
order tributary of Slippery Rock Creek and of good
water quality (Table 1). It is approximately 30 km
downstream of the headwater area and drains a mix of
woodland and agricultural areas.

3. Materials and methods

3.1. Substratum experiment

To examine the effects of AMD precipitate on epi-
lithic invertebrates and periphyton, 30.5�30.5�4.0 cm
wooden frames with 1.0 cm2 open mesh, plastic bottoms
were filled with cobble-sized substrata obtained from a
quarry. To obtain substratum treatments with an AMD
coating, frames filled with either sandstone or limestone
cobble were placed in a highly impacted, untreated 2nd
order AMD stream in the headwaters of Slippery Rock
Creek for 3 weeks to accumulate a precipitate coating
approximately 0.5 mm thick (estimated visually by
scraping the substratum). This stream contains few to
no macroinvertebrates and a visual inspection of the
cobbles in the trays indicated no invertebrates were
present after the 3-week exposure. These trays were then
transferred in water-filled containers to a circumneutral
stream with good water quality, Wolf Creek, on 13
October 1998. On the same date, substratum trays con-
taining either clean, washed limestone or clean, washed
sandstone treatments were also placed in Wolf Creek.
Five replicates of the four substratum treatments, clean
(control) sandstone, clean (control) limestone, AMD
coated sandstone and AMD coated limestone, were

located randomly in a long riffle of the stream for a 4-
week exposure. Metals were sampled from the sub-
stratum in the trays before and after being placed in
Wolf Creek. Substratum in the trays were sampled for
macroinvertebrates and periphyton at the end of the 4-
week exposure.
To examine changes in metal concentrations on the

substrata during the 4-week exposure, randomly selec-
ted cobbles from trays of each treatment (n=5) were
analyzed for metals before and after being placed into
Wolf Creek. The entire surface of each rock was scrub-
bed with a hard bristle, plastic-brush using a 2% HNO3
solution. Material scrubbed and rinsed from the cobble
was digested for metal analyses using nitric acid (diges-
tion procedure 303E, APHA, 1998). Concentrations of
Al, Fe, Mn, and Zn were determined using a Perkin
Elmer Plasma 400, inductively coupled plasma spectro-
photometer (ICP; preliminary studies have shown these
to be the most abundant metals). Accuracy and preci-
sion of metal analyses were determined by running
duplicates, blanks, standards and spiked samples at a
frequency of approximately 1 per 10 normal samples.
Samples outside of limits of acceptability (10%) were
rerun (APHA, 1998).
Invertebrates from each tray were sampled by placing

a 500-mm mesh net directly downstream of the tray and
rubbing invertebrates off each cobble by hand into the
net. Invertebrate samples were preserved in 70% etha-
nol and individuals identified to genus using primarily
Peckarsky et al. (1990). Prior to invertebrate sampling,
one randomly selected cobble was taken from three of
the five trays for each treatment to sample periphyton

Table 1

General chemical and biological parameters at the two stream sites used for experiments in the study, Slippery Rock Creek (at AMD impacted

Station 65) and Wolf Creek (unimpacted reference stream)a

Parameter Slippery Rock Creek Wolf Creek

Discharge (m3 s�1) 0.1–3.5 0.4–6.7

Width at low flow (m) 4.3 6.7

pH 6.3 (5.5–6.6) 7.7 (6.5–8.1)

Alkalinity (mg CaCO3 l
�1) 11.7 (4.1–40.0) 76.2 (24.9–149.9)

Acidity (mg CaCO3 l
�1) 8.3 (3.4–13.6) 2.5 (0–8.3)

Sulfate (mg l�1) 255 (245-260) 70 (60-79)

Soluble Fe (mg l�1) 0.40 (0.20–1.88)b 0.04 (bd–0.19)c

Soluble Mn (mg l�1) 4.10 (bd–9.50)b,c 0.08 (bd–0.1)c

Soluble Al (mg l�1) 0.10 (bd–0.55)b,c 0.14 (bd–0.40)b,c

Soluble Zn (mg l�1) 0.07 (bd–0.12)b,c 0.04 (bd–0.10)c

Sediment Fe (g kg�1) 51.0 (20.6–99.0) 44.9 (13.7–114.9)

Sediment Mn (g kg�1) 4.1 (0.4–16.4) 0.8 (0.3–6.7)

Sediment Al (g kg�1) 27.9 (23.8–30.5) 37.0 (27.3–63.2)

Sediment Zn (g kg�1) 0.3 (0.1–1.2) 0.2 (0.2–0.7)

Macroinvertebrate density (number m�1) 4 (0–54) 897 (369–1764)

Marcoinvertebrate species richness 2 (0–6) 27 (15–34)

Epilithic periphyton density (number cm�1) 1.7�105 (2.2�105–6.9�105) 1.2�106 (1.1�105–1.2�107)

Epilithic periphyton species richness 21 (14–31) 23 (18–37)

a Values are medians and ranges based on quarterly sampling from 1995 to 2000. Sediment concentrations are for the clay fraction of sediment.
b Concentration of maximum dissolved metal exceeds either USEPA’s or Pennsylvania’s continuous water quality standard for freshwater.
c bd, below detection limits.
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(i.e. three replicates per treatment for periphyton sam-
ples). Periphyton was scraped from a 5.3 cm2 area on
the rocks using a SG-92 sampler following the protocols
of the USGS National Water Quality Assessment moni-
toring program (Porter et al., 1993). Algal samples were
preserved with Lugol’s Solution. Each algal sample was
homogenized with a Ten Broeck tissue grinder. To esti-
mate periphyton density, 250–900 algal units were
counted from random fields in Palmer Counting Cells.
Soft algae were identified in this count with diatoms
lumped into one taxonomic category. The sample was
then digested in concentrated nitric acid, rinsed, dried
onto coverslips, mounted in NAPHRAX, and 300
cleared diatom valves identified to species at 1000�
magnification. The proportion of diatom species in this
count was used to estimate their abundance in the count
for periphyton density. Primary references for identifi-
cation of algae were, Krammer and Lange-Bertalot
(1986, 1988, 1991a, b), and Whitford and Schumacher
(1984).
Concentrations for each metal on substrata before

and after the experiment were compared using a split-
plot analysis of variance (ANOVA) with substratum
treatment as the whole plot and sample date (before or
after) as the subplot. When factor effects were sig-
nificant, means were separated using Fisher’s protected
least significant difference (FPLSD) values using the
appropriate standard errors for whole or subplots
(Peterson, 1985). Differences among substratum treat-
ments in mean density, species diversity, and relative
abundance of individual taxa for macroinvertebrates
and periphyton were determined by a completely ran-
domized, single factor, ANOVA. For all tests, the level
of significance used was P<0.05. When needed, loga-
rithmic or square-root transformations were used to
normalize the data prior to ANOVA. The effect of
treatments on the entire assemblage of macro-
invertebrates or periphyton, respectively, was tested by
canonical correspondence analysis (CCA) using nom-
inal variables in the environmental data set to define
treatments. A significant affect of treatment on the
whole assemblage was determined by the F-ratio for a
Monte Carlo permutation test (ter Baak and S̆milauer,
1998). The level of significance used was P<0.05 with
199 permutations.

3.2. Aqueous exposure of caddisflies

Uptake of metals from stream water by hydropsychid
caddisflies was measured in a 4th order stream affected
by AMD (Slippery Rock Creek at Station 65) and the
unimpacted, reference stream (Wolf Creek) on 16–22
November 2000. Live hydropsychid caddisflies (mostly
Hydropsyche sp.) were collected from Wolf Creek. Half
of the collected individuals were brought back to the
laboratory in a cooler where they were killed by bubbling

nitrogen gas into the water at 25 �C overnight. To create
respective live and dead treatments, either 10 live or 10
dead caddisflies were placed into cages. Cages were
constructed of 15 cm long sections of 6�6 cm square
plastic pipe glued to bricks. Open ends of the cages were
covered by 500 mm mesh netting and a few small rocks
from Wolf Creek were placed into the cages as substrata
for the caddisflies. Cages were placed 30–40 cm deep in
riffles of Wolf Creek (current velocity 9–27 cm s�1) and
in a section of Slippery Rock Creek affected by mine
drainage (Station 65, current speed 12–24 cm s�1), with
mesh ends perpendicular to the flow. There were seven
replicate cages of live and dead caddisflies, respectively,
in each of the two stream sites. Cages were retrieved
after 5 days and the number of live and dead individuals
counted in situ for the live cages. Caddisflies were rinsed
with distilled water, placed into plastic petri dishes and
frozen at �80 �C. In the laboratory, caddisflies were
freeze dried using a Labconco Freezone 4.5 freeze drier,
weighed, and digested for metals analyses using nitric
acid (APHA, 1998). Concentrations of Fe, Al, Mn, Zn,
Cd and Pb were determined with an ICP as previously
described. The same laboratory procedure was used to
determine whole-body concentrations of metals for 10
randomly selected live caddisflies collected in Wolf
Creek at the start of the experiment. Whole-body con-
centrations for each metal in the cage treatments were
compared using a split-plot ANOVA with stream site
(reference or AMD) as the whole plot and caddisfly
condition (live or dead) as the subplot. For all tests, the
level of significance used was P<0.05. When needed,
logarithmic or square-root transformations were used to
normalize the data prior to ANOVA.
At the start and end of the caddisfly exposure at the

two sites, alkalinity, acidity, conductivity, pH, tempera-
ture, dissolved oxygen, and current velocity were meas-
ured in the field (APHA, 1998). In addition, 200-ml
water samples were filtered through 0.45 mm filters to
determine concentrations of dissolved Fe, Al, Mn, Pb,
Cd, and Zn. Filters were digested using nitric acid to
determine concentrations of the above metals in seston
at the two sites. Metals for samples were analyzed by
ICP with quality assurance protocols as described
above.

4. Results

4.1. Substratum experiment

Iron was the most abundant metal on the rocks for all
substrata treatments with values on AMD substrata
being at least an order of magnitude higher than for
Al, Mn or Zn (Fig.1). Iron concentrations on both
sandstone and limestone were significantly higher on
AMD substrata than control substrata, and there was a
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significant interaction between substrata treatment and
change in concentrations during the 4-week exposure in
Wolf Creek (Fig. 1A). Iron concentration did not change
significantly on either the sandstone or limestone control
substrata but significantly decreased on both AMD sub-
strata. Aluminum concentrations were significantly dif-
ferent among substrata treatments and were higher on
AMD sandstone than control sandstone substrata.
There was a significant interaction between substrata
treatment and the changes in Al concentrations, with
all treatments losing aluminum during the exposure
except sandstone control (Fig. 1B). Concentrations of
manganese and zinc on the rocks were quite a bit lower
than for Fe and Al, with all values less than 0.01 mg
cm�2. Changes in Mn concentrations on the rocks were
also significantly affected by the substrata treatment.
Unlike the other metals, control substrata treatments
significantly gained Mn during the experiment, but there
was not a significant increase on the AMD treatments

which had higher initial Mn concentrations (Fig. 1C).
Zinc concentrations on the substrata were relatively
low, and there were no significant main affects of treat-
ments or change during exposure. Although there was a
significant interaction between substrata type and con-
centrations of Zn before and after exposure, there were
no consistent trends in the changes (Fig. 1D).
After the 4-week exposure in Wolf Creek, mean

macroinvertebrate densities were not significantly dif-
ferent among substrata treatments, although they were
slightly higher on control treatments (Fig. 2). Shannon
diversity values for macroinvertebrates varied from 1.0
to 1.4 and were not significantly different among treat-
ments (Table 2). Taxonomic composition of the macro-
invertebrates on the four substrata treatments was
similar, with the stonefly, Taeniopteryx sp., and the
mayfly, Isonychia sp., dominating the assemblages. Each
of the five most abundant macroinvertebrate taxa did
not differ significantly in their relative abundance

Fig. 1. Mean concentrations of Fe, Mn, Al and Zn on four substrata treatments before and after exposure in an unimpacted reference stream, Wolf

Creek. Asterisks indicate a significant change (P<0.05) in concentration during the exposure within each treatment. Error bars are 1 SE, n=5. Ss,
sandstone, Ls, limestone.
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among the treatments, respectively (Table 2). Multi-
variate analysis (CCA) of entire macroinvertebrate
assemblages on substrata in each tray indicated no sig-
nificant difference among treatments based on the per-
mutation test.
Mean periphyton densities were about 40% higher on

the substrata coated with AMD, however there was
considerable variability among replicates within treat-
ments, and mean densities on four substrata treatments
were not significantly different (Fig. 3). Mean diversity

values of periphyton assemblages varied from 3.1 to 3.4
for the four substrata and also were not significantly
different (Table 3). Relative abundance of taxa in the
periphyton was very similar among all the treatments.
The flora was dominated by diatoms typically found on
natural substrata in Wolf Creek such as Nitzschia dis-
sipata, Navicula gregaria and Navicula cryptocephala.
None of the six most abundant periphyton taxa were
significantly different in their relative abundance among
the four substrata treatments, respectively (Table 3).

Fig. 2. Mean density of macroinvertebrates on four substrata treatments after a 4-week exposure in an unimpacted reference stream, Wolf Creek.

Error bars are 1 SE, n=5.

Table 2

Taxonomic composition, as percent, for the most abundant macroinvertebrate taxa and Shannon Diversity values on four substrata treatmentsa

Control sandstone AMD sandstone Control limestone AMD limestone

Genus

Taeniopteryx 45.3 (11.7) 31.8 (9.3) 39.2 (12.3) 31.7 (8.5)

Isonychia 14.2 (4.9) 36.7 (10.1) 24.9 (5.3) 40.9 (6.6)

Stenonema 7.9 (3.7) 15.3 (4.3) 16.6 (4.8) 9.4 (3.7)

Cheumatopsyche 5.1 (2.4) 3.4 (1.8) 3.2 (1.2) 3.5 (1.5)

Caenis 0.6 (0.4) 4.7 (3.6) 6.6 (4.7) 9.4 (7.7)

Diversity

Shannon Diversity 1.0 (0.3) 1.3 (0.1) 1.4 (0.2) 1.3 (0.1)

a Values are means (1 SE), n=5.
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Periphyton assemblages as a whole were not sig-
nificantly different among treatments based on the CCA
permutation test.

4.2. Aqueous exposure of caddisflies

During the 5-day caddisfly exposure, Wolf Creek had
a higher pH and alkalinity, and was lower in the con-
ductivity and acidity than the AMD affected site in

Slippery Rock Creek. Temperature at the two sites was
about the same and dissolved oxygen was slightly higher
in Wolf Creek (Table 4). Concentrations of Fe and Mn
dissolved in the water and in the seston were one to two
orders of magnitude higher at the Slippery Rock Creek
site than in Wolf Creek, but concentrations were only
slightly higher for Zn, Pb, and Cd (Table 5).
In Wolf Creek, 91.4% (SE=3.4) of the caddisflies in

the live treatment survived during the 5-day exposure,

Fig. 3. Mean density of periphyton on four substrata treatments after a 4-week exposure in an unimpacted reference stream, Wolf Creek. Error bars

are 1 SE, n=3.

Table 3

Taxonomic composition, as percent, for the most abundant periphyton taxa and Shannon Diversity on four substrata treatmentsa

Control sandstone AMD sandstone Control limestone AMD limestone

Genus

Nitzschia dissipata 25.9 (1.2) 28.9 (2.6) 30.2 (1.4) 34.8 (2.3)

Navicula gregaria 19.6 (1.2) 22.0 (2.9) 19.6 (2.9) 21.1 (3.4)

Navicula cryptocephala 9.6 (1.2) 9.4 (1.2) 9.9 (1.1) 5.9 (1.2)

Navicula minuscula 8.7 (1.9 ) 7.9 (2.6) 6.1 (1.1) 9.5 (1.4)

Navicula tripunctata 5.8 (1.3) 4.6 (0.8) 6.8 (1.3) 4.6 (0.7)

Navicula cryptotenella 2.1 (0.2) 2.9 (0.7) 2.5 (0.4) 2.5 (0.5)

Diversity

Shannon Diversity 3.2 (0.2) 3.4 (0.2) 3.2 (0.1) 3.1 (0.3)

a Values are means (1 SE), n=3.
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which was significantly higher than the 79.0% (SE=5.2)
survival in Slippery Rock Creek (t-test, P<0.05). Con-
centrations of Pb were below detection limits for all
caddisfly samples. The combined concentration of the
metals measured (Fe, Al, Mn, Zn, Cd) in the caddisflies
was significantly different between sites and between live
and dead treatments, but there was not a significant
interaction between the two factors (Fig. 4A). Whole-
body concentrations of most individual metals were
higher in caddisflies placed in the AMD site than in the
reference stream, with concentrations of Fe and Al
being one to two orders of magnitude greater than for
the other measured metals (Fig. 4). Iron was sig-
nificantly greater in the AMD site and in dead caddis-
flies than for the reference stream and live caddisflies,
respectively. Both Al and Mn concentrations were sig-
nificantly greater in dead caddisfly bodies, but there was
not a significant affect of stream site. There were no
significant effects of stream site or live/dead treatment
for concentrations of Cd or Zn in the caddisfly bodies
(Fig. 4). Concentrations of all the above metals in the
live caddisflies exposed in Wolf Creek were very similar
to concentrations found in the ambient caddisflies
selected at random from the stream (Table 6; Fig. 4).

5. Discussion

The results suggest that AMD precipitate on hard
substrata in coal mining impacted streams has the
potential to be lost if the chemical influence of the aqu-
eous AMD discharge is completely treated. Iron and Al
are the most abundant heavy metals in mine drainage
discharges into Slippery Rock Creek and therefore it
was not surprising that they were the most abundant
metals precipitated onto the substratum surface in the
trays. The entire surface of each limestone and sand-
stone cobble was covered with approximately a 0.5 mm,
adhering layer of yellow/orange precipitate, which was
reduced but still visible after 4 weeks in the reference
stream. There was very little, to no, loose, unconsoli-
dated floc of AMD precipitate associated with the sub-
strata in the trays, probably because it would be

removed by the relatively high current velocities. Con-
centrations for all metals were similar on the two sub-
stratum types (sandstone and limestone) within each
treatment, although significant interaction terms indi-
cate that the sandstone substrata often accumulated
more metals when exposed to AMD. It was thought the
dissolution of carbonate from the limestone would
increase the pH at the surface and potentially increase
precipitation of metals. However, the surface of our
sandstone cobbles (glacial deposit origin) was rougher
than the limestone (Vanport formation) and possibly
may have provided more surface area for precipitates to
form. The low pH and high sulfate concentrations at the
AMD site used to create the precipitate treatment, and
the yellow/orange color of the AMD coating on the
cobbles indicate that the precipitate was mostly com-
posed of iron oxyhydroxides with adsorbed sulfates that
bind heavy metals (Hedin et al., 1994; Rose and Ghazi,
1997; Webster et al., 1998). Rose and Ghazi (1997)
found that when these types of precipitates are placed in
more alkaline conditions, sulfate and its associated
heavy metals desorb, but that the iron oxyhyroxide
minerals of the precipitate remain insoluble. Conditions
were different in our study in that we were examining
release of the precipitate from the substrata and not its
complete dissolution, and exposures were for 5 weeks in
a fast current rather than 24 h on a laboratory shaker.
Nevertheless, the significant reductions in Fe and Al
concentration on substrata coated with AMD in cir-
cumneutral Wolf Creek in our study could be related to
the desorption of sulfate, which may destabilize the
oxyhydroxides enough to release them from the rock
surface. The mostly uniform loss of precipitate from the
entire surface (top and bottom) of the cobbles indicated
that loss was primarily through chemical dissolution

Table 4

Ranges of chemical and physical characteristics in Slippery Rock

Creek (at AMD impacted Station 65) and Wolf Creek (unimpacted

reference stream) during 5-day exposure of caddisflies

Parameter Wolf Creek Slippery Rock Creek

pH 8.3–8.7 6.7–6.8

Alkalinity (mg l�1) 98.0–110.0 15–25

Acidity (mg l�1) 0.0 8–12

Temperature (C) 4.2 4.7

Dissolved oxygen (mg l�1) 15.0 11.0

Conductivity (mS cm�1) 430 690

Table 5

Ranges of concentrations for dissolved metals and metals in seston

(>0.45 micrometers) in Slippery Rock Creek (at AMD impacted Sta-

tion 65) and Wolf Creek (unimpacted reference stream) during 5-day

exposure of caddisfliesa

Metal Species Wolf Creek Slippery Rock Creek

Dissolved Fe 0.05–0.06 0.87–0.93

Dissolved Mn 0.02–0.03 3.00–2.90

Dissolved Al 0.15–0.13 0.17–0.17

Dissolved Zn 0.01–0.01 0.01–0.01

Dissolved Pb 0.17–0.18 0.25–0.26

Dissolved Cd bda 0.02–0.02

Seston Fe 0.54–0.54 2.76–3.04

Seston Mn 0.04–0.04 5.80–5.90

Seston Al 3.48–4.70 3.40–3.52

Seston Zn bda 0.04–0.12

Seston Pb 0.34–0.34 0.50–0.54

Seston Cd 0.02–0.02 0.04–0.04

a bd, below detection limits. All values are mg l�1.
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rather than physical abrasion from the current. Con-
centrations of Zn and Mn on the substrata were 1–2
orders of magnitude lower than Fe and Al. Under oxi-
dizing conditions, precipitation of Mn is much greater at
pH>6 (Hedin et al., 1994) and thus more likely in Wolf
Creek than the AMD site, however aqueous concentra-
tions in Wolf Creek were very low. It is likely changes in
the concentration of Zn and Mn after exposure in Wolf
Creek may have been relatively more affected by forma-
tion of a biofilm containing these elements than by
changes in mineral solubility or adsorption.

After the 4-week exposure in Wolf Creek, there were
no significant differences between AMD coated and
control substrata in abundance or taxonomic composi-
tion of invertebrates or periphyton. Several aquatic
invertebrates have been shown to be tolerant of high to
moderate levels of dissolved Fe (Rasmusssen and Linde-
gaard, 1988; Gerhardt, 1992; Rousch et al., 1997). How-
ever, studies of mine drainage in which stream pH values
are circumneutral and dissolved metals low, have sug-
gested that loose, unattached precipitates of ferric iron
hydroxides can have devastating affects on invertebrate

Fig. 4. Mean whole-body concentrations of Fe, Al, Mn, Zn, Cd and combined metals for live and dead hydropsychid caddisflies after a 5-day

exposure in Slippery Rock Creek (at AMD impacted Station 65) and Wolf Creek (unimpacted reference stream). Error bars are 1 SE, n=7. bd,

below detection limits. Asterisks indicate a significant difference (P<0.05) in concentration between live and dead caddisflies within a stream site, or
between stream sites for all caddisflies.
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fauna through burial of substrata, clogging of gill sur-
faces, reductions in vision, disruptions in feeding, and
general abrasiveness (Carrithers and Bulow, 1973;
Hoehn and Sizemore, 1977; Letterman and Mitsch,
1978; Scullion and Edwards, 1980; Gray, 1996). In our
study, similar precipitate affects were probably greatly
reduced because the AMD substrata had a relatively
thin, adhered coating of precipitate with no loose floc
covering the rocks. The latter probably would have
washed away in the current of Wolf Creek. Macro-
invertebrates found on the AMD substrata were similar
to the control substrata and typical of the fauna found
in Wolf Creek (DeNicola and Stapleton, 2000), which
suggests that the adhering precipitate of AMD was
relatively nontoxic, and that physical affects associated
with fine flocculated precipitate probably have a greater
negative impact on macroinvertebrate fauna. Similar
results were reported by McKight and Feder (1984) who
found that benthic macroinvertebrate assemblages at a
site with low pH, high dissolved metals, and an adhering
crust of metal precipitate on the substratum were simi-
lar in abundance and diversity to an unimpacted site.
However, at lower sites in the watershed, where floccu-
lent metal precipitate covered the stream bed, inverte-
brates were extremely impacted.
We do not know how long the sampled macro-

invertebrates were resident on the substrata in our
study, and it could be argued that they represented
drifting organisms that were only there for a period too
short to be affected by the AMD precipitate. Of the
mayflies found on the tray substrata, several common
taxa were heptageniid mayflies that are scrapers and
clingers, which are generally more rare in the drift (Gil-
ler and Malmqvist, 1998). The stonefly, Taeniopteryx, is
also a sprawler/clinger and usually not as common in
the drift. While most caddisflies generally tend to be
rare in drift, the family Hydropsychidae is more com-
mon (Giller and Malmqvist, 1998). The mayfly, Iso-
nychia, is a good swimmer and probably the taxon most
likely to be common in the drift (Cloud and Stewart,
1974).

Periphyton densities on substrata coated with AMD
precipitate were slightly higher but not significantly dif-
ferent than control substrata. Perrin et al. (1992) found
periphyton exposed to diluted AMD from a silver mine
had greater biomass than control and hypothesized that
micronutrients in the diluted AMD may have stimu-
lated growth. In general, studies of overall AMD affects
on periphyton have shown a greater impact on species
composition than biomass (Warner, 1971; Verb and Vis,
2000), especially in relation to reductions in pH (DeNi-
cola, 2000). In our results, the composition of the peri-
phyton assemblages was not affected by the AMD
coating and the flora was typical of the epilithic flora of
Wolf Creek (DeNicola and Stapleton, 1999). The most
severe effect of mine drainage on epilithic periphyton
appears to be related to burial by loose, iron precipitate
floc, whose affects are independent of pH changes.
Descriptions of periphyton sample site characteristics
in the studies of Warner (1971), McKight and Feder
(1984), and Verb and Vis (2000), indicate that substrata
covered with iron hydroxide floc had periphyton that
was both lower in biomass and diversity than substrata
that had only an adhering precipitate coat. In areas
with high precipitation of metals, floc reduces light
availability, greatly lowering periphyton biomass. In
addition, there can be a shift from attached, epilithic
species toward motile, epipelic species on hard sub-
strata buried with a layer of iron hydroxide floc (War-
ner, 1971; Nichols and Bulow, 1973; McKnight and
Feder, 1984; Verb and Vis, 2000). The lack of impact
of AMD precipitate on periphyton assemblages in our
study corroborates the hypothesis that an adhesive
metal precipitate coat has less of an affect on periph-
yton than burial by the substrata in iron hydroxide
floc.
Given the lack of impact of AMD precipitate in the

substratum experiment, we examined whether the aqu-
eous chemical environment of Slippery Rock Creek still
affected invertebrates despite improved water quality
from passive treatment of AMD discharges. Hydro-
psychid caddisflies are useful sentinel organisms for
examining metal uptake because they are ubiquitous
and accumulate metals from filter feeding in higher
concentration than for all other feeding groups except
sediment-deposit feeders (Smock, 1983). Lower survival
of caged caddisflies in the AMD impacted Slippery
Rock Creek most likely resulted from the higher con-
centrations of metals in the water and/or in the seston
that they are filtering as a food source. While most
aquatic insects accumulate metals in proportion to their
availability in the environment, the nature of the rela-
tionship depends on the metal, its form, its bioavail-
ability, and other interacting chemical factors such as
pH and hardness (Gerhardt, 1994; Hare, 1992; Brown,
1977). Toxicity is most related to uptake of metals in the
free ion form in the water or from food, and occurs

Table 6

Whole-body concentrations of metals in 10 live hydropsychid caddis-

flies selected at random from the reference stream, Wolf Creek

Metal Whole-body

concentration (mg g�1)

Fe 1.36

Mn 0.96

Al 3.86

Zn 0.06

Pb bda

Cd bda

Total 6.24

a bd, below detection limits.
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when uptake exceeds the organisms ability to regulate
the metal or bind it in a nonlethal form (Hare, 1992;
Gerhardt, 1993). While the pH of Slippery Rock Creek
during the exposure was over 6.0, it was lower than the
pH of Wolf Creek and it was likely to have a greater
concentrations of more toxic, free-ion forms of the
metals (Table 1). Caged caddisflies in the AMD impac-
ted stream had significantly higher concentrations of
most of the measured metals, with concentrations of Fe
and Al being the highest. Most aquatic animals regulate
Fe well and LC50 values for dissolved Fe are relatively
high (3–300 mg l�1; Gerhardt, 1993, 1994). Precipitation
of Fe hydroxides can decrease survival because of dis-
ruption of intestine membranes, clogging of the diges-
tive tract, and coating of gill surfaces (Gerhardt, 1992,
1993). Although no visible orange precipitate was seen
on the caddisflies placed in the AMD site, precipitate
formed on the cages in that stream indicating that some
precipitation of Fe on the organisms was more likely
than in Wolf Creek. Toxicity of Al on aquatic insects
appears to result mainly from affects on gills and
respiration (Rosenberg and Resh, 1993). While dis-
solved ionic Al can disrupt ion transport across gill
membranes, respiration can be also affected in part by
precipitation of Al hydroxide on gill surfaces. Krantz-
berg and Stokes (1988) found maximum Al body bur-
dens of chironomids were greatest between pH 5.1 and
5.6, a level close to the pH at our AMD site.
Comparison of whole-body concentrations in live vs.

dead caddisflies implies that although active ingestion of
metals can lead to toxic internal affects, passive uptake
of metals on external body surfaces also can be an
important uptake mechanism in hydropsychid caddis-
flies, which may lead to chronic lethal affects associated
with gills or sensitive surfaces. It was surprising that
dead caddisflies had higher total body concentrations
than live for all metals, as most studies find little differ-
ence in metal uptake between live and dead aquatic
insects (Timmermans et al., 1992). Iron in the gut con-
tents of hydropsychid caddisflies make up 34–60% of
the Fe in the whole body (Smock, 1983; Cain et al.,
1995), and we assumed active uptake of filtered seston
would increase metal concentrations in live organisms in
the AMD stream. Dead caddisflies were depurate and
their mass was about half that of live, thus it appears
that metals associated with passive surface sorption
increased the whole-body concentrations in dead
organisms. Other factors that could increase the con-
centration of metals in dead vs. live caddisflies are the
release metals sequestered in granules near the body
surface after death (Krantzberg and Stokes, 1988), the
release of proteins in killed organisms that then adsorb
metals from solution (Timmermans et al., 1992), the
lack of metal regulation/excretion in dead organisms,
and the possibility that metals precipitated on the
retreats and nets of live hydropsychid caddisflies, rather

than on the body surface (Letterman and Mitsch, 1978;
Brown, 1977).

6. Conclusions

Understanding the relative roles of substratum and
aqueous chemical affects of AMD on benthic organisms
is critical to successful remediation of impacted streams.
The building of passive systems to treat coal mine dis-
charges entering streams has increased substantially in
the past 5 years (Milavec, 2000; Rossman et al., 1997),
but there has been little examination of the relative
roles of the benthic vs. aqueous environment on the
recovery of stream benthos. Results from this study
indicate that aqueous AMD chemical environment in
Slippery Rock Creek had a greater affect on organisms
than the chemical precipitate on substrata. Hard sub-
strata coated with AMD precipitate had a significant
decrease in the most abundant metals, Fe and Al, and a
benthic flora and fauna similar to control substrata when
placed into an unimpacted aqueous environment,
whereas caddisflies exposed to a moderately impacted
aqueous AMD environment had significantly higher
mortality and metal concentrations in their bodies.
While treatment of several large AMD inputs into Slip-
pery Rock Creek have improved the overall aqueous
environment, water chemistry appears to continue to
limit the recovery of benthic organisms. Increased AMD
discharge during storm events can overwhelm or bypass
treatment systems, and the temporary deterioration in
stream water quality can increase the negative impact on
benthic organisms (Verb and Vis, 2000; DeNicola and
Stapleton, 1999). Moreover, decades of accumulated
AMD precipitate deposited on the substratum may now
be out of equilibrium with the treated aqueous environ-
ment, and thus be a source of aqueous metals. Our study
suggests improvement in water quality resulting from
passive treatment systems should aid in the recovery of
the chemical and biological environment of the substrata
in AMD affected streams. While AMD affected sub-
strata recovered quickly in our transplant experiment,
the cobble was coated with a thin, recently deposited
precipitate, which is most representative of riffle areas
where flocculent precipitates do not accumulate. Sec-
tions of other streams and Slippery Rock Creek that
have accumulated layers of encrusted and flocculent
AMD precipitate may take substantially longer to
recover given improved water quality.

Acknowledgements

We are grateful to Scott Daly, Heather Doyle,
Rebecca Henry, Jeremy Kazio, Shymana Satiapillaii,
and Taylor Zenter for their assistance in the field and

D.M. DeNicola, M.G. Stapleton / Environmental Pollution 119 (2002) 303–315 313



metals analysis in the laboratory. Robert Hedin, Robert
Bode, John Constable, and an anonymous reviewer
provided comments and suggestions for the manuscript.
C. David McIntire offered advice on canonical corre-
spondence analysis. This project was funded in part by a
Pennsylvania State Growing Greener Grant, adminis-
tered by the Slippery Rock Watershed Coalition and
Stream Restoration Inc.

References

Academy of Natural Science of Philadelphia, Division of Limnology

and Ecology, 1974. Slippery Rock Creek Acid Mine Waste Studies

for the Appalachian Regional Commission. Philadelphia, PA.

American Public Health Association, American Water Works Asso-

ciation, and Water Pollution Control Federation, 1998. Standard

Methods for the examination of water and wastewater, twentieth ed.

Washington, DC.

Broshears, R.E., Runkel, R.L., Kimball, B.A., McKnight, D.M.,

Benclava, K.E., 1996. Reactive solute transport in an acidic stream:

experimental pH increase and simulation of controls on pH, alumi-

num, and iron. Environmental Science and Technology 30, 3016–

3024.

Brown, B.E., 1977. Effects of mine drainage on the River Hayle,

Cornwall. A) Factors affecting concentrations of copper, zinc and

iron in water, sediments and dominant invertebrate fauna. Hydro-

biologia 52, 221–233.

Boult, S., Collins, D.N., White, K.N., Curtis, C.D., 1994. Metal

transport in a stream polluted by acid mine drainage—the Afon

Gouch, Anglesey, UK. Environmental Pollution 84, 279–284.

Cain, D.J., Luoma, S.N., Axtmann, E.V., 1995. Influence of gut con-

tent in immature aquatic insects on assessment of environmental

metal concentration. Canadian Journal of Fisheries and Aquatic

Sciences 52, 2736–2746.

Carrithers, R.B., Bulow, F.J., 1973. An ecological survey of the west

fork of the Obey River, Tennessee with emphasis on the effects of

acid mine drainage. Journal of the Tennessee Academy of Science

48, 65–72.

Chadwick, J.W., Canton, S.P., 1986. Recovery of benthic invertebrate

communities in Silver Bow Creek, Montana, following improved

metal mine wastewater treatment. Water Air and Soil Pollution 28,

427–438.

Cloud Jr., T.J., Stewart, K.W., 1974. The drift of mayflies (Emphe-

meroptera) in the Brazo River, Texas. Journal of the Kansas Ento-

mological Society 47, 379–396.

DeNicola, D.M., 2000. A review of diatoms found in highly acidic

environments. Hydrobiologia 433, 111–122.

DeNicola, D.M., Stapleton, M.G., 1999. Chemical and Biological

Monitoring of Slippery Rock Creek, PA Associated with Installa-

tion of Passive Treatment Systems to Treat Acid Mine Drainage

(Final Report to Pennsylvania Department of Environmental Pro-

tection). Biology Department, Slippery Rock University, Slippery

Rock, PA 16057.

DeNicola, D.M., Stapleton, M.G., 2000. Recovery of streams follow-

ing passive treatment for acid mine drainage. Internationale Ver-

einigung für Theoretische und Angewandte Limnologie 27, 1–6.

Dills, G., Rogers Jr., D.T., 1974. Macroinvertebrate community

structure as an indicator of acid mine pollution. Environmental

Pollution 6, 239–262.

Genter, R.B., 1996. Ecotoxicology of inorganic chemical stress to

algae. In: Stevenson, R.J., Bothwell, M.L., Lowe, R.L. (Eds.), Algal

Ecology, Freshwater Benthic Ecosystems. Academic Press, New

York, pp. 404–468.

Gerhardt, A., 1992. Effects of subacute doses of iron (Fe) on Lep-

tophlebia marginata (Insecta:Ephemeroptera). Freshwater Biology

27, 79–84.

Gerhardt, A., 1993. Review of impact of heavy metals on stream

invertebrates with special emphasis on acid conditions. Water, Air

and Soil Pollution 66, 289–314.

Gerhardt, A., 1994. Short term toxicity of iron (Fe) and lead (Pb) to

the mayfly Leptophlebia marginata L. (Insecta) in relation to fresh-

water acidification. Hydrobiologia 284, 157–168.

Giller, P.S., Malmqvist, B., 1998. The Biology of Streams and Rivers.

Oxford University Press, New York.

Gray, N.F., 1996. A substrate classification index for the visual

assessment of the impact of acid mine drainage in lotic systems.

Water Research 30, 1551–1554.

Hare, L., 1992. Aquatic insects and trace metals: bioavailability,

bioaccumulation, and toxicity. Critical Reviews in Toxicology 22,

327–369.

Hedin, R.S., Nairn, R.W., Kleinmann, R.L.P., 1994. The Passive

Treatment of Coal Mine Drainage (Bureau of Mines Information

Circular IC9389). US Department of Interior, Bureau of Mines,

Washington, DC.

Hoehn, R.C., Sizemore, D.R., 1977. Acid mine drainage (AMD) and

its impact on a small Virginia stream. Water Resources Bulletin 13,

153–160.

Krammer, K., Lange-Bertalot, H., 1986. Bacillariophyceae. 1. Teil:

Naviculaceae. VEB Gustav Fisher Verlag, Jena, Germany.

Krammer, K., Lange-Bertalot, H., 1988. Bacillariophyceae. 2. Teil:

Epithemiaceae, Bacillariaceae, Surirellaceae. VEB Gustav Fisher

Verlag, Jena, Germany.

Krammer, K., Lange-Bertalot, H., 1991a. Bacillariophyceae. 3. Teil:

Centrales, Fragilariaceae, Eunotiaceae. VEB Gustav Fisher Verlag,

Jena, Germany.

Krammer, K., Lange-Bertalot, H., 1991b. Bacillariophyceae. 1. Teil:

Achnanthaceae, Kritische Erganzungen zu Navicula (Lineolatae)

und Gomphonema. VEB Gustav Fisher Verlag, Jena, Germany.

Krantzberg, G., Stokes, P.M., 1988. The importance of surface

adsorption and pH in metal accumulation by chironomids. Envir-

onmental Toxicology and Chemistry 7, 653–670.

Letterman, R.D., Mitsch, W.J., 1978. Impact of mine drainage on a

mountain stream in Pennsylvania. Environmental Pollution 17, 53–73.

McKnight, D.M., Feder, G.L., 1984. The ecological effect of acid

conditions and precipitation of hydrous metal oxides in a Rocky

Mountain stream. Hydrobiologia 119, 129–138.

Milavec, P.J., 2000. Abandoned mine drainage abatement projects:

successes, problems and lessons learned. Proceedings of the

National Association of Abandoned Mine Land Programs.

National Abandoned Mine Land Conference, Steamboat Springs,

CO. Available from: http://www.dep.state.pa.us/dep/deputate/min-

res/bamr/amd/amd_abatement_projects.htm.

Mills, C., Robertson, A., 1995. Acid Rock Drainage. Roberston Geo-

consultants Inc. Associates, Vancouver, Canada. Available from:

http://www.infomine.com/technology/enviromine/ard/home.htm.

Nelson, S.M., Roline, R.A., 1996. Recovery of a stream macro-

invertebrate community from mine drainage disturbance. Hydro-

biologia 339, 73–84.

Nichols, L.E., Bulow, F.J., 1973. Effects of acid mine drainage on the

stream ecosystem of the east fork of the Obey River, Tennessee.

Journal of the Tennessee Academy of Science 48, 30–39.

Peckarsky, B.L., Fraissinet, P.R., Penton, M.A., Conklin, D.J., 1990.

Freshwater Macroinvertebrates of Northeastern North America.

Cornell University Press, Ithaca, NY.

Perrin, C.J., Wilkes, B., Richardson, J.S., 1992. Stream periphyton

and benthic insect responses to additions of treated acid mine

drainage in a continuous-flow on-site mesocosm. Environmental

Toxicology and Chemistry 11, 1513–1525.

Peterson, R.G., 1985. Design and Analysis of Experiments. Dekker,

New York.

314 D.M. DeNicola, M.G. Stapleton / Environmental Pollution 119 (2002) 303–315



Porter, S.D., Cuffney, T.C., Gurtz, M.E., Meador, M.R., 1993.

Methods for Collecting Algal Samples as Part of the National

Water-Quality Assessment Program (USGS Open-File Report). US

Geological Survey, Washington, DC, pp. 93–409.

Rasmussen, K., Lindegaard, C., 1988. Effects of iron compounds on

macroinvertebrate communities in a Danish lowland river system.

Water Resources 22, 1101–1108.

Rose, S., Ghazi, A.M., 1997. Release of sorbed sulfate from iron oxy-

hydroxides precipitated from acid mine drainage associated with

coal mining. Environmental Science and Technology 31, 2136–2140.

Rosenberg, D.M., Resh, V.H. (Eds.), 1993. Freshwater Biomonitoring

and Benthic Macroinvertebrates. Chapman and Hall, New York.

Rossman, W., Wytovich, E., Seif, J.M.., 1997. Abandoned Mines—

Pennsylvania’s Single Biggest Water Pollution Problem. Pennsylva-

nia Department of Environmental Protection, Rachel Carson State

Office Building, 400 Market Street, Harrisburg, Pennsylvania 17105.

Available from: http://www.dep.state.pa.us/dep/deputate/minres/

bamr/mining_012397.htm.

Rousch, J.M., Simmons, T.W., Kerans, B.L., Smith, B.P., 1997.

Relative acute effects of low pH and high iron on the hatching and

survival of the water mite (Arrenurus manubriator) and the aquatic

insect (Chironomus riparius). Environmental Toxicology and Chem-

istry 16, 2144–2150.

Scullion, J., Edwards, R.W., 1980. The effects of coal industry pollu-

tants on the macroinvertebrate fauna of a small river in the South

Wales coalfield. Freshwater Biology 10, 141–162.

Singer, P.C., Stumm, W., 1970. Acid mine drainage: The rate-

determining step. Science 167, 1121–1123.

Skousen, J., Sexstone, A., Garbutt, K., Sencindiver, J., 1994. Acid

mine drainage treatment with wetlands and anoxic limestone drains.

In: Kent, D.M. (Ed.), Applied Wetlands Science and Technology.

Lewis, Boca Raton, FL, pp. 263–281.

Smock, L.A., 1983. The influence of feeding habits on whole-body

metal concentrations in aquatic insects. Freshwater Biology 13, 301–

311.

ter Braak, C.J.F., S̆milauer, P., 1998. CANOCO Reference Manual and

User’s Guide to Canoco for Windows: Software for Canonical Com-

munity Ordination (Version 4). Microcomputer Power, Ithaca, NY.

Timmermans, K.R., Peeters, W., Tonkes, M., 1992. Cadmium, zinc,

lead and copper in Chironomus riparius (Meigen) larvae (Diptera,

Chironomidae): uptake and effects. Hydrobiologia 241, 119–134.

United States Environmental Protection Agency, 1997. A citizen’s

Handbook to Address Contaminated Coal Mine Drainage (EPA-

903-K-97-003). United States Environmental Protection Agency,

Cincinnati, OH.

Verb, R.G., Vis, M.L., 2000. Comparison of benthic diatom assem-

blages from streams draining abandoned and reclaimed coal mines

and nonimpacted sites. Journal of the North American Benthologi-

cal Society 19, 274–288.

Warner, R.W., 1971. Distribution of biota in a stream polluted by acid

mine-drainage. Ohio Journal of Science 71, 202–215.

Whitford, L.A., Schumacher, G.J., 1984. A Manual of Fresh-Water

Algae, revised ed. Sparks Press, Raleigh, NC.

Webster, J.G., Swedlund, P.J., Webster, K.S., 1998. Trace metal

adsorption onto an acid mine drainage iron (III) oxy hydroxy sul-

fate. Environmental Science and Technology 32, 1361–1368.

D.M. DeNicola, M.G. Stapleton / Environmental Pollution 119 (2002) 303–315 315






























































