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13.1. Introduction

The Ok Tedi mine, located on Mount Fubilan in the remote Star Mountains
of the Western Province of Papua New Guinea, is one of the largest
producers of copper concentrate in the world (Smith and Hortle, 1991;
Swales et al., 1999, 2000). The mine initially commenced operations in 1984
using a cyanide leachate circuit to recover gold. In 1987 the operation had a
dual gold leachate/copper flotation recovery process, and by 1988 the mine
had changed to copper concentrate production, with gold and silver also
recovered in the concentrate (Smith and Hortle, 1991). Waste disposal at the
Ok Tedi Mine has been controversial. The initial intention during mine
development was to store tailings in a dam close to the mine, however, high
rainfall (B10m per annum at the mine), geological instability (limestone
rock), and regular seismic activity meant that any tailings dam had a high
risk of failure at some point in the future. This was evident in 1984 when the
foundations of a tailing dam under construction were buried by a landslide
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(Swales et al., 2000). Consequently, on-site waste storage was considered
unfeasible. Rather than close the mine, the State of Papua New Guinea
authorized disposal of waste rock and detoxified tailings directly to the Ok
Tedi (‘ok’ in the local Min language means ‘river’), a major headwater
tributary of the Fly River. Consequently, the mine has always operated using
riverine disposal, and currently, approximately 120,000metric tonnes per day
(tpd) of waste rock and 80,000 tpd of tailings are discharged directly into the
Ok Tedi and its tributaries to be transported downstream into the Fly River
(Wood et al., 1995; Swales et al., 2000). Regular and extensive environmental
monitoring of the Fly River system has been conducted by Ok Tedi Mining
Limited to examine the effects of this waste disposal on the river system
and surrounding environment (Wood et al., 1995; Apte, 2009; Bolton et al.,
2009; Pickup and Cui, 2009).
Changes in fish diversity, abundance, and biomass in the Ok Tedi and Fly

River downstream of the mine have been documented since 1983 (Swales
et al., 1998, 2000). Decreasing fish catch biomass in the Fly River had been
noted since the late 1980s (Smith and Morris, 1992). These changes became
statistically significant declines in the early 1990s (Swales et al., 1998, 2000),
with losses of between 65% and 96% relative to pre-mine levels in the Ok
Tedi and middle Fly River channel, with the greatest reductions recorded
from sites closest to the mine (Swales et al., 2000; Storey et al., 2009). There
have also been losses of species diversity in the Ok Tedi and middle Fly River
(Swales et al., 1998, 2000), and an extensive survey in mid-2005 determined
that most species still occurred in tributaries or other parts of the system,
although several species were not recoded and may have been lost (Storey
and Smith, unpublished data; Storey et al., 2009).
The reductions in fish biomass (and diversity) indicate significant bio-

logical effects on the river system. There were initial concerns that observed
effects were due to metal toxicity to biota, given the elevated concentrations
of total copper in the Fly River downstream of the mine. However, the
majority of metals are particulate-associated, and therefore not readily
bioavailable (Smith et al., 1990; Smith and Hortle, 1991), and concentrations
of dissolved copper are generally low (o15mg/L) (Apte, 2009). Furthermore,
the majority of the dissolved copper is non-labile due to the complexing
capacity of the receiving waters, which are alkaline and high in dissolved
organic carbon (Stauber, 1995; Stauber et al., 2009). This has been supported
by a range of laboratory toxicity studies which have failed to identify acute
toxic effects on Fly River species or equivalent species from northern
Australia exposed to equivalent concentrations of copper currently found in
the river channel (Smith et al., 1990; Smith and Hortle, 1991; Stauber, 1995;
Swales et al., 1998, 2000).
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The other major impacts in the river channel which could cause the
observed declines in fish biomass were increased total suspended sediments
(TSS) and river-bed aggradation resulting from the disposal of mine waste
and tailings to the river (Smith and Hortle, 1991; Swales et al., 1998, 2000).
Significant bed aggradation was first recorded in the middle Ok Tedi in the
early 1990s, and it soon spread to the lower Ok Tedi and into the Fly River
immediately below the confluence with the Ok Tedi at D’Albertis Junction
(Fig. 13.1). Aggradation has subsequently progressed further into the middle
Fly River (Pickup and Cui, 2009). Currently there is approximately 6m of
aggradation in the middle Ok Tedi, decreasing to 4.5m in the lower Ok Tedi
and 4m in the Middle Fly immediately downstream of D’Albertis Junction.
Aggradation gradually reduces with distance from the confluence, to the
point where it is not detectable below Everill Junction (B220 nautical miles
downstream) (Pickup and Cui, 2009) (Fig. 13.1).
In the apparent absence of any ecotoxicity effect, bed aggradation and

associated changes provide a mechanism for reductions in fish catch by
impacting on fish habitat in the main channel. Although TSS is elevated,
and is often reported as impacting on aquatic fauna, the fish fauna of the
Fly River system is considered relatively tolerant of high TSS (Smith et al.,
1990), as are fish assemblages of many turbid, lowland tropical rivers. The
Strickland River, a major tributary of the Fly River (Fig. 13.1), naturally has
a higher TSS concentration than the Fly, yet supports a healthy and
diverse, although slightly different fish fauna (Smith et al., 1990). Therefore,
aggradation and associated changes are thought likely of greater effect than
the increased TSS.
It was therefore hypothesized that declines in diversity and biomass of

fish in the Fly River channel most likely related to loss of habitat associated
with bed aggradation. The relationship between habitat diversity and fish
diversity is well established in the literature, with many studies reporting
significant positive correlations (Gorman and Karr, 1978; Bishop and
Forbes, 1991; Lobb and Orth, 1991; Cowx and Welcomme, 1998), with
attributes such as water depth, substrate type, aquatic vegetation, and
bank cover shown to be important. Similarly, reductions in fish diversity as
a result of loss of habitat have also been reported (Hortle and Lake, 1983;
Mann, 1988; Scarnecchia, 1988; Harvey and Nakamoto, 1997; Cowx and
Welcomme, 1998), with straightening of channels, removal of in-stream
structures such as pool-riffle sequences and large woody debris, and
reduction in depth shown to result in loss of fish diversity. It is reasonable
therefore to suggest that the generalities of such relationships will also apply
to fish in the Fly River channel, although specific habitat requirements of fish
assemblages have yet to be determined. To make the link between declines in
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Figure 13.1: Fly River catchment, with inset of D’Albertis Junction and
immediate area, showing sampling reaches.
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fish catch and loss of habitat, it was first necessary to establish if the mine
was impacting on fish habitat. The aim of the current study was to assess
the effects of bed aggradation on fish habitat, by measuring changes in
parameters likely to constitute or reflect aspects of fish habitat.

13.2. Study Area

The study was conducted in the main channel of the Fly River in the vicinity
of D’Albertis Junction (Fig. 13.1). The Fly River in this area is a large, slow-
flowing, meandering lowland floodplain river. The channel is 150–200m
wide, 5–10m deep (depending on stage height, but up to 20m deep in places),
with a raised levee along each bank. The channel is almost trapezoidal in
cross-sectional shape, with relatively steep banks and a broad central bed of
irregular depth. The channel form has long meander loops (2–3 km between
bends), with eroding banks on the outside of bends and depositional point
bars on the inside. Pre-mine, the banks in the lower Ok Tedi and upper
middle Fly were lined by tall, overhanging primary rainforest, which was
regularly flooded for short periods (days to weeks). The vegetation holds the
banks together, and provides trailing root mats, undercuts, and inputs of
large woody debris to form snags in the channel. The forest also provides
inputs of allochthonous carbon such as leaves, fruits, seeds, and insects to
support riverine food webs (see Storey and Yarrao, 2009). Apart from
localized areas of harder clays, sediments are predominantly silt/sand. The
banks of the channel tend to be relatively uniform except for features locally
referred to as ‘backwaters.’ These are small embayments or ‘scalloping,’
ranging from 10 to 50m long and 5 to 10m wide, characterized by relatively
deepwater and back-eddies with a general upstream flow direction. These
‘backwaters’ are distinct from the more classic shallow backwaters
(shallow, off-channel areas with zero flow, usually colonized by emergent
and submerged macrophytes), which do not occur along the Fly River main
channel, but are present on the floodplain. Access from the main channel
onto the floodplain is either over the levee when river levels are high and the
forest is flooded, or into oxbow lakes (cut-off meander loops) or flooded
lagoons via ‘tie-channels’ (narrow channels connecting these features to the
main channel).
As noted above, aggradation in this area progressively decreases with

distance downstream from the mine, from 4.5 to 5.0m in the lower Ok Tedi
to approximately 2m at Nukumba (Fig. 13.1). Physical changes in the
channel due to aggradation are obvious and include reduced depth across the
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channel, increased water velocity as a result of reduced depth, increased bank
erosion as a result of increased velocity, infilling of the ‘backwaters,’
smothering of snags (woody debris), reduction in bank angle, reduced
‘‘heterogeneity’’ of the channel bed and increased TSS. Infilling of back-
waters is particularly significant, as these areas provide deepwater habitat
out of the main flow where larger fish tend to reside. These areas are targeted
for gill netting as part of OTML monitoring, providing high diversity and
biomass in fish catch (see Swales et al, 2000; Storey et al., 2009). Loss of these
habitats results in loss of the associated catch which partially explains the
observed reductions in biomass in monitoring data (see Storey et al., 2009).
In-stream physical changes also cause changes on the floodplain. Bed
aggradation results in increased over-bank flooding (Pickup and Cui, 2009).
During over-bank flooding events sediment is deposited on levees and across
the floodplain, whereby greater flooding occurs under greater aggradation,
giving a greater depth of sediment deposition. The combination of
sedimentation and water logging on the floodplain then results in forest
dieback, whereby vegetation intolerant of smothering/prolonged flooding
dies, and is gradually replaced by flood-tolerant species (i.e., Phragmites
karka) (Pickup and Cui, 2009). This results in the loss of forest along the
banks of the channel.

13.3. Methods

The study aimed to quantify aspects of fish habitat along impacted reaches
of the lower Ok Tedi and upper Middle Fly and nonimpacted reaches
upstream. Twenty reaches were selected to cover a range in aggradation
from zero aggradation (six reaches), through low aggradation (1–2m; four
reaches), medium aggradation (2–3m; six reaches) to high aggradation
(4–5m; four reaches) (Fig. 13.1). Subsequently, one reach (reach 15 at
Adopted River Mile 431, immediately upstream of Nukumba) was dropped
from the data set because it was too unstable, suffering significant over-bank
flooding, a high rate of channel migration and high turbulence at the time of
survey. Such conditions prevented accurate hydrographic mapping. Aggra-
dation estimates for each remaining site were taken from the bed aggradation
surveys performed by Ok Tedi Mining Limited in September 2002.
As far as possible, surveys of each reach were standardized to allow

comparisons across reaches. Each reach consisted of 1,000m of channel as
measured by GPS, with the reach commencing at the downstream end on
the outside of a meander bend and continuing downstream. At each reach,
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‘reach-level’ and ‘point-level’ parameters considered indicative of fish habitat
were recorded (Appendix 1). Reach-level attributes were surveyed by taking
total counts of selected parameters for the whole reach (i.e., counting the
number of backwaters, number of snags, etc.), and point-level parameters
were measured at 200m intervals along each reach (i.e., 0, 200, 400, 600, 800,
and 1,000m), and then averaged for the reach. Point-level variables consisted
either of the measurement of physical parameters (i.e., water depth, water
velocity, or bank angle), or percentage cover of attributes estimated for
a 10m length of bank at the point (i.e., percentage cover of features such as
riparian vegetation, trailing root mats, and undercuts).
No previous studies assessing effects of river-bed aggradation on the fish

fauna of a large lowland tropical river system have been reported. Therefore
a methodology was developed by selecting habitat parameters previously
shown to influence fish diversity such as water depth, water velocity,
substrate composition, snags, aquatic vegetation, and cover such as tree
roots and bank undercuts (Sheldon, 1968; Gorman and Karr, 1978; Bishop
and Harland, 1982; Schlosser, 1982; Moyle and Vondracek, 1985; Grossman
et al., 1987a, b; Bain et al., 1988; Bishop and Forbes, 1991; Rabeni and
Jacobson, 1993; Sheldon and Meffe, 1995; Cowx and Welcomme, 1998).
The amount of algal growth on submerged surfaces was assessed for each

reach, with growth ranked as 0 for no observable growth, 1 for present, 2 for
common, and 3 for abundant algal cover. The amount of cover available for
fish is an important habitat attribute, providing areas for resting, spawning,
and predator avoidance. As an indication of cover available along the edge
of the channel, the percentage of different types of cover along the bank was
recorded as: riparian canopy, trailing vegetation (vines/creepers/branches),
trailing vegetation (P. karka; a colonizing plant characteristic of disturbance/
forest dieback), trailing root mats, moss/algae on sediments, undercuts, and
woody debris. Cover was recorded at each measurement point and then
averaged to give a percent cover for the whole reach.
Backwaters were categorized by size for each reach: small (o5m long),

medium (5–10m long), large (10–30m long), and very large (W30m long).
The number in each size category of backwater was then counted for each
reach. An area of shoreline was classified as a backwater if there was visible
reversal in flow direction relative to the adjacent open channel. Total number
of backwaters was calculated by summing the number of backwaters in each
size class. The percent of the reach occupied by backwaters was calculated by
multiplying the number of each size class of backwater by the approximate
median length of each size class (5, 7.5, 15, and 40m, respectively), and
expressing the total number of meters of backwater as a percentage of the
length of the reach.
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Extent of mine-derived sediment deposition along the linear length of the
shoreline and the depth of sediment deposition on the floodplain adjacent to
the channel was also recorded for each reach.
The number of minor projections and irregularities along the shoreline

(i.e., features smaller than backwaters), referred to as nodes, was also
measured. A large number of projections provides high heterogeneity, and as
a result would likely indicate greater diversity in habitat and near-shore
flows, as opposed to few projections indicative of a uniform bank with low
habitat diversity.
A likely effect of bed aggradation is modification of the channel profile,

from a trapezoidal form with deepwater close to the shore, to one with more
gradual banks and a shallow-angle providing greater area of shallow water
closer to the shore. Such changes would likely affect different species in
different ways. The angle (901 for vertical and 01 for horizontal) and linear
height of the bank above the water line was recorded at each point measure-
ment. To assess changes in the water column, the relationship between depth
and velocity was also characterized at each point measurement. Water depth
and velocity were recorded at 1, 4, and 10m distance from the bank, with
velocity measured at approximately 0.6 total depth at each position. This
spacing represented velocity and depth conditions in areas close to the bank
where fish predominantly reside (Storey, unpublished data). For each
distance from the bank (1, 4, and 10m), the variance for depth and velocity
were also calculated for the reach to reflect level of variability in these
parameters. Depth and velocity were then integrated for each zone (0–1, 1–4,
4–10, and 0–10m from the bank). Using water depth at each distance from
the bank, the wetted cross-sectional area was calculated, and this value was
then divided by water velocity so that deepwater with low velocities resulted
in a high score, and as water depth decreased or velocity increased, then the
score decreased.
Not all relevant habitat parameters could be surveyed from the water

surface, therefore an EchoTrac MkII dual frequency echo sounder with a
Side Scan Sonar transducer was used to gather additional information.
It was hypothesized that smothering by bed aggradation would likely

result in a decline in the number and size of snags over a reach, therefore
snag abundance and size was determined using a standardized, repeatable
qualitative approach using the Side Scan Sonar. A longitudinal profile
of each reach was derived by surveying a transect parallel to the bank, with
the nadir point of the pass approximating the thalweg (e.g., deepest point)
of the channel. Snags and obstructions in the water column between the
scanner and the bank were recorded on a paper plot and snags categorized
as ‘‘simple,’’ ‘‘medium,’’ or ‘‘complex’’ based on the size and strength of

470 A. W. Storey et al.



the image. Small snags (o0.1m diameter) and floating debris (residing only
in the upper 0.5m of the water column) were not recorded, and large rafts of
floating logs supported by only a single log anchored into the bed of the river
were recorded as a single, simple snag.
The number of snags in each category along each reach was calculated, as

was the total number of snags by summing all simple and medium snags and
adding to the count of complex snags. A weighting of � 7.5 was applied to
the count of complex snags to allow for the greater areal extent of complex
snags (and the likely greater role they play in providing habitat). This
weighting was determined by measuring the spatial two-dimensional
coverage of complex snags and comparing it to a single large snag, giving
a conversion factor of between � 5 through to � 15, but with a mean of
approximately � 7.5.
All data were converted to either measurements or counts for each reach,

and then analyzed initially using Spearman Rank Correlation of each
variable against aggradation. Linear regression was then applied, using
reaches as replicates, aggradation as the independent variable and with
individual habitat parameters as the dependent variables to determine if
a cause-effect relationship could be established between aggradation and
habitat parameters. Principal Components Analysis (PCA) in the PRIMER
package (Clarke and Gorley, 2001; Clarke and Warwick, 2001) was then
used to reduce the 55 measured and derived habitat variables to summary
variables as principal components. The principal components were then
regressed against aggradation to determine whether they gave a better
relationship than individual fish habitat parameters.

13.4. Results

Channel surveys were conducted over a 10-day period in November 2002.
In all, 55 variables were measured or derived (Appendix 1). Spearman
Rank Correlation indicated that in many instances there were very strong
relationships between habitat variables and aggradation, with the majority
showing an inverse relationship to aggradation (Appendix 1). Linear
regression indicated that the most statistically significant relationships
explained between 75% and 93% of variation in the individual habitat
parameters (Fig.13.2). For some parameters, stronger relationships were
achieved using log10(xþ1) transformed data for aggradation, indicating that
a lower threshold had been reached in the habitat parameter, and the rate of
decline in these parameters decreased with increasing levels of aggradation.
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Analyses showed many highly significant interdependencies in the data set,
indicating that many of the habitat parameters were closely related,
including habitat parameters measured by independent methods (i.e., visual
assessment versus hydrographic survey). This was to be expected given the
nature of the data. For example, fish cover and cover of root mats, trailing

Figure 13.2: Plots of linear regressions of river-bed aggradation (log10(xþ1))
against habitat parameters demonstrating a high rank correlation coefficient

(Appendix 1), giving regression equations and R2 values.
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vegetation, undercuts, riparian canopy, and woody debris all reflect the state
of the riparian vegetation, loss of which occurs due to aggradation and over-
bank flooding.
PCA reduced the data set to five principal components, with 58% of the

variation in the data explained by PC1 and PC2. Habitat parameters
contributing to PC1 included percent fish cover per reach, percent of bank
comprised of root mats, percent of bank covered by forest canopy, percent of
bank comprised of undercuts, percent of bank covered by trailing forest
vegetation, total number of snags, number of snags weighted by water
velocity (large and total), snags weighted by velocity/depth (simple, large,
and total), percent of reach occupied by backwaters, and the number of
backwaters (large and total). Habitat parameters contributing to PC2
included the angle of the upper bank; water depth at 4 and 10m distance
from the waters edge; extent of erosion; and, hydrographic measures of bed
heterogeneity such as the total number of nodes per meter of reach. Only
PC1 gave a significant relationship when regressed against aggradation
(po0.05), however, this analysis indicated that aggradation explained 93%
of the variation in PC1 (Fig. 13.3).

13.5. Discussion

The original hypothesis of this study was that river-bed aggradation resulted
in the loss of fish habitat which in turn caused the observed declines in fish

-10

-5

0

5

10

0 2 4

River Bed Aggradation (m)

P
C

A
 F

ac
to

r 
1

Y = 6.7261 - 3.3194 x Aggradation

Adj R2 =0.9336

531

Figure 13.3: Linear regression of PCA Factor 1 against river-bed aggradation,
giving regression equation, R2 value, and 95% CI about the regression line.
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biomass and diversity in the Fly River channel. Field measurements showed
that many of the parameters chosen to be indicative of fish habitat
availability declined with increasing bed aggradation. These included
numbers of medium, large, and very large backwaters, numbers of medium
and complex snags, total number of snags, bank heterogeneity, algal cover
on floating debris, cover of woody debris, riparian canopy, roots, undercuts
and trailing vegetation, overall fish cover, and depth weighted by velocity
at 0–1 and 1–4m zones from the bank. Changes in habitat heterogeneity
associated with river-bed aggradation were supported by observations
during the field study, whereby sites affected by aggradation appeared
more uniform, with fewer trailing root mats, undercuts, trailing riparian
vegetation, canopy cover, woody debris, and more uniform banks with fewer
backwaters (Figs. 13.4 and 13.5). Infilling of backwaters due to siltation of
the banks was common along the lower Ok Tedi and middle Fly downstream
of Kuambit (Fig. 13.6). This represents a loss of deep, low-velocity habitat
utilized by many of the larger, deep-bodied species. Routine fish catch
monitoring at Kuambit during the 1980s and 1990s targeted individual
backwaters with specific large mesh gill nets because these backwaters
repeatedly produced good catches. These backwaters are now in-filled and
no longer contain fish, partly explaining the declines in fish catch at this

Figure 13.4: Section of bank on the Fly River between Kiunga and
D’Albertis Junction with no aggradation, showing high diversity of fish
habitat: abundant riparian canopy cover, trailing riparian vegetation, large
woody debris, in-stream snag habitat, trailing root mats, and undercuts.
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Figure 13.5: Section of bank on the Fly River downstream of D’Albertis
Junction with B4m of aggradation, showing low diversity of fish habitat:
reduced riparian canopy cover, minimal trailing riparian vegetation, no large
woody debris or snag habitat, and no trailing root mats or undercuts. Note

open canopy and colonizing grasses on upper slopes.

Figure 13.6: Sections of river bank on the lower Ok Tedi and middle Fly
River downstream of D’Albertis Junction, showing examples of backwaters

in-filled with deposited mine waste.
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location. The importance of backwaters to fishes cannot be overstated, with
studies by Humphries et al. (1999), Rosenberger and Angermeier (2003),
King (2004), and Feyrer et al. (2005) all highlighting the importance of
backwater habitat to fish.
Independent hydrographic surveys during this study indicated that snags

were also adversely affected by aggradation. In slower flowing reaches with
high aggradation, there were few snags observed in locations where snags
normally would be expected. It is likely that snags in these locations were
totally inundated by sediment. Some reaches with high aggradation appeared
to have a greater loading of woody debris (i.e., lower reaches of the Ok Tedi),
likely as a result of forest die off and subsequent erosion of the dead trees
into the river. However, surveys indicated that this material either had little
structure (i.e., consisted of single branches/trunks), provided little cover
(i.e., was lying flat on the river bed), or was located in mid-channel in high to
very high water velocity and as such would likely provided little cover
for fish. Snags and woody debris provide an important function in rivers,
they improve the quality of food and habitat resources available to fish
(Angermeier and Karr, 1984; Reeves et al., 1993; Lehtinen et al., 1997), and
also provide foraging sites (Van Den Avyle and Petering, 1988), spawning
substrates (Van Den Avyle and Petering, 1988), protection from flow (Todd
and Rabeni, 1989), and shelter from predators (Angermeier and Karr 1984;
Johnson et al., 1988). A number of studies on small river systems have
established that snags influence hydraulic processes, affecting water
depth, water velocity, and substrate composition (Angermeier and Karr,
1984; Reeves et al., 1993). Removal of snags has also been shown to be
detrimental, as reported by Angermeier and Karr (1984), where the removal
of woody debris from a small Illinois stream led to a reduction in water depth
and incidence of benthic organic matter, and a concomitant increase in water
velocity and proportion of sand bottom. Lehtinen et al. (1997) studied the
use of snags by fishes within the upper Mississippi River and found species
assemblages were significantly different between sites with snag and control
sites, with average fish biomass greater at sites with snags. Similarly, Cowx
and Welcomme (1998) noted that fish density declined eight-fold when large
woody debris was removed from a lowland river in the United Kingdom.
As noted previously, bed aggradation causes the channel to become

shallower, and as a consequence water velocities increase as the system
attempts to convey the same volume of water in a smaller channel. This study
found greater velocities in the near-bank habitats compared with areas with
no aggradation. Increased velocity is unlikely to be conducive for fish species
adapted to deep, slow-flowing water as more typical of the lowland reaches
of the Fly River. Velocity previously has been shown to influence biomass,
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richness, mean fish size, and density of fishes (Moyle and Vondracek, 1985;
Sheldon and Meffe, 1995).
Aggradation also results in over-bank flooding under high flows, when the

channel is no longer able to convey the same flows. Riparian forest
vegetation is lost as it becomes inundated by water and sediment. Therefore,
habitats and conditions dependent on healthy riparian vegetation (i.e.,
extensive cover of root mats, trailing vegetation, undercuts, woody debris,
shade from canopy, etc.) are lost. Vegetation also tends to stabilize banks,
and as a result of dieback, there is less root structure and so greater bank
instability. These effects are particularly evident on the outsides of bends in
reaches with high aggradation, where the banks are actively eroding, with
sections continually collapsing (Fig. 13.7). Although the banks may provide
areas that physically resemble backwaters, these features tend to be transient,
lasting hours to days before collapsing, especially under high channel
migration rates. These backwaters also tend to have high water velocities,
and combined with the unstable, eroding nature of the banks, they are likely
unsuitable for fish. In contrast, reaches with no aggradation have healthy
riparian vegetation, which promotes stable meander bends which support
backwaters that are permanent features lasting months to years.
A major effect of bed aggradation is a reduction in water depth (with

a concomitant increase in velocity, as discussed above). Studies have
repeatedly shown depth to be an important parameter in defining fish
communities. Often fish have evolved to exploit specific habitats defined by
depth (Gorman and Karr, 1978). Examples of such evolutionary biology
include highly adapted body form and mouth structure, as well as vertical
segregation of sympatric species in pools based on morphological and
behavioral adaptations (Gorman and Karr, 1978). Similar specialization was

Figure 13.7: Examples of severe bank instability in the middle Fly River
below D’Albertis Junction, showing effects of active erosion, regular over-
bank flooding, extensive forest loss, and high rates of channel migration.
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noted by Welcomme (1985), whereby tropical stream fishes in African and
Asian streams separated vertically, based on morphology and feeding
habit. A reduction in depth will force species to alter their optimum habitat
utilization, and cause the co-occurrence of species which are normally
segregated, and ultimately lead to the loss/exclusion of species (Welcomme,
1985). This was observed by Harvey and Nakamoto (1997) who found that
decreased water depth resulting from aggradation led to a reduction in large-
sized fish. Unfortunately little is known of the habitat preferences or
utilization by fish of the Fly River. Some insights are provided from dietary
data (see Storey and Yarrao, 2009), but there is insufficient knowledge at this
time to infer how changes in specific habitat parameters would adversely
affect specific species of fish.
As well as the direct physical effects of aggradation on fish habitat, there

are also less obvious, indirect effects on ‘habitat suitability’ that are more
difficult to quantify. They include aspects such as loss of spawning habitat,
reduction in food resources, and disruption to food webs (i.e., reduced
aquatic invertebrate diversity, loss of terrestrial insects and fruits through
forest dieback, and loss of in-stream algal production due to the reduced
photic zone and smothering). For example, species of fish which are obligate
frugivores, dependent on fruits falling into the river from terrestrial
vegetation are no longer recorded from river reaches affected by forest
dieback (i.e., the arid catfish Arius latirostris), and this likely reflects loss of
this food resource. Similarly, species dependent on inputs of terrestrial
insects are much reduced, as are visual feeders that are affected by elevated
TSS. Recently it has been shown that the contribution of carbon (energy)
derived from in-stream algal sources is reduced downstream of the mine
(Storey and Yarrao, 2009). Whether the effect is due to aggradation, habitat
loss, smothering of surfaces, reduced photic zone, or toxicity from metals is
currently being resolved, but this disruption to the food web is likely to have
influenced higher consumers directly or indirectly dependent on these energy
sources. Therefore, mine-related influences on fish assemblages in the Fly
River are likely numerous, but also likely change with proximity to the mine.
However, physical changes related to aggradation appear to be considerable
in the Ok Tedi and upper Middle Fly River.
Assessment of the quality and quantity of a specific habitat in an instance

in time, although an important means of considering faunal habitat, may be
inadequate and misleading if other spatial or temporal habitat requirements
are ignored. Maintenance of habitat required by all life stages is critical to
the survival of a species, and an inadvertent loss of a key habitat(s) could
result in a loss of species diversity. Cowx and Welcomme (1998) commented
that a fish seldom spends its entire life in the same habitat, and usually
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requires a different habitat with suitable microhabitat conditions for each
specific life stage. They further noted that fish in rivers depend on
undamaged interactive pathways along four dimensions: longitudinal,
lateral, vertical, and temporal. The longitudinal pathway encompasses
upstream and/or downstream migration routes for spawning/recruitment.
These migrations may be over tens or hundreds of meters, or many hundreds
or even thousands of kilometers, encompassing movement between head-
waters, estuaries, and open ocean. The lateral pathway comprises the lateral
movement to backwaters, vegetated margins, and flooded oxbow lakes,
lagoons, and floodplain in search of spawning, feeding, rearing/nursery, and
predator avoidance areas. Lateral movement also occurs to avoid high
flows, particularly for young-of-the-year fish with poor swimming abilities.
The vertical pathway includes riverine/groundwater interactions for species
spawning in benthic substrates whereby oxygenated water must penetrate to
a sufficient depth to ensure survival of buried eggs. This involves interactions
with sediment particle size and water velocity. The temporal pathway
refers to seasonal changes in the availability of different microhabitats
and the availability of the appropriate microhabitat at the appropriate time
of year/life history stage. Fish in the Fly River will also depend on habitat
in different dimensions (sensu Cowx and Welcomme, 1998), with species
migrating from headwaters and mid-reaches to the ocean, migrations
occurring at different times of the year, and lateral migrations onto and
off the extensive floodplain. The current study however, did not consider the
broader context of habitat usage, or attempt to look at habitat requirements
for different life stages, but concentrated on describing differences in habitat
in one area at one instant in time using as broad a range of habitat
descriptors as possible. Even so, the parameters used and the design
adopted showed significant impacts on fish habitat that would affect
utilization by fish. However, it is possible the mine affects other aspects of
fish habitat in the Fly River which may also contribute to the observed
declines in fish catch.
As noted above, the authors were unable to source literature describing

studies that assessed fish habitat of large, lowland tropical rivers, and
therefore had to develop a specific approach for the Fly River. The selection
of parameters used in this study was based on habitat parameters previously
shown in the literature to influence fish diversity. Cowx and Welcomme
(1998) noted that depth, substrate, current, and presence of coarse woody
debris in lowland rivers were important in providing fish cover. Sheldon and
Meffe (1995) found depth and velocity were the primary correlates
of biomass, richness, mean fish size, and density in temperate rivers in
North America. Bishop and Forbes (1991) and Bishop and Harland (1982)
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correlated species diversity to habitat diversity measured in four dimensions;
water depth, substrate type, aquatic vegetation, and bank cover. Gorman
and Karr (1978) and Schlosser (1982) assessed habitat diversity using water
depth, water velocity, substrate type and cover, such as tree roots and bank
undercuts. Bain et al. (1988) used measures of water depth, current velocity,
substrate coarseness, and substrate heterogeneity (measures of diversity in
particle size) to assess habitat diversity. Sheldon (1968) and Moyle and
Vondracek (1985) also determined depth and velocity as important habitat
variables affecting fishes. Grossman et al. (1987a, b) noted that fishes
responded to depth, velocity, substrate composition, and cover, and Rabeni
and Jacobson (1993) found that fish were affected by depth, current velocity,
substrate particle size, and cover characteristics. Although not all parameters
were considered relevant to the lowland reaches of the Fly River, the selected
suite of parameters showed a strong response to aggradation, and likely
reflects a change in fish habitat.
As noted, the current study demonstrated a strong relationship between

aggradation and habitat; however, the effect of reduced habitat availability
on fish diversity for the Fly River channel has not been demonstrated. Fish
catches at monitoring sites in the Fly River are inherently very variable,
being influenced by many factors, known and unknown. For example, river
stage and whether rising, falling, or steady is known to affect the catching
efficiency of gill nets (Storey, unpublished data), the standard gear used in
fish catch monitoring (Storey et al., 2009). Similarly, variability in the
interannual recruitment of barramundi (Lates calcarifer Bloch) from coastal
nursery areas is also known to influence the biomass taken by gill nets, and
seasonal effects (wet versus dry season), as well as less predictable climatic
effects (El Niño/La Niña events) also affect riverine catches (Swales et al.,
1999, 2000). Although monitoring data show significant declines in fish catch
compared with pre-mine baseline data, it has taken many years (i.e., 1983 to
B1992) before these changes became statistically significant declines using
regression analysis. This not only in part reflects sampling frequency, but
also variability in catches. This is shown for the Ok Tedi at Atkamba
(TED30) and the Fly River at Kuambit (FLY10) (Fig. 13.8), where declines
in fish biomass are approximately 88 and 79%, respectively. Given the
temporal variability in these data, and the logistics of taking replicate
samples from each reach, it was not considered feasible to statistically
demonstrate a relationship between aggradation/habitat availability and
fish diversity in the current study.
The relationship between habitat diversity and fish diversity in rivers,

however is well established in the literature, with many studies reporting
significant positive correlations (Gorman and Karr, 1978; Bishop and
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Forbes, 1991; Lobb and Orth, 1991; Cowx and Welcomme, 1998). For
example, Lobb and Orth (1991) noted that structurally complex habitats
influence the assemblage structure of fishes from a large stream in West
Virginia, with total fish densities highest in complex habitats such as snags,
backwaters, edge pool, and edge riffles. Bishop and Forbes (1991)
documented a strong positive relationship between habitat and fish diversity
in tropical rivers in northern Australia. Cowx and Welcomme (1998)
similarly reported that in lowland sections of rivers, the potential capacity of
a reach to support a rich fish assemblage was dependent upon habitat
complexity. Reductions in fish diversity as a result of loss of habitat have
also been reported (Hortle and Lake, 1983; Mann, 1988; Scarnecchia, 1988;
Cowx and Welcomme, 1998). Channelization (the straightening of streams
and removal of in-stream structures such as pool-riffle sequences and large

Figure 13.8: Changes in fish catch biomass (in kilograms) over time at (top)
Atkamba (TED30) on the lower Ok Tedi and (bottom) Kuambit (FLY10) on
the middle Fly, giving regression equation, R2 value, and 95% CI about the

regression line.
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woody debris), in particular, has been shown to be detrimental to fish
communities (Hortle and Lake, 1983; Scarnecchia, 1988; Cowx and
Welcomme, 1998). Cowx and Welcomme (1998) reported a 60% reduction
in fish diversity in channelized river sections when compared to natural
conditions. Similarly, Hortle and Lake (1983) recorded decreased diversity
from channelized reaches of a river in Victorian, Australia and concluded
that loss of habitat was responsible. Given the consistency and strength of
the relationships between habitat and fish diversity, there is no reason to
believe that neither the relationship, nor the variables playing a role, as
widely reported in the literature are substantially different from those in the
Fly River. Therefore, the authors argue it may be validly concluded that
the reduction and/or loss of features considered important to fishes and
indicative of habitat complexity, such as backwaters, woody debris, snags,
undercuts, and root mats are likely responsible for the observed decline in
fish diversity and biomass in the Fly River system.
These results support the contention that aggradation as a result of the

discharge of waste rock into the river is impacting fish habitat, and this is
likely a major cause of declines in fish catch in the Ok Tedi and upper Middle
Fly. Visually dramatic changes to the channel support this argument, as does
the absence of acute toxicity effects from dissolved metals in laboratory-
based toxicity tests (Smith et al., 1990; Smith and Hortle, 1991; Smith and
Morris, 1992; Swales et al., 1998). Because these impacts to fish habitat are
the result of physical processes, it may be possible to predict future effects on
fish habitat, and possibly therefore fish diversity by modeling sediment
delivery, sediment transport, and associated aggradation/degradation of the
river bed. A considerable effort has been expended over the years by Ok
Tedi Mining Limited to model sediment transport in the system (Pickup and
Cui, 2009), with the aim of not only predicting longitudinal and lateral
dispersal of waste material through the river, but also to predict future
aggradation and erosion in the system. However, sediment transport
modeling tends to work at the reach scale and was not designed to predict
effects at the near-bank zone, which is where most fish tend to reside in the
channel. Therefore, it is currently not possible to model whether fish habitat
will recover post mine-closure. Even so, in general terms, once a reach passes
the depositional phase and the channel stabilizes, and in some areas begins to
scour, it is likely that sedimentary structures and snags will begin to
redevelop (Pickup, personal communication). Channel scouring and incision
has been observed in the upper Ok Tedi above Tabubil following the
Vancouver Ridge landslide. This natural event in the upper catchment in
1989 delivered equivalent to 3 years of mine waste production into the river
in one instant. Within a matter of months the channel in the affected
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tributary (Sulphide Creek) and the upper Ok Tedi began (and continues) to
down-cut through the deposited material, leaving benches that are still visible
today. This reflects the higher energy of the river in the upper catchment,
with greater capacity to recover channel form as soon as the delivery of waste
to the system ceases. Current sediment transport modeling suggests however,
that waste material, once deposited in the lower Ok Tedi and middle Fly
River channel will reside there for many years (Pickup, personal commu-
nication), and it is quite possible that backwaters and snags will not scour
of deposited sediment. This reflects the lower energy of this lowland,
meandering river. In reality, it may not be possible to predict future changes
in fish habitat in the lower Ok Tedi and middle Fly with any certainty. It is
proposed that monitoring of the system post mine-closure will continue for
several decades, and only then will we see how fish habitat and fish diversity
recover in the channel of this heavily impacted tropical river.
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Appendix 1: Measured and Derived Habitat Attributes Taken at

Each Site to Provide an Indication of Fish Habitat Condition,

Listing Parameter, Abbreviation, Units and Type (Reach or

Point), with Correlation Coefficient and Significance Level for

Spearman Rank Correlation against Aggradation

Habitat parameter Abbreviation Reach/

point

Units Spearman

coefficient

p-value

Secchi depth Secchi Reach m �0.699 0.0009

No. of small

backwaters (o5m

long)

Smallback Reach Count �0.255 ns

No. of medium

backwaters (5–10m

long)

Medback Reach Count �0.848 o0.0001
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No. of large

backwaters (10–30m

long)

Largeback Reach Count �0.853 o0.0001

No. of very large

backwaters (W30m

long)

VLargeback Reach Count �0.705 0.0008

Total no. of

backwaters

Totalback Reach Count �0.891 o0.0001

Percent of reach

occupied by

backwaters

Percentbacks Reach Count �0.824 o0.0001

No. of simple snags Simpsnag Reach Count �0.500 0.0292

No. of medium snags Medsnag Reach Count �0.780 o0.0001

No. of complex snags Compsnag Reach Count �0.906 o0.0001

Total no. of snags Totsnag Reach Count �0.917 o0.0001

Ease of sediment

penetration

Sedpen Point cm 0.063 ns

Bank heterogeneity

(no. of ‘‘nodes’’)

No_knobs Reach Count �0.798 o0.0001

Algae cover on debris Algae Reach Rank �0.449 ns

% of reach with

sediment deposition

along edge

Sed_deposit Reach Percent 0.836 o0.0001

Angle of upper bank Upper_ang Point Degrees �0.613 0.0053

Linear height of upper

bank

Upper_lgth Point m 0.276 ns

Angle of lower bank Lower_ang Point Degrees �0.463 0.0459

Linear height of lower

bank

Lower_lght Point m �0.526 0.0207

Percent of bank

covered by forest

canopy

Canopy Point % �0.832 o0.0001

Percent of bank

covered by trailing

forest vegetation

Trailveg Point % �0.903 o0.0001

Percent of bank

covered by trailing

Phragmites

Trailphrag Point % 0.763 0.0001

Percent of bank

covered by all

trailing vegetation

Trailall Point % �0.388 ns

Appendix 1: (Continued )

Habitat parameter Abbreviation Reach/

point

Units Spearman

coefficient

p-value
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Percent of bank

comprised of root

mats

Roots Point % �0.917 o0.0001

Percent of bank

covered by moss and

algal growths

Moss Point % �0.167 ns

Depth of mine

sediment deposited

on upper banks

Sedontop Point m 0.864 o0.0001

Percent of bank

covered by woody

debris/snags

Snag on bank Point % �0.796 o0.0001

Percent of bank

comprised of

undercuts

Undercuts Point % �0.883 o0.0001

Water velocity at 1m

distance from waters

edge

Vep1m Point cm/sec 0.834 o0.0001

Water depth at 1m

distance from waters

edge

Dep1m Point cm 0.397 ns

Water velocity at 4m

distance from waters

edge

Vel4m Point cm/sec 0.784 o0.0001

Water depth at 4m

distance from waters

edge

Dep4m Point cm 0.079 ns

Water velocity at 10m

distance from waters

edge

Vel10m Point cm/sec 0.580 0.0092

Water depth at 10m

distance from waters

edge

Dep10m Point cm �0.143 ns

Mean water velocity

for reach

Meanvel Reach cm/sec 0.699 0.0009

Percent fish cover per

reach

Fishcover Reach % �0.913 o0.0001

Depth� velocity for

zone 0–1m from

bank

DxV0-1 Point Count �0.811 o0.0001

Depth� velocity for

zone 1–4m from

bank

DxV1-4 Point Count �0.816 o0.0001

Appendix 1: (Continued )

Habitat parameter Abbreviation Reach/

point

Units Spearman

coefficient

p-value
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Depth� velocity for

zone 4–10m from

bank

DxV4-10 Point Count �0.655 0.0024

Total weighted usable

area

Total DxV Point Count �0.816 o0.0001

Score for simple snags

weighted by DXV

DxV� simpsnag Reach Count �0.814 o0.0001

Score for medium

snags weighted by

DXV

DxV�medsnag Derived Count �0.858 o0.0001

Score for large snags

weighted by DXV

DxV� larsnag Derived Count �0.919 o0.0001

Score for total number

of snags weighted by

DXV

DxV� totsnag Derived Count �0.942 o0.0001

No. of simple snags

weighted by water

velocity

Mvel� simpsnag Derived Count �0.786 o0.0001

No. of medium snags

weighted by water

velocity

Mvel�medsnag Derived Count �0.845 o0.0001

No. of large snags

weighted by water

velocity

Mvel� larsnag Derived Count �0.913 o0.0001

Total no. of snags

weighted by water

velocity

Mvel� totsnag Derived Count �0.920 o0.0001

Variance of water

velocity

measurements at 1m

Var-vel1m Point cm/sec 0.411 ns

Variance of water

velocity

measurements at 4m

Var-vel4m Point cm/sec 0.544 0.0161

Variance of water

velocity

measurements at

10m

Var-vel10m Point cm/sec 0.554 0.0138

Mean variance in water

velocity for reach

Var-meanvel Point cm/sec 0.801 o0.0001

Variance of water

depth measurements

at 1m

Var-dpth1m Point cm �0.417 ns

Appendix 1: (Continued )

Habitat parameter Abbreviation Reach/

point

Units Spearman

coefficient

p-value
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Variance of water

depth measurements

at 4m

Var-dpth4m Point cm �0.089 ns

Variance of water

depth measurements

at 10m

Var-dpth10m Point cm 0.199 ns

Appendix 1: (Continued )

Habitat parameter Abbreviation Reach/

point

Units Spearman

coefficient

p-value
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