
we also calculated an NEC for total-ammonia concentrations
measured in the pore-water samples. The NEC for total am-
monia was 6.32 mg/L for amphipod length and 9.88 mg/L
for amphipod maturation (Table 7). Sediments from MR-01,
MR-07, MR-17, and CF-01 exceeded the NEC for total am-
monia in pore water. However, the toxicity of sediments
from MR-02, MR-11, MR-19, and CF-03 to Hyalella azteca
could not be attributed solely to ammonia or hydrogen sul-
fide because the concentrations were less than the NECs.
Effects on amphipod length and maturation could not be
attributed solely to percent sand, silt, or clay in the whole-
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Fig. 1. Body length of Hyalella azteca (% of control) vs. SEM Cu
(ug/g) for animals exposed to whole-sediment samples from
Milltown Reservoir or the Clark Fork River. Circles represent lengths
significantly less than their respective control; triangles represent
lengths not significantly less than their respective control. NEC =
no-effect concentration; ER-M = effect range-median (total Cu).

sediment samples. Sediment from CF-05 had the highest per-
cent sand (82%), but amphipod length and maturation were
not reduced with exposure to CF-05 sediment relative to
the control (Table 7). Therefore, the NEC for percent sand
was =82%. Similarly, the control sediment had the highest
percent silt and clay relative to the other samples. Particle
size did not affect the response of Hyalella azteca or Chiron-
omus riparius exposures up to 28 d [13,14,34]. Hence, effects
on amphipod length or maturation could not be attributed
solely to particle size.

The total organic carbon (TOC) NEC for amphipod
length or maturation was 6.67% (Table 7). The only sample
that exceeded this NEC was CF-01, but this sample only ex-
ceeded the NEC by 0.23% TOC, which is less than the ana-
Iytical variance associated with TOC (Table 1). Samples that
exceeded the amphipod NECs for percent water in sediment
were MR-07, MR-11, MR-17, and CF-01. Perhaps a sample
with a larger volume of water would have a greater pool of
dissolved contaminants available to the amphipods, or am-
phipod behavior may have been different with increased bur-
rowing in sediments with a higher volume of water.

Concentrations of individual metals in sediments from up
to five stations (MR-07, MR-11, MR-19, CF-01, and CF-03)
exceeded metal NECs for amphipod length. Two stations
(MR-11 and CF-01) exceeded metal NECs for amphipod
maturation (Table 7). The amphipod length and maturation
NECs for SEM Cr (4.45 ug/g) were well below the effect
range-low (ER-L) of 80 ug/g for total Cr, and the NECs for
SEM Ni (5.23 ng/g) were well below the ER-L of 30 ug/g for
total Ni (Table 7 [27]). An ER-L is a concentration of a chem-
ical in sediment above which adverse effects may begin or are
predicted among sensitive species [27]. The NECs for Cr and
Ni might have been higher had a broader range of sediment
Cr or Ni been tested. Therefore, Cr and Ni may have been
associated with an effect, but probably did not independently
cause an effect.
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Table 7. No-effect concentrations (NEC) for Hyalella azteca exposed to Milltown Reservoir or Clark Fork River sediments

Reported
NEC for NEC for Stations exceeding effect
Variable length maturation Stations exceeding NEC for length NEC for maturation concentrations®
Simultaneously extracted metals (SEM; ug/g)
As 23.8 24.8 MR-11, MR-19, CF-01, CF-03 MR-11, CF-01 33/85
Cd 3.87 3.87 MR-11, CF-01 MR-11, CF-01 5/9
Cu 325 354 MR-11, MR-19, CF-01 MR-11, CF-01 70/390
Cr 4.45 4.45 CF-01 CF-01 80/145
Ni 5.23 5.23 MR-11, CF-0l1 MR-11, CF-01 30/50
Pb 62.4 62.4 CF-01 CF-01 35/110
Zn 1,064 1,064 MR-11, CF-01 MR-11, CF-01 120/270
NEC-TU® 4.5 4.3 MR-11, CF-01 MR-11, CF-01 . NA
NEC-TU As + Cu® 2.0 2.2 MR-11, MR-19, CF-01 MR-11, CF-01 "NA
Sum SEM/AVS 1.54 11.8 MR-11, MR-19, CF-01, CF-03 MR-11, CF-01 1.0
Cu SEM/AVS 0.30 3.72 MR-07, MR-11, MR-19, CF-01, CF-03 MR-11, CF-01 1.0
Zn SEM/AVS 1.30 7.82 MR-11, MR-19, CF-01 MR-11, CF-01 1.0
Pore water (ug/L)
H,S (mg/L) >0.42 =>0.42 No stations No stations NA
Un-NH, (mg/L)* 0.14 0.14 CF-01 CF-01 NA
To-NH; (mg/L)* 6.32 9.88 MR-01, MR-07, MR-17, CF-01 MR-07, MR-17, CF-01 10.0f
As 53.7 168 MR-19, CF-01, CF-03 No stations 190
Cd 0.36 1.59 MR-11, MR-19, CF-01 MR-11, CF-01 1.1
Cu 35.6 102 MR-11, MR-19, CF-01 No stations 12
Ni 6.1 6.1 CF-01 CF-01 160
Zn 166 183 MR-11, MR-19, CF-01 MR-11, CF-01 110
Pore-water toxic units (normalized to water-quality criterion)
As-TU 0.28 0.88 MR-11, CF-01, CF-03 No stations NA
Cd-TU 0.33 1.45 MR-11, MR-19, CF-01 MR-11, CF-01 NA
Cu-TU 2.97 8.50 MR-11, MR-19, CF-01 No stations NA.
Ni-TU 0.04 0.04 CF-01 CF-01 NA,
Zn-TU 1.51 1.66 MR-11, MR-19, CF-01 MR-11, CF-01 NA
Sum-TU 5.11 12.5 MR-11, MR-19, CF-01 MR-11, CF-01 NA
Pore-water toxic units (normalized to Hyalella azteca LC50")
Cd-TU 0.13 0.57 MR-11, MR-19, CF-01 MR-11, CF-01 NA
Cu-TU ' 1.15 3.29 MR-11, MR-19, CF-01 No stations NA
Ni-TU 0.008 0.008 CF-01 CF-01 NA
Zn-TU 2.26 2.49 MR-11, MR-19, CF-01 MR-11, CF-01 NA
Sum-TU 3.54 6.35 MR-11, MR-19, CF-01 MR-11, CF-01 NA
Physical characteristics
TOC 6.67 6.67 CF-01 CF-01 NA
Sand (%) =82 =82 No stations No stations NA
Silt (%) =63 =63 No stations > No stations NA
Clay (%) =31 =31 No stations No stations NA
Water (%) 48 56 MR-07, MR-11, MR-17, CF-01 CF-01 NA

#Effects range low and Effects range median [24]; SEM/AVS [4]; pore-water metals: [33].

®Sum of SEM As, Cd, Cu, Pb, and Zn concentrations normalized to their respective NEC (e.g., NEC toxic units).
°Sum of SEM As and Cu concenirations normalized to their respective NEC (e.g., NEC toxic units for As and Cu combined).

dUn-ionized ammona.
“Total ammonia.

fApproximate 10-d LC50 for Hyalella azteca (G. T. Ankley, EPA, Duluth, MN, personal communication).

NA = not applicable.

The SEM Zn NECs for amphipod length and maturation
(1,064 1.g/g) were well above the ER-M of 270 ug/g total Zn
(Table 7). The NECs for SEM As, Cd, Cu, and Pb were sim-
ilar to the ER-M or ER-L concentrations (Table 7). The tox-
icity of samples MR-11, MR-19, CF-01, or CF-03 may have
been related to the NEC level being exceeded for at least one
of these metals.

Concentrations of metals from filtered pore water were
normalized to EPA water quality criteria [13,32] or to water-
only LC50s for Hyalella azteca [13,30]. Concentrations of

Cu or Zn in pore water were elevated compared with As, Cd,
Pb, or Ni in samples prepared from MR-11, MR-19, CF-01,
and CF-03 sediments. This indicates the toxicity of these
whole-sediment samples may have been related to Cu or Zn.
Moreover, stations MR-11, MR-19, and CF-01 exceed the Cu
or Zn NECs for pore water.

Concentrations of filtered metals in pore water and SEM
metals in sediment identified similar stations in excess of
NECs (e.g., MR-11, MR-19, CF-01, CF-03; Table 7). This
correspondence between sediment phases would be expected,
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given that concentrations of individual metals in pore-water
samples were correlated to concentrations of individual
metals in whole-sediment samples [13]. Moreover, summing
toxic units for pore-water chemistry (Table 7) or for whole-
sediment chemistry [13] did not identify additional stations in
excess of NECs. This correspondence would also be expected,
given that concentrations of metals were correlated to each
other in either pore-water or whole-sediment samples [13].

A lack of an effect of metals in samples with toxic units
greater than 1.0 in pore water or in whole sediment [13] could
be related to several factors including (a) pore-water isola-
tion techniques [13], (b) metal complexation by dissolved
organic carbon (DOC), (c) binding of metals by AVS, (d) dif-
ferences in water hardness of pore water, (e) toxicity of met-
als was less than additive [35], or (f) Hyalella azteca are less
sensitive to some metals [13].

In summary, sediment samples form MR-01, MR-07,
MR-17, and CF-01 exceeded the amphipod NECs for total
ammonia in pore water or percent water in the whole sedi-
ment. In addition, sediment from CF-01 exceeded all of
the NECs listed in Table 7, except the NECs for particle
size and hydrogen sulfide. Toxicity of sediments from MR-
02, MR-11, MR-19, and CF-03 to Hyalella azteca could not
be attributed solely to ammonia or hydrogen sulfide. The tox-
icity of MR-01 sediment may have been related to organic
contaminants.

Concentrations of metals in sediments from up to five sta-
tions (MR-07, MR-11, MR-19, CF-01, CF-03) exceeded metal
NECs for amphipod length. Two stations (MR-11, CF-01)
exceeded metal NECs for amphipod maturation. The toxic-
ity of MR-02 to amphipods could not be attributed solely to
metals. Perhaps this station received input of an unmeasured
organic contaminant because of its location near the conflu-
ence of the Blackfoot River.

Factors controlling metal bioavailability

Divalent metals in sediments with molar SEM/AVS ratios
< 1.0 would not be predicted to be bioavailable [5,35,36]. In
the present study, the sum SEM/AVS NEC for amphipod
length (1.54, Table 7) was exceeded in samples from stations
MR-11 (24.3), MR-19 (11.8), CF-01 (960), and CF-03 (2.15).
A sum SEM/AVS NEC =1.0 for other end points or species
indicates insensitivity or low metal bioavailability.

The Cu SEM/AVS NEC for amphipod length was 0.30
(Table 7). Sediment samples exceeding this NEC were MR-07
(0.37), MR-11 (3.89), MR-19 (3,72), CF-01 (423), and CF-03
(0.88). A ratio less than 1.0 would be predicted to be non-
toxic. Hence, Cu SEM/AVS ratios of 0.37 for MR-07 sedi-
ment and 0.88 for CF-03 sediment indicate metals or factors
other than Cu may have contributed to toxicity. Similar sta-
tions exceeded the sum SEM/AVS and Cu SEM/AVS NECs.
This correspondence would be expected, given that SEM Cu
and Zn were highly correlated (r*> = 0.73) and molar con-
centrations of Cu and Zn accounted for =95% of the sum
SEM for Cu, Zn, Cd, Hg, Pb, and Ni in river and reservoir
sediments [9]. Perhaps the Cu SEM/AVS NEC of 0.3 could
be used to evaluate historic data for potential problem areas
in Milltown Reservoir and Clark Fork River [13].

The influence of AVS on bioavailability of Cd or Ni in

sediments has been investigated by Di Toro et al. [5], Ank-
ley et al. [35], and Carlson et al. [36] in 10-d toxicity or bio-
accumulation tests. However, the influence of AVS on other
divalent metals in sediment, including Cu, Zn, Pb, and Hg,
has not been thoroughly evaluated. Ankley et al. [37] and
Bennett and Cubbage [38] reported Cu was not toxic to
Hpyalella azteca in 10-d tests at SEM/AVS ratios up to 59.
However, their samples had very high TOC (7 to 14%). In
addition, sediment SEM/AVS ratios increased during their
10-d tests due to decreasing AVS concentrations (26-fold in-
crease over 10 d) [38]. In contrast, AVS concentrations re-
mained relatively constant in the 28-d exposures in the present
study [13]. Carlson et al. [36] and Ankley et al. [35] also re-
ported relatively constant AVS concentrations during 10-d
exposures.

Perhaps Cu bioavailability in sediment is reduced by or-
ganic carbon in addition to AVS [37]. In the present study,
sediment TOC was generally between 1 and 3%. The excep-
tions were CF-06 (6.67%) and CF-01 (6.90%). The SEM/
AVS ratio for the CF-01 sample was 960 and would be ex-
pected to be extremely toxic. Although the CF-01 sample was
one of the most toxic samples tested, survival of amphipods
(48%) was not severely affected.

The toxicity of the metals in pore water may be modified
by DOC (e.g., [39]). Concentrations of DOC in pore water
were not measured in the present study. Complexation of
metals by DOC might account for the lack of metal toxicity
in the CF-02 pore-water sample to Hyalella azteca [13]. Fu-
ture studies evaluating the bioavailability of metals in sedi-
ment should include measurements of DOC in pore water in
addition to TOC and AVS in whole sediment.

Each sediment sample contained a complex mixture of
metals. Additional information is needed to determine spe-
cific contaminants that may have caused the observed tox-
icity. The cause of sediment toxicity or the interactive effects
of sediment toxicants can be determined by spiking sediment
with individual chemicals or with mixtures of chemicals [40].
Once the cause of sediment toxicity has been identified, bet-
ter decisions can be made regarding remediation options.

Data from sediment spiking tests should be compared
with field data on chemical concentrations in natural sedi-
ments and observed biological effects. Furthermore, a range
in sediment TOC, DOC, and AVS should also be evaluated.
Toxicity identification evaluations (TIEs) could also be used
to assess the cause of acute toxicity of sediment pore-water
samples (e.g., [35]). For example, sodium thiosulfate or
EDTA could be used to chelate toxic metals, and pH ad-
justments could be used to evaluate ammonia toxicity. How-
ever, the TIE approach may be inappropriate for evaluating
pore-water samples from Milltown Reservoir and the Clark
Fork River because of (a) changes in the toxicity of pore wa-
ter with storage and (b) the lack of acute toxicity in pore-
water samples.

Brumbaugh et al. [9] reported high variability in sedi-
ment chemistry within stations in both the river and reser-
voir. Molar ratios of SEM (Zn + Cu)/AVS in the upper 6 cm
of individual cores sampled from stations CF-02 and MR-11
varied almost 100-fold. Variation within each 6-cm layer and
throughout the microenvironment in which burrowing inver-
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tebrates inhabit may be even greater Understanding this var
ability 1n sediment chemuistry 1s particularly important for
interpreting benthic community data [1] The average con-
centrations of Cu, Zn, and AVS 1n the upper 6 cm of core
samples from these stations were 1n reasonable agreement
with the corresponding composite samples used to conduct
the toxicity tests This indicates homogenization of sediment
required for toxicity testing did not cause large changes n
average sediment chemistry However, the potential for tox
1city to sediment-dwelling orgamisms within each station may
be hghly localized

Sediment samples from Milltown Reservoir and the Clark
Fork River were not generally lethal to test organisms ex-
posed 1n the laboratory However, sublethal effects on test
organisms were associated with exposure to elevated concen-
trations of metals in sediments from the reservoir and river
Canfield et al [1] reported that total abundance of benthic
orgamisms/m? did not follow a consistent pattern relative to
concentrations of metals 1n the sediment samples However,
the number of Chironomidae genera was higher at stations
that were toxic 1n laboratory tests and had higher concentra-
tions of metals 1n sediment (CF-01, CF-03, MR-11, MR-19)
Therefore, lab tests and benthic community evaluations both
provide evidence of metal-induced degradation to aquatic
communities in the reservoir and the river
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