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Abstract Macroinvertebrates have been widely used
in freshwater ecosystems as surrogates to assess the
impacts of waste discharges and water pollution.
However, often interpretations have been made on
the impact of one pollutant in the presence of others
that may provide an unidentified additive effective or
otherwise confound the results. There have been few
opportunities to study the impact of pollutants without
such potentially confounding effects. We studied
macroinvertebrates using a replicated kick sampling
technique and identified to the family level to assess
and compare the effects of zinc-rich coal-mine waste
and organic pollution from treated sewage on an
otherwise clean upland stream network within a world
heritage area. We used multivariate analysis of
macroinvertebrate assemblages from polluted and
clean sites to measure and compare the effect of each
waste impact to community structure. We also
calculated three widely used biotic indices (Ephem-
eroptera, Plecoptera and Trichoptera (EPT) family
richness, family richness, and abundance) and found
that the EPT index was the only one to respond to
both pollution types. Macroinvertebrate abundance
was an important attribute of the study, with each
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source of pollution having a contrasting effect on total
abundance. It also helped us to measure the relative
response of families to each pollutant. There was an
initial significant modification of macroinvertebrate
assemblages below the outflow of each of the
pollutants, followed by different degrees of recovery
downstream.
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1 Introduction

Macroinvertebrates are widely regarded as one of the
best indicators of the ecological condition of rivers
and streams (Hynes 1960; Hellawell 1986; Rosenberg
and Resh 1993; Metzeling et al. 2006). They have
been used to assess impacts of different types of water
pollution, including sewage wastes (Jolly and
Chapman 1966; Pinder and Far 1987; Cosser 1988;
Whitehurst and Lindsey 1990; Growns et al. 1995;
Wright et al. 1995), mine drainage (Winner et al.
1975; Norris et al. 1982; Mackey 1988; Malmqvist
and Hoffsten 1999; Sloane and Norris 2003), urban
landuses (Chessman and Williams 1999; Walsh et al.
2001; Gresens et al. 2007) and forestry activities
(McCord et al. 2007). However, detailed investigations
of freshwater macroinvertebrates have demonstrated
the difficulty of isolating the effects of the target
impact (e.g. sewage waste, mine drainage pollution)
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from other disturbances generated by human activities
in often highly modified hydrological catchments.
There have been a large number of biotic indices
developed to help interpret stream macroinvertebrate
results from biological assessment of waterways. Two of
the most popular and simply calculated indices are taxa
richness and total abundance (see Resh and Jackson
1993). Abundance is often ignored due to the prolifer-
ation of qualitative rapid assessment methodologies
(e.g. Lenat 1988). The Ephemeroptera, Plecoptera and
Trichoptera (EPT) richness index is one of the most
widely used biotic indices, based on the taxonomic
richness of three common and sensitive macroinverte-
brate orders (Lenat 1988; Lenat and Penrose 1996).
The EPT index has been widely reported to be a robust
and effective index for measuring impairment to stream
macroinvertebrates (e.g. Sheehan 1984; Plafkin et al.
1989; Barbour et al. 1992; Hickey and Clements 1998;
Camargo et al. 2004; Kitchin 2005; Metzeling et al.
2006). Other biotic indices have been developed, such
as the Australian SIGNAL and SIGNAL2 pollution
tolerance indices (Chessman 1995, 2003) and the South
African Chutter index (Chutter 1972) based on the
relative tolerance of macroinvertebrate taxonomic
groups to water pollution within a geographical area.
Studies on the response of macroinvertebrates to
organic and heavy-metal pollution impacts within a
single catchment are very rare. Such situations are
ideal for testing the response of the whole community,
biotic indices and individual taxonomic groups to
different pollution types. One of the only previous
examples was the Nent River (Northern England),
where macroinvertebrates (Armitage 1980; Armitage
and Blackburn 1985) and algae (Say and Whitton
1981) were used to assess the dual impacts of
contamination from several centuries of mining and
organic pollution wastes within an agricultural catch-
ment. While strong impairment of the target biota was
observed, there may have been additional effects on
macroinvertebrate communities other than the target
pollutants due to background contamination, together
with the potential for synergistic and/or overlapping
effects (e.g. Connell and Miller 1984) of the pollutants
that were the focus of the study. It is desirable,
therefore, to conduct studies on macroinvertebrate
communities that focus on the contribution of the
effects of a single pollutant within a ‘clean’ background.
We used quantitative surveys to compare the
effects of contamination from two separate dis-
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charges of heavy-metal contamination and treated
sewage on stream macroinvertebrates within a small
otherwise clean stream network to investigate the
impact of each of these pollution types on resident
macroinvertebrate communities. The use of a small
catchment for the study increased the likelihood of
waterways sharing similar fauna (Corkum 1989)
and minimised biogeographic variation of animals
across sampling sites (Cranston 1995). Although our
preference would have been to conduct a before
versus after, control versus impact (BACI) design
(see Underwood 1991), both waste discharges in the
Grose River catchment were constructed many
decades previously (Wright 2006). To compensate,
we sought to compare macroinvertebrate and water
quality results from waste affected sites with results
from multiple reference sites (Fairweather 1990)
across the catchment, away from the influence of
any known disturbance or waste discharges to
represent the spectrum of undisturbed catchment
physio-chemical and biological conditions.

The questions we addressed in this study are (1) do
macroinvertebrates respond differently to different
types of pollutants, (2) what is the relative effective-
ness of commonly used biotic indices, and (3) is
measurement of macroinvertebrate abundance impor-
tant for pollution assessment?

2 Materials and Methods
2.1 Study Area and Sampling Sites

Field work was carried out on waterways (Table 1) in
the upper Grose River catchment in the Blue
Mountains (33°35" S, 150°15" E), which forms part
of the Great Dividing Range in southeastern Australia
(Fig. 1). Most of the study area is protected as part of
Blue Mountains National Park estate, nested within
the Greater Blue Mountains World Heritage Area
(NPWS 2001; BMCC 2002). Whilst most of the study
area is undisturbed wilderness, roads run along the
outer rim of the catchment to service urban centres,
including Mount Victoria and Blackheath (NPWS
1999). Only a very small proportion of the two
townships lie within the hydrological catchment of
the study area, and urban lands cover less than 2% of
the study area. Further details of the study area are
given in Wright (2006).
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Table 1 Summary information for each of the sampling sites used in this study

Site name Site code Co-ordinates Width Vegetation (Keith Stream Altitude

and Benson 1988) order (m ASL)

Grose River above GEN 33°32.8'S, 150° 16.5' E 12 m Tall open forest form 2nd 750
Engineers track

Grose River below GDK 33°32.9'S, 150° 18.1" E 2-4 m Tall open forest form 2nd 670
Koombanda Brook

Grose River below GDD 33°32.9'S, 150° 18.1"E 24 m Tall open forest form 2nd 585
Dalpura Creek

Grose River at Burra GBK 33°34'S, 150° 18.2" E 2-4 m Open forest form 2nd 485
Korrain

Grose River at GHU 33°34.7' S, 150° 20.2" E 2-4 m Open forest form 2nd 375
Hungerfords Track

Victoria Creek VIC 33°34'S, 150° 182" E 2-3m Closed forest form 2nd 485

Dalpura Creek DAL 33°32.9'S, 150° 18.1' E 12 m Tall open forest form Ist 590

Hat Hill Creek above HHU 33°37.1' S, 150° 18" E Im Blue Mountains Sedge Ist 965
STP discharge Swamp

Hat Hill Creek below HHD 33°36.9' S, 150° 18.1' E Im Blue Mountains Sedge Ist 950
STP Swamp and cleared

grassland
Hat Hill Creek above HHG 33°34.7' S, 150° 19.5' E 1-2m Closed forest form Ist 440

Grose River

Two waste sources discharge into tributaries of the
upper Grose River. One is coal-mine drainage from a
disused underground coal mine ‘Canyon Colliery’
which operated, under various owners, from the
1920s (Macqueen 2007) until 1997 (EPA 2001). A
horizontal mine drainage shaft (Macqueen 2007)
discharges from the abandoned mine into Dalpura
Creek, which shortly thereafter flows into the Grose
River (Fig. 1). The second point source is the
Blackheath sewage treatment plant (STP). It was
constructed in the 1930s and, at the time of sampling,
discharged approximately 0.92 ML/day of secondary
treated effluent to Hat Hill Creek (Sydney Water
2004). Previous monitoring results reported ammonia
levels in the STP effluent discharged to Hat Hill
Creek at mean levels of 4 mg/L (Sydney Water 2004)

Ten sampling sites were selected in the study area
(Table 1; Fig. 1). Four sites were clean reference sites,
unaffected by waste discharges, to represent natural
conditions (GEN, GDK, VIC, HHU). The remaining
six sites were downstream from waste discharges. Three
received mine-drainage (DAL, GDD, GBK) and two
sewage effluent (HHD, HHG). DAL was not sampled
for macroinvertebrates but was sampled only for water
quality, as it was considered to be a point-source impact
of mine drainage into the Grose River. The site GHU
was the furthest downstream in the study and was
subject to a mixture of the two waste sources (Fig. 1).

2.2 Macroinvertebrate Sampling

Macroinvertebrates were collected from nine sites in the
upper Grose River catchment on three occasions (Fig. 1;
Table 1) between April and June 2003. On each
sampling occasion and at each of the nine macro-
invertebrate sites, five quantitative benthic samples were
collected from cobble riffle zones (cf. Resh and Jackson
1993; Wright et al. 1995). The location of each replicate
was randomly selected within a 15-m stream reach.

Samples were collected by ‘kick sampling’. A
‘kick’ net with a frame of 3030 c¢cm and 250 um
mesh was used (Rosenberg and Resh 1993; Wright
1994). Sampling was achieved by disturbing the
stream bottom for a period of 1 min over a 900-cm?
area, immediately upstream of the net. The net
contents, including stream detritus and macroinverte-
brates, were immediately placed into a labelled
storage container and preserved in 70% ethanol.

In the laboratory, the sediment below 250 um was
washed from the sample. The remaining material was
then sorted under a dissecting microscope (x40) to extract
the macroinvertebrates from stream detritus (e.g. leaves,
sticks, rocks, gravel). Macroinvertebrate identification
was determined using the identification keys recommen-
ded by Hawking (1994). All insect groups were
identified to family as these data have been demonstrated
to provide adequate taxonomic resolution for impact
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Fig. 1 Map of survey sites
(square symbols), water-
ways and waste discharge
points in the upper Grose N
River. Site DAL was sam-
pled only for water chemis-
try. Approximate catchment !
boundary is dashed line. \
Inset shows location of
study area in southeastern
Australia. Details on sam- -
pling sites given in Table 1 /
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assessment (Wright 1994; Wright et al. 1995). Some
non-insect groups (Oligochaeta, Temnocephalidae,
Hydracarina, non-Ancylidae Gastropoda) were not iden-
tified to the family level due to identification difficulties.

2.3 Water Quality Sampling

Water quality data were collected from ten sites on
three occasions, including samples from Dalpura
Creek downstream of the mine drainage outflow
(Fig. 1). They were collected immediately prior to
the macroinvertebrates to minimise disturbance due to
kick-sampling. At each site, on each occasion, water
quality was monitored in situ at the centre of the
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waterway using a portable field chemistry meter
(WTW Multiline P4; Universal Meter, Weilheim,
Germany) to measure stream electrical conductivity, pH
and water temperature. Water samples were also collect-
ed in 200 mL plastic bottles for later laboratory analysis.
Water samples were cooled and analysis was conducted
within 72 hours of collection. Replicated measurement
of water quality samples was conducted with multiple
field meter readings taken on each sampling occasion
and duplicate bottles collected for later laboratory
analysis on three different sampling occasions.

These samples were analysed using standard
chemical analysis methods (APHA 1998). Chemical
analysis comprised total zinc (TZn), hardness, alka-
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linity, total nitrogen (TN) and total phosphorus (TP).
On the first sampling occasion, samples were also
assessed for the metals aluminium, arsenic, boron,
barium, cadmium, chromium, cobalt, copper, iron, lead,
manganese, mercury, molybdenum, nickel, selenium,
silver, tin, uranium and zinc. When only zinc was found
to exceed ANZECC (2000) guidelines for ecosystem
protection, subsequent metal analyses were restricted
to zinc, and it is the only metal data presented.

2.4 Data Analysis

Multivariate analyses of macroinvertebrate communi-
ty studies have been demonstrated to be a sound
technique to evaluate the ecology of macroinverte-
brates (Corkum 1989) of freshwater (Norris et al.
1982; Marchant et al. 1994; Wright et al. 1995) and
marine pollution (Clarke 1993; Warwick 1993). Non-
metric multidimensional scaling (NMDS) was per-
formed on the similarity matrix, computed with
square-root transformed macroinvertebrate taxon
abundance data, using the Bray-Curtis dissimilarity
measure (Clarke 1993; Warwick 1993). Two-
dimensional ordination plots represented the dissim-
ilarity among samples. All reference sites were
grouped to test differences by two-way analysis of
similarity (ANOSIM: Clarke 1993) between reference
sites and sites downstream of the waste discharges. In
the ordinations, the influence of particular taxa on
dissimilarities between communities was quantified
using the similarity percentage procedure (SIMPER).
These multivariate analyses were achieved using the
software package PRIMER version 5 (Clarke 1993).

Macroinvertebrate and chemical data were also
analysed using a mixed model analysis of variance
(SPSS V14) with ‘sites’ treated as a fixed factor and
sampling ‘time’ as a random factor. Data were checked
for normality using PP plots and for homogeneity of
variance using Levene’s test. Linear contrasts were used
to test for differences between clean reference sites and
those polluted with either waste discharge.

3 Results
3.1 Macroinvertebrates

A total of 48,069 (54 taxa) macroinvertebrates were
collected with a majority being insects (Table 2).

Family (Fg10s=18.95, p<0.001) and EPT family
richness (Fg 10s=27.46, p<0.001) differed significant-
ly among sites. Linear contrasts showed that family
and EPT family richness were significantly lower
immediately downstream of both waste sources
compared to reference sites (Table 3; Fig. 2). Total
abundance also differed significantly between sites
(Fs.108=5.25, p=0.002) and was significantly higher
immediately downstream of the STP organic outflow
compared to the reference sites and was significantly
lower downstream of the zinc-rich coal-mine effluent
compared to the reference sites (Table 3; Fig. 2).
When biotic indices were compared between the most
downstream site sampled (i.e. where both waste
sources were mixed; GHU) and the reference sites
using linear contrasts, only total abundance was
significantly different (Table 3; Fig. 2).

Based on community structure, multivariate anal-
ysis showed that the site immediately downstream of
the STP (HHD) and the two sites downstream of the
mine outflow (GDD, GBK) were well separated from
all other sites which tended to cluster (i.e. samples
were grouped in the NMDS ordination; Fig. 3). Stress
values (range=0.20-0.17) indicated that, in two
dimensions, the MDS was a fair representation of
the original data (c¢f. Clarke 1993). The ANOSIM
results (Table 4) showed that the differences between
sampling sites were more influential than time
(Global R 0.772 vs. 0.126). Pairwise comparison of
sites (Table 4) confirmed that there were differences
in community structure in the presence of the waste
discharges (GDD, HHD) compared to reference sites
(R-statistic values, 0.930 and 0.927). Comparison of
assemblages at the two sites downstream of the zinc
pollution point source (GBK, GDD) and the organic
pollution outflow (HHG, HHD) showed that the coal-
mine waste sites were more similar (R-statistic 0.297)
than the sewage discharge sites (R-statistic 0.980).
Different degrees of recovery were detected below
each waste source. Community structure at the lower
site downstream of the zinc pollution (GBK) was less
similar to reference sites (R-statistic 0.770) than at the
lower sewage site (HHG) compared to the reference
sites (R-statistic 0.323).

Using SIMPER, data from the reference sites were
compared with the sites immediately downstream of
the STP (HHD) and mine drainage (GDD) site
(Table 5). Of the ten taxa that contributed most to
the separation between the mine drainage and
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Table 2 Summary list of most abundant macroinvertebrate groups (comprising >0.1% of total abundance) collected from all sites in
the Grose River catchment, between April and June 2003

Phylum Class (Order) Family VIC GEN GDK GDD GBK GHU HHU HHD HHG
Plathelminthese Turbellaria (Tricladida) Dugessidae 4 - 1 - 2 83 - 46 38
Nemertea Tetrastemmatidae - - - - - - - 737 -
Annelida Oligochaeta 229 698 1,023 6 15 171 82 148 197
Mollusca Gastropoda Ancylidae 8 - 139 - - 1 - 2,476 349
Gastropoda (Non-Ancylidae) - - 2 - - - - 271 -
Bivalvia Corbiculidae - - - - - 5 - 106 -
Arhtropoda Arachnida (Acariformes) 27 19 21 3 15 104 &9 4 10
Orobatidae 3 1 6 - 1 36 11 45 4
Insecta (Ephemeroptera) Baetidae 786 101 714 3 40 6,202 213 6 392
Caenidae 376 — 392 - - - - - 118
Leptophlebiidae 682 413 378 - 4 85 536 - 811
Insecta (Odonata) Aeshnidae 8 8 19 3 12 37 28 1 14
Gomphidae 84 1 10 3 19 35 - - -
Insecta (Plecoptera) Gripopterygidae 292 705 489 94 274 78 1,011 94 43
Insecta (Megaloptera) Corydalidae 19 3 8 - 4 29 - - -
Insecta (Coleoptera) Elmidae larvae 433 474 449 4 14 118 323 75 987
Elmidae adults 131 227 408 22 59 136 72 30 108
Psphenidae 18 329 92 - - 32 8 9
Hydrophilidae 17 1 12 - 18 31 1 -
Scirtidae 146 31 83 6 144 200 40 - 2
Insecta (Diptera) Ceratopogindae 16 68 183 10 8 22 2 34 12
Chironomidae 490 800 1,043 147 369 1,153 1,425 2187 688
Simuliidae 100 5 97 11 77 1,931 305 746 67
Empididae 57 7 24 46 93 36 44 1 6
Tipulidae 49 43 39 2 6 140 48 2 12
Insecta (Trichoptera) Hydrobiosidae 20 9 11 - 2 114 35 13 48
Philopotamidae 9 19 80 - 169 27 15 3 30
Hydroptilidae 115 77 302 84 217 41 - 1070 4
Hydropyschidae 223 1 48 288 246 156 83 7 321
Ecnomidae 48 35 44 1 12 50 1 - 20
Leptoceridae 14 - 1 30 74 231 - - 35
Helicopsychidae 141 1 30 - - 23 - - 34
Glossomatidae 30 11 14 - - 71 54 - 3
Calamoceratidae 39 - - - - 73 - - 1
Conoescucidae 82 - 64 1 22 291 - - 27
Tasimiidae 2 - 1 - - 24 - - 62
Calocid/Helicophidae — 2 - - - 308 26 - 25
Insecta Unidentified 203 23 60 57 11 483 21 27 169

reference sites, all except Hydropsychidae had lower
abundance at the mine drainage site than at reference
sites. In contrast, of the ten taxa that contributed most
to the separation between the site immediately
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downstream of the sewage inflow (HHD) and the
reference sites, six (Ancylidae, Nemertea, non-
Ancylidae gastropods, Simuliidae, Hydroptilidae,
Corbiculidae) had higher abundance in the presence
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Table 3 Results for linear comparisons of biotic indices for total family richness, EPT family richness and total abundance
Total family richness EPT family richness Total abundance

Comparison (linear contrast) ~Mean highest at F )4 Mean highest at  F' P Mean highest at F p
Reference sites vs. HHD Reference sites 19.3  ***  Reference sites 95.82 *** HHD 480 *
Reference sites vs. GDD Reference sites 752 *#*  Reference sites 73.60  ***  Reference sites 722 %
Reference sites vs. GHU — 43 ns - 1.7 ns GHU 17.2 *x
GDD vs. GBK GBK 146  ** GBK 14.4 * GBK 0.4 ns
HHD vs. HHG HHG 4.9 * HHG 28.9 ***  HHD 3.9 ns

Comparisons are between unpolluted sites with selected polluted sites, and comparison of recovery downstream of each of the point

source outflows. See Fig. 1 for catchment map with sites
EPT Ephemeroptera, Plecoptera and Trichoptera combined
*p<0.05; **p<0.001; ***p<0.0001, ns = not significant

of sewage than at the reference sites, while the other
four common taxa (Leptophlebiidae, Bactidae, Elmi-
dae, Scirtidae) were in higher abundance at the
reference sites than in the presence of the highest
influence of organic pollution (Table 5).

The affinity of each common taxon to each
pollution type was compared, based on the SIMPER
results (Table 6). Leptophlebiidae was the only family
that had a highly negative response to both types of
pollution. Elmidae (larvae), Baetidae and Psephenidae
had highly negative responses to zinc pollution and
moderately negative responses to organic pollution
(Table 6). In contrast, the response of Ancylidae was
highly positive to organic pollution and highly
negative in the presence of zinc pollution. Other taxa
that demonstrated a negative response to zinc pollu-
tion and a positive response to organic pollution were
the Chironomidae and Simuliidae. Hydropsychidae
was the only common taxon that showed a negative
response to organic pollution and a positive response
to zinc pollution (Table 6).

3.2 Physical and Chemical Indicators

The effects of the two waste discharges on the water
chemistry of local streams (Table 7; Fig. 4) were clearly
apparent, although distinctly different. TP (F5 50=8.05,
p<0.001; Table 8) and TN (Fy50=9.10, p<0.001;
Table 8) both varied highly significantly among sites.
Linear contrasts revealed that both were higher
immediately below the STP (HHD) (TP, 506.8 ng/L
and TN, 14,316.7 ug/L) compared to the reference
sites (TP, 3.8-5.0 ug/L and TN, 55.0-101.7 ug/L).

Five kilometres below the STP (HHG), there was some
reduction (TP, 189.2 ug/L, TN, 7,533.3 ug/L; Fig. 4)

Mean total zinc levels also varied significantly among
sites (Fo44=74.72, p<0.001; Table 8), and linear
contrasts revealed that total zinc was significantly higher
(594.7 ng/L) in Dalpura Ck, the tributary containing the
coal-mine outflow, compared to reference sites (4.2—
6.2 pg/L). With further distance downstream of Dalpura
Ck, the level gradually dropped, although at the most
downstream site sampled (GHU), levels remained
elevated (70.7 ug/L; Fig. 4).

Given that water hardness was classified as ‘soft’
(ANZECC 2000), the recommended ‘trigger level’ for
protecting aquatic ecosystems for New South Wales
upland streams for total zinc levels (5 pg/L) were
violated at all sites sampled downstream of the coal
mine (see Tables 7 and 8).

4 Discussion

Treated sewage from Blackheath STP and mine
drainage, from the disused Canyon Colliery, resulted
in different and distinct pollution-related changes to
macroinvertebrate communities and water chemistry
of surface waters in the upper reaches of the Grose
River system. Comparison of the water quality and
ecological effects of the two pollution gradients in
this study was enhanced by the lack of other human
impacts, apart from the waste discharges, in an
otherwise predominantly naturally vegetated (c. 95%)
upland catchment within a largely protected National
Park reserve (NPWS 2001).
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Fig. 2 Back-transformed
mean macroinvertebrate
(top) total abundance, (mid-
dle) taxon richness and
(lowest) EPT richness col-
lected from sites in the
upper Grose River and its
tributaries, on each of the
three sampling occasions
(T1, T2 and T3) +standard
error from five replicates at
each site
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Fig. 3 NMDS ordination of macroinvertebrate data. Stress = GEN, white GDK, dark grey HHU. Sites immediately below
0.2. Each symbol represents a centroid of five macroinverte- waste discharges are diamonds: black GDD (coal-mine drain-
brate samples from the Grose River and its tributaries, from age), white HHD (sewage). Sites further downstream of waste
each of three sampling occasions (four from GBK on second discharges are triangles: white HHG, dark grey GBK, black
occasion). Reference sites are squares: black VIC, light grey GHU (site abbreviations given in Table 1)
Table 4 Summary results for two-way ANOSIM
Source of variation Comparison R-statistic p (%)
Site Global R 0.772 0.1
Reference sites vs. point source of zinc pollution (GDD) 0.930 0.1
Reference sites vs. second site below point source zinc pollution site (GBK) 0.770 0.1
Reference sites vs. site of combined pollution (GHU) 0.611 0.1
Reference sites vs. point source of organic pollution (HHD) 0.927 0.1
Reference sites vs. second site below organic pollution inflow (HHG) 0.323 0.1
Comparison of within stream recovery from zinc pollution (GDD vs. GBK) 0.297 0.9
Point source of zinc pollution (GDD) vs. site of combined pollution (GHU) 0.927 0.1
Comparison of two pollution types at outflows (GDD vs. HHD) 0.988 0.1
Point source of zinc (GDD) vs. downstream organic pollution (HHG) 0.984 0.1
Downstream zinc (GBK) vs. site of combined pollution (GHU) 0.800 0.1
Downstream zinc (GBK) vs. point source organic pollution (HHD) 0.960 0.1
Downstream zinc (GBK) vs. downstream organic pollution (HHG) 0.923 0.1
Combined pollution site (GHU) vs. point source organic pollution (HHD) 0.944 0.1
Site of combined pollution (GHU) vs. downstream organic pollution (HHG) 0.887 0.1
Point source organic (HHD) vs. downstream organic pollution (HHG) 0.980 0.1
Time Global R 0.126 0.1
Sampling time 1 vs. 2 0.192 0.1
Sampling time 1 vs. 3 0.162 0.2
Sampling time 2 vs. 3 0.014 27.2

Values of ANOSIM statistic (R) and significance (p) for pairwise differences between reference sites (GEN, GDK, VIC, HHU

grouped) and pairwise differences between time of sampling and sample site (see Fig. 1 for catchment map with sites)
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Table 5 Results of SIM-

PER breakdown, the most Taxon

Reference sites

HHD

Contribution (%)

Cumulative (%)

influential macroinverte-
brates contributing to the

Reference sites compared to site of organic pollution outflow (HHD)

different communities at the Ancylidae 2.45 165.07 8.10 8.10

reference site§ compared to Nemertea 0 4913 622 14.32

those at the site sampled

below each pollution source Leptophlebiidae 33.48 0 5.83 20.15
(non-Ancylidae) Gastropoda 0.03 18.07 5.11 25.27
Simuliidae 8.45 49.73 438 29.65
Baetidae 30.23 040 435 34.00
Elmidae (larvae) 27.98 5.00 3.82 37.82
Hydroptilidae 8.23 7133 3.75 41.57
Corbiculidae 0.00 7.07 341 44.97
Scirtidae 5.00 0.00 3.17 48.14
Reference sites compared to site of mine drainage (GDD)
Leptophlebiidae 33.48 0 7.70 7.70
Elmidae (larvae) 27.98 0.27  6.85 14.55
Bactidae 30.23 020 597 20.51
Oligochaeta 33.87 040 5.89 26.40
Gripopteryigidae 41.62 627 423 30.63
Psephenidae 7.45 0 4.09 34.72
Hydropsychidae 5.92 19.20  3.90 38.62
Chironomidae 62.63 9.80  3.60 42.21
Scirtidae 5.00 040 3.37 45.58
Hydroptilidae 8.23 560 331 48.89

Table 6 Change in abundance® due to pollution (zinc or
organic) in the upland streams of the Grose River catchment,
Greater Blue Mountains World Heritage Area

Family Coal-mine (zinc) Sewage
pollution pollution
Leptophlebiidae XXX XXX
Elmidae (larvae) XXX XX
Bactidae XXX XX
Ancylidae XXX W
(Class) Oligochaeta XX x
Chironomidae XX ~
Gripopteryigidae XX XX
Hydropsychidae \ XX
Psephenidae XXX XX
Simuliidae XX N

v 200% to 500% abundance; W 500% to 1,000%; AN
>1,000%; x 20% to 50%; xx 1% to 20%; xxx <1% or ND
(not detected)

# Abundance relates to comparison of abundance below each
pollution point source to average from reference sites.

@ Springer

We found that biological indices (macroinvertebrate
abundance, family richness and EPT family richness)
responded differently to the two waste discharges in this
study. Family richness declined to a greater degree
downstream from the coal-mine drainage compared to
only a modest reduction below the STP (Fig. 2). A
similar difference in taxonomic richness to dual
disturbance gradients was observed by Metzeling et
al. (2006) who reported that family richness performed
poorly against a salinity gradient but better against a
habitat simplification gradient. EPT richness was the
only one of the indices that responded with a reduction
of similar magnitude below both the mine and STP
discharge. In comparison, macroinvertebrate abun-
dance declined below the mine but increased immedi-
ately below the STP. Measuring abundance is often not
included in many pollution studies, perhaps partly due
to the popularity of rapid assessment methodologies
that use non-quantitative techniques (e.g. Chessman
1995). Our findings illustrate how abundance data can
be a very important ecological attribute in pollution
studies. Abundance of individual families in this study
helped reveal differences in community structure at
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Table 7 Summary of physicochemical data indicating mean and range (in brackets) for each water physical and chemical variable,

according to site

Site  Water pH Electrical Total nitrogen Total Total zinc Hardness
temperature (°C) conductivity (ng/L) phosphorus (pg/L) (mg/L;
(1S/cm) (png/L) CaCO03)
Reference sites
GEN 114 (8.9-13.7) 6.1 (6.00-6.33) 39.3 (38-41) 55 (25-100) 3.8 (3-6) 4.2 (2.5-5.0) 5.2 (5-5.5)
GDK 11.6 (8.7-14.7) 7.4 (7.28-7.45) 82.7 (70-92) 68.3 (50-90) 4.2 (3-6) 4.2 (2.5-5.0) 23.1 (20-26)
VIC 114 (9.5-13.0) 7.0 (6.92-7.23) 47 70.9 (25-130) 4.7 (3-8) 42 (2.5-5.0) 8.5 (8-9)
HHU 10.1 (9.5-11.2) 6.0 (5.84-6.20) 31.3 (29-33) 101.7 (90-110) 5.0 (3-8) 6.2 (5-10.0) 3.2 (3-3.5)
Mine drainage (zinc) polluted sites
DAL 12.8 (11.3-15.3) 7.06 (6.94-7.18) 133.9 (131-139) 25 4.5 (3-8) 594.7 (545-650) 49.2 (47.5-51)
GDD 12.4 (10.2-15.1) 7.2 (7.01-7.35) 151.1 (140-160) 25 43 (3-7) 388 (297-440)  53.8 (50.5-57)
GBK 12.5(11.4-13.6) 7.3 (7.15-7.53) 143.3 (130-150) 33.3 (25-50) 4.5 (3-7) 261.3 (212-300) 49.8 (44.5-55)

STP (organic) polluted sites

HHD 112 (11.0-13.8) 7.2 (6.76-7.44) 327.0 (132-462) 14,316.7 (4,400~
21,200)
HHG 124 (10.5-12.1) 7.24 (7.18-7.27) 230.8 (201-265) 7,533.3 (6,700-9,000)

Combined pollution site

GHU 12.3 (10.0-14.9) 7.6 (7.43-7.80) 141.5(123-157) 1,680 (1,540-1,950)

506.8 (204-820) 12.5 (5-20.0) 38.4 (37-39.5)

189.2 (180-198) 5 23.2 (20-26.5)

40.5 (34-45)  70.7 (60-80)  32.2 (29-35.5)

See Fig. 1 for map of sites

polluted and unpolluted sites, further details of which
are discussed further below.

A group of six taxa were particularly abundant and
strongly influenced the organically polluted macro-
invertebrate community, below Blackheath STP:
Ancylidae, non-Ancylidae gastropods, Nemertea,
Simuliidae, Hydroptilidae and Corbiculidae. This
group of biota collectively increased their abundance,
in the presence of sewage effluent, more than three
Fig. 4 Mean total phospho-

100000

Grose River sites

times that found at unpolluted reference sites. How-
ever, in contrast, the macroinvertebrate community
below the coal mine was depauperate, with only one
influential taxa, Hydropsychidae, being more abun-
dant here than at unpolluted sites. Hydropsychidae
was much less abundant below the STP.

Our finding that Hydropsychidae was tolerant of
mine drainage contrasts with findings from some
Australian metal pollution studies. For example,

Tributary sites —

rus (grey bar), mean total

zinc (black bar) and mean

total nitrogen (white bar), in

ng/L, collected from dupli- 10000
cate samples, at each site,
on three sampling occasions
April to June 2003 (plus one
standard error). Grose River
sites are grouped to the left
and tributary sites to the
right. Arrows and text indi- 1004
cate the location that mine

drainage and Hat Hill Ck

enters the Grose River and

where STP effluent flows 10+
into Hat Hill Creek

Mine drainage enters
Grose River

1000

Hat Hill Ck enters
Grose River

l«————  Hat Hill Creek _—

STP enters T
{ Hat Hill Ck

GEN GDK GDD

GBK GHU ViC HHU HHD HHG DAL
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Table 8 Results for linear comparisons of chemical data (zinc, total phosphorus and total nitrogen), compared to differences between

reference sites and both zinc and organic pollution

Comparison (linear contrast)  Zinc Total phosphorus Total nitrogen

Mean higher at F p Mean higher at F P Mean higher at F p
Reference sites vs. HHD - 0.1 NS HHD 56.6  ***  HHD 58.7  FE¥
Reference sites vs. GDD GDD 4456  ¥*F* 0.0 NS - 0.1 NS
Reference sites vs. GHU GHU 13.9  ** - 03 NS - 0.7 NS
GDD vs. GBK GDD 31.0  *¥x - 00 NS - 0.1 NS
HHD vs HHG — 0.1 NS HHD 14.1  ** HHD 83 *

Comparisons are between unpolluted sites with selected polluted sites, and comparison of recovery downstream of each of the point
source outflows. Specifically, comparisons are between: 1. unpolluted sites and site immediately downstream of organic pollution
outflow (HHD); 2. unpolluted reference sites and zinc pollution point source (GDD); 3. unpolluted sites with most downstream site
sampled within the catchment were residues of both zinc and organic pollution combined (GHU); 4. zinc pollution point source
(GDD) and downstream (GBK); and 5. organic pollution outflow site (HHD) and further downstream of organic pollution (HHG). See

Fig. 1 for catchment map with sites
ns not significant
*p<0.05; **p<0.001; ***p<0.0001

Norris (1986) reported that Hydropsychidae responded
negatively to metal-pollution in the Molongolo
River and Mackey (1988) also made the same
observation in the River Dee. Metal-pollution toler-
ance of Hydropsychidae was also observed in
Daylight Creek (NSW) where they were the second
most abundant taxa at a highly copper- and zinc-
polluted site (Napier 1992), and in the South Esk
River (Tasmania), they were abundant at all but one
metal-polluted site (Norris et al. 1982). Tolerance of
Hydropsychidae to mine pollution has been docu-
mented in other parts of the world; for example, they
were recorded in New Zealand metal-polluted water-
ways (Hickey and Clements 1998), an English zinc
contaminated river (Armitage 1980) and in acid mine
drainage (AMD)-affected waters in Kentucky (Short
et al. 1990).

The mayfly family Leptophlebiidae emerged as
the most sensitive family in this study with equal
and absolute intolerance of both the mine drainage
and sewage. No individual specimen was collected
at either the mine-polluted site or the STP-polluted
site. Our results reinforce the reputation of Lepto-
phlebiidae as one of the most pollution-sensitive
macroinvertebrate families worldwide. They have
been reported as being completely missing from
other heavily acid mine drainage-affected reaches
of rivers and streams such as the River Dee in
Queensland (Mackey 1988), Bob’s Creek in Ken-
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tucky (Short et al. 1990) and the River Vascdo in
Portugal (Gerhadt et al. 2004). Some pollution
tolerance has been reported with AMD-affected
streams in New Zealand (Winterbourn 1998) con-
taining Leptophlebiidae tolerant of highly acidic
waters (pH 3.5). Leptophlebiidae are also frequently
reported to be very sensitive to organic pollution
with several researchers reporting their complete
absence at the most affected sites (Cosser 1988;
Whitehurst and Lindsey 1990; Wright et al. 1995).
Four animals that strongly contributed to com-
munity structure at the polluted sites exhibited
opposite affinities towards each of the two waste-
types. Hydropsychidae was discussed above. The
other three taxa were highly abundant in the
organic pollution below the STP (Ancylidae,
Chironomidae and Simuliidae) and were absent or
at very low abundances, below the mine drainage.
The gastropod Ancylidac had the most strongly
diverging relationship to the waste sources. It was
more than 1,000% more abundant in the presence
of sewage effluent than at the unpolluted reference
sites, yet it displayed intolerance of mine pollution.
This differential tolerance is supported by the
metal (SIGNAL-MET 8/10) and organic pollution
(SIGNAL-SEW 2/10) grades in Chessman and
McEvoy (1998). Ancylidae have also been found
to be intolerant of mine drainage in Spain (Marqués
et al. 2003) and were reported as being tolerant of
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sewage pollution in NSW (Wright 1994; Wright et al.
1995) and nutrient enrichment in the Eresma River in
Central Spain (Camargo et al. 2004), although they
were absent from the most sewage-polluted sites on
the River Adur (Whitehurst and Lindsey 1990),
possibly due to other human influences in the
disturbed Adur catchment.

The biological and chemical changes resulting
from pollution has been illustrated by the classic
model developed by Hynes (1960) with a steady
increase of ‘pollution fauna’ below the waste dis-
charge then a gradual and progressive reduction with
further distance below the point-source and a
corresponding inverse relationship with pollution
sensitive animals. We found some evidence of
recovery below each waste source compared to sites
located in the zone of highest contamination. Consid-
erable recovery was evident further downstream
below the STP discharge in Hat Hill Creek, yet a
lower degree of recovery was observed in the Grose
River below the coal mine, until the sewage-enriched
waters combined with the Grose River.

This study constitutes some of the first Australian
evidence that coal mining can result in freshwater
ecosystem damage due to heavy-metal contamination.
Such cases may appear to be unusual in Australia, but
this is not the case internationally, where coal mining
has been more frequently associated with AMD and
elevated heavy metal levels in the USA (e.g. Herlihy
et al. 1990), Europe (e.g. Armitage 1980; Malmqvist
and Hoffsten 1999; Johnson 2003) and New Zealand
(Winterbourn 1998).

This study builds upon previous northern hemi-
sphere studies that also used macroinvertebrates to
measure sewage and mine drainage impacts. They
were carried out on the Nent River system in England
where they contended with contaminated runoff from
urban and agricultural landuses as well as mine and
sewage impacts (Armitage 1980; Armitage and
Blackburn 1985). Although strong changes in macro-
invertebrate community structure were detected in the
Nent River, there were difficulties clearly differenti-
ating the specific sewage and mining impacts due to
overlapping contamination from multiple sources of
mine pollution. Our current study was able to limit the
confounding effects of multiple overlapping sources
of pollution and disturbance due to it being situated in
a small catchment that was predominantly naturally
vegetated.

5 Conclusions

Comparison of ecological effects of two different
types of pollution (organic and inorganic) in a small
catchment with otherwise unpolluted waterways
flowing upstream of the two waste discharges
provided an unusual opportunity to observe the
relationship of macroinvertebrates to the different
waste sources. The ecological effects of each of the
two waste sources (STP and mine drainage) were
clearly apparent from observed changes to the
taxonomic assemblages of stream macroinvertebrates.
We found that multivariate analysis of quantitative
family level data allowed detailed assessment of the
pollution impacts. Three biotic indices family rich-
ness, total abundance and EPT richness were also
valuable for comparing effects of the two wastes. EPT
richness was particularly sensitive at detecting bio-
logical impairment from both pollution sources.
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