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Abstract—We examined the influence of heavy metal pollution from an abandoned mine on benthic macroinvertebrates, at population
and community levels, and the potential amount of food available for drift-feeding fish in northern Japanese streams. We studied
multiple polluted and unpolluted sites with similar longitudinal positions to avoid problems caused by upstream–downstream
comparisons. The ranges of zinc, copper, cadmium, and lead concentrations among the study sites were 5 to 812 �g/L, less than
0.12 to 5.2 �g/L, less than 0.0026 to 4.9 �g/L, and 0.1 to 18.6 �g/L, respectively. The abundance of several populations and
community metrics showed a significant negative response to heavy metal pollution. Mayfly diversity and abundance was relatively
sensitive to heavy metal pollution. In addition, the biomass of groups of macroinvertebrate taxa that are highly available for
salmonids were significantly reduced at metal-polluted sites; this decrease in the most highly available group was noticeable (99%
at the heavily polluted upper sites and 69% at the moderately polluted lower sites in spring). These results suggest that we should
consider the indirect effect of pollution on food availability for the conservation of fish populations that depend on drifting
macroinvertebrates.
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INTRODUCTION

Metal pollution is of widespread concern for ecological
management of streams and rivers. Mining and industrial ac-
tivities, effluent from sewage treatment plants, and urban run-
off may be major sources of heavy metals in riverine habitats.
Heavy metal pollution is well recognized to affect many lotic
organisms [1]. The purpose of ecological risk assessment is
to contribute to the protection and management of the envi-
ronment through scientifically credible evaluation of ecolog-
ical effects due to human activities [2]. Ecological risk as-
sessment for chemicals in particular can provide environmental
criteria or standards. Several studies have reported on the acute
and chronic toxicity of heavy metals for fish and aquatic in-
vertebrate species [3–5]. Although single-species toxicity tests
in the laboratory can estimate toxicity thresholds for individual
organisms and endpoints for survival, growth, or reproductive
measures, they do not necessarily assess the impact to natural
populations of the target species [6]. Nakanishi [7] noted that,
except in special cases, protecting every organism should not
be the objective of chemical risk management. In addition,
many ecologists have pointed out the importance of evaluating
the ecological risks at population and higher levels [8].

Benthic macroinvertebrate assemblages contain species
with various sensitivities to contaminants and have been wide-
ly used to evaluate the ecological impacts of metal contami-
nation in streams [9–11]. They play vital roles in lotic food
webs by forming a major link between primary producers and
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higher trophic levels and in lotic ecosystems by regulating
organic matter decomposition and nutrient cycling [12]. Some
studies have investigated the effects of heavy metal pollution
on leaf-litter breakdown [13] and secondary production of
macroinvertebrates [14]; however, the impact of heavy metals
on macroinvertebrates has not been evaluated in terms of their
food value for fish, even though invertebrates are an important
food source for many moving-water fish species. It is of par-
ticular importance to evaluate the effects of heavy metal pol-
lution on drift-prone macroinvertebrates, on which most com-
mercially or recreationally important salmonid species depend.

In Japan, an environmental water quality standard for total
zinc (Zn) was established at a recommended value to prevent
population extinctions of aquatic organisms [15; www.env.
go.jp/council/toshin/t094-h1504.html]. The standard Zn con-
centration in the freshwater environment is 0.03 mg/L and was
determined by the nonobserved effect concentration of chronic
toxicity for the mayfly Epeorus latifolium [4] based on results
of laboratory single-species toxicity tests for a variety of spe-
cies. However, this value may be too conservative for the
prevention of population extinctions because it is not based
on population-level risk for any species. It is necessary to
investigate macroinvertebrate populations in rivers with wide-
ly varying degrees of Zn contamination to assess whether the
existing standard Zn concentration limit is accurate. In Japan,
little accurate data is available regarding the effects of heavy
metals on riverine organisms under natural conditions. Al-
though some research has been conducted in areas with mining
activity [16,17], most have compared only upstream unpol-
luted sites with downstream polluted sites and their results
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Fig. 1. Map of study sites (S) and the abandoned Hosokura Mine.

have suffered from the confounding effects of indigenous lon-
gitudinal variation [18,19].

The objective of the present study was to examine the in-
fluence of heavy metal pollution on riverine benthic macro-
invertebrates at population and community levels. In particular,
we evaluated heavy metal effects on potential food availability
for drift-feeding fish. We conducted field surveys in northern
Japanese streams, one of which is polluted by heavy metals
originating from an abandoned mine.

MATERIALS AND METHODS

Study sites

We conducted the present study in the Nihasama River, its
tributary the Namari River, and tributaries of the Ichihasama
River, all of which are located in the Hasama River catchment
in the Tohoku region, Japan (Fig. 1). An abandoned mine (the
Hosokura Mine) exists in the upstream area of the Namari
River. This mine produced the highest levels of lead (Pb) and
Zn in Japan but was abandoned in 1987. Mine wastewater is
still discharged into the Namari River after being neutralized,
and sedimentation is treated using calcium hydroxide. Spring-
water from the bed of the Namari River near the mine contains
high concentrations of Zn, cadmium (Cd), copper (Cu), and
Pb [20]. Preliminary research revealed relatively high con-
centrations of these heavy metals in the Nihasama River at the
downstream confluence with the Namari River. We thus se-
lected five sites in the Nihasama River catchment as metal-
polluted sites and four sites in the Ichihasama River catchment
as unpolluted sites (Fig. 1), where the polluted and unpolluted
sites showed similar longitudinal positions. This approach
avoids problems caused by upstream–downstream compari-
sons [18,19]. All study sites were cobble-dominated, well-
defined riffles.

Benthic macroinvertebrates

We sampled benthic macroinvertebrates in summer (Sep-
tember 2004) and spring (April 2005) at all sites except site

6, which was surveyed only in spring. At each site, we col-
lected macroinvertebrates using a Surber net (mesh size �
0.25 mm) from five stones (maximum diameter � 15–20 cm)
that were chosen randomly. Samples were preserved in 10%
formalin in the field. In the laboratory, we rinsed the samples
through a 0.5-mm sieve. The retained invertebrates were sorted
and generally identified to genus or species. Biomass (wet wt)
of each taxon was determined by weighing all individuals of
that taxon together for each sample.

Benthic macroinvertebrate assemblages were analyzed us-
ing abundances (individual numbers per stone) of dominant
taxa (mostly genus or species), abundances of dominant fam-
ilies, and benthic community metrics, including total taxon
richness, total abundance, total taxon richness of Ephemer-
optera, Plecoptera, and Trichoptera (EPT), total EPT abun-
dance, and total abundance and taxon richness of three major
aquatic insects groups (mayflies, caddisflies, and chironomids).
The dominant taxa and families were defined separately in
each season as those that accounted for more than 5% of total
abundance at any site.

We also analyzed invertebrate assemblages using biomass
metrics in terms of food availability for drift-feeding fishes.
All taxa found in the present study were categorized into one
of six groups showing different drift propensity according to
Rader [21], in which many aquatic invertebrate species were
ranked and classified using their traits (e.g., propensity to in-
tentionally drift, habitat, mobility, and body size) to evaluate
their importance as a food resource for salmonids. For taxa
that were not examined in Rader [21], we ranked and cate-
gorized them by following his procedure, as shown in the Table
S1. Groups with smaller numbers were composed of more
available taxa for salmonids. We calculated the biomass of
each of six groups and the total invertebrates. Because the
biomass metrics may be greatly affected by rare occurrences
of large-bodied taxa, we excluded taxa that occurred on less
than 5% of stones (Semisulcospira and Protohermes grandis)
for this calculation.
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Table 1. Result of principal components (PC) analysis on physicochemical variables, followed by varimax rotation in summer and springa

Variables

Factor loadingb

Summer (2004)

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

Spring (2005)

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

Cu NA NA NA NA NA NA 0.88 �0.07 0.24 �0.22 �0.18 �0.29
Zn 0.96 0.99
Cd 0.99 0.96
Pb 0.90 �0.23 0.95
Temperature 0.22 �0.42 0.53 0.33 0.62 0.78 �0.32 0.22 �0.27
pH 0.99 0.94 0.22
DO 0.68 �0.26 0.64 �0.89 0.28
BOD �0.72 0.40 0.53 �0.23 �0.30 0.32 0.29 0.82
TOC �0.26 �0.28 �0.74 0.38 �0.35 �0.42 �0.61 �0.26 �0.47
Conductivity 0.95 0.20 0.99
Hardness 0.94 0.20 0.99
Catchment area 0.60 �0.32 0.36 0.28 0.56 0.35 0.70 0.59
Stream width 0.31 0.95 0.22 0.93
Riffle width 0.32 0.92 0.22 0.95
Stream depth 0.20 0.93 0.22 �0.26 0.56 0.26 0.33 0.27
Stream velocity 0.89 0.39 0.89 0.30 �0.32
Stone depth 0.77 0.53 0.99
Stone velocity 0.93 0.25 �0.24 0.36 0.29 0.45 0.71
Stone size 0.26 0.91 0.27 �0.22 �0.74 �0.33 �0.36 �0.36
Contribution (%) 31.5 16.9 10.5 11.2 10.0 17.5 38.1 12.3 10.4 16.2 12.4 5.8

a NA � data not available; DO � dissolved oxygen; BOD � biochemical oxygen demand; TOC � total organic carbon.
b Factor loading is omitted if the absolute value is smaller than 0.2.

Table 2. Total heavy metal concentrations (�g/L) and first principal component score (PC 1) derived from physicochemical data from the study
sites in summer and springa

Site Categoryb

Cu

Summer Spring

Zn

Summer Spring

Cd

Summer Spring

Pb

Summer Spring

PC 1

Summer Spring

1 HU BD 5.2 812 447 4.9 2.79 18.6 11.4 1.59 1.75
2 HU BD 4.4 457 377 4.7 3.97 8.8 6.2 1.19 1.56
3 ML BD 1.9 301 136 2.7 1.23 3.4 2.1 0.21 �0.11
4 ML BD 1.4 326 152 2.6 1.12 2.9 1.9 0.13 �0.11
5 ML BD 1.3 269 126 2.0 0.90 1.8 2.4 �0.24 �0.02
6 NU BD 3.3 53 64 0.4 0.49 0.8 0.6 �0.69 �0.60
7 NU NA 0.3 NA 5 NA BD NA 0.2 NA �0.73
8 NL BD BD 5 6 BD 0.03 0.2 0.1 �1.19 �1.02
9 NL BD 0.3 7 6 BD 0.01 0.3 0.2 �1.02 �0.73

Result of a priori contrastsc

HU vs NU * * * * *
ML vs NL NS * * NS *

a BD � below detection limit (Cu: 1.4 �g/L, summer; 0.12 �g/L, spring; Cd: 0.0026 �g/L); * � p � 0.05; NA � data not available; NS � not
significant.

b Study sites were divided into four categories: HU � heavily polluted upper sites; ML � moderately polluted lower sites; NU � unpolluted
upper sites; NL � unpolluted lower sites.

c A priori contrasts of HU versus NU and ML versus NL were done after one-way analysis of variance in spring survey (see Data analysis
section for further details).

For all of these invertebrate metrics, means of five stones
at each site were calculated and used for analyses. Abundance
and biomass of invertebrates per stone was log-transformed
(x � 1) before calculation of the site means to satisfy as-
sumptions of later analyses.

Water quality and physical environment

Water temperature, dissolved oxygen, pH, and electrical
conductivity were measured on site, and water samples were
collected when benthic invertebrates were surveyed. Heavy
metals (Cu, Zn, Cd, and Pb), biochemical oxygen demand,
total organic carbon, and water hardness were analyzed in the
laboratory. All measurements and analyses were carried out
according to the Japanese Industrial Standard [22; www.jisc.

go.jp/]. Catchment area was determined for each site using a
digital map 50-m grid (Geographical Survey Institute of Japan,
www.gsi.go.jp/ENGLISH/index.html) and geographic infor-
mation system (ArcGIS 9, Environmental System Research
Institute, Redlands, CA, USA), and these areas were log-trans-
formed for later analyses. Stream width (representative width
of the reach containing the study riffle) and riffle width (rep-
resentative width of the study riffle) were evaluated on site.
Maximum velocity and depth were estimated based on mea-
surements at dozens of places at each site; current velocity at
60% of water depth was measured using an electromagnetic
velocity meter (SF5551-1; Tokyo Keisoku, Tokyo, Japan). For
each stone from which macroinvertebrates were collected, wa-
ter depth at and current velocity (at 60% depth) above its upper
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surface were measured before macroinvertebrate sampling.
The relative surface area of each stone was evaluated as a
product of maximum diameter and maximum boundary length.
These stone variables were averaged at each site for later anal-
yses. The relative surface area of each stone was log-trans-
formed before the calculation of the site mean.

Data analysis

Data collected in summer and spring were analyzed sepa-
rately because of seasonal changes in taxa occurrence. We
intended to determine the effects of heavy metals on benthic
invertebrates after removing other physicochemical character-
istics and to assess each metal effect separately if possible.
However, many high correlations were found between heavy
metal concentrations and other physicochemical variables and
among heavy metal concentrations. To avoid multicollinearity,
we first conducted a principal components analysis on all phys-
icochemical variables and then performed a principal com-
ponents regression. We treated below-detection values of
heavy metals as zero for this analysis. The principal compo-
nents analysis was performed with varimax rotation. As a re-
sult, we obtained a first principal component (PC 1) that was
positively correlated with concentrations of all heavy metals
for either the summer or the spring survey (Table 1). Water
temperature, dissolved oxygen, biochemical oxygen demand,
conductivity, and hardness also showed high loadings to PC
1 in at least one season (Table 1). However, most variation in
water temperature could be attributed to the difference in the
time of measurement on a specific day, and dissolved oxygen
in spring (�9.1 mg/L at all sites) and biochemical oxygen
demand in summer (�1.1 mg/L at all sites) were unlikely to
have large effects on macroinvertebrates in the study sites.
Variation in conductivity and hardness would be caused by
calcium hydroxide derived from the mine water treatment;
therefore, we interpreted PC 1 as the influence of heavy metal
pollution (Table 2). Principal components regressions were
performed using a forward stepwise procedure (Fin � 2.0 to
add, Fout � 1.9 to remove) using the first six PCs (cumulative
contribution � 90%) as independent variables. We focused
only on the significance of the partial regression coefficient of
PC 1.

In addition to regression analysis, we performed analysis
of variance (ANOVA) to compare polluted sites with unpol-
luted sites on each of the upper and lower reaches. Based on
heavy metal concentrations, catchment area, and stream width
(Tables 2 and 3), we placed all nine sites into one of four
categories: heavily polluted upper sites (HU; sites 1 and 2),
moderately polluted lower sites (ML; sites 3–5), unpolluted
upper sites (NU; sites 6 and 7), and unpolluted lower sites
(NL; sites 8 and 9). We performed one-way ANOVA as a
factor of the site category, with a priori contrasts [23] of HU
versus NU and ML versus NL. Because the upper and lower
reaches have different potential fauna and suffer from different
levels of heavy metal pollution, this analysis is complementary
to the regression analysis, despite the small number of repli-
cations. This analysis was also performed for physicochemical
data. As the NU category included only one site in summer,
this analysis was performed for spring data alone. All statistical
analyses were performed using Statistica 6.1 (StatSoft, Tulsa,
OK, USA). We chose a significance level of � � 0.05 for all
analyses.
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RESULTS

Water quality and physical characteristics

Heavy metal concentrations, electrical conductivity, and
hardness were higher at the polluted sites (sites 1–5) than at
the unpolluted sites (sites 6–9; Tables 2 and 4). Concentrations
of heavy metals, except Cu, were generally higher in summer
than in spring. Concentrations of Zn at the polluted sites sub-
stantially exceeded the Japanese Zn standard concentration
(0.03 mg/L). Site 6 showed relatively high metal concentra-
tions compared to the other unpolluted sites, approximately
twice the Zn concentration of the standard value. The pH,
dissolved oxygen, biochemical oxygen demand, and total or-
ganic carbon differed little between the polluted and the un-
polluted sites. Water temperature in spring was higher in the
polluted than in the unpolluted sites, which simply reflected
the timing of measurement as described in the Materials and
Methods section.

Stream sizes of the NU sites were relatively smaller than
those of the HU sites, but depth and velocity at both site
categories fell within the same range (Table 3). Catchment
areas of the NL sites were smaller than those of the ML sites,
where a great deal of water is taken for agricultural use, while
other measured physical characteristics (Table 3) and observed
discharge in spring and summer did not differ much between
these categories.

Responses of dominant taxa and families

Regression analysis revealed the significant negative effects
of heavy metal pollution (PC 1) on the abundances of 38% of
the dominant macroinvertebrate taxa in summer and 36% of
those in spring and on the abundances of 40% of the dominant
families in summer and 71% of those in spring (excluding
Chironomidae, the results of whose abundance are described
in the Community-level responses to heavy metals section).
Abundances of total Ephemerellidae, the baetid mayflies Bae-
tis sp. H, total Baetidae, and total Heptageniidae showed great
negative responses to heavy metals (Fig. 2 and Tables 5 and
S2). In addition, results of ANOVA showed the significant
negative response of the ephemerellid mayfly Uracanthella
punctisetae abundance to heavy metal pollution in the lower
reaches (Table 5). The hydropsychid caddisflies Cheumato-
psyche and Hydropsyche orientalis, total Hydropsychidae, the
chironomids Tvetenia, Polypedilum, Rheotanytarsus, and the
black fly Simulium also showed negative responses to heavy
metals. However, the regression analysis revealed significant
positive effects of heavy metals on abundances of the chiron-
omid Orthocladius and total pupal Orthocladiinae. The tiplid
Antocha and total Tipulidae showed positive or negative re-
sponses to metals, depending on the season. In addition, sig-
nificant positive responses of the abundances of the chirono-
mids Cricotopus and Thienemanniella to heavy metal pollu-
tion in the lower reaches were found by ANOVA.

Community-level responses

Except for chironomid abundance, all macroinvertebrate
community metrics for richness and abundance (total taxon
richness, total abundance, EPT richness, EPT abundance, may-
fly richness, mayfly abundance, caddisfly richness, caddisfly
abundance, and chironomid richness) had significant negative
responses to heavy metal pollution in both seasons in the re-
gression analysis (Fig. 3 and Table 6). Analysis of variance
also showed that some of these metrics were significantly lower
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Fig. 2. Relationship between the first principal component (PC 1) score derived from physicochemical data (correlated with heavy metal
concentrations) and the abundance (log10-transformed) of dominant families in the heavily polluted upper (�), unpolluted upper (�), moderately
polluted lower (�), and unpolluted lower (□) sites in spring surveys. Abundance of chironomids is shown in Figure 3.

at the metal-polluted sites than at the unpolluted sites in spring
(Table 6). Notably, reductions in EPT richness and mayfly
richness and abundance at the polluted sites compared to the
unpolluted sites (NU or NL) were largest and were observed
in both the upper and lower reaches (EPT richness: 85% at
HU and 43% at ML, mayfly richness: 97% at HU and 67% at
ML, mayfly abundance: 99% at HU and 90% at ML). Although
the response of mayfly appeared to be linear with increased
heavy metal pollution, several metrics such as richness and
abundance of caddisfly and chironomid at the ML sites were
comparable to those at the NL sites (Fig. 3). Both methods of
analysis were unable to detect significant responses of chiron-
omid abundance to heavy metal pollution.

Regression analysis detected significant negative effects of
heavy metal pollution on total invertebrate biomass in spring
(Fig. 4 and Table 6). When all site data were compiled, biomass
composition of each drift-propensity group was as follows: in
summer, group 1: 15%, group 2: 26%, group 3: 56%, group
4: 3%, group 5: less than 1%, and group 6: less than 1%, and
in spring, group 1: 10%, group 2: 34%, group 3: 46%, group
4: 8%, group 5: less than 1%, and group 6: 1%. Regression
analysis detected significant negative effects of heavy metal
pollution on the biomass of some of these groups: on group
1 (consisting of the most highly available taxa for salmonids)
in both seasons, on group 5 in summer, and on groups 2 and
3 in spring (Fig. 4 and Tables 6 and S3). Analysis of variance
on the spring data revealed significant reductions in some bio-
mass metrics at the polluted sites (Table 6): in group 1, in both

the upper and the lower reaches (99% at HU and 69% at ML),
and in total invertebrates and in groups 2 and 3, in the upper
reaches only (92, 88, and 98% at HU, respectively). Neither
method indicated that groups 4 and 6 respond significantly to
heavy metal pollution.

DISCUSSION

Our results clearly show that heavy metal pollution ad-
versely affects several macroinvertebrate populations and al-
ters characteristics of the benthic invertebrate community in
Japanese streams. In particular, the abundance of several may-
fly taxa and total abundance and taxon richness of mayflies
were dramatically decreased even at the moderately polluted
sites. The sensitivity of mayflies to heavy metals has also been
well documented in previous studies [9,10]. While negative
effects of heavy metals were observed in the abundance of
some caddisfly and dipteran taxa and in taxon richness of
caddisflies and chironomids at heavily polluted sites, some
chironomid taxa showed positive responses to heavy metal
pollution. Some studies have also reported that certain ortho-
cladine species are tolerant to heavy metals [9,24].

Heavy metals may affect benthic invertebrates indirectly
through alteration of habitat conditions [25] or trophic rela-
tionships [26,27], as well as directly through water contami-
nation. Mining activity often causes sedimentation and in-
creases substratum embeddedness [28]. We observed thick
(1–2 mm) slimy biofilm formation on the upper surface of
stones at the HU sites, which were probably caused by drainage
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Table 5. Results of principal components (PC) regression (summer
and spring) and analysis of variance (ANOVA, spring only) for the

abundance of dominant taxa and familiesa

Dependent variable

Influence of
PC 1b

Summer Spring

Results of
ANOVAc

Upper Lower

Dominant taxa
Uracanthella punctisetae NS NS —
Baetis sahoensis NS
Baetis thermicus NS �0.58 — NS
Baetis sp. H �0.73
Epeorus nipponicus NS NS NS
Cheumatopsyche �0.65 �0.88 — NS
Hydropsyche orientalis NS �0.96 — NS
Psychomyia NS NS NS
Potamomusa NS
Antocha 0.79 �0.45 NS NS
Cricotopus NS NS NS �
Orthocladius 0.88 NS NS NS
Thienemanniella NS NS �
Tvetenia �0.77 NS NS NS
Orthocladiinae (pupa) 0.63 NS NS NS
Polypedilum �0.45
Rheotanytarsus �0.73 — NS
Simulium �0.65 NS NS NS

Dominant families
Ephemerellidae �0.80 — —
Baetidae �0.96 �0.79 — —
Heptageniidae �0.69 — —
Hydropsychidae NS �0.94 — NS
Psychomyiidae NS NS NS
Crambidae NS
Tipulidae 0.61 �0.48 NS NS
Chironomidae see Table 6
Simuliidae �0.65 NS NS NS

a NS � no significant difference. Result is blank when the taxon did
not satisfy dominance criteria in that season (see text).

b The effect of PC 1 (first PC, correlated with heavy metal concen-
trations) represents a significant standard partial regression coeffi-
cient of PC 1.

c The ANOVA result represents a significantly smaller (�) or greater
(�) abundance in polluted compared to unpolluted sites on each of
the upper and lower reaches.

from the mine wastewater treatment using calcium hydroxide.
The slimy biofilm formations would alter the physical habitat
structure and food quality (reduction in organic matter and
algal content) for grazing invertebrates that were dominated
by mayflies at our study sites. Observed reductions in mayflies
at the HU sites may be partly attributed to the biofilm for-
mations.

We conducted the field survey across two river catchments:
one metal polluted and one unpolluted. While this approach
avoids problems caused by upstream–downstream compari-
sons, it is impossible to exactly separate the influence of heavy
metal pollution from catchment-scale effects in our study de-
sign. However, except for heavy metal concentrations, most
physicochemical characteristics critical to riverine benthos did
not differ much between the study sites at similar longitudinal
positions in the two catchments. We selected the unpolluted
catchment in contact with the polluted catchment to avoid such
catchment-scale effects as much as possible. Thus, it is likely
that the differences in catchment characteristics should have
little importance for macroinvertebrates in the present study.

Heavy metals adversely affected the total biomass of the
invertebrate assemblage in spring. Moreover, the biomass of
groups of highly available taxa for salmonids was significantly

reduced at the metal-polluted sites and the reduction in the
most highly available group (group 1) was noticeable. The
biomass of this most highly available group was dominated
by baetid mayflies (72% in summer and 86% in spring), which
were sensitive to heavy metals, as discussed earlier. Salmonid
biomass and production are highly correlated with abundance
of drifting invertebrates [29,30]. Mature rainbow and brown
trout feed mainly on drifting invertebrates [31], and their diet
was similar to the percentage composition of the drifting fauna
during their major feeding periods [32]. Wilzbach et al. [29]
observed a strong correlation between densities of drifting
invertebrates and growth of cutthroat trout. In Southern Ap-
palachian streams trout biomass were typically low because
of low benthic productivity and drift densities [30]. Our results
suggest, therefore, that heavy metal pollution has a negative
effect on potential food availability for drift-feeding fish. We
should take account of indirect effects through reduction of
food, as well as direct effects for ecological risk assessment
of heavy metal pollution on fish populations that largely de-
pend on drifting macroinvertebrates. Levin et al. [6] noted that
such indirect effects should be considered in ecological risk
assessment for chemicals.

Heavy metal pollution also reduced the taxonomic diversity
of the benthic macroinvertebrate assemblages, including EPT
richness. Wallace et al. [33] reported that variation in EPT
richness was related to invertebrate secondary production and
detritus processing. Although we did not directly evaluate
these ecosystem processes, heavy metal pollution might have
affected them in our study streams. Total taxon richness of
Ephemeroptera, Plecoptera, and Trichoptera may also be a
good indicator of heavy metal impacts on potential food bio-
mass for drift-feeding fish because it was highly correlated
with the biomass of the most highly available group (group
1: r � 0.94 [summer] and r � 0.81 [spring]).

One of the most important concepts in ecological risk as-
sessment is assessment endpoints, which are defined as an
explicit expression of the environmental value to be protected
[34]. Kamo and Naito [35] focused on population extinction
as an assessment endpoint in relation to Zn concentration. They
estimated that the Zn concentration to achieve 95% population
protection was 0.107 mg/L based on the results of toxicity
tests for various species. In spring, we detected a reduction in
total taxon richness at the HU sites (Zn: 0.377–0.477 mg/L)
compared to the NU sites (Zn: �0.06 mg/L) but not at the ML
sites (Zn: 0.126–0.152 mg/L) compared to the NL sites (Zn:
�0.01 mg/L). Ephemeroptera diversity was reduced even at
the ML sites compared to the NL sites but not at one NU site
(site 6; Zn: 0.064 mg/L) compared to the other NU site (site
7; Zn: �0.01 mg/L). These results do not contradict Kamo
and Naito’s prediction of population-level effects.

An integrated approach combining laboratory, mesocosm,
and field studies, and ecological modeling is important to eval-
uate ecological impacts [36–40] because each type of study
has specific limitations. Field studies, such as those described
in the present paper, lack strict control sites that differ only
in a single factor from impacted sites. Therefore, our data on
whether the existing Japanese standard Zn concentration is
appropriate are still limited. However, field surveys are pow-
erful tools when observing the status of living organisms under
contaminated conditions in the real world and when docu-
menting ecological effects at population levels. Complemen-
tation of multiple approaches is essential in ecological risk
assessment.
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Fig. 3. Relationship between the first principal component (PC 1) score derived from physicochemical data (correlated with heavy metal
concentrations) and community-level metrics (richness and abundance, log10-transformed, of major aquatic insect group) in the heavily polluted
upper (�), unpolluted upper (�), moderately polluted lower (�), and unpolluted lower (□) sites in spring surveys. EPT � Ephemeroptera,
Plecoptera, and Trichoptera.

SUPPORTING INFORMATION

Table S1. Categorization of taxa into six drift propensity
groups using categories in Rader [21], except for those taxa
(*) that were not examined in his study and were categorized
by following his procedure.

Table S2. Mean abundance (per stone) and biomass (mg/
stone) of dominant taxa at study sites (S) in summer.

Table S3. Mean abundance (per stone) and biomass (mg/
stone) of dominant taxa at study sites (S) in spring.

Table S4. Mean biomass (mg/stone) of total invertebrates
and six drift propensity groups at study sites in summer and
spring. The smaller numbered group is composed of more
available taxa for salmonids (see text for further details).

All found at DOI: 10.1897/08-200.S1 (193 KB PDF).
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Table 6. Results of principal components (PC) regression (summer
and spring) and analysis of variance (ANOVA, spring only) for benthic

community metricsa

Dependent variable

Influence of PC 1b

Summer Spring

Results of ANOVAc

Upper Lower

Total taxon richness �0.90 �0.91 — NS
Total abundance �0.68 �0.61 NS NS
EPT richness �0.95 �0.88 — —
EPT abundance �0.89 �0.93 — NS
Mayfly richness �0.93 �0.83 — —
Mayfly abundance �0.97 �0.88 — —
Caddisfly richness �0.86 �0.89 — NS
Caddisfly abundance �0.64 �0.85 — NS
Chironomid richness �0.64 �0.73 NS NS
Chironomid abundance NS NS NS NS
Biomass
Total invertebrates NS �0.95 — NS
Group 1d �0.96 �0.90 — —
Group 2 NS �0.90 — NS
Group 3 NS �0.96 — NS
Group 4 NS NS NS NS
Group 5 �0.44 NS NS NS
Group 6 NS NS NS NS

a NS � no significant difference; EPT � Ephemeroptera, Plecoptera,
and Trichoptera.

b Effect of PC 1 (first PC, correlated with heavy metal concentrations)
represents a significant standard partial regression coefficient of PC 1.

c The ANOVA result represents a significantly smaller (�) or larger
(�) value in polluted compared to unpolluted sites on each of the
upper and lower reaches.

d The smaller-numbered group was composed of more available taxa
for salmonids (see Benthic macroinvertebrates section for further
details).

Fig. 4. Relationship between the first principal component (PC 1) score derived from physicochemical data (correlated with heavy metal
concentrations) and the biomass (log10-transformed) of total invertebrates and three drift propensity groups in the heavily polluted upper (�),
unpolluted upper (�), moderately polluted lower (�), and unpolluted lower (□) sites in spring surveys. The smaller-numbered group is composed
of more available taxa for salmonids (see Benthic macroinvertebrates section for further details).
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