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Acidification of freshwaters is a global phenomenon, occurring both through natural leaching of organic
acids and through human activities from industrial emissions and mining. The West Coast of the South
Island, New Zealand, has both naturally acidic and acid mine drainage (AMD) streams enabling us to
investigate the response of fish communities to a gradient of acidity in the presence and absence of
additional stressors such as elevated concentrations of heavy metals. We surveyed a total of 42 streams
ranging from highly acidic (pH 3.1) and high in heavy metals (10 mg L−1 Fe; 38 mg L−1 Al) to circum-
neutral (pH 8.1) and low in metals (0.02 mg L−1 Fe; 0.05 mg L−1 Al). Marked differences in pH and metal
tolerances were observed among the 15 species that we recorded. Five Galaxias species, Anguilla
dieffenbachii and Anguilla australis were found in more acidic waters (pHb5), while bluegill bullies
(Gobiomorphus hubbsi) and torrentfish (Cheimarrichthys fosteri) were least tolerant of low pH (minimumpH
6.2 and 5.5, respectively). Surprisingly, the strongest physicochemical predictor of fish diversity, density and
biomass was dissolvedmetal concentrations (Fe, Al, Zn, Mn and Ni) rather than pH. No fish were detected in
streams with dissolved metal concentrations N2.7 mg L−1 and nine taxa were only found in streams with
metal concentrations b1 mg L−1. The importance of heavy metals as critical drivers of fish communities has
not been previously reported in New Zealand, although themechanism of themetal effects warrants further
study. Our findings indicate that any remediation of AMD streams which seeks to enable fish recolonisation
should aim to improve water quality by raising pH above ≈4.5 and reducing concentrations of dissolved Al
and Fe to b1.0 mg L−1.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Anthropogenic acidification is a widespread phenomenon and
often has severe impacts on community structure and function in
freshwaters (Schindler, 1988; Stoddard et al., 1999; Monteith et al.,
2005), but many landscapes also include waterways that are naturally
acidic from leaching of organic acids from soils with high organic
matter content (Collier et al., 1990; Herrmann et al., 1993; Petrin et al.,
2007). Unlike anthropogenically acidified systems these naturally
acidic streams often support diverse aquatic communities (Dangles
et al., 2004). Therefore, comparing the effects of contrasting sources of
acidity on biotic communities may reveal the mechanisms behind the
negative effects of anthropogenic acidity on freshwater biota (Collier
et al., 1990; Petrin et al., 2008a).

Recent work has indicated anthropogenic sources of acidity can
have greater effects on freshwater communities than natural acidity,
potentially because of two non-mutually exclusive mechanisms
(Petrin et al., 2008a,b). First, anthropogenic acidification is often
associated with stressors other than reduced pH, such as the
elevated concentration of bioavailable forms of toxic metals (Camp-
bell and Stokes, 1985; Nelson and Campbell, 1991). This is especially
the case for acidification through mine drainage, where acidic water
(pH often b3) also contains elevated concentrations of metals (e.g.,
Fe, Al, Zn) and other ions (e.g., sulphate). In addition, where acid
mine drainage (AMD) enters natural streams, some metals,
especially Fe and Al, can form insoluble metal hydroxides that
adhere to benthic substrata (McKnight and Feder, 1984; Evangelou
and Zhang, 1995; Banks et al., 1997). These interactive stressors are
largely absent from naturally acidic streams because metals are
either at low concentrations or their bioavailability is mediated by
the high concentration of organic acids (Driscoll et al., 1980;
Kullberg et al., 1993; Winterbourn and McDiffett, 1996; Petrin et al.,
2008a).
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The second hypothesis for weak effects of natural acidity on
stream communities is that exposure to naturally low pH over
evolutionary time selects for adaptations to low pH in the regional
species pool, whereas anthropogenic acidification that has occurred
within the last few hundred years is too recent for these traits to
become established (but see Rasanen et al., 2003). This suggests
that biota inhabiting landscapes with naturally acidic freshwaters
may be more resilient to anthropogenic acidification, or able to
adapt to novel stressors more easily than species in landscapes
without a history of natural acidity (Petrin et al., 2008a). There is
considerable evidence that populations of some species of
freshwater invertebrates, amphibians, and fish that occur in acidic
waters are more tolerant of acidification than conspecifics from
circum-neutral waters (reviewed by Collier et al. 1990; O'Halloran
et al., 2008; Petrin et al. 2008a). However, tolerance to natural
acidity may not be sufficient to buffer regional pools of species to
anthropogenic acidity if pH is reduced markedly below natural
ranges, or if there are additional stressors such as elevated metal
concentrations.

The West Coast region on the South Island of New Zealand
provides an ideal landscape to test these alternative hypotheses as
there are numerous streams influenced by both natural and
anthropogenic acidity. Naturally acidic, brown-water streams are
common on theWest Coast and are formed by leaching of fulvic and
humic acids from slow draining organic soils (Collier et al., 1990).
The water chemistry of these brown-water streams is characterised
by low pH (4–6), high concentrations of dissolved organic carbon
(N10 mg L−1) and low concentrations of bioavailable toxic metals
(Collier and Winterbourn, 1987; Winterbourn and Collier, 1987).
Active and abandoned coal mines are also widespread on the West
Coast, and those associated with Brunner coal measures have high
sulphur content and produce chemical conditions typical of AMD
(Winterbourn and McDiffett, 1996; Harding et al., 2000; Harding
and Boothroyd, 2004). The most severely contaminated sites are
highly acidic (pHb3) and have concentrations of dissolved Al up to
35 mg L−1 and Fe up to 8 mg L−1 (Winterbourn and McDiffett,
1996).

Much of the research comparing naturally acidic streams with
those influenced by mining in New Zealand has focussed on the
invertebrate fauna. Many New Zealand stream invertebrates are
remarkably tolerant of low pH and form diverse communities in
naturally acidic streams (Winterbourn and Collier, 1987; Winter-
bourn and McDiffett, 1996). Furthermore, ecotoxicological experi-
ments with the ubiquitous New Zealand mayfly, Deleatidium sp.,
indicate that populations from naturally acidic streams are locally
adapted to tolerate low pH (O'Halloran et al., 2008). Despite these
apparent adaptations, mining-affected streams consistently have
much lower macroinvertebrate diversity and abundance than
unaffected streams (reviewed by Harding et al., 2000; Harding
and Boothroyd, 2004). However, some macroinvertebrates are
surprisingly tolerant to metal contaminants (Hickey and Clements,
1998; Harding, 2005) and regularly occur in systems with reduced
pH and elevated concentrations of metals (e.g., the caddisfly
Psilochorema, and the stonefly Spaniocerca) (Winterbourn and
McDiffett, 1996; Winterbourn, 1998).

In contrast to invertebrates, very little is known of how New
Zealand fish species respond to both natural acidity and acid mine
drainage, despite their high endemism and recreational and
economic value. Fish communities may be more severely impacted
by both acidity and metal toxicity than invertebrates, due to the
vulnerability of ion exchange and respiration across the gill
membranes of fish (Wood, 1989; Rosseland and Staurnes, 1994).
Indeed, a number of international studies have observed marked
declines in fish diversity and abundance in naturally acidic streams
and those impacted by acid mine drainage (Somers and Harvey,
1984; Carline et al., 1992; Baldigo and Lawrence, 2000; Diamond et

al., 2002). New Zealand native fishes appear to be tolerant of very low
pH in naturally acidic streams. For example, up to eight species,
including all five migratory galaxiids, have been observed in streams
with pHb4.5 on the West Coast of the South Island (Collier et al.,
1990; Olsson et al., 2006). In contrast, bluegill bullies (Gobiomorphus
hubbsi), torrentfish (Cheimarrichthys fosteri) and brown trout (Salmo
trutta) appear to avoid waters with pHb5 (Collier et al., 1990; Olsson
et al., 2006). However, the influence of natural acidity in structuring
fish communities is largely unknown because few studies have
separated the effects of pH from other confounding habitat variables
such as distance from the sea, riparian conditions, in-stream physical
habitat, and biotic interactions (reviewed by Jowett et al., 1996;
McIntosh and McDowall, 2004). Moreover, despite apparent differ-
ences in pH tolerance between fishes, many New Zealand taxa do not
show strong preferences for particular pH ranges in experimental
trials (West et al., 1997). Similarly, very little is known of the
responses of New Zealand fish communities to the combination of
chemical and physical stressors associated with acid mine drainage
(Harding, 2005), although anecdotal evidence from the whitebait
fishery indicates declines in abundance in catchments affected by
mining (Harding and Boothroyd, 2004). This observation was
supported by the absence of fish in mining-affected streams with
pHb5.2 in a survey of two North Westland catchments (Harding et
al., 2005).

The aim of this study was to conduct a spatially extensive
survey to compare the effects of natural and mining-induced
acidity on fish communities on the West Coast of New Zealand,
and use this data to develop field-based estimates of pH and metal
tolerance thresholds for common New Zealand fishes. We also
used a variance partitioning and model selection technique to
assess the effects of natural and anthropogenic acidity relative to
other potential influences on freshwater fish community
structure.

2. Materials and methods

2.1. Site selection

In order to generate presence/absence fish data across natural
and mining-induced pH gradients, sampling focused around the
three main coal mining regions on the West Coast, South Island,
New Zealand: the Stockton and Denniston Plateaus (north of
Westport), Reefton, and the Paparoa Ranges (north of Greymouth)
(Fig. 1). Streams were selected based on three criteria: (1) those
draining catchments with active or abandoned coal mines and are
thereby influenced by reduced pH and elevated dissolved metal
concentrations, (2) naturally acidic streams, and (3) naturally
circum-neutral streams. Naturally acidic streams typically drained
pakahi wetlands or low gradient, podocarp-dominated forest.
Sampling was also stratified by geographic location, so where
possible, circum-neural and naturally acidic sites were selected near
to those impacted by mining to provide comparative reference sites.
Sites with fish barriers (culverts, waterfalls or steep cascades) were
avoided where possible, although two mining-affected and two
reference streams did have barriers that were likely to constrain the
number of potential fish taxa.

2.2. Fish survey

Fish communities in 42 streams were surveyed from February to
May 2009 (austral summer and autumn). Fish were sampled with
an intensive single pass with a Kainga EFM 300 backpack
electrofishing machine (NIWA Instrument Systems, Christchurch,
New Zealand) over a 40 m reach that encompassed the range of
habitat types present in the stream segment. Fish were captured in a
downstream push net or in a fixed downstream stop net, which was
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used in all but the smallest or most inaccessible sites. The fork
length of captured fish was measured in the field, and wet weights
were either measured with a portable balance, or determined from
length–weight regressions (PG Jellyman, DJ Jellyman and ML
Bonnett unpublished data). Up to 100 m of additional habitat was
spot-electrofished to confirm the absence of taxa not observed in
the 40 m single pass. Additionally, streams in the Westport and
Greymouth areas were surveyed at night with spotlights to assess
the presence/absence of migratory galaxiids, which can be difficult
to capture by electric fishing. A subset of the Reefton streams were
also spotlighted, but in all cases no additional species were
found. Reefton is approximately 75 km from the sea (via the Buller
River) and was unlikely to have migratory galaxiids (except koaro).
Overall, the sampling programme was designed to yield a
rigorous assessment of species presence/absence and also provide
estimates of the density (no. m−2) and biomass (g m−2) of fish
species.

2.3. Physicochemical assessment of environmental conditions

Dissolved oxygen, specific conductivity and water temperature
were measured in the field with YSI 550 and YSI 63 meters,
respectively. Stream pH was measured from grab water samples
collected from pools and chilled above freezing (b4 °C) until analysis.
pHwas determined to 0.1 units with a laboratorymeter within 48 h of
sample collection (Hill Laboratories, Christchurch, New Zealand). The

dissolved concentrations of five metals (Fe, Al, Zn, Mn and Ni) were
measured from water samples filtered in the field and preserved in
nitric acid. Samples were analysed with ICP-MS by Hill Laboratories,
Hamilton, New Zealand.

A number of physical habitat parameters were quantified at
each site over the 40 m reach, focusing on variables that had
demonstrated effects on stream fish communities in New Zealand
(reviewed by Harding et al., 2009). Stream cross-sectional area
(m²) was calculated from measurements of wetted width and
three depths across five transects. The proportion of pools, riffles,
runs and rapids were measured along the reach following Protocol
2 of Harding et al. (2009). Substrate size at each site was
determined from measurements of 30 randomly selected particles,
equally split across a representative pool, riffle and run where
possible. These were used to calculate the percentage of boulder
(N265 mm), percentage of silt and sand (b1 mm), and the
substrate index of Jowett et al. (1991). In-stream habitat
(percentage cover of macrophytes, wood/leaf packs, filamentous
algae, obstructions to the flow, and bank cover) was visually
assessed in a representative pool, riffle and run following Protocol
2 in Harding et al. (2009). The frequency and severity of flow
disturbance was estimated with the channel stability index
(Pfankuch, 1975) including upper banks, lower banks, and in-
stream components. The condition of the riparian zone was
assessed with Protocol 2 of Harding et al. (2009), which involved
categorical (1–5) classification of riparian characteristics of each
bank. A riparian index relevant to fish cover was generated from
this assessment by taking the sum of the scores for both stream
banks for shading, buffer width, buffer intactness, vegetation
composition, livestock access and groundcover. Catchment vari-
ables were quantified using Freshwater Environments of New
Zealand (FWENZ) database information provided by Harding et al.
(2009), and included the percentage of the upstream catchment in
native vegetation, and the percentage in agriculture, as well as
distance from the sea. Altitude at each site was estimated from
topographical maps (1:50000 NZ260 series).

2.4. Statistical analysis

Differences in water quality between naturally acidic streams,
circum-neutral streams and those downstream of coal mines
(mining streams) were assessed with principle components analysis
(PCA) of nine key variables. Prior to analysis, the concentration of
each of five dissolved metals (Fe, Al, Zn, Mn and Ni) and specific
conductance were ln-transformed to meet the assumptions of
normality and to produce scales comparable to that of pH. Dissolved
oxygen (mg L−1), pH and spot water temperature (°C) were not
transformed. Separation among mining, naturally acidic and circum-
neutral streams along axes one and two of the PCA were assessed
with multivariate analysis of variance (MANOVA) followed by
univariate analysis of variance (ANOVA) on specific water chemistry
variables.

Relationships between environmental variables and fish com-
munity descriptors (composition, diversity, biomass and density)
were assessed with general linear models (GLMs) and ordination.
Prior to analysis, PCA was used as a variable reduction technique to
combine highly intercorrelated variables into independent predic-
tors. PCA of the concentration of each of the five metals and specific
conductance produced a single axis explaining 71% of the variation
among sites in conductivity and the dissolved metal concentrations.
Conductivity and each of the metals were highly correlated with this
axis (Pearson's r 0.76–0.95). Because we were interested in
separating the effects of pH and metal concentration, stream pH
was retained as a separate predictor variable and was moderately
correlated with the metal index (r=0.61). Dissolved oxygen

Fig. 1. The distribution of study sites on theWest Coast, South Island, New Zealand. Streams
were classified into those affected by acidmine drainage (AMD) from active and abandoned
coalmines, naturally acidic streams(pH≤6.0), andnaturally circum-neutral streams(pH6.1–
7.6).
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concentration and spot water temperature were not included in
further analyses.

The substrate index and altitude were highly intercorrelated
with other physical variables and were removed prior to further
variable reduction. The substrate index was moderately correlated
with % silt and sand (r=0.74) and % boulder (r=0.66), and altitude
was highly correlated with distance inland (r=0.91). The remain-
ing nine variables (riparian index, channel stability index, %
boulder, % silt and sand, % in-stream cover, % pool in the reach,
stream cross-section area, the proportion of the catchment in native
vegetation and the proportion of the catchment modified for
agriculture) were reduced into three independent axes using PCA
(see Results). Prior to analysis, the riparian index and cross-
sectional area were ln-transformed and all proportions were arcsine
transformed.

Best subsets GLMs followed by hierarchical partitioning analysis
were used to assess relationships between fish community metrics
(fish species richness, biomass and density) and six environmental
variables: pH, the metal index derived from PCA, distance from the
sea (ln-transformed) and three principle components describing
physical habitat parameters. Fish density was square root-trans-
formed and fish biomass was ln +1-transformed (as several
streams were fishless) prior to analysis. In each of the best subset
regressions, models with all possible combinations of variables

were fitted, and the model with the highest explanatory power
weighted to the number of predictor variables (the ‘best’ model)
was selected using Akaike's information criterion corrected for
small sample sizes (AICc) (Burnham and Anderson 1998). Wald's
statistic was used to determine the significance of each predictor in
the final model. Using hierarchical partitioning analysis, we
calculated the independent and shared contribution (R2) of
intercorrelated predictors to the total explained variation in
response variables (Mac Nally, 2000; Quinn and Keough, 2002), in
order to assess the relative importance of each variable in
explaining variation in fish community metrics. The significance of
independent contributions of each variable was tested with Z-scores
after 1000 randomizations. Hierarchical partitioning was conducted
with “hier.part” and “rand.hp” functions (Mac Nally and Walsh,
2004) in R (R Development Core Team 2006), and best subsets
regressions were performed in Statistica 8.

Predictors of fish community composition in streams that contained
fishwere investigatedwith redundancy analysis (RDA)using the samesix
environmental variables used in the GLMs. Fish communities were
described by a species presence–absence matrix, with species lists
compiled from electrofishing and spotlighting observations for each
stream. Preliminary detrended correspondence analysis indicated thefish
community matrix exhibited a short gradient that was most appropriate
for RDA (Leps and Smilauer, 2003). Significant environmental predictors
offish community composition in theRDAordinationwereextractedafter
999 Monte-Carlo permutations with the forward stepwise procedure in
Canoco 4.0.

3. Results

3.1. Physicochemical parameters

Eleven of the 42 sites sampled drained catchments that were
affected by mining. Seven streams were associated with abandoned
mines, and four streams had currently active or both active and
abandoned mines. PCA indicated the water chemistry of streams
draining catchments with coal mines was markedly different from
mining-unaffected streams (Fig. 2), but streams with active mines
were not significantly different from streams with abandoned mines
(MANOVA on PCA axes 1 and 2: Wilks λ2,8=0.60, P=0.13). Mining
streams were significantly separated from naturally acidic and
circum-neutral streams along Axis 1 (Scheffe's comparison:
Pb0.0001), which was strongly negatively correlated with the
concentration of each of the five dissolved metals and specific
conductance, and positively correlated with pH (Fig. 2). However,
the three stream categories were not differentiated along Axis 2,
which was positively correlated with dissolved oxygen and
negatively correlated with stream temperature (Fig. 2). Analysis of
individual water chemistry parameters supported the multivariate
separation of sites along Axis 1. Circum-neutral sites had signifi-
cantly higher pH than naturally acidic and mining streams, which

Fig. 2. Principle components analysis of nine water quality parameters in streams
impacted by mining, and naturally acidic and circum-neutral reference streams.
Arrows indicate correlation of variables with axes, and are scaled to twice the
correlation coefficient (r). Mining, naturally acidic and circum-neutral streams were
significantly differentiated across Axis 1 but not Axis 2 (MANOVA: Wilks
λ4,76=0.22, Pb0.0001. Univariate ANOVAs: Axis 1 F2,39=53.9, Pb0.0001; Axis 2
F2,39=2.2, P=0.12).

Table 1
Water quality parameters in streams affected by coal mines, naturally acidic streams (pHb6) and circum-neutral streams (pH 6–8). Different letters indicate significant differences
(Pb0.05) in parameters in Scheffe's comparisons across stream categories.

Stream type pH Conductivity
(μS25 cm−1)

Fe
(mg L−1)

Al
(mg L−1)

Zn
(mg L−1)

Ni
(mg L−1)

Mn
(mg L−1)

DO
(mg L−1)

Temperature
(°C)

Mining
(n=11)

Mean±se 5.17±0.52a 446±110a 2.23±0.95a 7.29±3.92a 0.17±0.067a 0.035±0.013a 0.58±0.24a 10.78±0.22a 8.56±0.46a

Range 3.1–8.1 62–1160 0.02–10.0 0.02–38.0 0.002–0.59 0.0005–0.120 0.0005–2.6 9.12–11.78 6.7–11.6
Naturally acidic
(n=11)

Mean±se 5.17±0.19a 31.7±2.2b 0.29±0.04b 0.52±0.08a 0.012±0.006b 0.0006±0.0001b 0.007±0.001b 10.52±0.23a 8.09±0.43a

Range 4.3–6.0 21.7–45.4 0.082–0.5 0.26–0.95 0.004–0.067 0.0005–0.0014 0.0009–0.012 9.11–11.67 6.0–9.9
Circum-neutral
(n=20)

Mean±se 7.02±0.09b 73.9±9.2c 0.15±0.02c 0.11±0.02b 0.0056±0.001b 0.0006±0.0001b 0.0049±0.0011b 10.89±0.13a 8.89±0.34a

Range 6.2–7.6 31.1–188 0.02–0.36 0.02–0.34 0.0021–0.027 0.0005–0.0013 0.0005–0.02 9.65–12.15 6.2–11.9
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themselves were not significantly different (Table 1). Conductivity
and concentrations of each of the five dissolved metals were one to
two orders of magnitude higher in mining streams compared to
naturally acidic and circum-neutral streams, although Al concentra-
tions in mining streams were highly variable (Table 1). Naturally
acidic streams had significantly higher concentrations of Al and Fe
than circum-neutral streams (Table 1). The concentrations of Mn
and Ni were highly variable across mining streams, and close to
minimum detection concentrations in both the naturally acidic and
circum-neutral streams (Table 1). Dissolved oxygen and spot water
temperature did not differ significantly between the three stream
types (Table 1).

The streams surveyed were 1.2–11 m wide, 9–47 cm deep, and
were moderately stable to highly disturbed (Pfankuch index 67–
128). Stream reaches were generally highly shaded (50–80%), had
intact riparian zones, and drained catchments with a high
proportion of native vegetation (mean±se: 60%±0.05) and little
agriculture (0.05%±0.02). PCA of the nine physical variables
produced three significant principle components which explained
a total of 61% of the variation in physical habitat variables among
sites (Table 2). The first component was associated with stream
morphology and disturbance, being positively correlated with % in-
stream cover and % pool habitat, and negatively correlated with the
channel stability index, % boulder substrate, and stream cross-
sectional area (Table 2). The second component described riparian
conditions, and was positively correlated with the riparian index
and the proportion of catchment in native vegetation, and
negatively correlated with the proportion of catchment in agricul-
ture. Finally, the third principle component was positively corre-
lated with % silt and sand, and therefore reflected the degree of
stream sedimentation (Table 2). Streams with and without coal
mines did not differ in physical habitat properties, as summarised
by three habitat principle components (MANOVA Wilk's
λ3,38=0.87, P=0.14). Nevertheless, there was a trend towards
mining streams being larger and more disturbed than streams
unaffected by mining (Univariate ANOVA on Habitat PC1 F1,40=4.1,
P=0.05).

3.2. Environmental correlates of fish communities

Fifteen fish taxa were observed across the 42 streams. Longfin
eels (Anguilla dieffenbachii) were the most common taxon across
sites and were present in 64% of the streams. Brown trout (S. trutta)
were also widely distributed, being found in 17 of the 42 streams.

Rare species included upland bullies (Gobiomorphus breviceps) and
lamprey (Geotria australis), which were found in only 3 and 2
streams, respectively. Dwarf galaxias (Galaxias divergens), inanga
(Galaxias maculatus) and shortfin eels (Anguilla australis) were also
rarely encountered (4 streams each). The mean number of fish
species observed per stream was 3.0 (±0.4 se), and the most
diverse stream had 9 species. Eight of the 42 streams were fishless,
and seven of these drained mining-affected catchments. No fish
were observed in streams with pHb4.4 and concentrations of
dissolved metals N2.7 mg L−1. Several mining streams did contain
fish, but these were depauperate communities with much lower fish

Table 2
Results of variable reduction of nine descriptors of physical stream habitat using principle
components analysis. Three axes with Eigen values N1 were retained for use as predictor
variables in further analysis (Habitat PC1-3).

Component Habitat PC1 Habitat PC2 Habitat PC3

Eigen value 2.28 1.93 1.27
% variation
explained

25.3 21.4 14.1

Positive
correlations % in-stream covera Riparian indexb % silt and sand

% pool % catchment in
native vegetation

Negative
correlations

Channel stability
indexc

% catchment in
agriculture

% boulder
Stream cross-section area

a Includes submerged logs, macrophytes and overhanging banks.
b Subjective assessment of the size, intactness and composition of the riparian zone.
c Subjective index of flow disturbance (Pfankuch, 1975).

Fig. 3. Mean fish species richness and abundance (±se) across three categories of
streams sampled on the West Coast, South Island, New Zealand. Mining streams
drained catchments with active or historical coal mines (pH range 3.1–8.1, with
elevated dissolved metal concentrations). Reference streams (no mines in
catchment) were divided into naturally acidic streams (pH≤6), and circum-
neutral streams (pH 6.1–7.5). Categories with different letters were significantly
different (P b0.05) in Scheffe's comparisons following significant one-way
ANOVAs.
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diversity, density and biomass than reference streams (Fig. 3). There
was no difference in biomass and density between naturally acidic
and circum-neutral reference streams, although there was a trend
towards fewer taxa in naturally acidic streams (Scheffe's posthoc
comparison, P=0.11; Fig. 3).

The concentration of dissolved metals as summarised by the
metal index, had consistently strong negative effects on fish
communities, whereas pH generally had little influence. Best
subsets regression (Table 3) indicated both the metal index and
distance from the sea together were the best predictors of species
richness, each having a significant negative effect. However, the
metal index explained four times the variation in species richness
than did distance from the sea. Similarly, the metal index was
negatively associated with fish density and explained more
variation in density than the other significant predictors (pH,
distance from the sea, and each of the three physical habitat

variables). Fish biomass was best predicted by a model that included
the metal index and each of the three physical habitat components.
The negative effect of sedimentation (Habitat PC3) explained the
most variation in biomass. Metal concentrations and the intactness
of native vegetation in the catchment and riparian zone (Habitat
PC2) were also negatively associated with fish biomass. Small stable
streams with high in-stream cover (Habitat PC1) supported higher
fish biomass than large, disturbed streams with sparse in-stream
cover.

When only naturally acidic and circum-neutral sites were included
in regression analyses (Table 3), habitat variables and distance from
the sea were consistently selected in the best models explaining fish
community variables, and water chemistry variables had little or no
influence. Species richness in reference streams decreased with
distance from the sea, but increased with stream size, disturbance
and % boulder content of the river bed (Habitat PC1). Riparian
conditions (Habitat PC2), sedimentation (Habitat PC3), pH and metal
concentrations had little influence on species richness in reference

Table 3
Best subsets regression and hierarchical partitioning of environmental predictors of fish
community parameters in West Coast streams. Variables in bold were selected in ‘best’
models based on AICc selection criteria. Asterisks indicate significance of effects:
*P=0.01–0.05; **P=0.001–0.01; and ***Pb0.001. Habitat PC1-3 are principle compo-
nents describing habitat morphology, riparian condition and sedimentation, respectively.
Metal index is a principle component positively correlated with the concentration of
dissolved Fe, Al, Zn, Mn and Ni.

Variable Slope Independent R2 Total R2

a) All streams
Species richness 0.51

pH 0.17 0.10* 0.15
Metal index −1.70*** 0.28*** 0.33
Distance −0.59*** 0.07* 0.06
Habitat PC1 −0.35 0.02 0.01
Habitat PC2 −0.37 0.04 0.05
Habitat PC3 −0.39 0.06 0.07

Density 0.69
pH 0.05* 0.09** 0.11
Metal index −0.12*** 0.22*** 0.29
Distance −0.06*** 0.14*** 0.12
Habitat PC1 0.07** 0.05* 0.04
Habitat PC2 −0.07** 0.13*** 0.17
Habitat PC3 −0.05* 0.06 0.08

Biomass 0.47
pH 0.21 0.05 0.05
Metal index −0.42*** 0.13*** 0.20
Distance −0.07 0.02 0.01
Habitat PC1 0.29* 0.11** 0.11
Habitat PC2 −0.32** 0.06 0.06
Habitat PC3 −0.38** 0.14*** 0.15

b) Reference streamsa

Species richness 0.47
pH −0.06 0.02 0.05
Metal index −0.79 0.01 0.01
Distance −0.69*** 0.20*** 0.33
Habitat PC1 −0.92*** 0.16*** 0.20
Habitat PC2 −0.41 0.07 0.13
Habitat PC3 −0.40 0.06 0.09

Density 0.63
pH 0.04 0.01 0.01
Metal index 0.14 0.02 0.02
Distance −0.08*** 0.34*** 0.55
Habitat PC1 0.03 0.01 0.01
Habitat PC2 −0.09*** 0.26*** 0.46
Habitat PC3 −0.04 0.05 0.08

Biomass 0.33
pH 0.20 0.01 0.01
Metal index 0.90 0.06 0.07
Distance −0.07 0.06 0.13
Habitat PC1 0.18 0.04 0.05
Habitat PC2 −0.23 0.09 0.16
Habitat PC3 −0.51*** 0.20*** 0.21

a Reference streams included both naturally acidic and circum-neutral streams.

Fig. 4. Redundancy analysis (RDA) ordination of fish presence/absence in naturally acidic
and circum-neutral reference streams and streams affected by coal mine drainage.
Vectors show the correlation of significant environmental predictors (selected by
forward stepwise regression) with each axis. Letters are fish names: sjk = shortjaw
kokopu, bk = banded kokopu, gk = giant kokopu, ko = koaro, in = inanga, dg = dwarf
galaxias, cb = common bully, rb = redfin bully, bg = bluegill bully, ub = upland bully,
bt = brown trout, le = longfin eels, se = shortfin eels, la = lamprey, and tf =
torrentfish. Environmental vectors and species scores are multiplied by two for clarity.
Axes 1 and 2 explained 17% and 11% of the variation in fish communities, respectively.

Fig. 5. Upper and lower pH limits for 12 New Zealand freshwater fish species on
the West Coast, South Island, New Zealand. Data were compiled from surveys
using qualitative and quantitative electric fishing, night spotlighting, traps and
nets. Main et al., 1985; Taylor and Main, 1987; Harding et al., 2002, 2005; Olsson
et al., 2006; this paper.
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sites. The density of fish in reference sites decreased with distance
from the sea and also with increasing riparian cover and proportion of
native forest in the catchment (Habitat PC2). In contrast, fish biomass
in reference streams was best predicted by a combination of themetal
index, Habitat PC1 and Habitat PC3. However, of these three variables,
Habitat PC3 was the only variable with a significant regression
coefficient, which reflected a decrease in fish biomass with increasing
sedimentation.

RDA ordination revealed patterns consistent with the univariate
analyses (Fig. 4). When all sites containing fish were considered,
communitiesweremost strongly influenced by distance from the sea,
but Habitat PC1 and metals were also important. Fish communities
close to the coast were dominated by the three kokopu species
(Galaxias argenteus, G. fasciatus, G. postvectis), inanga and shortfin
eels, whereas brown trout were positively correlated with distance
inland. Redfin bullies (Gobiomorphus huttoni), bluegill bullies (G.
hubbsi) and torrentfish (C. fosteri) were positively associated with
large, disturbed streams (Axis 2), and the kokopu species and
shortfin eels were associated with small, stable streams with

abundant in-stream cover. Community composition was variable
among the four mining streams that supported fish (Fig. 4): shortfin
eels and giant kokopu were present in Pages Stream, Ford Creek
contained brown trout and torrentfish, and Devils Creek and
Waimangaroa River had longfin eels and koaro, respectively.
Subsequently, these six taxa (shortfin and longfin eels, giant kokopu,
koaro, torrentfish and brown trout) appeared to have the highest
tolerance to dissolved metals of the 15 species observed (Table 3,
Appendix A), whereas the other nine taxa were only found in sites
with individual dissolved metal concentrations b1 mg L−1.

We combined our datawith several previous studies to examinepH
distributions forNewZealandfishes. The frequency of occurrence of 11
species across a pH gradient was collated from a 124 site dataset
compiled from our data and other recent New Zealand studies
(Fig. 6) (Harding et al., 2002, 2005; Olsson et al., 2006). These data,
plus pH ranges reported in Main et al. (1985) and Taylor and Main
(1987) were used to determine maximum and minimum pH
thresholds for 13 commonly observed taxa. Although pH was a
weak predictor of fish community composition when compared to

Fig. 6. The distribution of common freshwater fishes in 124 streams that were unaffected by mining. Data were compiled from published quantitative or semi-quantitative electric
fishing surveys. Taxa shownwere present in≥10 streamswith number of occurrences for each species presented in parenthesis. In some cases streams were sampled twice or more,
but these were usually different reaches and across different years. Harding et al., 2002, 2005; Olsson et al., 2006; this study.
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other environmental variables, several species were not found in
naturally acidic streams, including bluegill bullies, torrentfish
and lamprey (Figs. 5 and 6 and Appendix A). In contrast, 11
other species have been observed in highly acidic streams (pHb5;
Fig. 5, Appendix A), although pH distributions indicate common
bullies, redfin bullies and brown trout were rarely observed below
pH 6 (Fig. 6). Over 40% of the banded kokopu occurrences were in
streams with pHb5, but this species was also common in circum-
neutral streams (Fig. 6).

4. Discussion

Recent syntheses have indicated that natural acidity from organic
acids can impose stress on aquatic biota, but it hasmuch less influence
on communities than acidity generated by human impacts (Petrin et
al., 2008a). Several reasons account for this difference (Collier et al.,
1990; Petrin et al., 2008a,b). Anthropogenic acidity can result in more
extreme pH (b3.5) in some cases, compared to natural acidity from
organic acids (pH usually N4). Furthermore, anthropogenic acidity is
often associated with additional stress from elevated concentrations
of bioavailable metal ions. Finally, anthropogenic impacts have
occurred over a time scale too short to enable local adaptation. We
observed strong evidence for negative effects of mining-induced
acidity on fish communities in West Coast streams of New Zealand.
Seven of the eleven mining-affected streams were fishless, and those
that did contain fish supported communities with markedly lower
diversity and abundance than nearby reference streams. However, in
catchments unaffected bymining, fish communities in naturally acidic
streams were not significantly different from those in circum-neutral
streams, and most fish species exhibited a very broad pH tolerance.

4.1. The effects of mine drainage on fish communities

The water chemistry of streams affected by mining was
characterised by elevated concentrations of dissolved Fe, Al, Zn, Ni
(and sometimes Mn), and generally reduced pH, although four
streams were mildly acidic to circum-neutral. However, mining-
affected streams were less acidic and had lower concentrations of
dissolved metals than extremes observed in New Zealand and
elsewhere (e.g., pHb3, ZnN1 mgL−1, Fe and AlN35 mg L−1; Win-
terbourn and McDiffett, 1996; Niyogi et al., 2002), largely because
the small headwater streamswhere AMD ismost concentratedwere
not sampled because of barriers to fish dispersal. Streams with
active mining were very similar in water chemistry to those with
abandoned mines, although we did not measure suspended
sediment which can become elevated during active mining and
remediation (Kelly, 1988). In our dataset on all streams, the
concentration of metals, rather than pH, was most closely related
to negative effects on fish community composition, richness,
biomass and density. The metal index, which summarised the
combined dissolved concentrations of Fe, Al, Zn, Mn and Ni,
consistently had the strongest negative effects on fish communities
of the six predictor variables, and explained the most variation in
species richness and biomass independent of other predictors
(Table 3). Although some streams were very acidic (pHb3), the
pH of mining streams was not significantly different from naturally
acidic streams and pH overall was a poor predictor of fish
community metrics. When all sites were considered, there was no
significant effect of pH on species richness and biomass after
accounting for effects of dissolved metals, although there was a
significant but minor effect on fish density when compared to the
effects of other environmental variables.

Several interactive mechanisms could explain the strong nega-
tive relationship between the concentration of metals and fish
community metrics. First, dissolved metals may be present in
sufficient concentrations to cause acute or chronic toxicity. The

mechanisms of toxicity generally involve electrolyte loss from the
inhibition of ion exchange, and adherence of metal hydroxides to
gill membranes leading to respiratory stress (Baker and Schofield,
1982 and references therein). Published data on the toxicity of
dissolved metals to New Zealand fishes are limited to short term
behavioural trials (Hickey, 2000), but comparisons with interna-
tional studies suggest that several streams contained concentrations
of dissolved metals sufficient to cause acute mortality. Inorganic
monomeric aluminium is acutely toxic to fish at low concentrations
(0.1–0.2 mg L−1) (Baker and Schofield, 1982) and Fe can cause
acute mortality in brown trout at 2 mg L−1 (Peuranen et al., 1994).
These observations suggest total dissolved Al and Fe concentrations
in the two most heavily impacted streams (Al: 28–38 mg L−1; Fe:
6.2–10 mg L−1) were very likely to cause acute toxicity. Similarly,
Zn acute LC50 values for rainbow trout (0.29 mg L−1) (Besser et al.,
2007) were exceeded in three mining-affected streams, although
behavioural trials with New Zealand species indicated rainbow
trout are more sensitive to Zn than both eel species and common
bullies (Hickey, 2000). Ni and Mn were unlikely to have caused fish
mortality, as even the most contaminated streams contained
concentrations of Ni and Mn three orders of magnitude lower
than concentrations required for acute toxicity in several fish taxa
(Krishnani et al., 2003; Pane et al., 2004b).

Chronic exposure to metal concentrations below those required
for acute mortality can cause mortality or non-lethal effects such as
impaired predator avoidance, feeding, migration and fecundity
which affect population persistence (Pane et al., 2004a,b). For
example, chronic lethal effects of Ni on rainbow trout occurred at
2.03 mg L−1, but non-lethal chronic effects of Ni on exercise
physiology were observed at 0.39 mg L−1 (Pane et al., 2004a,b).
Similarly, Zn chronic toxicity values for rainbow trout and mottled
sculpins (0.219 and 0.117 mg L−1, respectively) were 70–75% of
acute LD50 levels (Besser et al., 2007). The concentrations of metals
in moderately impacted mining streams in our study may be
sufficient to induce chronic toxicity, and contribute to the negative
effect of metals on fish communities.

The precipitation of metals, especially iron can impose direct
lethal and non-lethal effects on fish, or indirect effects through
altering habitat and food resources (Vuori, 1995; Niyogi et al.,
2002). Iron hydroxide deposition is particularly prevalent in West
Coast, New Zealand streams affected by coal mining (Barnden and
Harding, 2005; Bray et al., 2008). Moreover, iron flocculation and
sedimentation from active mines can produce elevated suspended
sediment loads (N25 NTU) sufficient to deter migrating galaxiids
and impair feeding (Rowe and Dean, 1998; Richardson et al., 2001)
but not cause direct mortality (Rowe et al., 2009). Although we did
not directly measure suspended sediment, benthic sedimentation
(Habitat PC3) had strong negative effects on fish biomass in
analyses both with and without mining streams (Table 3). Fish may
also actively avoid high metal concentrations in mining streams
during migration, or evade pulses of contaminated water following
settlement (Atland and Barlaup, 1996; Atland, 1998). It is also
worth noting that although pH was not selected as a strong
predictor of fish community metrics in our analyses, acidity is
likely to have contributed to the absence of fish in the most highly
acidic sites (pHb3.3) where pH was well below the most extreme
naturally acidic streams (pH 3.8; Main et al., 1985). Moreover,
physiological stress from low pH and dissolved metals and their
precipitates is likely to be synergistic and lead to more pronounced
impacts than each of these stressors in isolation.

4.2. Influences on fish communities in reference streams

Naturally acidic streams often supported diverse fish communities
with a biomass and density similar to circum-neutral streams.
Moreover, the integration of our results with six other studies of pH
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distributions of West Coast freshwater fishes indicate that the vast
majority of taxa are not limited by low pH observed in naturally acidic
streams. Eleven species have been found in streams with pHb5,
including the exceptional observations of inanga and banded kokopu
occurring in streams of pH 3.8 (Main et al., 1985; Harding et al., 2002).
Some species, especially kokopu and koaro, may utilize these
naturally acidic streams as refugia from exotic salmonid predation
(Main, 1988; Olsson et al., 2006). Analyses of distributions across 124
streams indicated banded kokopu were overrepresented in naturally
acidic streams, providing support for positive selection for low pH.
However, the pH distributions of shortjaw kokopu and koaro were
consistent with the pH distribution of streams. In contrast, bluegill
bullies and torrentfish have never been observed below pH 6.1 and
5.6, respectively, across the six studies (Fig. 4), and although common
bullies, redfin bullies, and brown trout can tolerate low pH, these
species were underrepresented in naturally acidic streams.

As in other studies (e.g., Winterbourn and Collier, 1987), a
number of naturally acidic brown-water streams in our survey
exhibited elevated concentrations of heavy metals. Five of the 31
streams that were unaffected by mining had concentrations of
AlN0.5 mg L−1 and FeN0.25 mg L−1, yet these streams supported
communities of 2–6 fish species. Acidic brown-water streams on
the West Coast typically contain high concentrations of DOC
(N10 mg L−1), which promotes the complexation of aluminium
with organic ligands (Collier and Winterbourn, 1987; Winterbourn
and Collier, 1987; Collier et al., 1990). Organic monomers of Al are
less bioavailable, and therefore considerably less toxic to fish than
inorganic monomeric forms of Al (Driscoll et al., 1980; Campbell,
1995). Binding to organic ligands associated with DOC also
decreases the toxicity of other metals, such as Zn (Bringolf et al.,
2006). Thus, elevated concentrations of metals in naturally acidic
streams are unlikely to impact fish communities.

Despite apparent differences in the pH preferences of fish, and
elevated concentrations of metals in naturally acidic streams, water
chemistry variables were not significant predictors of fish commu-
nity composition, richness or abundance in streams unaffected by
mining. Rather, physical habitat conditions and distance inland
were consistently the most significant predictors. Distance from the
sea had moderate negative effects on species richness and density,
which is consistent with other studies (McDowall, 1996, 1998; Joy
et al., 2000; Jowett and Richardson, 2003) and occurred through the
decline in occurrence and abundance of diadromous species inland.
This effect also likely encompassed the influence of altitude as
distance and altitude were highly correlated. Species richness also
decreased with Habitat PC1, which appears to be driven by the
dominance of one or two large bodied galaxiid species in the
streams with high amounts of in-stream cover, while larger more
disturbed streams supported communities with multiple galaxiid
and bully species, torrentfish and eels (see also Fig. 3). Riparian
conditions as summarised by Habitat PC2 had little effect on species
richness and fish biomass, probably because the majority of streams
sampled had intact or mostly intact riparian zones in native forest
catchments. Nevertheless, Habitat PC2 explained 26% of the
variation in fish density independent of all other predictors and
the highest densities of fish were observed in streams with
agricultural catchments and sparse riparian cover. This pattern,
which is similar to observations in the North Island (Rowe et al.,
1999), was driven by the very high abundance of agriculture-
tolerant species such as longfin eels and common bullies, possibly
due to increased productivity as a result of agricultural inputs and
reduced shading.

4.3. Local adaptation and vulnerability to anthropogenic acidification

Anthropogenic impacts act upon the template of habitat
conditions present within a landscape. In New Zealand, the close

spatial proximity of naturally acidic and circum-neutral waterways
in New Zealand (Collier et al., 1990) is likely to have contributed to
the evolution of the wide pH tolerance of fishes observed in this
study. Moreover, the prevalence of diadromous life histories in the
New Zealand fish fauna may reinforce selection for these generalist
traits, as gene flow from the recruitment of marine dispersing larvae
to non-natal streams appears to have homogenised genotypes
(Allibone and Wallis, 1993; McIntosh and McDowall, 2004). While
these adaptations may buffer assemblages to altered phys-
icochemical conditions, our results indicate that stressors that are
elevated outside the historical natural range, such as high
concentrations of bioavailable metals, can have pronounced nega-
tive impacts on stream fauna.

4.4. Conclusions and management recommendations

Our findings suggest that the stressors associated with elevated
concentrations of dissolved metals may be more important than
acidity in affecting the diversity, density and biomass of fish
assemblages. This is consistent with the hypothesis that additional
stressors from anthropogenic sources drive the disparity between
the effects of natural and anthropogenic acidification on freshwater
communities (Collier et al., 1990; Petrin et al., 2008a,b). However,
the paucity of data on mortality levels of dissolved metals for New
Zealand fish taxa, combined with potentially interactive stressors of
dissolved metals, metal hydroxide precipitates and low pH make it
difficult to ascribe the effects of mine drainage observed in this study
to one particular mechanism, or to determine robust chemical
thresholds. Nevertheless, our results provide indicative water
chemistry thresholds for mining companies and regulatory agencies
seeking improved water quality limits for the maintenance of fish
species. Although in extreme cases several species may occur in
waters with pHb4, our results indicate that pHN4.5 would be a
suitable target. Most importantly, mining companies and regulators
should generally strive for the combined concentrations of dissolved
metals b2.5 mg L−1 and individual concentrations of Al and
Fe b1 mg L−1 and Zn b0.1 mg L−1 to support fish species. In order
to better understand how to manage and remediate anthropogenic
acidification in freshwaters, future research should focus on the
interactive effects of multiple heavy metals and reduced pH, and
how these effects may propagate directly and indirectly though food
webs.
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Appendix A
Fish species and the range of pH and dissolved metal concentrations in 42 streams sampled on the West Coast of the South Island.

Fish species n pH
range

Mean
±se

Al (mg L−1) Fe (mg L−1) Mn (mg L−1) Ni (mg L−1) Zn (mg L−1)

Max Mean±se Max Mean±se Max Mean±se Max Mean±se Max Mean±se

Longfin eel 29 4.4–8.1 6.5±0.18 0.95 0.25±0.05 1.50 0.21±0.02 1.50 0.057±0.052 0.029 0.0016±0.0009 0.067 0.008±0.002
Brown trout 17 5.3–7.6 6.7±0.16 0.41 0.17±0.03 1.00 0.21±0.050 0.06 0.008±0.003 0.0042 0.0009±0.0002 0.067 0.012±0.004
Redfin bully 11 5.9–7.5 6.8±0.14 0.56 0.16±0.04 0.25 0.15±0.02 0.013 0.004±0.0009 0.0013 0.0006±0.00007 0.027 0.0072±0.0021
Banded kokopu 10 4.4–7.4 5.9±0.34 0.89 0.38±0.10 0.50 0.26±0.049 0.012 0.0056±0.001 0.0006 0.0005±0.00001 0.011 0.005±0.001
Shortjaw kokopu 9 4.8–7.4 6.3±0.31 0.67 0.25±0.08 0.38 0.18±0.038 0.008 0.0042±0.0009 0.0006 0.0005±0.00001 0.011 0.006±0.001
Koaro 9 4.8–7.4 6.2±0.33 0.71 0.32±0.09 0.50 0.22±0.053 0.024 0.0070±0.0024 0.0039 0.0009±0.0004 0.033 0.008±0.003
Torrentfish 7 6.5–7.5 7.0±0.13 0.12 0.08±0.02 1.00 0.25±0.163 0.06 0.012±0.008 0.0042 0.0012±0.0005 0.030 0.008±0.004
Giant kokopu 6 4.7–7.4 5.7±0.47 2.70 0.76±0.40 0.96 0.33±0.13 0.13 0.026±0.020 0.0064 0.0015±0.0009 0.057 0.016±0.008
Bluegill bully 6 6.5–7.4 6.8±0.13 0.22 0.12±0.03 0.23 0.15±0.03 0.006 0.003±0.0005 0.0006 0.0005±0.00005 0.007 0.0036±0.0007
Common bully 5 6.2–7.5 6.8±0.22 0.30 0.15±0.04 0.26 0.17±0.04 0.02 0.009±0.0033 0.0013 0.0006±0.0002 0.011 0.0064±0.0015
Shortfin eel 4 4.7–6.7 5.3±0.48 2.70 1.00±0.57 0.96 0.46±0.17 0.13 0.038±0.031 0.0064 0.0020±0.0015 0.057 0.020±0.012
Inanga 4 6.2–7.5 6.9±0.29 0.30 0.14±0.05 0.26 0.19±0.038 0.02 0.011±0.0037 0.0013 0.0007±0.0002 0.0085 0.0005±0.001
Dwarf galaxias 4 4.9–7.0 6.0±0.46 0.95 0.41±0.18 0.36 0.19±0.060 0.009 0.005±0.001 0.0005 0.0005±0.00001 0.011 0.0064±0.002
Upland bully 3 6.5–7.0 6.8±0.17 0.22 0.17±0.03 0.16 0.13±0.026 0.005 0.003±0.0007 0.001 0.0007±0.0002 0.011 0.0052±0.0029
Lamprey 2 7.0–7.5 7.3±0.25 0.22 0.13±0.09 0.26 0.21±0.05 0.02 0.012±0.007 0.0005 0.0005 0.0038 0.0030±0.0008
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