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This research describes aquatic macroinvertebrate commu-

nity responses to heavy metals (copper, zinc) in experimental

streams and at metal-impacted sites in the field. Experiments

employed substrate-filled trays which were colonized in the

field and then transferred to laboratory or outdoor streams.

Laboratory experiments conducted over three seasons

showed that acute (96 h) exposure to copper (Cu) at 15-32 ug

Cu/L significantly reduced macroinvertebrate abundance and

number of taxa during each season. Owing to differences in

sensitivity among taxa, the percent composition of dominant

groups varied between control and dosed streams. Mayflies

were quite sensitive to Cu, particularly during the summer

when water temperatures were higher.

Community responses to Cu and Zn in outdoor experimental

streams were similar to those observed at metal-impacted

' sites in the field. Control streams and field reference



Stations were dominated by mayflies and Tanytarsini chirono-

mids. In contrast, treated Streams and impacted field sites

were dominated by net-Spinning caddisflies (Hydropsychidae)

and Orthocladiini chironomids. The similarity of these V

experimental results to those observed in the field suggest

that macroinvertebrate community responses to heavy metals

are highly predictable.

Responses of these communities to Cu were greatly

influenced by water quality. Effects were more severe in New

River Streams, where water hardness and alkalinity were low,

compared to Clinch River Streams, where hardness and alka-

linity were higher. In soft water Streams, abundance was

reduced by 84% after 10 d exposure to Cu (measured concentra-

tion = 13 ug/L). In contrast, abundance was reduced by only

45% in hard water Streams after 10 d at Similar Cu levels.

These results demonstrate the importance of accounting for

water quality characteristics of receiving systems when

establishing site-specific criteria for metals.
l

Chronic exposure (14 d) to sublethal levels of Cu (< 6

ug/L) increased Vulnerability of caddisflies (Hydropsyche

morosa and Chimarra sp.) to predation by the Stonefly,

Paragnetina fumosa. Caddisflies were also the major component

of stonefly diets and were consumed Significantly more

frequently in dosed Streams than controls. These results

demonstrate that single Species bioassays were inadequate for

predicting effects of toxicants on community level processes.
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General Introduction

Investigations into the effects of toxicants on aquatic

organisms have become increasingly sophisticated in recent

years. Perhaps one of the more significant and controversial

developments in the field of aquatic toxicology was the

recognition that the single species bioassay, which has been

the "workhorse" of environmental regulatory agencies (Cairns

1981), may not be appropriate for predicting effects of

toxicants on higher levels of biological organization (Cairns

1983; 1986; Odum 1984; Kimball and Levin 1985). These simple

tests cannot, for example, predict effects of chemicals on

species interactions, nutrient cycling, or energy flow in

aquatic systems.

Arguments against development of more sophisticated

procedures, such as multispecies tests and field

experimentation, include the greater costs and loss of

replicability associated with these techniques. Boyle

(1983) notes that there is generally an inverse relationship

between simplicity or repeatability of these approaches and

the degree of environmental realism (Fig. 1). As a compromise

between the lack of realism of single species bioassays and

the cost of field experimentation, Odum (1984) advocates the

use of mesocosms, or "bounded and partially enclosed outdoor

experimental setups", for testing effects of toxicants.

Production of heavy metals and their discharge into

— aquatic receiving systems have increased greatly in recent

1
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Figure 1. Hypothetical relationship between cost, replicabil-

ity, and the degree of environmental realism of testing

procedures (after Boyle, 1983).
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years (Moore and Ramaoorthy 1984). Effects of these effluents

on aquatic organisms have been well documented in the labora—

tory (Warnick and Bell 1969; Brown 1977; Spehar et al. 1978;

Kosalwat and Knight 1987). Although results of these experi-

ments show considerable variability between species, in

general most aquatic invertebrates are quite sensitive to

metals (Hodson et al. 1979).

Since publication of Hynes” (1960) classic text, ggg

Biology gg Polluted Waters, aquatic insects have had a major

role as indicators of the condition of freshwater systems.

Owing to their importance in freshwater food webs, short

generation time, and diversity of responses to toxicants,

aquatic insects are frequently included in pollution surveys

(Hart and Fuller 1974). Quantitative sampling of these

organisms has, however, posed serious problems for benthic

ecologists (Downing 1979; Green 1979; Morin 1985).

Descriptive surveys of benthic communities in streams are

often complicated by variability in natural substrate

composition, thus making it difficult to isolate the role of

any single environmental parameter (e.g. pollution).

Introduced substrates are frequently employed in stream

surveys to reduce this variability and improve statistical

reliability of benthic samples (Cairns 1982). Recently these

devices have been employed in microcosms to test effects of

toxicants on colonization rate of protozoans (Cairns et al.

1980) and in experimental streams to determine the impact of

3



sewage on aquatic insects communities (Burks and wilhm 1977).

The research reported here describes macroinvertebrate

community responses to heavy metals (Cu, Zn) in outdoor and

· laboratory experimental streams. In chapter one, I describe

the colonization dynamics and sampling variability of

the introduced substrates employed in this research. The

usefulness of these substrates for biomonitoring benthic

communities is also discussed. In chapter two, I document the

responses of macroinvertebrate communities to copper in

laboratory streams over three seasons. Chapter three compares

community responses to metals in outdoor experimental streams

to those observed at impacted sites in the field. In chapter

four, the influence of water quality on these responses is

examined by comparing results of experiments conducted in

streams receiving diluent water from different sources.

Finally, in chapter five, the effects of chronic Cu exposure

on predator—prey interactions among stream insects are

examined.

4



CHAPTER ONE

Colonization, variability, and the use of substratum-filled

trays for sampling benthic communities

Abstract

Sampling variability and colonization rate of introduced

substrates (plastic trays filled with pebble and cobble) in

two southwestern Virginia streams are described. Substrates

were rapidly colonized by aquatic macroinvertebrates, but

colonization rates differed between years, possibly due to

annual variability in macroinvertebrate abundance. To examine

the applicability of using these substrates for biomonitoring

benthic‘communities, trays were placed at several locations

in a river receiving power plant discharges. Only six samples

were necessary to detect a 15% reduction in macroinvertebrate

density and a 12% reduction in number of taxa at effluent

sites. Benthic communities established on rock-filled trays

and multiplate samplers collected from the same stations

during the same period were compared. Although multiplate

samplers were more variable than rock trays and were selec-

tive for different taxa, both substrate types showed signifi-

cant differences in community parameters among locations.

Rock trays at all sites were dominated by Cheumatopsyche sp.,

whereas chironomids were more abundant on multiplate

samplers. The relative abundance of mayflies was reduced at

the effluent site on both substrate types.
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Introduction

Descriptive Surveys of benthic communities in Streams

are often complicated by variability in Substrate composi-

tion, which contributes to difficulties in isolating effects

of any single environmental parameter (e.g., pollution). In

addition, since the distribution of benthic organisms is

usually aggregated and highly variable (Resh, 1979; Downing,

1979), a large number of samples may be necessary to obtain

reasonably precise estimates of macroinvertebrate abundance.

Allan (1984) states that "Sampling precision is one of the

most fundamental problems limiting quantitative Studies of

benthos." Artificial substrates are frequently employed in

Stream Surveys to reduce this variability and to improve

Statistical reliability of benthic Samples (Cairns, 1982).

Traditionally, these devices have received the most attention

from environmental biologists comparing distribution and

abundance of aquatic organisms at control and impacted sites.

Critics note that artificial substrates are often selective

for certain taxa, and, therefore, their usefulness in benthic

research is limited (Minshall & Minshall, 1977; Roby et al.,

1978; Khalaf & Tachet, 1980; Chadwick & Canton, 1983). Selec-

tivity of artificial substrates is usually attributed to the

Specific materials from which these devices are constructed.

Minshall & Minshall (1977) suggest that closer agreement

between communities established on natural and introduced

substrates could be obtained if introduced substrates were

6



composed of streambed materials with similar composition and

packing as the natural substrate. Rosenberg & Resh (1982)

discuss several advantages and disadvantages of using arti-

ficial substrates for sampling macroinvertebrates and

conclude that the most serious drawback of these devices is

the lack of knowledge of colonization dynamics.

The purpose of this research was to describe the sam-

pling variability and colonization dynamics of rock-filled

trays from two southwestern Virginia streams. To determine

the applicability of using these substrates for biomonitoring

benthic communities, trays were sampled from several loca-

tions in a river receiving power plant effluents. Macro-

invertebrate density and species composition of these trays

were compared to multiplate samples collected Exam the same

sites during the same period.

Materials and Methods

Description pf introduced substrates

Introduced substrates employed in these studies

consisted of 10 x 10 x 6-cm plastic (polypropylene) trays

filled with pebble and small cobble (2-6 cm diameter). Sub-

strate was collected from dry portions of the streambed

several months prior to the start of each experiment, and a

similar particle size distribution was placed into each tray.

Three,
2-cmz

holes were drilled into each side of the trays

to increase water flow and to facilitate colonization by

7



aquatic insects. The trays were held in place in the stream

by wedging them between two wooden strips attached to a l-m

section of shelving board. Corner irons were attached to each

end of the shelving board and the entire assembly was

anchored in the stream with cinderblocks placed over each

corner iron (Fig. 2). Five to six trays were placed into each

rack, and large cobble was then packed around the racks.

Variability ggg colonization rate

To examine sampling variability and colonization rates,

rock-filled trays were placed in Adair Run, a second-order

tributary to the New River located in Giles County, Virginia.

The stream is 2-3 m wide and water depth ranges from 0.1 to

0.4 m under normal flow conditions. The substrate is composed

primarily of pebble and cobble with some small boulders.

During March, 1985, 45 trays were placed at nine locations

(five trays per location) with different current velocities

along a 50-m section of Adair Run. Current was measured 10 cm

above the substrate using a pygmy current meter. Three loca-

tions were assigned to each of the following categories: slow

(21-24 cm sec_l), moderate (36-41 cm sec—l), and fast (51-58

cm sec_l) current. After 30-d colonization, a 500-um mesh net

was placed directly downstream of each tray to prevent the

loss of organisms, and the trays were removed from the

stream. High water during the second week of colonization

resulted in the loss of 14 trays, primarily from locations

8
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Figure 2. Schematic of the introduced substrates described in

this study.
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with fast currents. Contents of each of the remaining trays

(n=3l) were washed through a 500-um sieve and preserved in

10% formalin. In the laboratory, organisms were sorted in a

white enamel pan and identified to genus (except for

chironomids, which were identified to tribe).

Colonization experiments were conducted during spring of

1985 and 1986. On 22 April, 1985, 30 trays were placed at

five different locations with moderate current velocity (32-

36 cm sec—l). One tray was randomly selected from each of the

five locations after 4, 8, 12, 18, 23, and 29 d of coloniza-

tion. On 1 April, 1986, 25 trays were placed at the same

locations, and five trays were recovered after days 5, 10,

15, 20, and 28. A11 trays were removed from the stream and

processed as described above.

Biomonitoring studies

In order to examine the applicability of using rock-

filled trays for biomonitoring benthic communities, sub-

strates were placed upstream and downstream of a coal—fired

power plant located on the Clinch River (Fig. 3). This streamA
is a fourth—order tributary to the Tennessee River located in

Russell County, Virginia. The stream is °60 m wide, and water

depth ranged from 0.5 to 0.8 m. The substrate is dominated by

large pebble to intermediate cobble. During September 1985,

six trays were placed at each of two upstream control sites

and one downstream site that received heavy metal effluents.

10
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Stations 1 and 2 were located "3.0 and 1.0 km upstream of the

plant, respectively. Station 8 was located 50-m downstream of

a cooling tower blowdown discharge. Current velocity ranged

from 44-50 cm

s_l

at each station. Three multiplate samplers

(Hester & Dendy, 1962) were suspended in the water column 30

cm above the substrate adjacent to the rock-filled trays at '

each site. After 30-d colonization, all substrates were

lremoved and processed as described above.

Statistical analyses

Estimates of sampling precision and required number of

samples were determined as described by Green (1979). In this

procedure, precision is defined as the percent difference

between two sets of samples that can be detected with 95%

confidence. The equation is
-1/2

p=t s n‘ (0.05)

where p=the desired level of precision (expressed as a

percent of the mean); t=Student's t—statistic; s=standard

deviation; and n=number of samples.

The cumulative percent of total taxa collected from rock

trays in Adair Run was estimated by randomly selecting a

single sample from the pool of all samples collected during

March, 1985 (n=3l) and recording the number of new taxa that

occurred. This procedure was repeated 10 times for sample

sizes 1 to 10.

Differences in macroinvertebrate abundance and number of

12



taxa between locations in Adair Run and between control and

effluent sites on the Clinch River were analyzed using one-

way ANOVA. In order to compare sampling variability and

precision of rock trays and multiplate samplers, three of the

six trays from each site were randomly selected and included

in the analysis. All data were transformed using a ln(n+l)

transformation to stabilize variances. If differences between

locations were detected (p<0.05), Duncan's Multiple Range

Test was employed to determine which sites were significantly

different from others.

Results

Variability and colonization rate

Rock-filled trays collected from Adair Run during March,

1985 were dominated by chironomids and mayflies at each site

(Table 1). Macroinvertebrate abundance ranged from 47 to 132

individuals per tray and varied between locations with

different current Velocity. Although the total number of

individuals per tray was reduced at locations with fast

current Velocity, this difference was not significant

(p=0.189) owing to the low number of trays (n=4l recovered

from these sites. The number of taxa per tray ranged between

8 and 16 and was significantly lower at locations with slow

currents (p=0.0l6).

Estimates of sampling precision, based on means and

standard deviations of these data, indicated that both

13
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macroinvertebrate abundance and number of taxa were estimated

more precisely from locations with faster currents. Depending

on location, a 30-40% difference in macroinvertebrate

abundance and a 13-29% difference in number of taxa could be

detected with five samples (p<0.05).

Variability in abundance of dominant taxa was consider-

ably greater than variability of these community level

parameters. Of the eight dominant taxa collected from Adair

Run, two taxa showed significant differences between loca-

tions (Table 1). Eurylophella sp. was significantly more

abundant at locations with slow-moderate currents (p=0.027),

whereas Amphinemura sp. (p=0.016) was more abundant on trays

in faster currents. Both Chironomini (p=0.054) and Isoperla

sp. (p=0.060) showed moderate, but nonsignificant, differ-

ences between locations.

The cumulative percent of total taxa collected on rock

trays from Adair Run in 1985 increased rapidly between one

and six samples, after which the curve slowly became

asymptotic (Fig. 4). With six samples, '65% of the total taxa

that colonized trays were represented. Between six and ten

samples the cumulative percent of taxa collected increased by

only 5%.

Colonization dynamics of rock trays in Adair Run dif-

fered between years (Fig. 5). In 1985 experiments, macro-

invertebrate abundance increased rapidly during the first two

weeks of colonization and then declined slightly for the

15
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remaining period. In 1986, the number of individuals per tray

increased until day 20 and then declined between days 20 and

28. By day 28, the total number of organisms that colonized

trays was significantly greater in 1986 than in 1985

(Student's t-test, p=0.00l). The shape of colonization curves

for number of taxa was similar during the first two weeks of

colonization in both years, after which the number of taxa

per tray remained constant in 1985 but continued to increase

in 1986. By day 28, however, the number of taxa did not

differ significantly between years.

Clinch Riyer biomonitoring

Mean macroinvertebrate density, number of taxa, and

Shannon diversity were génerally less variable on rock trays

than on multiplate samplers (Table 2). Results of ANOVA

indicated that with both substrate types I detected signifi-

cant differences in abundance and number of taxa between

upstream and downstream stations. Diversity, however, was

significantly reduced at the downstream station only on rock

trays. Abundance of most dominant taxa varied between q
stations, but these differences were dependent on substrate

type and could not always be attributed to plant discharges.

Chironomini (p=0.002) and Isonychia sp. (p=0.00l) were

reduced on rock trays but not on multiplate samplers. Of the

five taxa showing significant differences between stations on

multiplate samplers, only three were reduced at the down-
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stream site compared to both controls. On rock tray samples,

seven taxa showed significant differences between stations,

and six of these taxa were reduced at the downstream site

relative to both upstream sites.

The relative abundance of dominant taxa also varied

among stations and substrate types in the Clinch River (Table

3). Nine taxa accounted for 82-96% of the total organisms

collected on both trays and multiplate samplers. At all

sites, the relative abundance of chironomids, particularly

tube-building groups such as Chironomini and Tanytarsini, was

much greater on multiplate samplers than on rock trays. The

net-spinning trichopteran, Cheumatopsyche sp., was more

abundant on trays than on multiplate samplers at all

stations. The relative abundance of mayflies was reduced at

the downstream station compared to upstream reference ·

stations on both substrate types. The decrease in relative

abundance of mayflies on rock trays at the impacted site

resulted in increased dominance by hydropsychid caddisflies,

which accounted for 75% of the total number of individuals on

these substrates.

20



JJ
C
G)
D U'4

"Or-4 $-4 O Q O O Q M O M B
gg.; q) Q • • • •

-
• • • •

fü*J-4 «-4 O B O O Q LD O GW M
GJ Q4 •-• <r·

U)-¢ E
>« füC
füQ U'JO
$-4 -•-4 LÜ LÜ Q Q Q ¤\ LD LÜ OW4_4··¤ Q)4_J

N „ • „ • „ • • . •
C, 44rU LÜ LO «—4 LO N O M M O

Adfü füJJ M N »—•
U «—•U)

O~ CL
$4^ --4

E 44 N 4-4 B ·=:· LO LO Lo 0
NQ N] I I I I I I I I O

OCD :3 m LO „-• 0 0 0 LO B Q
L.; Z -4 LÖ

füJJ
XU)
füQ;
JJD

JJ
CN 0 0 -4 0 B m 0 0 0
;-5 Q • • • • • •

-
. •

C.~ -4 0 N 0 B B -4 0 0
·«-4--4 LD
E xn
OU) >~1C
"OC füO

O $-4·¤-4 Q Q «—• Q M Q B O «—•
44.;.,.; E.;,p N

• • • • • • • • •

O44 zu Q 4-4 •-4 M LD M LO Q B
cu ,5444 4-4 -4 N •—4

G)-JJ OU'}
OU} O
C M
zug „-•

<r· „-J 0 0 cx M N B
¤·¤O ,..4 • • • • • • • „ •
CL.; O M Q Q O N «-• --4 •-•

Du-; -4 Q -4__Q •
füUl$-4

$-4fD •
f1JQJ> • CL>•-•·•-4 Q. U1
'HDJM U} •
JJE G) O4
füfü„C • U} • .C ff! ··-4
•-•znU Q; GJ Qt O C
Q4 C: rn "¤ fn CU ··-4 ·•-4 ·-1
¤:<v-•-4 O · cn 1: C. c: -•-•

JJ•-4 fü .C fü O.; U -•-4 ·«-4 "Ö•¤¤U E
4-•

--4 rn 0 rn E axM-• GJ .CI J-4 U1 $-4 O
·—•

DJG) C $-4 U UI fü fü C U
(D-•-f.C O O ·v-I E O JJ O O
r·**JJJJ fü C U C C 'J $-4 >·1 $-4 .C.Q·—•

>< <1J -•-e O GJ fv *¤ cz --1 4-•
füDC fü JJ $-4 U1 fü .-CI fü .C $-4E-•E--4 E4 UJ E4 H U U CE E4 U O

2l



Discussion

Results of these studies showed that rock-filled trays

were rapidly colonized by aquatic macroinvertebrates and that

only 5-6 samples were necessary to account for a significant

amount of Variation in macroinvertebrate density and number

of taxa. Morin (1985) noted that the number of samples

required to estimate macroinvertebrate abundance increased

with variance and aggregation, but decreased with mean

density and sampler size. The choice of sampler size and

number of samples collected in benthic studies are of con-

siderable importance, particularly given the amount of time

required to process these samples. Based on the relationship

· between mean density and variance obtained from a large

number of benthic studies, Morin (1985) concluded that small _

samples are more cost—effective than large ones, especially

at higher densities. Allan (1984) also noted that many small

samples are often preferable to few larger ones, but cautions

that this generalization does not apply when samples are so

small that zero counts are common. The 100-cm2 trays employed

in our study sampled approximately 11% of the total area of a

Surber sampler and usually had higher densities of organisms

per m2. Specht et al. (1984) reported peak density of macro-

invertebrates of 1,700

m—2

in Surber samples from Adair Run

during spring of 1980. Mean densities of macroinvertebrates

from rock trays in Adair Run ranged between 6,250-11,800
m-2

in the spring of 1985 and 1986.
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Introduced substrates are often less variable than

natural substrate samplers. Shaw & Minshall (1980) compared

variability in macroinvertebrate abundance from pebble-filled

trays to Hess samples and concluded that coefficients of

variation were generally lower on the introduced substrates.

Morin (1985) showed that, while artificial substrates in

general were as variable as conventional sampling devices,

substratum-filled trays and baskets were significantly less

variable than average. In Surber samples taken from Adair Run

during March 1980 and April 1981, coefficients of variation

ranged from 45-50% for macroinvertebrate density and from

19-32% for number of taxa (Specht 1985). These estimates were

considerably higher than coefficients of variation for rock

trays collected from Adair Run during spring of 1985 and 1986

(19-32% for density and ll-24% for number of taxa). In my

studies using rock trays on the Clinch River, highly signifi-

cant differences in macroinvertebrate density, number of

taxa, and abundance of several dominant taxa were detected

with only three samples per station. Based on estimates of

mean and variance from Station 2 (the most variable upstream

station), I could detect a 15% reduction in macroinver-

tebrate density and a 12% reduction in number of taxa with

only six samples (p=0.05). Multiplate samplers also showed

significant differences between stations in these community

parameters, but, because of their greater variability, more
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multiplate samples than rock trays would be necessary to

detect subtle differences between stations.

Colonization dynamics of rock trays in Adair Run dif-

fered between years, even though trays were placed in the

same locations and during the same season each year. This

finding complicates results of colonization studies conducted

over a single season during a single year. Differences in

colonization dynamics between years were most likely the

result of annual variation in abundance of benthic macro-

invertebrates. Specht et al. (1984) reported considerable

annual variation in macroinvertebrate density and number of

taxa from Adair Run between 1979 and 1981. Despite the

observed differences between years, colonization by macro-

invertebrates levelled off within 2-3 weeks each year,

suggesting that these communities had reached equilibrium

conditions. These results support the fingings of De Pauw et

al. (1986) who recommended a 3-week exposure period for

artificial substrates. I feel that this period of time was

necessary to ensure adequate colonization and that longer

periods would simply increase the risk of loss of substrates

due to vandalism, floods, etc.

Although selectivity of artificial substrates may

preclude their application for some types of benthic research

(e.g., productivity, functional group analyses), these

devices will be most useful for experimental purposes or for

biomonitoring benthic communities (Minshall & Minshall 1977;
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Shaw & Minshall l980). Furthermore, if the primary objective

of a study is to delineate zones of impact in a stream,

selectivity of artificial substrates may not be a severe

disadvantage. In my studies at the Clinch River, relative

abundance of dominant taxa differed between substrate types.

Rock tray samples at all sites, including the downstream

station, were dominated by Cheumatophyche sp. Multiplate

samples at Station l were dominated by Tanytarsini, whereas

Tricorythodes sp. was the dominant organism at Station 2.

Differences in relative abundances of dominant taxa between

substrate types may be explained by the specific placement of

these devices in the field (i.e., rock trays were placed on

the bottom while multiplate samplers were held in the water

column). Despite these differences, both substrate types

detected highly significant differences in macroinvertebrate

abundance and number of taxa between stations and were,

therefore, adequate for describing the impact of plant

effluents. In addition, both substrate types showed a

decrease in relative abundance of Ephemeroptera at the down-

stream site. This finding supports the proposal of Van Hassel

& Gaulke (1986) that the percent reduction in mayflies at

effluent sites on the Clinch River could be employed to

establish on-site water quality criteria. In the present

study, the percent reduction in mayflies at the downstream

station relative to upstream controls was less variable on
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rock trays (88-91%) than on multiplate samplers (29-85%),

suggesting that rock trays may be more useful for this

purpose.

Although it is unlikely that the rock tray substrates I

have described can be employed in deeper rivers, I feel that

these devices are quite appropriate for shallow, rocky-bottom

streams. Substratum-filled trays were both less variable and

more precise than multiplate samplers. In addition, coef-

ficients of variation of our substrates were considerably

less than those reported in the literature for Surber sam-

plers. As a result, fewer samples were necessary to detect

differences in community parameters (density, number of taxa,

diversity) between locations. In-addition, since samples were

small and did not accumulate large amounts of organic

detritus, the length of time required for complete laboratory

processing (1-1.5 h) was often less than for conventional

sampling devices (Clements, personal observation). Therefore,

if it is necessary to detect subtle differences between

stations, or if a researcher is interested in comparing

abundances of less common taxa, a large number of samples

can be processed in a relatively short period of time.
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CHAPTER TWO

Structural Alterations in Aquatic Insect Communities

Exposed to Copper in Laboratory Streams

Abstract

The effects of copper on aquatic insect communities were

examined using rock-filled trays colonized in the field for

30 days, transferred to laboratory streams, and dosed with

CuSO . Each stream was randomly assigned to one of three

treaéments: control (0 ug/L), low dose (15-32 ug/L), and high

dose (135-178 ug/L). Experiments were replicated over three

seasons, Exposure to copper for 96 h significantly reduced

both the total number of individuals and number of taxa

during each season, with greatest effects observed in summer.

Owing to differences in sensitivity to copper, the percent

composition of dominant orders of aquatic insects varied

among treatments. The relative abundance of Ephemeroptera

decreased in treated streams during each season. The response

of other aquatic insects, including Diptera and Plecoptera,

varied between seasons, but these groups were generally less

sensitive to copper exposure. These results indicate that the

artificial substrates employed in this study are amenable to

experimental manipulation and will provide a unique oppor-

tunity to examine the community responses of aquatic insects

to toxicants under environmentally realistic conditions.
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Introduction

Aquatic toxicologists employ a variety of techniques,

ranging from single species laboratory bioassays to experi-

mental introduction of toxicants into natural systems, to

examine the responses of freshwater organisms to pollutants.

At present, there is considerable controversy over which

approach is more useful (Cairns 1983; Kimball and Levins

1985). Boyle (1983) notes that there is generally an inverse

relationship between the simplicity or repeatability of these

approaches and the degree of environmental realism. Single

species toxicity tests are routinely employed to establish

water quality criteria and to predict the environmental

impact of hazardous materials on aquatic communities. Owing

to their inherent simplicity, these tests are relatively

inexpensive and have a high degree of replicability and

statistical precision. Recently, however, some researchers

have questioned the adequacy of single species tests for _

predicting the effects of toxicants on natural communities in

the field (Cairns 1983; 1986; Odum 1984; Kimball and Levins

1985). Although some studies have demonstrated good agreement

between single species tests and field data (Hansen and .

Garton 1982; Adams et al. 1983) others have shown effects of

toxicants in field experiments at considerably lower con-

centrations than indicated by single species bioassays (Dewey

1986). Kimball and Levins (1985) present several examples

that illustrate the limitations of single species bioassays
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but note the historical preference for these simpler tests.

For several reasons, toxicologists have been reluctant to

incorporate more environmentally realistic testing procedures

into their repertoire of experimental techniques. Arguments

against the use of multispecies bioassays and field experi-

mentation include the greater costs, loss of replicability,

and potential for environmental damage associated with

experimental introduction of toxicants into natural systems.

However, since the objective of hazard assessment is to

predict effects of pollutants beyond the level of single

species (Cairns 1983), it follows that community or ecosystem

level tests should be considered.

Since publication of the classic text by Hynes (1960) on

the biology of polluted waters, aquatic insects have had a

major role as indicators of the condition of freshwater

systems. Owing to their ecological importance in freshwater

food chains, short generation time, and diversity of re-

sponses to toxicants, aquatic macroinvertebrates are fre-

quently included in pollution studies (Hart and Fuller 1974).

Descriptive surveys of stream organisms are complicated by

variability of natural substrates (Resh 1979; Downing 1979),

thus making it difficult to isolate the effects of single

factors (e.g. pollution). Artificial substrates are fre-

quently employed in stream surveys to reduce sampling vari-

ability between locations. These devices have also been used
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colonization rate and community composition of protozoans

(Cairns et al. 1980). Burks and Wilhm (1977) employed arti-

ficial substrates in experimental streams to document the

effects of sewage effluents on aquatic macroinvertebrates.

The purpose of this research was to examine the effects

of copper on abundance, number of taxa, and species composi-

tion of aquatic insect communities established on artificial

substrates. Copper was chosen because it is a ubiguitous

pollutant in freshwater systems and because of the availa-

bility of field and laboratory data in the literature on the

responses of aquatic organisms to this toxicant. Experiments

were replicated over three seasons (winter, spring, and

summer) in order to examine seasonal variation in the

responses of aquatic communities to copper.

Materials and Methods

Artificial substrates (described in Chapter one) were

colonized in Adair Run, a second—order tributary to the New

River located in Giles County, Virginia. Forty trays were

recovered from Adair Run on three occasions: 22 January 1986

(winter), 28 April 1986 (spring), and 24 July 1986 (summer)

after 30 d of colonization. Previous experiments conducted

in Adair Run during spring of 1985 and 1986 showed that these

trays were rapidly colonized by aquatic insects and that the

number of individuals and number of taxa per tray became

asymptotic within 2-3 weeks (Clements et al. in press a).
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Trays were collected by placing a 500-um mesh net directly

downstream to prevent loss of organisms and then gently

removing each tray from the stream. Contents of 10 trays were

were washed through a 500-um sieve, and the organisms re-

tained were preserved in 10% formalin in the field. These

samples (field controls) were used to estimate initial

macroinvertebrate abundance and community composition. The

remaining 30 trays were placed into 7-L coolers (two trays

per cooler) filled with stream water. Each of the 15 coolers

was supplied with an airstone attached to a l2—vo1t air pump.

Trays were then transferred to the Virginia Tech Ecosystem

Simulation Laboratory and the two trays from each cooler were

placed into an artificial stream. Each oval, f1ow—through

stream received dechlorinated tap water (drawn from the New

River) at a rate of 0.3 L/min. Turnover time in the 13-L

streams was approximately 43 min, and water depth in each

stream was 10 cm. Current was provided by paddle wheels that

maintained an average current velocity of 35.0 cm/sec. A

l2L:l2D photoperiod was maintained in laboratory experiments

with fluorescent lights.
_

After a 48-h acclimation period, each stream was

randomly assigned to one of three treatments: laboratory

controls (0 ug/L copper), low dose (25 ug/L copper), and high

dose (150 ug/L copper). Peristaltic pumps dripped stock

solutions of CuSO from separate 20-L carboys into each
4
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treated stream at a rate of 6.0 ml/min. After 96 h, trays

were removed and the contents gently washed through a 500-um

net. All living organisms retained were removed and preserved

in 10% formalin.

Water temperature, pH, hardness, alkalinity, and con-

ductivity were measured in both Adair Run and in laboratory

streams (Table 4) at the start of each experiment according

to U.S. EPA standards (U.S. EPA 1979). In addition to these

water quality parameters, the concentration of total copper

was measured in each laboratory stream using flameless

atomic absorption spectrophotometry (Perkin—E1mer Model 370).

In low dose streams, copper concentrations were 32, 17, and

15 ug/L during winter, spring, and summer experiments,

respectively. In high dose streams, these concentrations were

178, 168, and 135 ug/L, respectively.

A model I one-way ANOVA with subsamples (Sokal and Rohlf

1981) was employed to test the hypothesis that exposure to

copper reduced the number of taxa, number of individuals,

Shannon”s diversity, and abundance of major orders during

each season. Data were transformed using a ln(n+l) transfor-

mation since most variables showed a relationship between the

mean and variance. If significant differences were detected

(p<0.05), a Duncan's Multiple Range Test was employed to test

for differences between treatments.
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Results

The total number of taxa and number of individuals per

tray did not differ significantly between field and labora-

tory controls during any season (Fig. 6). After 6 d in

laboratory control streams, the number of individuals was

reduced by only 10 to 12%, and the number of taxa was 0 to 3%

lower than in field controls. These results snow that colo-

nized substrates can be maintained in laboratory streams for

short periods of time with no evidence of control mortality.

Exposure of aquatic insect communities to copper in

laboratory streams significantly reduced both the number of

taxa and number of individuals in all three seasons (Fig. 6).

With one exception (the number of taxa in winter experi-

ments), both parameters were significantly reduced in high

dose streams compared to low dose streams, indicating a dose-

dependent response to increasing copper concentration. The

greatest percent reduction in the number of taxa and number

of individuals was observed in summer experiments. Species

diversity was also reduced in treated streams, but this

parameter was less sensitive to copper exposure than the

number of taxa and number of individuals (Table 5). Species

diversity did not differ significantly between treatments

during the winter and was significantly reduced in the spring

only in high dose streams.
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Figure 6. Mean number of taxa and number of individuals per

tray from field controls (FC), laboratory controls (LC), low

dose (LD), and high dose (HD) treatments. Treatments with the

same letter were not significantly different based on Duncan's

Multiple Range Test.
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The effects of copper exposure on the three dominant

orders of aquatic insects varied between seasons and groups

(Fig. 7). Ephemeroptera were highly sensitive to copper

exposure in laboratory streams. These organisms were signifi-

cantly reduced in both low and high dose streams during each

season, with the greatest effects observed in summer experi-

ments. Dipterans were significantly reduced in treated

streams during spring and winter experiments. Seasonal

differences in the response of Diptera to copper are diffi-

cult to explain since chironomids, the dominant group, were

identified only to the level of tribe. Plecoptera were signi-

ficantly reduced in treated streams compared to laboratory

controls only during the spring experiment. Owing to differ-

ences in sensitivity to copper, the percent composition of

Ephemeroptera, Diptera, Plecoptera, and other aquatic insects

varied among treatments. The relative abundance of mayflies

decreased in dosed streams during each season, whereas

dipterans increased in winter and spring experiments.

Similarly, the percent composition of plecopterans increased

in treated streams during winter and summer experiments.

The relative abundance of dominant taxa within these

groups also varied between treatments and seasons (Table 6).

Baetis sp., the dominant mayfly collected, was reduced by 85

to 98% in low dose streams during each season and was elimi-

nated in high dose streams in spring and summer experiments.

The response of other common mayflies was variable, but these
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Table 6. Relative abundance of dominant taxa from field controls,

laboratory controls, low dose, and high dose streams. Only those

taxa that comprised >l.O% in field controls were included.

Field Laboratory Low High
controls controls dose dose

winter
Ephemeroptera
Baetis sp. 38.3 43.2 18.0 13.3

Pseudocloeon sp. 4.7 3.9 3.6 5.3

Ameletus sp. 6.6 2.6 3.6 2.7
Isonychia sp. 5.0 3.9 4.5 1.3

P ecoptera
Allocapnia sp. 21.1 16.2 27.9 29.3

Diptera
Orthocladiini 6.6 14.0 15.3 18.7

Prosimulium sp. 4.7 3.0 6.3 8.0

Spring
Ephemeroptera _ ·
Baetis sp. 7.1 5.5 0.1 0.0 .

„Habroph1ebiodes sp. 3.2 2.3 2.0 0.4

Heptagenia sp. 2.8 2.9 0.9 0.0

Eurylophella sp. 0.9 0.6 3.1 2.2

Plecoptera
Perlesta sp. 3.3 3.6 2.8 0.0
Amphinemura sp. 1.5 2.2 3.2 1.0

Diptera
Orthocladiini 69.3 70.7 75.7 81.9

Chironomini 3.1 1.5 3.4 3.4

Tanypodini 2.0 1.6 2.5 2.6

Summer
Ephemeroptera
Baetis sp. 26.7 16.3 2.6 0.0

Heptagenia sp. 13.2 7.7 5.7 4.1

Ephemera sp. 4.3 17.0 9.8 4.1

Stenonema sp. 3.6 2.8 4.9 2.0

Plecoptera
Acroneuria sp. 4.6 4.5 4.9 20.4

Diptera
Orthocladiini 5.0 9.3 5.7 10.2

Chironomini 8.2 11.0 11.5 12.2

Megaloptera
Nigronia sp. 7.1 4.5 11.5 12.3
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organisms were generally less sensitive to copper than Baetis

sp. The relative abundance of Orthocladiini, the dominant

chironomid collected, increased in treated streams relative

to controls in winter and spring experiments. Seasonal

differences in the response of plecopterans to copper may be

explained by the taxonomic composition of this group, which

varied among experiments. Winter and summer samples were

dominated by Allocapnia sp. and Acroneuria sp., respectively,

which were relatively insensitive to copper. In contrast,

spring experiments were dominated by Perlesta sp., which was

reduced by 50% in low dose streams and completely eliminated

in high dose streams.

The percent composition of functional feeding groups

_ also varied between seasons and treatments (Fig. 8).

Collector-gatherers dominated field and laboratory control

streams during each season. The percent composition of this

group decreased in treated streams in winter and summer

experiments but increased slightly in the spring. Collector-

gatherers in spring experiments were dominated by chiro-

nomids, which were less sensitive to copper than the mayflies

that dominated winter and summer samples.
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Discussion

Results of this study demonstrate that simple community

level parameters, such as number of taxa and number of indi-

viduals, were highly sensitive to copper exposure. Within 96

h in low dose streams (15-32.0 ug/L), the number of taxa per

tray was reduced by 24 to 36% and the number of individuals

was reduced by 35 to 52% relative to laboratory controls.

Winner (1975) compared the sensitivity of several community

level parameters (number of individuals, number of taxa,

Shannon's diversity, Margalef's diversity) and concluded that

simpler indices, such as the number of taxa, were most useful

for predicting the impact of copper in an experimentally

polluted stream. In my experiments, species diversity was

significantly reduced in low dose streams only during the

summer. Derived indices, such as species diversity, are less

useful for demonstrating the impact of heavy metals since

they often show little variation between control and impacted

sites (Lapoint et al. 1984). Unlike many forms of organic

pollution, particularly nutrient enrichment, in which macro-

invertebrate abundance may actually increase owing to domi-

nance by a few tolerant species, heavy metals are usually

toxic to most aquatic organisms. Consequently, these derived

variables are less sensitive to the impact of metals.

The effects of copper on Ephemeroptera, the dominant

aquatic insects in winter and summer experiments, showed some

seasonal variation. These organisms, particularly Baetis sp.,
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were greatly reduced in treated streams during each season

but were especially sensitive during summer when water tem-

peratures were higher. Several other studies have demon-

strated the sensitivity of mayflies to metals in both the

field (Winner et al. 1975, 1980; Geckler et al. 1976; LaPoint

et al. 1984; Van Hassel et al. 1986; Clements et al. in press

b) and laboratory (Warnick and Bell 1969; Specht et al.

1984). Warnick and Bell (1969) reported a 96 h—LC of 320

ug/L copper for Ephemerella subvaria while Spechtögt al.

(1984) calculated an LC of 180 ug/L copper for Stenonema

pudicum. In experiments5gescribed here, exposure of 15 to

32 ug/L copper reduced the total number of mayflies by 64

to 82%, suggesting that these communities were considerably

more sensitive to metals than indicated by single species

tests. The effects of copper exposure on abundance of

dipterans and plecopterans varied seasonally, but was gener-

ally less severe than for mayflies.

Differences in relative sensitivity of aquatic insects

to heavy metal pollution may result in shifts in their

percent composition at field impacted sites. For example,

Geckler et al. (1976) reported reduced abundance of most

macroinvertebrate groups but increased numbers of chironomids

at sites impacted by copper. Changes in relative abundance of

aquatic insects between control and impacted sites in the

field have been proposed as an index of heavy metal pollution
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(Winner et al. 1975, 1980; LaPoint et al. 1984; Van_Hassel

and Gaulke 1986). For example, Winner et al. (1980) showed

that the percent chironomids in benthic samples was highly

correlated with_copper concentration in impacted streams and

concluded that the macroinvertebrate community exhibited a

"predictable, graded response to heavy metals." In my experi-

ments, the percent chironomids increased in treated streams

during winter and spring, but was relatively constant during

summer. Van Hassel and Gaulke (1986) proposed that the per-

cent reduction in mayflies at stations impacted by copper and

zinc could be used as an index of metal pollution and to

establish site—specific copper criteria. In my experiments,

the percentage of mayflies was reduced in treated streams

during each season; however, because of species specific

differences in sensitivity to copper (e.g. Table 6), seasonal

changes in the relative abundance of dominant taxa may com-

plicate the usefulness of this index.

The use of changes in macroinvertebrate community struc-

ture and distribution in the field to assess the impact of

heavy metals is an important supplement for single species

bioassays. Owing to complex interactions between aquatic

organisms and various habitat features, particularly current

and substrate, reduced abundance and/or species richness

observed downstream of a particular effluent does not

actually demonstrate that the effluent is responsible.

LaPoint et al. (1984) argue that experimental studies are
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necessary to show direct cause and effect relationships. The

experimental approach employed by Geckler et al. (1976) at

Shayler Run is certainly the most direct method of estimating

community and ecoysytem level responses to toxicants.

Although experimental‘introduction of toxicants into natural

streams can provide the strongest evidence for cause and

effect relationships between the presence of toxicants and

macroinvertebrate community structure (LaPoint et al. 1984;

Cuffney et al. 1985; Hall et al. 1985), there are a number of

serious problems associated with this approach that will

limit its usefulness (Cairns 1981). In addition, Hurlbert

(1984) discusses the statistical problems of field experimen-

tation that require replication of both control and treated

streams. The approach that I have outlined here, using

colonized artificial substrates for toxicity testing, may

represent an alternative to field experimentation and an

important supplement to single species tests. This approach

provides a unique opportunity to examine community level

responses to toxicants under both replicable and environmen-

tally realistic conditions and may be particularly useful

during initial screening of an effluent, prior to its release

into the environment. For example, substrates could be

colonized in the proposed receiving system, transferred to

outdoor experimental streams, and dosed with the proposed ef-

fluent. Changes in macroinvertebrate community structure,
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number of taxa, and number of individuals observed in treated

streams could then be employed to predict the impact of these

effluents in the field.
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CHAPTER THREE

The Impact of Heavy Metals on Macroinvertebrate Communities:

A Comparison of Observational and Experimental Results

Abstract

Exposure of natural assemblages of aquatic macroin-

vertebrates to low levels of copper and zinc (mean concentra-

tions = 12 ug/L and 15 ug/L, respectively) in outdoor experi-

mental streams significantly reduced the number of taxa,

number of individuals, and abundance of most dominant taxa

within 4 d. After 10 d, macroinvertebrate responses to metals

in these streams were similar to those observed at the Clinch

River, a system receiving heavy metal effluents. The effects

of these effluents varied among groups of aquatic insects in

both the field and in experimental streams. Ephemeroptera and

Tanytarsini chironomids were the most sensitive groups

examined. Isonychia bicolor, one of the dominant mayflies

collected, was reduced by 99% within 4 d in treated streams.

In contrast, Orthocladiini chironomids were highly tolerant

of heavy metals. Abundance of these organisms did not differ

significantly between reference and low effluent sites in the

field, and abundance was significantly greater in treated

experimental streams than in controls after 10 d. Heavy metal

tolerance of Hydropsychidae was intermediate between these

groups. After 10 d in treated streams, abundance of these

organisms was reduced by '50%. Caddisflies were, however,
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more sensitive to heavy metals in the field than in experi-

mental streams. The similarity of my experimental results to

those obtained from Clinch River field sites suggests that

outdoor stream mesocosms may be employed to predict community

responses of aquatic insects to heavy metals.
‘

Introduction

Production of heavy metals and their discharge into

aquatic receiving systems have increased greatly in recent

years (Moore and Ramamoorthy 1984). The effects of these

effluents on aquatic invertebrates have been well documented

in the laboratory (Warnick and Bell 1969; Brown 1977; Spehar

et al. 1978; Kosalwat and Knight 1987). Although results of

these experiments show considerable Variation between

species, in general most aquatic invertebrates are quite

sensitive to heavy metals (Hodson et al. 1979). Several

investigators however, have noted the limitations of labora-

tory bioassays and have suggested that these tests be

supplemented with more environmentally realistic procedures,

including field sampling and experimentation (Cairns 1983,

1986; Odum 1984; Kimball and Levin 1985). Traditionally, most

field research on the impact of heavy metals has been purely

descriptive (Sprague et al. 1965; Armitage 1980; Ramusino et

al. 1981; LaPoint et al. 1984; Chadwick et al. 1986; Clements

et al. in press a), and, consequently, few attempts have been

made to predict changes in macroinvertebrate communities
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exposed to these effluents. An important exception to the

descriptive approach employed by most field researchers is

the work conducted at Shayler Run by Winner et al. (1975;

1980). These investigators monitored changes in macroinverte-

brate communities exposed to copper (Cu) in experimentally-

polluted streams and concluded that these communities showed

predictable changes in structure along a gradient of heavy

metals stress.

While such experimental manipulations are the most

direct method of determining cause and effect relationships

between toxicants and macroinvertebrate community structure

(LaPoint et al. 1984), logistical and economic considerations

make this an unlikely approach on a large scale. This con-

clusion is particularly meaningful given the recent emphasis

on development of site-specific water quality criteria

(Carlson et al. 1986; Van Hassel and Gaulke 1986). An alter-

native approach, advocated by Odum (1984), involves the use

of mesocosms or "bounded and partially enclosed outdoor

experimenta1" systems.

I used laboratory experimental streams containing

natural assemblages of aquatic insects (Clements et al. in

press b) to show that community—level parameters (number of

taxa, number of individuals) were highly sensitive to Cu

exposure and suggested that this approach may be employed to

predict effects of heavy metals in the field. Here I examined
‘

macroinvertebrate community responses to heavy metals, Cu and
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zinc (Zn), in outdoor experimental Streams. To demonstrate

the predictive ability of my approach, I compared Structural

alterations of these communities to those observed at the

Clinch River, a system receiving heavy metals effluents.

Materials And Methods _

Study site

Eight Sampling Stations were selected at the Clinch

River, a fourth-order tributary to the Tennessee River

located in Russell County, Virginia (see Fig. 3, chapter 1).

The river is °60 m wide and depth ranges from 0.5-0.8 m at

each station. Substrate is dominated by large pebble and

intermediate cobble. Reference Stations 1 and 2 were located

upstream, and reference Station 7 was located directly across

from a coal-fired electric generating plant. Station 8 was

located 50 m downstream of a cooling tower blowdown effluent,

and Station ll was located 30 m below a Second, low volume

waste discharge. These two Stations represented high metals

Sites, whereas Station 13, located 1.0 km farther downstream,

was noted as a low metals site. Recovery Stations 15 and 16

were located 3.0 and 4.5 km downstream of the plant,

respectively.

Colonization dynamics and Clinch River biomonitoring

To determine the impact of heavy metals on colonization

rate, in August, 1986, 36 trays (10 x 10 x 6 cm) containing
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pebble and small cobble Substrate were placed at each of

Stations 2 (reference), 13 (low metals), and 8 (high metals).

Previous studies at the Clinch River (Clements et al. in

press a) showed that only six of these trays were necessary

to detect a 15% reduction in number of individuals and a 12%

reduction in number of taxa at effluent Stations. Six trays

were sampled from each station after 6, 12, 18, 30, 36, and

42 d of colonization by placing a 500-um mesh net directly

downstream and then removing the tray from the stream.

Contents of each tray were washed through a 500-um sieve and

preserved in 10% formalin. In the laboratory, organisms were

sorted in white enamel pans and, except for chironomids,

identified to the level of genus or Species. Chironomids were

identified to tribe.

Six trays were also collected from Stations 1, 7, 11,

15, and 16 on day 30 of the colonization study to examine the

effects of heavy metal effluents on the spatial distribution

of benthic macroinvertebrates in the Clinch River. A11

samples were collected and processed as described above.

Experimental Streams ggg Clinch Riygp sppgy
~

Benthic communities for the experimental stream Studies

were established on trays placed at reference station 2 in

the Clinch River. After 30-d colonization, 48 trays were

removed and placed into 12 separate 7-L coolers (4 trays per

cooler) filled with stream water. Each cooler was supplied
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with an airstone and attached to a 12-V air pump. Trays were

transferred to the Glen Lyn Research Site, located on the

banks of the New River in Giles County, Virginia, and the

trays in each cooler were placed into a separate experimental

stream. Each oval, flow-through stream (76 x 46 x 14 cm) was

supplied with unaltered water drawn from the New River at a

rate of 1.6 L/min, resulting in a turnover time of 13 min.

Current in the streams was provided by paddle—wheels, which

maintained a constant velocity of 42 cm/s.

After 2-d of acclimation, streams were randomly assigned

to one of three treatments: controls (ambient Cu and Zn

levels), low metals (12 ug/L Cu and Zn), and high metals (50

ug/L Cu and Zn). These target values of Cu and Zn in high

metals streams were lower than concentrations previously

measured at station 8. Reduced target concentrations were

used in experimental streams because of lower water hardness

of the New River, which generally increases toxicity of

metals (Winner and Gauss 1986). Peristaltic pumps dripped

stock solutions of Cu and Zn sulfate from 20-L carboys into

each treated stream at a rate of 6 mL/min. After 4 and 10 d

of exposure to metals, two trays from each stream were

removed and processed as described above. Note that trays

collected on days 4 and 10 corresponded to days 36 and 42 of

the colonization study, respectively. Thus, trays collected

from control streams were compared to trays from reference

station 2 at the Clinch River. Similarly, trays collected
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from treated streams were compared to those from effluent

sites in the field.

Water quality

Water temperature, dissolved oxygen, current velocity,

pH, conductivity, hardness, alkalinity, and metals concentra-

tions were measured weekly at all field sites, except for

station 16. Water samples were collected from this station

only on day 30, and metals concentrations were not deter-

mined. Water quality data were collected from each experimen-

tal stream on days 4 and 10. Concentrations of total Cu and

Zn were measured with a flameless atomic absorption spectro-

photometer (Perkin-Elmer Model 370).

Statistical analyses

Design of the experimental streams studies included

three treatments, four replicate streams, and two subsamples

within each stream. Differences between treatments in these

streams and between sampling stations in the field were

determined using one-way ANOVA. All analyses were performed

on ln(n+l) transformed data, as preliminary analyses revealed

a relationship between means and variances for most

variables. If differences in the overall F-test were detected

(p<0.05), Duncan's Multiple Range Test was used to determine

which treatments (or stations) were significantly different

from others.
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I estimated equilibrium numbers of individuals and taxa

for the colonization study using a nonlinear regression pro-

cedure. Colonization data were fitted to a negative exponen-

tial growth equation and estimated equilibrium values were

compared to observed values.

Results

Water guality
U

Water temperature, dissolved oxygen, current velocity,

and pH were similar at the Clinch River and in experimental

streams (Table 7). Other parameters, however, varied between

these locations. Conductivity and alkalinity were both

greater in the Clinch River. More importantly, water hardness

was approximately twice as high in the Clinch River as in

experimental streams.

Mean Cu and Zn concentrations at effluent stations in

the Clinch River were generally higher than in treated

experimental streams (Table 7). The highest concentrations in

the field were recorded from stations 8 and 11. Metals con-

centrations were greatly reduced at station 13, the low

effluent site, and were comparable to upstream reference

sites at station 15. Measured concentrations of Cu and Zn in
A

low metals experimental streams approximated target values,

whereas measured values were °50% less than target concentra-

tions in high metals streams.
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Colonization dynamics

After 6 d, and on each subsequent sampling occasion,

both the number of taxa and number of individuals per tray

were significantly greater at reference station 2 than at

either effluent stations 8 or l3 (Fig. 9). Colonization at

the reference station was rapid during the first 18 d, after

which the number of taxa and number of individuals became

asymptotic and little additional increase occurred after day

30. Both the observed number of taxa and individuals per tray

were within the 95% confidence intervals of estimated equili-

brium values by day 30, as determined by nonlinear regression

analyses (Table 8).

Trays collected from station 2 on days 6 and l2 were

dominated by Orthocladiini and Chironomini, which accounted

for 43-46% of the total organisms. These early colonists were

gradually replaced by net—spinning caddisflies (Hydropsyche

morosa and Cheumatopsyche sp.), which increased in relative

abundance from 3% on day 6 to 38% on day 42. The relative

abundance of mayflies (Isonychia bicolor, Baetis brunneico-

lgr, Stenonema modestum, Tricorythodes sp., Caenis sp.,

Pseudocloeon sp., and Potamanthus sp.) also increased from

20% on day 6 to 32% on day 42.

Macroinvertebrate abundance was significantly greater at

station 13 than at station 8 on each sampling date, except

day 18 (Fig. 9). Abundance at this low effluent site was

greatest on day 36, but was still reduced to only 32% that of
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the reference station. Significant differences in number of

taxa between these effluent stations occurred only on days 6

and 36. Trays from station 13 were dominated by Orthocla—

diini, which accounted for 42-66% of all organisms collected.

Relative abundance of hydropsychid caddisflies increased from

8% on day 6 to 29% on day 42, with a concomitant decrease in

Chironomini. Mayflies were rare at this station (<2 indivi-

duals per tray), and therefore trends in their relative

abundance were not apparent. Similarly, trends in relative

abundance of dominant macroinvertebrates at the high effluent

site were not obvious due to reduced total number of indivi-

duals.

Clinch River biomonitoring
“

_

Both the number of taxa and number of individuals per

tray were significantly reduced at all effluent stations

compared to upstream reference sites (Fig. 10). The greatest

reduction in both variables was observed at station ll, the

second effluent site. The number of taxa increased at down-

stream recovery sites, but was still slightly lower than at

upstream reference stations. Duncan’s Multiple Range Test

indicated that the number of taxa at station 16 was signifi-

cantly less than reference stations 1 and 7. Macroinverte-

brate abundance also increased downstream and was slightly,

although not significantly, greater at recovery stations than

at reference sites. This increase was primarily the result of
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greater abundance of Hydropsychidae and Orthocladiini at

stations 15 and 16.

The spatial distribution of dominant groups at the

Clinch River was clearly influenced by heavy metal effluents

(Fig. 11). Except for Orthocladiini, abundance of each group

was significantly reduced at metals sites compared to

upstream reference stations. In contrast to other groups,

Ephemeroptera showed no indication of recovery at station 13,

the low effluent site. While mayfly abundance increased at

station 15, complete recovery did not occur until station 16.

Tanytarsini chironomids were also significantly reduced

at all metals stations; however, their distribution among

both reference and recovery sites was highly variable. For

example, abundance was significantly greater at reference

station 2 than either stations 1 or 7. Complete recovery of

Tanytarsini occurred at station 15, but abundance was again

reduced at station 16.

The number of Hydropsychidae also varied among upstream

reference sites and was significantly reduced at station 1

compared to stations 2 and 7. Caddisflies recovered at

station 15, and abundance was significantly greater at both

recovery sites than reference stations 1 and 2.

Orthocladiini chironomids were considerably more

tolerant of heavy metal effluents that other groups. The only

pairwise comparison showing significant differences among

upstream reference and high effluent sites were stations 7
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l
and 8. Abundance of Orthocladiini was actually greater at

station 13, the low effluent site, than at reference station

1, and abundance continued to increase downstream.

Comparison pf Clinch River ggg experimental streams

q Macroinvertebrate community responses to heavy metals in

experimental streams were similar to those in the Clinch

River (Fig. 12). Within four days, both the number of taxa

and number of individuals were significantly reduced in

treated streams compared to controls (Table 9). In addition,

macroinvertebrate abundance was actually greater in control

experimental streams than at the reference station on both

sampling days. Despite greater abundances in these streams,

the shapes of the curves for the experimental streams andy

Clinch River field sites were virtually identical by day 10.

The responses of dominant groups of aquatic insects

(Ephemeroptera, Hydropsychidae, Orthocladiini, and Tanytar-

sini) to heavy metals in experimental streams were also

similar to those observed at the Clinch River, particularly

on day 10 (Fig. 13). Ephemeroptera and Tanytarsini were the
-

most sensitive organisms examined. Both groups were signifi-

cantly reduced in low metals streams and at the low effluent

site on days 4 and 10. Although abundance of Tanytarsini

decreased in control experimental streams on day 10, this

response was also observed in the field. Mayfly abundance

increased in control streams on day 10 and was greater in
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these streams than at the reference site on both days.

There was only slight variation in responses to heavy

metals between mayfly taxa. Within 4 d, each of the dominant

species was significantly reduced in low metals streams.

Isonychia bicolor was particularly sensitive, being reduced

by 99% in low metals streams on day 4. Stenonema modestum and

y Baetis brunneicolor, the other dominant taxa collected, were

somewhat less sensitive, each being reduced by 74% in these

same streams.

Hydropsychidae (Hydropsyche morosa and Cheumatopsyche

sp.) were more tolerant of heavy metals than either Ephemer—

optera or Tanytarsini, particularly in experimental streams.

Caddisflies were reduced only by 35-40% in treated streams on
U

day 4, compared to 75-85% for these more sensitive groups.

The impact of heavy metals on caddisflies at the Clinch River

was similar between days, but varied between days in experi-

mental streams. In particular, abundance in high metals

streams was reduced on day 10 compared to day 4.

The response of Orthocladiini chironomids to heavy

metals was quite different from that observed for other

groups. In the field, abundance was not significantly dif-

ferent between reference and low effluent sites on either

day. Although the number of Orthocladiini in treated streams

was reduced on day 4, abundance was significantly greater in

low metals streams than in either controls or high metals
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streams on day 10.

Due to differences in sensitivity to heavy metals, the

percent composition of dominant macroinvertebrates in both

experimental streams and at the Clinch River varied between

metals/effluent levels (Fig. 14). Within levels, however, the

percent composition was similar between experimental streams

and the field. At the reference station and in control

experimental streams, sensitive taxa such as Tanytarsini,

Isonychia bicolor, Stenonema modestum, and Baetis brunnei-

color accounted for 29-39% of the total organisms collected.

In contrast, at the low metals site and in low metals experi-

mental streams, these groups comprised only 3-17% of total

abundance. In treated streams and at effluent sites in the

field, these sensitive taxa were replaced by more tolerant

groups, such as Orthocladiini and Hydropsychidae, which

accounted for 60-90% of total individuals. The percent com-

position of these tolerant groups in high metals streams

increased from 65% on day 4 to greater than 90% on day 10.
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Discussion

Results of my experimental studies and field biomon-

itoring support the findings of other researchers who have

shown major alterations of macroinvertebrate community

structure in streams receiving heavy metals (Winner et al.

1980; LaPoint et al. 1984; Chadwick et al. 1986; Clements et

al. in press a). More importantly, the similarity of these

results to those obtained from the Clinch River indicate that

macroinvertebrate responses to heavy metals are, as suggested

by Winner et al. (1980), highly predictable. Within 10 d,

number of organisms, number of taxa, and abundance of domi-

nant groups in control and treated experimental streams

reflected values observed at reference and effluent stations

in the Clinch River, respectively. These responses of macro-

invertebrate communities to heavy metals in experimental

streams occurred rapidly. Within 4 d in low metals streams,

macroinvertebrate abundance and number of taxa were reduced

by 57% and 24%, respectively. These findings suggest that my

approach may provide a cost—effective alternative to actual

field experimentation for predicting the impact of toxicants .

on benthic communities.

Responses gf dominant macroinvertebrates tg heavy metals

Field and laboratory evidence suggests decreased heavy

metals tolerance from chironomids, to caddisflies, to may-

flies (Wiederholm 1984), and my results support these
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findings, In my experiments, mayflies were virtually elimi-

nated after 10 d of exposure in low metals streams. Although

there was little variation among taxa, Isonychia bicolor was

somewhat more sensitive to heavy metals than other species.

In both laboratory and field tests, I; bicolor was found to

be more sensitive to Cu than either Stenonema sp. or

Ephemerella sp. (W. H. Clements, unpublished data). Estimated

96-h LC50 values for this species ranged from 5-10 ug/L Cu,

indicating that these are probably among the most sensitive

aquatic insects examined.

The spatial distribution of mayflies at reference, ef-

fluent, and recovery stations in the Clinch River also

reflected the impact of heavy metals on these organisms.

Ephemeroptera was the only group significantly reduced at

station 15, the first recovery station. Abundance of mayflies

at station 8, where Cu and Zn concentrations were highest,

was greater than stations 11 and 13. This difference was a

result of greater numbers of highly mobile taxa, such as I;

bicolor and Baetis brunneicolor, which probably arrived from

upstream reference stations via drift and were not permanant

residents on the substrates.

Several investigators have reported the tolerance of

chironomids for heavy metals (Surber 1959; Sprague et al.

1965; Winner et al. 1975, 1980; Armitage 1980; Waterhouse and

Farrell 1985; Chadwick et al. 1986). While my results support

these findings, it is important to note that responses to
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heavy metals differed greatly among groups of chironomids.

For example, Tanytarsini were highly sensitive to heavy

metals in both the field and in experimental streams. Ander-

son et al. (1980) reported a 28-d LC5O of 3 ug/L Cu for this

group. Armitage (1980) found that Tanytarsini dominated low

Zn sites in a mine drainage area, whereas Orthocladiini were

more abundant at high Zn sites. In my study, Orthocladiini

were the dominant organisms collected at all effluent sta-

tions in the field and in treated experimental streams. The

tolerance of Orthocladiini for heavy metals is well estab-

lished. Surber (1959) reported increased abundance of

Cricotopus bicinctus at sites receiving Cu and chromium.

Waterhouse and Farrell (1985) also found that two species of

Orthocladiini, QL bicinctus and QL infuscatus, dominated

stations impacted by heavy metals. Thus, it appears that the

response of Orthocladiini to heavy metals may be analogous to

that of some oligocheates (e.g. Tubifex tubifex and Limno-

drilus hoffmeisteri) to organic pollution.

Although tolerance of this group for heavy metals may

explain their dominance relative to other, more sensitive

organisms, it does not explain why abundance was greater in

treated streams and at effluent sites than controls. In-

creased abundance of Orthocladiini may have resulted from

reduced numbers of potential competitors that were eliminated

from treated streams and effluent sites. Alternatively, these
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organisms may have responded to increased abundance of a

particular resource. Surber (1959) noted that Orthocladiini

feed on resistant blue-green algae that often dominate metals

polluted areas. At effluent sites in the Clinch River and in

treated experimental streams, blue-green algae was abundant

and may have provided a resource not available at reference

sites and in control streams. The unique response of Ortho-

cladiini to metals and their potential usefulness as an

indicator of metals pollution requires further investigation.

Hydropsychidae was also tolerant of heavy metals in both

the field and in experimental streams. In low metals streams,

caddisfly abundance did not vary between days 4 and 10,

indicating that these organisms could survive at relatively

low concentrations of Cu and Zn. In the field, Hydropsychidae

‘were significantly reduced at effluent sites, but not to the

extent observed for Ephemeroptera and Tanytarsini. The number

of caddisflies also increased significantly at stations 15

and 16 compared to upstream reference sites. As with Ortho-

cladiini, increased abundance of Hydropsychidae may have

resulted from either reduced abundance of other groups or

increased availability of some resource.

Advantages pf ppp; approach

Presently, most multispecies toxicity research involves

simply testing groups of aquatic organisms simultaneously,

with little concern for species interactions (Mount 1985).
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These assemblages are often highly synthetic and are fre-

quently selected out of convenience and need for standardiza—

tion rather than ecological relevance. While this approach

is, by definition, a multispecies test, I feel that its only

advantage over conventional single species tests is in the

efficiency of testing several taxa simultaneously.

Niederlehner et al. (1985) discuss the importance of using

naturally-derived communities of organisms for toxicity

testing. We feel that the main advantage of our procedure is

the ability to predict responses of macroinvertebrate com-

munities to toxicants. For example, this approach could be

employed to validate site—specific water quality criteria

prior to the actual release of an effluent. This method could

also be useful in situations where logistical problems make

it impossible to measure impact directly from field sampling.

Each of these situations will require making a prediction

that should be based on environmentally realistic procedures

(Van Hassel and Gaulke 1986).

The approach described here is also more environmentally

realistic than that employed in previous studies. Organisms

were collected with their substrate and placed into outdoor

experimental streams receiving unaltered river water. Since

these trays accumulate both detritus and periphyton during

colonization (W. H. Clements, personal observation), a

natural food source is available. Experimental conditions in

stream mesocosms were highly favorable for maintaining aqua-
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tic insect populations, as indicated by the greater abundance

of most organisms in control experimental streams compared to

the reference station in the field. There are several poten-

tial explanations for these apparent increases, including

oviposition by adults, immigration via the diluent water, and

growth of early instars beyond 500 um during the study. While

the exact explanation is uncertain, the important point is
4

that not only can these communities be maintained in experi-

mental streams, but macroinvertebrate abundances were

actually greater at the end of the experiment. In addition,

the percent composition of dominant groups in control experi-

mental streams and at the reference field site remained

similar.

Finally, my approach will provide an opportunity to test

organisms that are rarely included in standard laboratory

bioassays. For example, many of the taxa that colonize these

trays, especially early instars of some mayflies, cannot be

tested using conventional procedures because of difficulties

collecting and maintaining them in the laboratory. These

early life stages of aquatic insects often comprise a signi-

ficant portion of benthic communities and are usually quite

sensitive to pollution. It therefore follows that these

organisms should be included in toxicity testing and estab-

lishment of water quality criteria.
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CHAPTER FOUR

Site-Specific Validation of Macroinvertebrate Community

Responses to Copper: the Role of Water Quality

Abstract

Experiments were conducted in artificial streams to

examine the influence of water quality on macroinvertebrate

community responses to copper (Cu). Macroinvertebrate

communities were established on substratum-filled trays

placed in the Clinch River and transferred to two artificial

stream systems receiving water from different sources.

Alkalinity and hardness in Clinch River (CR) streams were

approximately 2-3 x's greater than in New River (NR) streams.

Effects of Cu were more severe in NR than in CR streams.

After 4 d, total macroinvertebrate abundance was reduced by

32% in NR streams (measured concentration = 6 ug Cu/L) and by

and 25% in CR streams (measured concentration = 15 ug Cu/L).

After l0 d Tanytarsini chironomids, the dominant and most

sensitive organisms collected, were eliminated from NR

streams at l3 ug Cu/L but reduced by only 35% in CR streams

at l2 ug Cu/L. Results of canonical discriminant analysis

also revealed greater effects of Cu in NR streams. After 10

d, macroinvertebrate communities in 9 ug Cu/L NR streams were

similar to those in 24 ug Cu/L CR streams.

Responses to Cu in both experimental streams and at

impacted field sites were highly variabile among taxa.
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Orthocladiini chironomids and net-spinning caddisflies were

quite tolerant of Cu in experimental streams and were the

only groups that recovered in the field. Our results

demonstrate the importance of accounting for both water

quality differences as well as composition of the resident

fauna for establishing site—specific water quality criteria.

Introduction

Toxicity and availability of heavy metal effluents to

aquatic organisms are greatly influenced by water quality

characteristics of receiving systems. In particular, the

inverse relationship between heavy metals toxicity and water

hardness or alkalinity has received considerable attention

(Cairns and Scheier 1957; U.S. EPA 1980). Various chemical

and biological explanations for the observed detoxification

of metals by hardness and alkalinity have been proposed,

including reduced availability, reduced uptake, and increased

excretion rates (Pascoe et al. 1986). Most research docu-

menting this relationship has been conducted either with fish

(Miller and Mackay 1980; Pascoe et al. 1986) or daphnids

(Winner and Gauss 1986), whereas few studies have shown

how water quality affects toxicity of metals to aquatic

insects. Gauss et al. (1985) reported reduced copper toxicity

for Chironomus tentans at greater water hardness, but con-

cluded that our understanding of how water quality affects

toxicity and bioavailability for different species and life
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stages is incomplete.

Because of these potential modifying effects of water

quality on metals toxicity, a number of researchers have

_ suggested that water quality criteria should be derived on a

site-specific basis (Cairns 1957; Carlson et al. 1986; Van

Hassel and Gaulke 1986). In 1983, the U.S. Environmental

Protection Agency published guidelines for establishing such

criteria for metals, based on bioassays using both laboratory

and site water (U.S. EPA 1983). More recently, Van Hassel and

Gaulke (1986) employed field biomonitoring data to calculate

site specific water quality criteria for copper in the Clinch

River, a system receiving heavy metals from a coal—fired

electric generating plant.

While there has been considerable research documenting

how hardness-alkalinity affects metal toxicity in the labora-

tory, I can find no experimental studies showing how water

quality influences toxicity in the field. Strict reliance on

single species, laboratory bioassays for establishment of

water quality criteria has recently been criticized, and a

number of researchers have suggested that these tests be

supplemented with more environmentally realistic approaches

(Cairns 1983; Odum 1984; Kimball and Levins 1985). Clements

et al. (in press b) exposed natural assemblages of aquatic

macroinvertebrates to copper in laboratory streams and demon-

strated that communuity level parameters (number of indi-

viduals, number of taxa, abundance of dominant taxa) were
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highly sensitive indicators of metal stress. This approach

has also been employed in outdoor experimental streams to

predict effects of copper and zinc on macroinvertebrate com-

munities in the field (Chapter four). Here I use a similar

approach and compare macroinvertebrate community responses to

copper in two outdoor experimental stream systems receiving

water from different sources. My objectives were: 1) to show

how water quality, particularly hardness and alkalinity,

affected Cu toxicity in outdoor experimental streams; 2) to

compare responses among several dominant species of aquatic

insects; and 3) to compare responses in experimental streams

to those observed at impacted field sites.

Materials and Methods

To document the effects of heavy metals on macroin-

vertebrate communities in the field, during August 1987,

substratum-filled trays were colonized at six stations in the

Clinch River (see Fig. 3, chapter 1). Station 2, the refer-

ence station, was located 1 km upstream from a coal-fired

electric generating plant. Impacted stations 13, l3A, and 13B

were located 1.0, 1.2, and 2.0 km downstream from the p1ant's

cooling tower blowdown discharge, respectively. Copper con-

centrations of this effluent ranged from 300-400 ug/L.

Recovery stations 15 and 16 were located 3.0 and 4.5 km

downstream from the plant, respectively. After 30 d coloniza-

tion, six trays were sampled from each station. To prevent
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the loss of organisms, a 500·um mesh net was placed directly

downstream from each tray and the tray was removed from the

stream. Contents were washed through a 500-um sieve and the

organisms retained were preserved in 10% formalin. In the

laboratory, organisms were sorted in white enamel pans and,

except for chironomids, identified to genus or species.

Chironomids were identified to tribe.

During this same period, macroinvertebrate communities

for the experimental stream studies were established on

substratum-filled trays placed at station 2. After 30 d

colonization, 84 trays were removed and placed into separate

7-L coolers (4 trays per cooler) which were supplied with

airstones and attached to a battery—operated air pump.

Thirty—six of these trays were then transferred to nine

outdoor experimental streams located at the Clinch River

plant, and the four trays in each cooler were placed into a

separate stream. Current in each oval, flow through stream

(95 x 71 x 14 cm) was provided by paddlewheels, which main-

tained a constant current velocity of 38 cm/s. Each stream

received water drawn directly from the Clinch River,

upstream from the plant effluents, at a rate of 1.5 L/min,

resulting in a turnover time of ”30 min.

The forty—eight remaining trays were transferred to 12

experimental streams (4 trays per stream) located at the Glen

Lyn Research Site. These streams (76 x 46 x 14 cm) received
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water directly from the New River at a rate of 1.5 L/min,

resulting in a turnover time of
”l4

min.

After 2-d acclimation, the nine Clinch River (CR)

streams were randomly assigned to one of three treatments:

controls, 12, and 25 ug Cu/L. Similarly, the 12 New River

(NR) streams were randomly assigned to one of four treat-

ments: controls, 6, 12, and 25 ug Cu/L. Peristaltic pumps

dripped stock solutions of copper sulfate from 20-L carboys

into each treated stream. Two trays were removed from each

stream after 4 and 10 d exposure to copper and processed as

described above.

To estimate additional colonization of these trays from

river water, two uncolonized trays were placed into each of

three separate CR streams and sampled after 12 d. To estimate

macroinvertebrate abundance in the field during these experi-

ments, six colonized trays were collected from station 2 on

days 4 and 10 (after 36 and 42 d colonization in the Clinch

River). All samples were collected and processed as described

above.

Water samples were collected from all experimental

streams on days 4 and 10 and from each field station at the

beginning and end of the biomonitoring study. Alkalinity,

hardness, conductivity, and total Cu concentration were

measured in the laboratory. Acid—so1uble Cu was analyzed

using inductively coupled plasma emission spectrometry. Tem-

perature, pH, and dissolved oxygen were measured directly in
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the experimental Streams and at each field site.
1Differences between treatments in CR and NR experimental

Streams and between Stations in the Clinch River were ana-

lyzed using one-way ANOVA. A11 analyses were performed on

ln(n+l) transformed data, as plots of residuals indicated

heterogeneity of variances among treatments. If differences

in the overall F-test were significant, Duncan'S Multiple

Range Test was employed to determine which treatments (or

Stations) were different from others.

Macroinvertebrate community responses to copper in

experimental Streams were also analyzed using canonical dis-

criminant analysis. This multivariate technique separates

treatments, based on linear combinations of variables (in

this case dominant taxa), and identifies which variables were

responsible for this Separation. The procedure also provides

a graphical representation of Separation and overlap among

treatments.

Results

Water quality

While water temperature, pH, and dissolved oxygen were

similar between stream Systems, conductivity, alkalinity and

hardness were 2-3 times greater in CR than in NR Streams

(Table 10). Measured Cu concentrations in CR Streams approxi-

mated target values, whereas concentrations in NR Streams
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were less than target values. Below, all results will be

presented using only measured copper concentrations.

Water quality at Clinch River reference and recovery

stations was similar to that in CR control streams. Copper

concentrations were greatest at station 13 (33 ug/L), the

first impacted site, and decreased rapidly downstream. Copper

concentrations were below the limit of detection (<2 ug/L) at

station 13B.

Clinch River biomonitoring

Heavy metal effluents had a severe impact on benthic

communities at the Clinch River (Table ll). Total macro-

invertebrate abundance was reduced by 80-90% at the three

impacted sites. While some evidence of recovery was apparent

at station 16, the furthest downstream site, macroin-

vertebrate abundance was still only 36% that of the reference

station. The total number of taxa was also significantly

reduced at impacted stations, but recovered at station 16.

Mayflies and Tanytarsini chironomids, which comprised

“80% of the upstream community, were particularly sensitive

to heavy metal effluents. These organisms were eliminated

from impacted stations and showed little indication of re-

covery at the furthest downstream site. Impacted stations

were dominated by Orthocaldiini chironomids, which accounted

for 41-82% of the total individuals. Relative abundance of

this group was reduced at recovery stations 15 and 16. The
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Table ll. Mean macroinvertebrate abundance, number of taxa, and abundance

of dominant taxa at biomonitoring stations in the Clinch River (n=6).

Results of one—way ANOVA and Duncan's Multiple Range Test are also

included. Means with the same letter were not significantly different.

Station

2 13 13A 13B 15 16 F-value

a a c . a bc ab *
Orthocladiini 27.8 23.5 9.5 26.2 11.5 23.5 5.3

a e e d c b ***
Tanytarsini 218.3 0.0 0.0 2.8 12.7 24.0 463.4

a d c b a ab ***
Cheumatopsyche 18.3 0.2 2.3 9.2 17.5 16.0 36.9

sp.
b d c b a a ***

Hydropsyche 8.3 0.2 1.8 5.0 33.2 35.7 27.9
bifida

a c c c c b ***
Baetis 19.0 0.0 0.0 0.0 0.0 1.7 136.1
brunneicolor

a c c c c b ***
Stenonema ll.3 0.0 0.0 0.0 0.3 0.8 89.0

_modestum
a b b b b ab *

Isonychia 5.0 0.0 0.0 0.2 0.0 1.3 4.3
bicolor

a d d c b b ***
Number of 342.3 28.5 23.0 56.8 99.3 124.8 102.7
individuals

a d c c b_ a ***
Number of 17.2 3.7 7.0 8.2 11.7 14.5 61.3

taxa

t tt tät

p<0.01; p<0.00l; p<0.0001;
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downstream community at these stations was dominated by net-

spinning caddisflies, Cheumatopsyche sp. and Hydropsyche

morosa. This latter species was the only taxa showing a

significant increase downstream compared to the upstream .

reference station.

Experimental streams

Macroinvertebrate communities in both CR and NR experi-

mental streams responded quickly to Cu exposure (Fig. 15).

Within 4 d, total abundance was reduced by 58-65% in streams

receiving the highest copper concentrations. The number of

taxa was reduced in treated NR streams on both sampling days

and in CR streams after 10 d exposure. Results of Duncan's

Multiple Range Test indicated that the lowest measured Cu

concentration in NR streams (2-3 ug/L) had no effect on

macroinvertebrate abundance on day 4, or number of taxa on

either sampling day. Abundance was, however, significantly

reduced in these streams on day 10.

Macroinvertebrate abundance in control experimental

streams after 4 and 10 d was 50-100% greater than on trays

removed from station 2 after 36 and 42 d colonization. The

greater abundance in experimental streams was not a result of

additional colonization of CR trays from river water. After

12 d, previously uncolonized trays contained only 18.7

organisms per tray (n=3; s.d.=5.3), and chironomids accounted

for 93% of these organisms.
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Figure 15. Effects of copper on number of individuals and

number of taxa in NR (solid lines) and CR (broken lines)

experimental streams. Data from days 4 and 10 in experimental

streams and from reference station 2 at the Clinch River

(open circles) are included. Each point represents the mean

number per tray. Within stream systems, treatments with the

same letter were not significantly different.
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Effects of Cu were more severe in NR streams on both

sampling days, as indicated by lower macroinvertebrate abun-

dance in these streams compared to CR streams at similar Cu

concentrations. Four day LC50 values for total individuals,

estimated by inspection of Fig. 15, were ”25 and 14 ug Cu/L in

CR and NR streams, respectively. After 10 d exposure, these)

values decreased to
”14

and 8 ug Cu/L in CR and NR streams.

The response of Tanytarsini chironomids, the dominant

organisms collected, was also greater in NR than in CR ex-

perimental streams (Fig. 16). Within 4 d, abundance of Tany-

tarsini was reduced by 91% in NR streams at 19 ug Cu/L. In CR

streams, there was no significant difference in abundance of

Tanytarsini between controls and the 15 ug Cu/L streams. In

CR streams at 33 ug Cu/L, these organisms were reduced by

79%. Estimated 4 d LC50 values for this group were 8 and 23

ug/L in NR and CR streams, respectively.

The dominant mayflies collected (Baetis brunneicolor,

Stenonema modestum, and Isonychia bicolor) were highly sen-

sitive to copper exposure (Fig. 16). Each species was signi-

ficantly reduced in CR and NR treated streams on day 4, and

two taxa, Q; brunneicolor and I; bicolor, were eliminated

after 10 d. Stenonema modestum were more tolerant of Cu

exposure than other mayfly taxa, particularly in CR streams,

and was the only species remaining after 10 d exposure to the

highest Cu levels. There was also some indication that

effects of Cu on §; modestum were greater in NR streams, but
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in general mayfly responses were similar between systems.

Net-spinning caddisflies, Cheumatopsyche sp., and Ortho-

cladiini chironomids were quite tolerant of Cu exposure.

Significant treatment effects were observed for

Cheumatopsyche sp. only in NR streams after 10 d exposure.

These organisms were also more sensitive to copper in NR than

in CR streams on day 10. The response of Orthocladiini to Cu

was quite different from that observed for other groups and

was highly variable between CR and NR streams. In general,

these organisms did not show a typical dose-dependent

response to increased Cu, as peak abundance often occured at

intermediate to high Cu concentrations.

Multivariate analysis of these data was employed to

compare treatment and water quality effects in CR and NR

streams. This analysis, which was based on abundance of the

six dominant taxa, showed the degree of separation and over-

lap among treatments in CR and NR streams, where greater

overlap indicated greater similarity of macroinvertebrate

communities. Results showed three distinct groups on both

sampling days (Fig. 17). On day 4, Group I consisted of all

control streams, 3 ug Cu/L NR streams, 6 ug Cu/L NR streams,

and the 15 ug Cu/L CR streams. Groups II and III consisted of

33 ug Cu/L CR streams and 19 ug Cu/L NR streams, respec-

tively. Thus on day 4, only the two highest Cu treatments

were distinctly different from other treatments. Separation

of these groups was based primarily on abundance of Tanytar-
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sini, which was the dominant component of canonical variable

1, and Orthocladiini, which was the dominant component of

canonical variable 2. The distribution of treatments among

groups changed after 10 d exposure to Cu. On day 10, Group I

consisted only of control streams and the 2 ug Cu/L NR

streams. The remaining treatments, except for the 13 ug Cu/L

NR streams, were included in Group II. Separation of groups

on day 10 was based primarily on abundance of E; brunneicolor

(canonical variable 1) and reduced abundance of Tanytarsini

(canonical variable 2).

Discussion

These experimental results demonstrate the importance of

accounting for water quality characteristics of the receiving

system as well as composition of the resident fauna in estab-

lishing site-specific criteria for metals. Effects of Cu on

benthic communities were greater in NR than in CR streams on

both sampling days. Tanytarsini chironomids, which dominated

control streams and the field reference site, were eliminated

from 13-19 ug Cu/L NR streams but reduced by only 23-35% in

CR streams at similar concentrations. Multivariate analyses
”

of these data also revealed the greater impact of Cu in NR

streams, as indicated by inclusion of the 8 ug Cu/L NR

streams with the 12 and 24 ug Cu/L CR streams on day 10.

The greater alkalinity and hardness of Clinch River

water most likely accounted for the reduced Cu toxicity
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observed in CR streams. Gauss et al. (1985) compared effects

of Cu on chironomids in hard and soft water which was similar

to water in my CR and NR streams. They reported 96 h LC50

values of 17 ug Cu/L in soft (43 mg/L CaCO3) water and 98 ug

Cu/L in hard (172 mg/L CaCO3) water. Winner and Gauss (1986)

also observed reduced metals toxicity in hard water for

daphnids, but noted that the presence of humic acid compli-

cates this relationship. Since dissolved organic carbon was

not measured in my streams, the influence of these materials

on observed Cu toxicity is unknown.

My experimental results demonstrated significant varia-

bility in Cu toxicity among groups of aquatic insects. Tany-

tarsini chironomids and the mayflies QL brunneicolor and T;

bicolor were especially sensitive to Cu, whereas Ortho-

cladiini and Cheumatopsyche sp. were quite tolerant. These

findings were consistent with those reported elsewhere

(Surber 1959; Sprague et al. 1965; Winner et al. 1975; Peter-

son and Peterson 1983; Chadwick et al. 1985 ), and show that

macroinvertebrate community responses to heavy metals are, as

suggested by Winner et al. (1980), highly predictable.

Observed differences in Cu sensitivity among taxa may be

related to differences in trophic habits, as food ingestion

is potentailly an important route of metals uptake. Smock

(1983a) showed that differences in feeding habits of aquatic

insects affected bioconcentration of metals. The trays

employed in my experiments were colonized by a diverse assem-
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blage of aquatic insects representing several functional

feeding groups (sensu Merritt and Cummins 1978), thus pro-

viding an opportunity to examine the influence of feeding

habits on Cu sensitivity. In general, sensitivity to Cu was

unrelated to these trophic relationships. Tanytarsini and

Orthocladiini, which were among the most and least sensitive

groups, are both classified as collector—gatherers (Merritt

and Cummins 1978). Similarly, Cheumatopsyche sp. and I;

bicolor, which also differed greatly in their sensitivity to

Cu, are co11ector—filterers.

Certain morphological characteristics of aquatic insects

may influence their susceptibility to heavy metals. Hodson et

al. (1979) note that variation in acute toxicity among inver—

tebrate taxa is related to the nature of the body covering.

For example, stoneflies and coleopterans, which possess

heavily sclerotized plates, are highly tolerant of heavy

metals (Warnick and Bell 1969; Nehring 1976; Spehar et al.

1978). Although stoneflies were uncommon in my samples,

Stenelmis sp., the dominant coleopteran collected, was signi-

ficantly more abundant at impacted station 13B than any other

site.

Owing to their membranous structure and permeability,

gills are an important target for heavy metals injury in

aquatic organisms (Simpson 1980; Young et al. 1981). Peters

et al. (1987) reported that alkaline pH disrupted chloride
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cell ultrastructure in gills of Ä; bicolor. I speculate that

the external, plate-like gills of these organisms may have

influenced their sensitivity to Cu in my experiments.

Organism size influences toxicity and bioaccumulation of

heavy metals, and the high surface to volume ratio of aquatic

insects makes them especially sensitive (Kosalwat and Knight

1987). Smock (1983b) reported an inverse relationship between

body size and metals concentration in mayflies, and suggested

that surface adsorption was primarily responsible. In my

experiments there was little evidence that size affected

sensitivity to Cu between taxa. within taxa, however, there

was some evidence that Cu toxicity was greater among small

individuals, a finding which has been reported by several

investigators (Clubb et al. 1975; Hodson et al. 1979; Gauss

et al. 1985). On day 10, trays from control streams were ·

dominated by very small, early instar mayflies. Since these

organisms did not colonize streams during the experiments,

they were obviously present on day 4 but represented by eggs

or first-instars which passed through the 500-um sieve.

Therefore the greater effects of observed Cu on day 10 were,

in part, a result of greater numbers of these highly sensi-

tive organisms, which dominated control streams but were

eliminated from treated streams.

Differences in sensitivity to Cu exposure among aquatic

insects were also evident from field biomonitoring at the

Clinch River. Mayflies were completely eliminated from im-
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pacted Stations and represented by < 5 individuals per tray

at the furthest downstream site. Impacted Stations were domi-

nated by Orthocladiini chironomids, which were gradually

replaced by net-Spinning caddisflies further downstream. The

significant increase in abundance of Hydropsyche morosa at

Stations 15 and 16 was also observed during the 1986 Survey

of the Clinch River (Chapter 4). These results were similar

to those reported by Sprague et al. (1965), in which caddis-

flies were found to be 2.5 times more abundant at metal

impacted sites than at upstream reference sites.

Macroinvertebrate communities failed to recover at the

furthest downstream Stations, even where Cu concentrations

approximated upstream, reference station values. This sug-

gests that reduced macroinvertebrate abundance at these sta-

tions was not due to direct toxic effects of metals per se,

but rather to some indirect mechanism. Since colonization of

substrates occurs primarily via drift (Townsend and Hildrew

1976), failure of these downstream communities to recover may

have been a result of reduced abundance of potential colo-

nists from upstream, impacted sites.

My experimental results suggest that heavy metal ef-

fluents, discharged at Similar concentrations, would have

greater impact on benthic communities in the New River than

in the Clinch River. These findings Support the recent trends

toward development of site-specific criteria for metals. I
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recommend, however, that these criteria be developed using

environmentally realistic procedures and based on responses

of resident organisms. On day lO of my experiments, both NR

and CR control streams were dominated by highly sensitive,

early instar mayflies. Since these organisms are rarely in-

cluded in standard laboratory bioassays, criteria based on

these simple laboratory tests may be underprotective. I feel

that my experimental approach, which exposes natural assem-

blages of aquatic organisms to toxicants in systems receiving

site water, will be useful for establishing these site-

specific criteria.
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CHAPTEE FIVE

The Effects of Copper Exposure on Predator—Prey

Interactions in Macroinvertebrate Communities

. Abstract

Experiments were conducted in artificial streams to

examine the influence of chronic levels of copper exposure on

predator—prey interactions between stoneflies, Paragnetina

fumosa, and their invertebrate prey. Substrate—fil1ed trays

colonized by aquatic insects were transferred to 12 artifi-

cial streams, which were randomly assigned to one of four

treatments: controls, no predators; controls, with predators;

dosed, no predators; and dosed, with predators.

Effects of Cu (target concentration = 6 ug/L) on macro- ·

invertebrate communities were relatively moderate, as abun-

dance in dosed streams (no predators) was only 12% lower than

controls. In contrast, stoneflies significantly reduced total

abundance and abundance of most dominant taxa. Of the nine

dominant taxa examined, Serratella sp., Pseudocloeon sp., and

Chironomini were most affected by predation. Vulnerability to

predation was significantly greater in dosed streams for two

net·spinning caddisflies (Chimarra sp. and Hydropsyche moro-

sg), but predation on the remaining groups was not affected

by copper exposure. Results of stonefly stomach analyses

showed that Hydropsychidae was the major component of the
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diet and that the number of Hydropsychidae per stonefly gut

was significantly greater in dosed streams than controls.

Introduction

The influence of toxicants on predator—prey interactions

in fish has received considerable attention (Goodyear 1972;

Hatfield and Anderson 1972; Kania and O'Hara 1974; Sullivan

et al. 1978; Woltering et al. 1978). These interactions, which

integrate important behavioral components of both predators

and prey (Heath 1987), are often quite sensitive to stress.

Sullivan et al. (1978) reported greater Vulnerability of

fathead minnows to predation by largemouth bass following

chronic exposure of prey to cadmium. Effects were observed at

concentrations well below the estimated maximum allowable

toxicant concentration (MATC) for fathead minnows. Similar

results have been reported for mercury (Kania and O'Hara

1974) and insecticides (Hatfield and Anderson 1972), and are

usually attributed to alteration in predator avoidance

behavior of exposed prey.

When predator and prey are simultaneously exposed to a

toxicant, the situation most likely to occur in the field,
A

different results may be obtained. Exposure of both predator

and prey to toxicants may result in either similar, in-

creased, or decreased predation intensity (Fig. 18). Varia-

tion in predation intensity is most likely to occur if the

behavior of predator or prey is differentially affected by
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Figure 18. Hypothetical model of the combined effects of

toxicants and predators on macroinvertebrate abundance. a)

null model- no interaction between toxicants and predators;

b) predation lower in dosed streams; c) predation greater in

dosed streams.
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toxicants. Woltering et al. (1978) noted decreased vu1nera—

bility of mosquitofish to bass predation when both were

exposed to ammonia. These results were explained by the

greater impact of ammonia on bass than on mosquitofish.

The lack of evidence showing that community or ecosystem

level processes can be predicted from single—species tests is

probably the most oft—cited justification for development of

more sophisticated testing procedures. I can find no examples

in the literature of how species interactions among stream

invertebrates are affected by toxicants, despite the evidence

that these interactions are important in structuring benthic

communities (Allan 1982; McAuliffe 1984; Hart 1985; Peckarsky

1985). Predacious stoneflies for example are particularly

effective at reducing prey populations in streams (Peckarsky

1985). Since stoneflies are highly tolerant of heavy metals,

° whereas their prey (mayflies, caddisflies, chironomids) are

often more sensitive (Warnick and Bell 1969; Nehring 1976;

Spehar et al. 1978; Clements et al. in press b), there is

the potential for metals to influence predator—prey interac-

tions among these organisms.

In this study, I examine the influence of copper (Cu) on

predator-prey interactions between stoneflies (Paragnetina

fumosa) and their invertebrate prey. Experiments were con-

ducted in replicate artificial streams to test the hypothesis

that predation intensity would be greater in streams dosed

with Cu.
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Materials and Methods

Macroinvertebrate communities were established on

substratum-filled trays placed in the New River (Giles Co.,

Virginia) during October, 1987. Previous experiments have

shown that these trays are rapidly colonized by a diverse

assemblege of organisms (Clements et al. in press a). After

30 d colonization, each tray was recovered by placing a 500-

um mesh net directly downstream to prevent the loss of

organisms. Trays were removed from the stream, placed into 7-

L coolers filled with stream water (4 trays per cooler), and

transferred
’

1 km to the Glen Lyn Research Laboratory. The

four trays from each cooler were placed into one of 12

experimental streams. These flow-through, indoor streams (76

x 46 x 14 cm) received unaltered water directly from the New

River at a rate of 1.5 L/min, resulting in a turnover time of

14 min. Current in each stream was provided by paddlewheels,

which maintained a constant velocity of 38 cm/s. A 12L:12D

photoperiod was maintained in the laboratory using f1uores—
'

cent lights.

After 2 d acclimation, the streams were randomly

assigned to one of four groups (Fig. 19): controls, no preda-

tors (C-NP); controls, with predators (C·P); dosed, no preda-

tors (D—NP); and dosed, with predators (D-P). Dosed streams

received Cu at target concentrations of 6 ug/L. This concen-

tration was chosen because previous experiments showed that 6

ug/L had only moderate impact on macroinvertebrate communi-
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Figure 19. Experimental design employed to detect effects

of metals, predators, and interaction of these factors on

macroinvertebrate community structure.
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ties (chapter 4). Peristaltic pumps delivered stock CuSO

solution from 20-L carboys to each dosed stream. Six stoiefly

predators (Paragnetina fumosa) were placed into each preda-

tion stream. Stoneflies (13-20 mm) were collected from nearby

Sinking Creek, a third-order tributary to the New River.

After 14 d, all trays were removed and the contents

washed through a 500-um sieve. Organisms retained were pre-

served in 10% formalin, sorted in white enamel pans, and,

except for chironomids, identified to genus or species. Chi-

ronomids were identified to tribe. To estimate initial mac-

roinvertebrate abundance and community composition, six trays

were also sampled from the New River after 30 d colonization

and preserved in the field. These samples were processed as

described above.

Stomach contents of stoneflies (n = 34) were examined at

the end of the experiment. The foregut of each individual was

removed and prey were identified and counted using a dis-

secting scope.

Water samples were collected from experimental streams

after 7 and 14 d exposure to Cu and analyzed for hardness,

alkalinity, and Cu concentration. Total acid-soluble Cu was

analyzed using inductively-coupled, plasma emission spectro-

metry. Temperature, pH, dissolved oxygen, and conductivity

were measured in each stream on the same days.

Differences among predator and Cu treatments in experi-

mental streams were analyzed using two-way ANOVA. Significant
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interaction between the two main factors in this model indi-

cates that predation effects were influenced by Cu exposure.

Results

Except for Cu concentration, the various water quality

parameters examined were similar among streams (Table 12).

Measured Cu concentrations approximated target values in

dosed streams and were below the limit of detection (<2 ug/L)

in controls.

Exposure to Cu reduced macroinvertebrate abundance and

Shannon’s diversity, but had no effect on the number of taxa

(Fig. 20). Although the effect of Cu on abundance was signi-

ficant (Table 13), the total number of organisms in D-NP

streams was only 12% less than in C-NP streams, indicating

that these effects were relatively moderate. Most dominant

groups were not affected by Cu, and only two taxa, Serratella

sp. and Chimarra sp., were significantly reduced in dosed

streams. Since abundance of Chimarra sp. in C·NP and D-NP

streams was similar, the significant Cu effect observed for

this group was a result of the significant metals x predation

interaction. Abundances of Isonychia bicolor, Hydropsyche

morosa and Chironomini were reduced in dosed streams, but

these treatment effects were not significant (p=0.068, 0.053,

and 0.067, respectively).
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Table 13. Results of two—way ANOVA. F-values for the two main

factors and interaction effects are included.

Metals Predation Interaction

Cheumatogsyche 1.79 18.43** 0.36

Hydrogsyche 5.14 9.94* 5.64*

Orthocladiini 0.64 18.70* 0.42

Isonychia 4.45 1.88 0.04

Serratella 5.91* 17.99** 0.08

Stenonema 0.00 10.11** 0.11

Pseudocloeon 0.26 26.14** 0.00

Chironomini 4.47 7.28* 0.01

Chimarra 8.23 7.90* 15.07**

Total abundance 27.63** 181.96*** 2.64

Number of taxa 2.58 1.49 0.66

Diversity (H') 6.71* 21.74** 0.00

*p<0.05; **p<0.005; **p<0.0001
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In contrast to the moderate effects of Cu, stoneflies

had a major impact on macroinvertebrate communities, signifi-

V cantly reducing abundance, diversity, and abundance of most

dominant groups (Fig. 20; Table 13). In streams with preda-

tors (both C-P and D-P) the total number of organisms was

reduced by 35-42% compared to streams without predators. Of

the nine dominant taxa examined, only I; bicolor failed to

show a significant response to stonefly predation. The may-

flies, Serratella sp. and Pseudocloeon sp., and Chironomini

were most affected by predation. These organisms were reduced

by 66-72% in C-P and D-P streams compared to those without

predators.

Significant metals x predator interaction was observed

for two taxa. Predation on the caddisflies Hydropsyche morosa

and Chimarra sp. was significantly greater in dosed streams.

For both taxa, predation had little affect in control streams

but greatly reduced abundance in dosed streams. For the

remaining taxa, as well as the community level parameters

examined, predation intensity was similar among control and

dosed streams.

The greater Vulnerability of Hydropsychidae to predation

in dosed streams was also evident from analysis of stonefly

stomach contents (Table 14) The mean number of Hydropsychidae

per stonefly gut was significantly greater in dosed streams

than in controls (Student's t=2.l3, p=0.05). The total number
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Table 14. Results of stomach contents analysis of Paragnetina

fumosa from control (n=16) and dosed (n=l8) streams. Values

given are the mean per stonefly j standard deviation.

Controls Dosed

Number of prey 1.6 (j) 0.6 1.9 (j) 0.4

Number of Hydropsychidae 1.1 (j) 0.3 1.5 (j) 0.1

Percent Hydropsychidae 70 (j) 9 81 (j) 18
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of prey per stonefly was also greater in dosed streams, but

this difference was not significant. Stoneflies showed strong

preference for caddisflies, particularly Hydropsychidae.

On day 14, these organisms comprised 70% and 81% of the

stomach contents of stoneflies from C-P and D-P streams,

respectively.

Discussion

These results demonstrated that chronic exposure of

benthic communities to Cu (< 6 ug/L) significantly increased

predation on two of the nine dominant taxa examined. Results

of gut analyses also showed that predation on Hydropsychidae

— was significantly greater in dosed streams. For the remaining

groups, as well as the various community level parameters
“

.

examined, predation intensity was similar in control and

dosed streams.

Both taxa showing significant metals x predation inter-

action were net-spinning caddisflies. while the number of

Chimarra sp. in experimental streams was relatively low,

Hydropsyche morosa was the second most abundant species col-

lected and accounted for ’l8% of total individuals in control

streams. Hydropsychid caddisflies were also the major compo-

nent of stonefly diets. The preference of a related species,

Paragnetina media, for net-spinning caddisflies has been

reported elsewhere (Fuller and Hynes 1987).

Abundance of Hydropsychidae was similar in C-NP and D-
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NP streams, indicating the tolerance of these organisms for

heavy metals (Fig. 20). Several other investigators have

noted that caddisflies are resistant to heavy metals (Winner

et al. 1975; Chadwick and Canton 1986; Clements et al. in

press a), thus the significant metals x predation interaction

for this group was surprising. Greater vulnerability of

Hydropsyche to predation in dosed streams may have resulted

from a change in behavior of these organisms; however, since

my experiments did not include behavioral observations, I can

only speculate about the mechanism responsible for this

interaction. There is evidence that heavy metals disrupt

si1k—spinning in Hydropsychidae and result in anomalies in

capture net structure (Petersen and Petersen 1983). If these

alterations caused Hydropsyche to spend more time outside of

their retreats, maintaining or repairing capture nets, then

predation pressure on these organisms would be increased.

Hershey and Dodson (1985), for example, reported that vul-

nerability of chironomids to predation was a function of the

amount of time these organisms spent outside their tubes.

This explanation is complicated by the fact that predation on

Cheumatopsyche sp., the dominant caddisfly in my streams,

was not affected by Cu.

While gut analyses revealed that caddisflies were the

major component of stonefly diets, abundance of most taxa was

also reduced by predation, suggesting that these organisms

consumed a wide variety of prey. In C—P and D—P streams,

112



total macroinvertebrate abundance was reduced by 107-116

organisms compared to streams without predators. Peckarsky

(1985) reported that reduced prey abundance in cages con-

taining stoneflies was a result of either predator avoidance

and/or actual prey consumption. Since prey could not em-

migrate out of my experimental streams, differences between

C-NP and C-P streams were a direct result of prey consump-

tion. Per capita predation rates, estimated from the above

values, were 1.27 and 1.38 prey/stonefly/day in control and

dosed streams, respectively. These values were comparable to

those obtained from stonefly gut analyses in the present

study (Table 14) as well as those reported in the literature

for related species (Peckarsky 1985).

The importance of biotic interactions in structuring

benthic communities is often influenced by levels of dis-

turbance (Menge 1976; Dayton 1971). Peckarsky (1983) proposed

a conceptual model of stream community structure and hypo-

thesized that biotic interactions among stream invertebrates

would become less important as physical and chemical condi-

tions become harsh. My experimental results were in contrast

to this prediction, as species interactions among stoneflies

and caddisflies were actually greater in treated streams. It

must be noted, however, that levels of disturbance in these

experiments were moderate, as indicated by the lack of Cu

effects on most taxa. Previous experiments have shown that
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higher levels of Cu exposure (12-25 ug/L) have severe effects

on macroinvertebrate communities (Clements et al. in press

b). I hypothesize that at these higher levels of stress, the

importance of predation will be reduced and physical/chemical

conditions will determine the structure of benthic communi-

ties.114



Summary of Results

Chapter ppp

1. Substrate-filled trays were rapidly colonized by a diverse

assemblege of aquatic macroinvertebrates and approached

equilibrium conditions within 2-3 weeks.

2. Observed differences in colonization rates during 1985 and

1986 were most likely the result of differences in macro-

invertebrate density between years.

3. Substrate-filled trays were less variable than either

multiplate or Surber samplers; only six samples were

necessary to detect a 15% reduction in abundance and a 12%

reduction in number of taxa at metal—impacted field sites.

4. Since these samples were relatively small and did not

accumulate large amounts of organic detritus, the time
u

required to process samples was greatly reduced.

Chapter pgp

1. After 6 d in control experimental streams, macro-

invertebrate communities on substrate-filed trays were

·
similar to those in the field, indicating that these

communities can be maintained in the laboratory with

little evidence of control mortality.

2. Acute exposure of these communities to Cu significantly

reduced abundance and number of taxa and altered community

composition during each season.

3. Ephemeroptera were quite sensitive to Cu exposure,
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particularly during summer experiments when water

temperatures were higher; other seasonal differences in

community responses to Cu were attributed to differences

in species composition of introduced substrates.

4. The introduced substrates employed in these studies

are amenable to experimental manipulation and will provide

a unique opportunity to examine community responses to

toxicants.

Chapter three

1. Colonization of introduced substrates was faster at

reference stations than at metal-impacted sites in the

Clinch River.

2. Chironomids were the earliest colonists on all trays; at

the reference station, these organisms were gradually

replaced by caddisflies and mayflies, whereas at impacted

stations Orthocladiini chironomids dominated trays during

the entire 42-d study.

3. Abundance of Hydropsychidae increased significantly at

recovery stations 15 and 16 compared to upstream reference

sites.
·

4. Tanytarsini chironomids and mayflies were eliminated from

impacted field sites in the Clinch River.

5. Macroinvertebrate community responses to Cu and Zn in

experimental streams were similar to those observed in the
l

field, suggesting that these responses were highly
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predictable.

6. Increased abundance of Orthocladiini in dosed experimental

streams and at impacted field sites may be analagous to

the response of Tubifex tubifex to organic pollution.

7. The use of natural assembleges of aquatic insects for

toxicity testing provides an opportunity to examine the

responses of organisms rarely included in standard

laboratory bioassays.

Chapter jpg;

1. The reference site at the Clinch River was dominated by

mayflies and Tanytarsini chironomids, which were

eliminated at impacted sites.

2. In contrast to results of the 1986 benthic survey, these

sensitive organisms showed little indication of recovery

at stations 15 and 16.

3. Impacted and recovery sites were dominated by

Orthocladiini and the net-spinning caddisflies,

Hydropsyche morosa and Cheumatopsyche sp.

4. The greater impact of Cu in New River streams was most

likely a result of the lower hardness and alkalinity of

New River water compared to Clinch River water.
n

5. Multivariate analyses of these data also revealed the

greater impact of Cu in New River streams. After 10 d of

exposure to Cu, macroinvertebrate communities in New River

streams at 9 ug Cu/L were similar to those in Clinch River
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streams at 24 ug Cu/L.

6. Considerable Variation in response to Cu exposure was

observed among taxa in experimental streams. The mayflies,

Isonychia bicolor and Baetis brunneicolor, were highly

sensitive to Cu whereas Orthocladiini chironomids and

hydropsychid caddisflies were quite tolerant.
‘

7. These results demonstrate the importance of accounting for

both water quality and composition of the resident fauna

when establishing criteria for metals.

Chapter äiyg ·

l. Predation by Paragnetina fumosa in experimental streams

had a major impact on macroinvertebrate communities. Total

abundance was reduced by 35-42% in streams with predators.

2. Stonefly predation on two taxa, Hydropsyche morosa and

Chimarra sp., was significantly greater in dosed streams

than controls.

3. Analysis of stonefly stomach contents also revealed

greater Vulnerability of Hydropsychidae to predation in

dosed streams.
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