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Chapter 17

Development of Aquatic Food Web
Models for the Fly River, Papua
New Guinea, and their Application in
Assessing Impacts of the Ok Tedi Mine

Andrew W. Storey1,� and Markson Yarrao2

1School of Animal Biology (M092), The University of Western Australia, Crawley,
WA 6009, Australia
2Environment Department, Ok Tedi Mining Limited, PO Box 1, Tabubil,
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17.1. Food Webs and Their Use in Environmental Assessment

Environmental management programs often concentrate on how individual
stressors affect the physiology or ecology of certain focal or keystone species
(i.e. ANZECC/ARMCANZ, 2000). Although a necessary component of
rigorous investigation, understanding ecological linkages of species to their
food sources and predators is also vital to understand interactions amongst
species and how impacts to one component can negatively (or positively)
affect other components (Power et al., 1994). Such an understanding may be
achieved through the construction of food chains and ultimately food webs,
and allows investigators to determine how species of concern might respond
to natural or anthropogenic change in their environment. Power (1990, 1992)
highlighted the importance of understanding strong food chains (i.e. chains
representing dominant or numerically abundant species) in complex food
webs, to identify bottom–up and top–down interactions and the potential for
‘‘trophic cascades’’. Trophic cascades occur when the removal or reduction
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of predators releases consumer populations, which in turn suppresses
populations of their own resources, producing alternating release and
suppression of trophic levels that often reach down to primary producers
(Carpenter et al., 1985, 1987, 1992; Power et al., 1995; Schnetzer and Caron,
2005; Sinistro et al., 2007). Understanding such reactions is important when
interpreting changes observed in a system, particularly those brought about
through anthropogenic actions (i.e. changes in water quality, loss of species
at different trophic levels and from different faunal groups).
Although there is debate over the importance of trophic interactions in

modifying populations of animals, particularly over the relative contribu-
tions of ‘‘bottom–up’’ versus ‘‘top–down’’ control (Carpenter et al., 1985,
1987, 1992; Schnetzer and Caron, 2005; Sinistro et al., 2007), food webs
are acknowledged as a valuable tool to understanding the dynamics of
communities and species (Power, 1992). Using food webs to understand
the effects of the Ok Tedi mine on the ecology of the Fly River, Papua
New Guinea is no exception.
The Ok Tedi mine is one of the world’s largest producers of copper

concentrate, and is located on the headwaters of the Ok Tedi, a major
tributary of the Fly River (‘ok’ in the local Yongom language means river).
The mine commenced operations in 1984 and is due to close in 2013. Initially
the mine used cyanide extraction to recover gold, but in 1987–1988 the gold
circuit was phased-out and replaced by a copper flotation circuit. Currently
the mine produces approximately 95 million tonnes per annum (mta) of
waste (40mta waste rock, 30mta tailings, and 25mta valley wall erosion
from the waste rock dumps). The area where the mine is situated receives
10m annual rainfall, is seismically active, and is geologically unstable.
Because of these conditions, the construction of conventional waste rock and
tailings storage facilities was not possible and waste material is discharged
directly into the headwaters of the Ok Tedi. As a result, levels of total
suspended sediment (TSS), dissolved and particulate copper (dCu and pCu)
are all elevated above premine concentrations throughout the Ok Tedi
and the Middle Fly River (Swales et al., 1998). An extensive biological
monitoring program conducted by Ok Tedi Mining Limited (OTML) has
detected a loss of some fish species from the main Ok Tedi channel, and
significant declines in fish catch biomass in the Ok Tedi and middle reaches
of the Fly River (Smith et al., 1990; Smith and Hortle, 1991; Swales et al.,
1998, 1999; Storey et al., 2009) indicative of impacts from the mine.
The importance of describing and understanding trophic interactions

amongst the fishes of the Fly River has been acknowledged from the earliest
investigations, initially through the collection of dietary data (Roberts, 1978;
Maunsell and Partners, 1982), and subsequently through the construction of
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food webs (Maunsell and Partners, 1982; OTML, 1988; Storey and Smith,
1998; WRM, 1998). It was argued that without such information it would
not be possible to assess likely indirect effects of the Ok Tedi Copper Mine
on different components of the fish fauna (e.g. Power, 1990, 1992; Wootton
and Power, 1993). Understanding interactions between predators and prey
would assist with interpretation of monitoring data. For example, loss of
invertebrate (aquatic insects) or terrestrial (fruits) food sources could result
in loss of fish species dependent on these sources, alternatively, loss of
predatory species could result in the increase in prey items through
‘‘predatory release’’.
This paper describes the progressive development of aquatic food webs

for the Fly River, illustrating how preliminary models were developed on
minimal data, and how these models have evolved in their accuracy and
complexity as they were progressively revised to include additional species
and incorporate additional understanding of the various components of
the system. The paper illustrates the general accuracy of early attempts of
ecologists using little data, but basing their interpretation on experience and
sensible assumptions, when compared with the more informed models using
extensive datasets. Finally, the paper details the recent developments using
stable isotopes of carbon and nitrogen to elucidate energy flow through the
aquatic ecosystem, and how this approach has advanced the understanding
of current and possible future impacts of the mine on the aquatic system.

17.2. Premine/Early Mine Description of Food Webs

Early investigators working on the fish fauna and aquatic resources of the
Fly River were conscious of the need to document interactions amongst the
diverse fish fauna, both from a purely ecological perspective (Roberts, 1978)
and from a future mine management perspective (Maunsell and Partners,
1982).
Roberts (1978) conducted the first ichthyological study of the Fly River in

1975. Although no attempt was made to construct a food web per se, Roberts
(1978) reported the species dietary dependencies and interactions for the
diverse fish fauna described. Dietary intake of 12 species was detailed, with
less extensive comments made on the food habits of an additional 29 of the
115 species recorded. Observations by Roberts (1978) have been summarized
by the current authors (Table 17.1) using taxonomy applied at the time and
the ten dietary categories developed by Maunsell and Partners (1982)
and subsequently adopted by OTML for their database (see below).
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Table 17.1: Dietary items for (a) detailed analysis of selected species, and
(b) additional observations as reported by Roberts (1978), and subsequently

classified to 10 feeding categories (sensu OTML) by the authors.
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Feeding guilds for each species as noted by Roberts (1978) are also
presented. Dietary intake tended to be inferred from small sample sizes (1–20
individuals, majorityo12), and from a limited number of locations within
the river system, however, detailed identifications are given for some prey
items (e.g. aquatic insects identified to Order, ingested fish identified to
species level, Crustacea identified to genus level).
These data provide an indication of the specialized feeding mode of some

species, compared with the generalist approach of other species (Table 17.1).
Although a very comprehensive survey, Roberts (1978) did not report data
for barramundi Lates calcarifer (Bloch, 1790), which is an important
predatory species in the system, and consistently comprises a high proportion
of fish catch biomass. Moore (1982), Moore and Reynolds (1982), and
Reynolds and Moore (1982) report data for 101 specimens of L. calcarifer
taken from the middle Fly River, with dietary items summarized as
percentages based on number of items encountered. These data demon-
strated that L. calcarifer is a predator, principally a piscivore, but ingests a

Note: Nematalosa have commonly been cited as ingesting mud, and so classified as detritivores.

Examination of their gut contents under magnification, shows it to be phyto- and zooplankton, and

supports the observation that this species is a mid-water planktivore. Therefore,Nematalosa is classified as

a planktivore.

Feeding guilds are given where noted by Roberts (op. cit.). Dominant categories, as defined by Roberts

(op. cit.) are highlighted (Dietary Categories: C1, Aquatic insects; C2, Terrestrial insects; C3, Aquatic

plants; C4, Terrestrial plants; C5, Crustaceans; C6, Fish; C7, Other vertebrates; C8, Molluscs; C9,

Worms; C10, Detritus/sediment).
�Indicates the presence of this dietary category in the diet. Roberts (1978) notes size range of specimens of

each species taken at each site, but does not provide sample sizes for each species.

Table 17.1: (Continued ).
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wide range of prey species, including in descending order of percent;
unidentified fish, herring (Nematalosa spp.), freshwater prawns
(Macrobrachium spp.), fork-tailed catfish (Ariidae), eel-tailed catfish
(Plotosidae), other Crustacea, mouth-almighty, or cardinalfishes (Glossamia
sp.), freshwater longtom (Strongylura kreffti) (Gunther, 1866), and glass-
fishes (Ambassidae). Although Nematalosa spp. were the dominant
single identifiable species, the vast majority of stomach contents (60%)
were unidentified fish, presumably because they were semidigested. Macro-
brachium prawns were also a significant component of the diet.
The next major study on the Fly River was in 1981 by Maunsell and

Partners (1982), in which 21 locations were sampled (mostly riverine as
opposed to floodplain) along the river, from the headwaters to the estuary.
The study was part of the baseline environmental study for the then
proposed Ok Tedi Mine, and reported dietary data for fish collected
(Table 17.2). Maunsell and Partners (1982) categorized species into
carnivores, detritivores, and omnivores, and food items were classified as
either allochthonous (originating from riparian zones) or autochthonous
(derived from in-stream production). Trophic relationships amongst species
for which there were detailed dietary data were also derived, and using this
information the first food chain for the Fly River was constructed, with an
emphasis on the major biological links within the system (Fig. 17.1).
Maunsell and Partners (1982) commented that sampling was conducted

over a short time period, when river levels were high and ‘‘when many insects
had been washed out of their terrestrial habitats and drowned.’’ This could
account for the predominance of terrestrial insects in the diets of many
species. Maunsell and Partners (1982) also noted that most of the common
species appeared to feed opportunistically upon the array of food items
available, with few specialized feeders. The main observations by Maunsell
and Partners (1982) were:

� The importance of allochthonous material, especially drowned insects
opportunistically incorporated in the food web,
� Opportunism in selection of food items by many species of fish, and
therefore trophic levels could only be broadly identified,
� Three species of mullet (Crenimugil labiosus, Liza diadema, Rhinomugil
nasutus) and the herring (Nematalosa spp.) were all browsers on algae and
detritus, consuming sediment,
� Lates calcarifer, Lutjanus argentimaculatus (Forsskål, 1775), L. goldiei
(Macleay, 1884), Arius augustus (Roberts, 1978), A. leptaspis (Bleeker, 1862)
and Scleropages jardini (Saville-Kent, 1892) were all top carnivores, feeding
on fish, macroinvertebrates/crustacea, and vertebrates (frogs, lizards, etc.),
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� The majority of species fell between carnivores and detritivores,
consuming a wide variety of food items (i.e. omnivorous),
� Aquatic primary productivity in all riverine habitats was low, probably as
a result of (naturally) high turbidity and low light penetration in the lowland
reaches, and high velocity and turbulence in mountainous reaches,
� River-borne detritus and allochthonous plant and animal material formed
much of the basis of the food chain,
� Bosset Lagoon supported some plankton (NB Maunsell and Partners
(1982) did not define whether this was zooplankton, phytoplankton, or

Table 17.2: Summary of food items recorded in species of fish by Maunsell
and Partners (1982), giving percentage of each dietary category, and feeding

guilds as defined by Maunsell et al. (op. cit.).

Species Guild C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Liza diadema Detritivore 0 0 0 0 0 0 0 0 0 100

Rhinomugil nasutus Detritivore 0 0 0 0 0 0 0 0 0 100

Crenimugil labiosus Detritivore 0 0 0 0 0 0 0 0 0 100

Nematalosa erebi Detritivore 0 0 0 0 0 0 0 0 0 100

Megalops cyprinoides Carnivore 40 o5 0 0 28 24 6 o5 0 0

Thryssa scratchleyi Carnivore 13 3 0 o5 43 40 0 0 0 0

Thryssa rastrosa Insectivore 87 5 0 0 0 0 0 0 0 9

Arius acrocephalus Omnivore 23 31 0 29 12 o5 0 0 0 o5

Arius leptaspis Omnivore 19 10 o5 28 13 19 7 0 7 o5

Arius carinatus Insectivore 78 13 0 o5 o5 0 0 0 0 o5

Arius augustus Carnivore 11 0 0 0 22 66 0 0 0 o5

Arius berneyi Omnivore 15 26 0 13 5 12 o5 9 17 o5

Cochlefelis danielsi Carnivore o5 30 0 o5 65 0 o5 0 0 o5

Neosilurus ater Omnivore 56 0 7 0 0 0 0 16 0 20

Melanotaenia

oktediensis

Insectivore 31 67 0 0 0 0 0 0 0 o5

Melanotaenia

rubrostriata

Insectivore 16 68 4 8 0 0 0 0 o5 o5

Craterocephalus randi Insectivore 88 0 0 0 0 6 0 0 0 6

Ambassis agrammus Insectivore 74 5 0 7 11 0 0 0 0 o5

Lates calcarifer Carnivore 0 12 0 0 51 37 0 0 0 0

Hephaestus

trimaculatus

Carnivore 24 3 0 0 13 19 0 11 22 8

Glossamia aprion Car/

Omnivore

o5 54 0 0 0 38 0 0 0 5

Note: Maunsell and Partners (1982) refer to Category 10 as ‘‘miscellaneous, mud/detritus.’’

Dietary categories: C1, Aquatic insects; C2, Terrestrial insects; C3, Aquatic plants; C4, Terrestrial plants;

C5 Crustaceans; C6, Fish; C7, Other vertebrates; C8, Molluscs; C9, Worms; C10, Detritus/sediment. Data

for species for which there were at least six full or partially full stomachs are presented.
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both), most other floodplain habitats examined were poor in plankton, as
was the main river channel. (NB a recent survey (2006) of six oxbow lakes
and two lagoons has revealed an extremely diverse phytoplankton flora
(154 taxa, average of 57 per site) and zooplankton fauna (total of 217 taxa,
average of 88 per site) (WRM, 2007)).

Figure 17.1: Inferred food chain of the Fly River (reproduced from
Maunsell and Partners, 1982).
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The food chain constructed by Maunsell and Partners (1982) was based on
relatively few data, incorporating only 21 of the B 115 species of fish found
in the river system. However, it benefited from the experience gained by the
authors from other tropical systems. The food chain identified the main links
between primary, secondary and higher consumers, noted the role of
freshwater prawns in the food web, the apparent minor role of in-stream
production (algal growth), and noted the important role of food items
derived from the riparian zone. This food chain underpinned environmental
management at the Ok Tedi mine during the initial years of mine
development, until it was revised during preparation of the Sixth
Supplemental Agreement Environmental Study Draft Final Report (OTML,
1988); the agreement between the State and OTML, under which the mine
operated from 1986 until implementation of the APL Compliance and
Additional Environmental Monitoring Program in 1990 (OTML, 1990;
Wood et al., 1994).
Revision of the food web utilized data collected over early mine life

(1984–1986). OTML summarized feeding habits of Fly River fishes and
produced a food web for the middle Fly River channel incorporating a range
of primary producers and consumers, including a range of fish at species,
genus, and family levels (Fig. 17.2). Functionally, this food web was similar
to that produced by Maunsell and Partners (1982), but it benefited from a
better understanding of how the system functioned, and from additional data
collected as part of routine monitoring from 1983–1986. As a result, the food
web was more detailed in the understanding of various linkages and in the
number of species of fish included.

17.3. Use of Dietary Data in Food Webs

Following preparation of the food web for the Sixth Supplemental
Agreement (OTML, 1988), the next major development in food webs for
the Fly River was not until the screening-level and detailed Health and
Ecological Risk Assessments (Parametrix et al., 1999a, b). A review of
available data highlighted the need for a food web of Fly River fishes that
would confidently identify and detail interactions between the fish species
and different food sources within the system. It was argued that without such
a food web it would not be possible to assess likely indirect effects of the
mine on different components of the fish fauna either via bottom-up
(i.e. changes flowing up through the food web due to effects on primary
producers) or top-down responses (i.e. increased or reduced pressure on
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lower trophic levels due to a change in higher order consumers). Therefore,
WRM (1998) conducted a review and summary analysis of available data,
with the aim of identifying data gaps and data needs. The main data source
identified by WRM (1998) was the extensive database developed by OTML,
detailing the stomach contents of 10,961 fish from the Fly River, covering 64
species, collected from 1983 to 1994 (principally collected over 1984–1986),

END CONSUMERS
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Figure 17.2: Food Web for the fish fauna of the Middle Fly River channel
(from OTML, 1988).
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from 12 riverine sites (six Ok Tedi and upper catchment and six Fly River
sites), and eight floodplain sites. These data were taken from fish collected as
part of routine monitoring programs using a combination of gill netting,
seine netting, rotenone poisoning and trapping. Each specimen was dissected
and the fullness of each stomach was ranked as 0 (empty), 1 (quarter full),
2 (half full), 3 (full), or 4 (distended), and the contents were classified into
the same 10 general categories developed by Maunsell and Partners (1982)
(ref Tables 17.1 and 17.2), and the approximate volume of the stomach
contents occupied by each category recorded to the nearest 10%. These
values were then scored from 1 (10%) to 10 (100%).
WRM (1998) classified sites as either riverine or floodplain habitat and

used two-way ANOVAs on those individuals with food items in the stomach
(n ¼ 10,961) to test for between category and between habitat differences in
dietary composition for each species. Thirty species were sampled from both
habitats, whilst 34 species were recorded from one habitat only (29 species
from riverine and 5 species from floodplain habitat). The majority of species
recorded from riverine habitat reflected the greater historical sampling
intensity at riverine as opposed to floodplain sites. Ten species demonstrated
a significant difference in gut fullness between habitats, and in all but one
instance, individuals from floodplain habitats had fuller guts compared to
those from riverine habitats. This result was interpreted as indicating better
feeding efficiency in floodplain as opposed to riverine habitats for those
species exhibiting significant differences. This may reflect reduced feeding
efficiency for floodplain-adapted species when in turbid, flowing water
(i.e. species normally associated with floodplain habitat enter the main river
channel during severe droughts to avoid desiccation and then have difficulties
feeding in the turbid water), increased feeding efficiency of riverine species
when on the floodplain (even though these species tend to have tactile and
chemo-adaptations to assist feeding in turbid riverine conditions), or simply
greater food availability at floodplain over riverine sites.
Further analysis determined that the majority of species showed a

preference for one or more dietary categories, and that the dominant dietary
components differed between riverine and floodplain habitats (WRM, 1998).
For example, Thryssa scratchleyi (Ramsay and Ogilby, 1886) had a greater
proportion of aquatic insects in its diet at floodplain as opposed to riverine
sites, but a greater proportion of crustaceans at riverine as opposed to
floodplain sites. Arius leptaspis had a greater proportion of aquatic insects in
its diet at floodplain compared to riverine sites and the opposite trend for
terrestrial insects. The diet of Cinetodus froggatti (Ramsay and Ogilby, 1886)
from floodplain sites consisted entirely of gastropods, whilst most categories
(in addition to gastropods) were represented in its diet from riverine sites.
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In floodplain habitats, the diet of Lates calcarifer consisted predominantly of
fish, whilst in riverine sites, fish and Crustacea were the dominant categories.
These results in part reflected differing availability of certain food items
between habitats, but also likely reflected differences in feeding ability/
efficiency between habitats (WRM, 1998). Whilst this was a large and
comprehensive database covering many sites and species, the summary
analyses by WRM (1998) did not attempt to look at seasonal differences or
changes associated with different life history stages within species. In-depth
analysis of the database may reveal such patterns.
The targeted review by WRM (1998) also determined reasonable con-

cordance in dietary intake reported by Roberts (1978), Maunsell and Partners
(1982) and the OTML database, although there were some differences, which
probably related to habitat differences (riverine versus floodplain populations,
or upper versus lower catchment sites), or opportunistic feeding on items
available seasonally/sporadically. WRM (1998) considered it unlikely that a
species-specific food web model could be constructed for all Fly River fish
species without extensive additional work. There were, however, sufficient,
good quality data for the classification of the majority of common species to
functional feeding groups/guilds (e.g. piscivores, terrestrial insectivores,
molluscivores etc), from which food webs could be constructed at the
‘‘functional’’ level for the fish assemblages if not for the whole community.
Because of the reported differences between floodplain and riverine fish
assemblages, it was recommended that habitat-specific functional food web
models, for floodplain and riverine fish populations be constructed.
Storey and Smith (1998) subsequently used the OTML database to

construct functional food webs to show the relative importance of each food
source to each species, and to the ecosystem. The former objective was
achieved by calculating the mean percentage composition of each dietary
category for each species. This quantified the importance of each food source
to the diet of each species, but did not reflect the importance of that food
source at the ecosystem level (e.g. how much does that food source
contribute to carbon flow through the whole ecosystem). This latter objective
was determined by multiplying the mean percentage composition of each
dietary category for a species by the relative biomass of that species in the
system, determined as the proportion that the species comprised of total fish
catch biomass, taken from OTML biomonitoring data (see Storey et al.,
2009). This produced scores for the proportion contributed by each dietary
category in each species to the total fish community. The resulting scores
when summed for each dietary category gave the relative proportion of all
stomach volume taken-up by each dietary category. Dietary categories
equate to the food sources in the food webs, therefore indicating the relative
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importance of each food source to the ecosystem (Storey and Smith, 1998).
The use of total catch biomass of each species as opposed to the numerical
abundance of each species, was justified to prevent placing too much
importance on small, but very numerous species (e.g. Rainbow fishes), which,
although numerically abundant, would utilize a relatively small volume of a
food source compared with a few individuals of a much larger species.
In the resultant functional food webs for Riverine and Floodplain fish

assemblages (Figs. 17.3 and 17.4, respectively), species are listed under each
food source utilized by that species, and the Dietary Score in parenthesis
beside each species name reflects the relative contribution to stomach content
of that dietary source to each species. The relative proportion of stomach
volume taken-up by each dietary category was then used to weigh the
importance of each food source in each food web, with heavier arrows
indicating greater utilization of a food source (Figs. 17.3 and 17.4). The 10
highest ranked species in each food source were then indicated in each food
web (species names which are underlined).
Storey and Smith (1998) noted that the mud/detritus category is probably

over-emphasized in these models because all unidentifiable organic matter
tended to be allocated to this category, resulting in most species of fish
appearing to consume detritus/mud, even pelagic species such as Megalops
cyprinoides (Broussonet, 1782) and Strongylura kreffti. In particular, this
practice classified herrings, Nematalosa spp. as detritivores. Microscopic
examination of the stomach contents of herrings has shown that this material
is actually phyto- and zooplankton (Ian Roderick, OTML, unpublished
data), as would be expected for a midwater planktivore. Therefore, this very
abundant species was classified as planktivorous by Storey and Smith (1998)
to more appropriately shows it functional role in the food web.
The food webs developed by Storey and Smith (1998) support the

differences in feeding preferences between riverine and floodplain habitats
identified by WRM (1998), with plankton, aquatic invertebrates and aquatic
plants more important food sources in the floodplain than the river, and the
opposite true for crustaceans, terrestrial invertebrates, and fish. The food
webs highlight piscivory as a dominant feeding mode in both the riverine and
the floodplain habitats, with planktivory co-dominant on the floodplain,
principally because of the numerically abundant Nematalosa herrings.
Storey and Smith (1998) noted various limitations and assumptions in the

data, and in the interpretation of the resultant food webs:

� Dietary data were collected over a long time period, but using
standardized methods (Hortle, 1986). It was assumed that all data were
comparable.
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� The data cover a long time period and may be affected by changes in mine
operating periods (e.g. samples span four mine operating periods: construc-
tion, gold circuit only, gold and copper circuits both operating and copper
circuit in isolation). They also cover a broad range of sites (gravel bed versus
sand bed rivers, and oxbow versus blocked-valley lake versus floodplain
sites) sampled in different seasons (wet and dry season). The food webs
therefore integrate all these factors into a broad representation of dietary
intake by fish species in each main habitat type.
� The broad categories used have limited value, since species may feed on
specific items within a major category. In particular, fish ingested by
piscivores were not identified to species, therefore it was not possible to
separate and quantify the contribution of each primary fish trophic group
to piscivorous fishes.
� The database likely over-emphasizes the importance of slowly digested
items retained in the stomach relative to rapidly digested food items
(i.e. plankton and many aquatic invertebrates), and provides no information
on different rates of digestion across species.
� The food webs were based on dietary intake of fish, and assume the
linkages between food sources and primary producers/primary consumers
(e.g. it was assumed aquatic invertebrates consume periphyton and detritus
in equal proportions).

Given the extensive data base on dietary data developed by the mine,
it was only sensible that these data should be analyzed to their full extent,
acknowledging the various shortcomings and assumptions. However, WRM
(1998) also recommended the use of stable isotopes as a valuable addition to
dietary intake studies and the construction of food webs. It was argued that
determination of both d13C carbon and d15N nitrogen signatures for fish
species and primary food sources would assist in confirming dietary sources,
help in differentiating between ingested and assimilated food items, identify
trophic levels of consumers, and determine the relative contributions of
nonfish compartments to the food webs (Bunn et al., 1999; Peterson, 1999;
Bowles et al., 2001; Douglas et al., 2005; West et al., 2006). Most
importantly, this approach should provide a reliable indication of the
ultimate source(s) of organic carbon that underpin the food web. This
recommendation, and resulting studies (see below) led to a change in
environmental awareness at OTML from 1998 to 2006, an expanded under-
standing of how the mine was affecting the ecology of the river system and
gave rise to a series of targeted studies looking specifically at food web
interactions, carbon sources and energy flow.
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17.4. Use of Stable Isotopes to Describe Food Webs

As detailed above, the traditional method for constructing food webs has
been to determine which food items animals are ingesting by looking at their
feeding mode and gut contents. However, this approach has inherent
deficiencies, including identification of partly digested items, regurgitation of
items under capture stress, and underestimation of the importance of those
foods which are digested at more rapid rates (Peterson and Fry, 1987;
Lancaster et al., 2005). In addition, gut content only shows what was
ingested, not whether ingested items are assimilated (i.e. components of the
diet that contribute to the C and N signatures of consumer muscles, bones
or organs). Determination of the components of an animal’s diet that are
actually assimilated has been simplified with stable isotope tracing
techniques (Peterson and Fry, 1987; Lajtha and Michener, 1994). The
measurement of stable isotope ratios of carbon and nitrogen in tissue
samples has furthered our understanding of predator–prey relationships and
the energy sources supporting aquatic food webs (Peterson and Fry, 1987;
Lajtha and Michener, 1994; Peterson, 1999; West et al., 2006). The basis of
this technique is the accurate measurement of nitrogen isotopes 14N and 15N
and carbon isotopes 12C and 13C in source materials and consumer tissues
(Peterson and Fry, 1987; Peterson, 1999; West et al., 2006).
Nitrogen stable isotopes are particularly useful in determining trophic

position, as signatures undergo fractionation during trophic transfer from
food items to consumers (Minagawa and Wada, 1984). This fractionation
typically leads to enrichment of the 14N:15N ratio due to digestion of
nitrogen-containing biomolecules (mainly proteins) by organisms and the
preferential excretion of 15N-depleted urea and ammonia (Michener and
Schell, 1999). As a consequence, d15N increases by approximately 3m with
each trophic level (Minagawa and Wada, 1984; Michener and Schell, 1999;
Peterson, 1999). However, there is variability in the degree of trophic
fractionation of nitrogen and this distinction between trophic levels using
d15N does not appear to be the case in all aquatic systems where, because
omnivory is prevalent, animals exist along a trophic continuum rather than
at discrete trophic levels (France et al., 1998).
In contrast to the situation for nitrogen stable isotopes, the fractionation

of carbon stable isotopes occurs mostly at the primary producer level
(De Niro and Epstein, 1978; Rounick and Winterbourn, 1986; Peterson,
1999). To this end, subsequent trophic transfer of carbon does not
appreciably affect 13C: 12C ratios. Different photosynthetic routes such as
the Calvin cycle (C3), Hatch–Slack cycle (C4) and Crassulacean Acid
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Metabolism (CAM) result in different d13C values. Terrestrial C3 plants
(d13CB�28m) take their carbon from the atmosphere (13CB�7m) and a net
fractionation of about 21m occurs during photosynthesis (Peterson and Fry,
1987). In contrast, the photosynthetic pathway of C4 plants (a group that
includes tropical and salt grasses) results in a smaller fractionation of about
6m (Peterson and Fry, 1987). The carbon cycle of aquatic plants is different
again, as photosynthesis utilizes dissolved CO2 which may be supplied by
carbonate rock weathering, mineral springs, from the atmosphere or from
respired organic matter (Peterson and Fry, 1987). This causes widely varying
d13C values that are subject to site specific and seasonal variations (Peterson
and Fry, 1987; Jones et al., 1999; Peterson, 1999; Kankaala et al., 2006).
Stable isotope analysis of carbon has proved particularly effective in the

study of aquatic food webs where the variation in carbon isotope ratios for
different plant groups allows consumer organisms to be traced back to
specific primary producers (Rounick and Winterbourn, 1986; Peterson and
Fry, 1987; Rosenfeld and Roff, 1992; Boon and Bunn, 1994; Lajtha and
Michener, 1994). The utility of the d13C method for determining carbon
sources relies upon 13C not being fractionated during food assimilation.
In practice, a slight enrichment of d13C occurs with each trophic transfer,
however, the fractionation is small (0.5–1m) in relation to the overall span of
d13C values (typically �10m to �40m for freshwater plants) (De Niro and
Epstein, 1978; Rounick and Winterbourn, 1986). The approach also relies
on there being a significant separation in the d13C of suspect primary carbon
sources, otherwise it is very difficult to discriminate between source
contributions to consumers if primary sources overlap.

17.4.1. Establishing Applicability of SIA and Baseline Conditions

On the recommendation of WRM (1998) and Storey and Smith (1998), a
study was conducted by Bunn et al. (1999) to test whether stable isotope
analysis could identify and separate the major primary sources of organic
carbon driving aquatic food webs in the Fly River system, and establish
baseline conditions for carbon sources driving food webs at floodplain and
riverine habitats. A river reach upstream of D’Albertis Junction, above the
influence of the mine (Fly River at Kawok), and an oxbow lake downstream
of the mine, but not showing any effects from the mine at that time (OXB06
at ARM 346) were selected for investigation using stable isotopes of
carbon and nitrogen. Samples of fish and macroinvertebrates, together with
potential primary food sources were collected from the two locations
between the 16th and 21st of October 1998.
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Primary sources were collected by hand at each site. Epiphytic algae were
gently scraped from trailing vegetation (e.g. Ischaemum or Saccharum).
Larger strands of filamentous algae were picked from submerged vegetation
and logs. Phytoplankton at Oxbow 6 was collected by filtering through
GF/C paper, though there was insufficient for analysis. Samples of seston
(phytoplankton and fine detritus) were obtained using a fine plankton
net at Kawok. Aquatic macrophytes were collected where present from each
sampling location, including Utricularia exoleta, U. aurea, Azolla sp.,
Ludwigia sp., and Cyperus platistylis. Samples of conspicuous fringing
vegetation were collected by hand from each site, particularly Saccharum
robustum, Echinochloa praestans, Phragmites karka, and Ischaemum poly-
stachium. Leaves and (where present) fruits from riparian trees were also
collected by hand, including Ficus polyanther, F. cf. wassa, Laportea
decumana, Eleocarpus sp., Anthocephalus chinensis, and Leer indicus. Five
samples of coarse particulate organic matter (whole leaves) and fine
particulate organic matter (0.25–1.00mm) were obtained from Ekman grab
samples at each location (one per site).
Aquatic macroinvertebrates, mostly atyid shrimps (Atyidae), baetid and

caenid mayflies, and odonates (Zygoptera and Anisoptera), were collected
with a long-handled sweep-net (250mm) from fringing vegetation or
submerged logs at each site. Aquatic mites were also collected at Oxbow 6.
Chironomid larvae were the only species found in the benthos, with only one
or two individuals obtained from each grab sample, as a result insufficient
larvae were collected for analysis. Zooplankton were sampled after dark near
the fringing vegetation at Oxbow 6, using a 60 mm plankton net. Freshwater
sponges were also prevalent on submerged riparian vegetation at Oxbow 6
and samples were taken to provide an indication of the phytoplankton
isotope signatures.
At Kawok, vertical clay banks on the outside meander bends were riddled

with mayfly burrows (Plethanogesia). Samples of clay were removed by spade
and carefully washed through 4 and 1mm sieves to retain larvae. At one site,
larvae of a free-living caddis (Hydrobiosidae?) were also found in the
burrows.
Four large baited traps were set at each location to catch Macrobrachium

prawns (Palaemonidae). No animals were collected from Oxbow 6, however,
at least five species were sampled from Kawok, including M. rosenbergii,
M. lorentzi (possibly a complex including an undescribed species),
M. handschini, and M. weberi. Grasshoppers were sampled from fringing
vegetation as representative of terrestrial primary consumers. Moths
(Lepidoptera) and adult caddis (Trichoptera) were also collected at night
around the lights on board the sampling vessel; the Western Venturer.
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Some adult dragonflies (Anisoptera) were also sampled along the fringing
vegetation at Oxbow 6.
Most of the larger fish were caught in standard OTML gill net sets at each

location (Storey et al., 2009). Smaller individuals were sampled from trailing
vegetation using a long-handled sweep-net. Some specimens were collected
from flooded forest at Oxbow 6 using rotenone, and juveniles and small
species were collected by spotlighting in the river channel. All of the larger
fish were individually measured in the field and samples of dorsolateral
muscle removed for analysis and frozen. Carapace lengths of large
Macrobrachium rosenbergii were also recorded and samples of tail muscle
removed for analysis. All samples of primary sources and invertebrates were
kept on ice in the field and subsequently frozen until prepared for stable
isotope analysis.
In the laboratory, all samples were cleaned, rinsed in distilled water and

oven-dried at 601C for 36–48 h. Dried material was then ground using a
mortar and pestle (small samples) or ring grinder (large samples). Before
drying, atyid shrimp, zooplankton and sponges were acid washed in 20%
HCl for 2min and rinsed, prior to drying, to avoid possible contamination
from nondietary carbonates (see Bunn et al., 1995). Acid-washed individuals
were used to obtain d13C values, and nonacid washed individuals were used
to obtain d15N values. Exoskeletons of Macrobrachium were also removed to
avoid possible contamination. Individual carapace lengths of Macrobra-
chium were first recorded, and the digestive tracts also removed.
Dried, ground samples were oxidized at high temperature and the resultant

CO2 and N2 were analyzed with a continuous flow-isotope ratio mass
spectrometer (Europa Tracermass and Roboprep, Crewe, UK). Ratios of
13C/12C and 15N/14N were expressed as the relative per mil (m) difference
between the sample and conventional standards (PDB carbonate and N2 in
air) where:

dX ¼
Rsample

Rstandard
� 1

� �
� 1000ð%Þ

where X ¼ 13C or 15N and R ¼ 13C/12C or 15N/14N.
The possible contributions of algae and terrestrial vegetation to the

assimilated carbon in primary consumers were calculated using the following
simple two end-point mixing model:

Palgae ¼
d13Cconsumer � f � d13Criparian

d13Calgae � d13Criparian

 !
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where Palgae ¼ proportion of algal carbon; and f ¼ isotopic fractiona-
tion (m).
In all cases, an isotopic fractionation (f ) of 0.2 was used (see France,

1995). The same approach was used to assess the likely contributions of
primary consumers to the assimilated carbon of secondary consumers. Stable
nitrogen isotope values and data on diet (Storey and Smith, 1998) were used
to determine which species were secondary (or tertiary) consumers.
In total 512 samples were analyzed, consisting of 38 and 49 samples of

primary sources from 13 and 15 different species at Kawok and Oxbow 6
respectively, 72 and 56 samples from 17 and 11 species of invertebrates, and
206 and 91 samples from 24 and 14 species of fish from Kawok and Oxbow 6
respectively. Aquatic algae from both locations were 13C-depleted compared
with riparian forest vegetation (C3 plants) and markedly so compared with
C4 plants such as Saccharum and Ischaemum. Riparian vegetation was also
more 15N-depleted compared with aquatic plants, especially at Kawok.
Analysis showed that macroinvertebrates collected from submerged or
trailing vegetation obtained their biomass carbon primarily from algae. Only
a few chironomid larvae were collected from benthic samples at both
locations and these too had isotopic signatures similar to algae. Interactions
amongst the various sources and consumers were summarized in
stylized food web plots (Fig. 17.5), which generally supported many of the
previously conceived trophic interactions (Maunsell and Partners, 1982;
OTML, 1988; Storey and Smith, 1998; WRM, 1998), but also showed a
greater contribution of algal-derived carbon to food webs than previously
determined. This highlighted the utility of stable isotope analyses when
compared to gut contents analyses, and showed that consumed algae is often
very difficult to identify and is often lumped into a miscellaneous or detritus
category.
The stable isotope approach also showed the trophic relationships between

periphytic algae, grazing macroinvertebrates, small fishes, and larger
predatory species. It confirmed phytoplankton and zooplankton as the main
source of carbon for Nematalosa herrings, identified species of fish dependent
on direct riparian inputs, and showed that secondary and higher consumer
fish tended to exist along a trophic continuum rather than in discrete trophic
positions, which is indicative of a high level of omnivory (France et al.,
1998).
Based on the food webs, Bunn et al. (1999) identified four major pathways

for transfer of carbon:

1. There was a very important plankton pathway that provided carbon to
planktivorous Nematalosa, a numerically dominant prey item for piscivores.
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2. There was also an obvious periphyton-invertebrate grazer pathway
representing an important carbon pathway to small fish species and juveniles
of larger species that utilize fringing vegetation and logs as habitat, and feed
on associated aquatic insects and crustaceans.
3. Most species of Macrobrachium prawns, an important food resource for
predatory fish in the river channel, derived their biomass carbon from
terrestrial sources, but this was not through direct consumption of riparian
vegetation because the prawns occupied too high a trophic position, and,
4. Selective feeders, such as Toxotes chatareus (Hamilton, 1822) feeding on
terrestrial insects and Arius latirostris (Macleay, 1884) feeding upon fruits,
clearly derived most of their biomass carbon and nitrogen from terrestrial
sources at both locations.

An independent study of the food web of Lake Murray (Bowles et al.,
2001) showed strong consistency in d13C signatures for primary producers,
seston and for species of fish that were recorded in both studies, providing
confidence in the approach, whereby species from Lake Murray appear to be
assimilating carbon from comparable energy sources.
Bunn et al. (1999) considered that microalgae were clearly important to the

food web, and of great significance to the fishery. Using estimates of the
contribution of algal-derived carbon to the biomass of each fish species, and
the proportion of each species in fish catch monitoring data, it was estimated
that algal carbon supported approx. 40% of fish standing stock biomass
at the riverine site, and 70% at the floodplain site. The relatively high
contribution of algal carbon to riverine food webs was a surprise, especially
for a turbid tropical river that was considered not to support much in-stream
productivity. This was a major change in thinking (cf. Maunsell and
Partners, 1982), and brought the realization that factors such as increased
turbidity (WRM, 2005, 2006) and labile dissolved copper (Stauber, 1995;
Apte et al., 2009), all known to affect the productivity and species
composition of aquatic algae, could be disrupting the supply of algal carbon
to higher trophic levels, and could explain observed declines in fish catch and
loss of species below D’Albertis junction (Swales et al., 1998, 1999, 2000;
Storey et al., 2009).
In addition, the study highlighted that forest dieback as a result of river

bed aggradation and resultant increased frequency and duration of flooding,
as reported for the lower Ok Tedi and extending into the middle Fly (Pickup,
2009, Pickup and Cui, 2009) had the potential to affect the supply of riparian
carbon to the food web. Therefore, this study by Bunn et al. (1999) brought
the realization that combined impacts of the mine on the river channel had
the potential to impact the delivery of fundamental sources of organic
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carbon driving the aquatic food webs. This initiated a series of targeted
studies using stable isotopes to test for some of the possible effects of mining
operations.

17.4.2. Comparison of Contribution of Algal Carbon to Food Webs Above and
Below D’albertis Junction

The importance of algal carbon to the riverine food web (Bunn et al., 1999),
and the known toxicity to algae of observed levels of labile copper in
the middle Fly River (Stauber, 1995; Apte, 2009) resulted in a targeted
stable isotope investigation in October 2003 (WRM, 2005). Sampling was
conducted in the Fly River immediately above and below D’Albertis
Junction (ARM450 and Kuambit, respectively) to compare the contribution
of algal carbon to the aquatic food webs at each location. The study was
designed to test the hypothesis that mine impacts had reduced the
contribution of algal carbon, with the result that riverine food webs
downstream of the mine were now more dependent on riparian (rainforest)
inputs.
Sampling involved the collection of as many primary sources (algae and

terrestrial plants) and primary and higher consumers (prawns, aquatic
insects, and fish) as possible at each site. The same collecting and processing
methods as used by Bunn et al. (1999) were again employed, with stable
isotopes of nitrogen and carbon analyzed with a continuous flow-isotope
ratio mass spectrometer, and the same two-point mixing model used to
compare sources of carbon (energy) contributing to aquatic food webs at
each site.
A total of 172 and 191 samples were collected, covering 21 and 27 species

of primary sources, 7 and 12 species of invertebrates (aquatic and terrestrial),
and 17 and 21 species of fish at Kuambit and ARM450 respectively.
Analyses indicated that the aquatic food web in the river channel
downstream of the mine (Kuambit) had a reduced contribution of algal
carbon compared with the food web above the influence of the mine
(ARM450). Comparisons at the species level were constrained by there being
few species occurring at both sites, and few replicates of each species,
particularly at Kuambit. This likely reflects the gross impacts of the mine on
resident species below D’Albertis Junction (i.e. increased TSS, bed
aggradation, and elevated particulate and dissolved metal concentrations)
rather than changes in resource availability, with large mine-related declines
in fish catch reported from Kuambit reach since before 1990 (Swales et al.,
1998, 2000; Storey et al., 2009). Even so, those species which did occur at
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both sites consistently had a more enriched signature (i.e. greater algal
carbon contribution) at ARM450 than at Kuambit (Fig. 17.6). Similarly, for
species that occurred only at one site, those at ARM450 consistently had a
greater percent algal carbon contribution than species taken from Kuambit
(Fig. 17.6).
As is standard practice when comparing carbon isotope data across sites,

particularly when carbon signatures of primary sources differ between sites,
carbon isotope signatures of consumers were standardized using mixing
models (Bunn et al., 1997, 1999; Phillips, 2001; Phillips et al., 2005), to
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present data as percentage of carbon derived from algal sources. In this
study, d13C signature of the algal sources at Kuambit were more enriched
(�20.5) than at ARM450 (�23.8), whilst riparian sources had the same
signatures across sites (�29.8 & �29.9 respectively).
Photosynthesis in aquatic plants (algae, macrophytes etc.) utilizes

dissolved CO2 which is obtained from a range of sources, including
weathering of carbonate rock, mineral springs, the atmosphere, or from
respired organic matter (Peterson and Fry, 1987). Variation in sources of
CO2 is known to cause widely varying d13C values in algae, which, as a result
may be subject to site specific and seasonal variations (Peterson and Fry,
1987; Peterson, 1999; Kankaala et al., 2006). Differences in algal signatures
between Kuambit and ARM450 may reflect a difference in the dominant
source of dissolved carbon available for assimilation during photosynthesis.
As part of mine environmental management, limestone is continually fed
into the waste rock stream to mitigate ARD risk in the mine area creeks, and
this also influences buffering capacity in the Ok Tedi and middle Fly. The
input of limestone may result in different carbonate content in the river
downstream of the mine (i.e. Kuambit) compared with that coming from the
upper Fly, which would likely exhibit a greater influence from respired
organic matter (i.e. ARM450). Whether this could be sufficient to modify the
carbon signature of algae downstream of the mine is unknown. Alter-
natively, samples of algal at Kuambit were collected from higher on the
banks than at ARM450 due to there being no visible algae on the lower
banks/below the water line. Algae at Kuambit would therefore experience
less frequent inundation, and as a result, may depend more on atmospheric
CO2, compared with populations at ARM450 which were inundated, and
therefore exposed to dissolved sources of carbon. However, as with riparian
vegetation which depend on atmospheric CO2, it would be expected that
algae at Kuambit would be more depleted than at ARM450, whilst the
reverse was true. The difference in algal signatures between sites was not
readily explicable, but may indicate a functional difference in the
predominant source of CO2 being assimilated by algae during photosynthesis
(i.e. atmospheric versus dissolved organic versus that derived from carbonate
rock) and requires further investigation.
The difference in algal carbon contribution between the two sites was

supported by observations on the apparent algal cover whilst sampling. At
ARM450 algal growth was visible along the banks and into the water
(Fig. 17.7), on exposed unconsolidated mud banks, and on objects floating
close to the water surface, however, at Kuambit there was no observable
algae growth on these habitats except for small patches of algae higher up the
banks. An obvious ‘‘tide’’ mark was apparent at Kuambit, with no apparent

600 A. W. Storey and M. Yarrao



algal growth below the upper water level, reflecting recent past river stage
height (Figs. 17.8–17.10).
Based on observations in this study, WRM (2005) concluded that

in-stream production is a minor, but significant source of the algal carbon
present in the food web of upper, forested riverine reaches of the Fly River.
These findings supported those from the previous study by Bunn et al. (1999)
and are in agreement with a recent review of how Australian tropical rivers
function (Douglas et al., 2005). Furthermore, these data are consistent with
the Riverine Productivity Model (RPM) of Thorp and Delong (1994), which

Figure 17.7: Algal growth extending into the water column, at ARM450
reach, with a photic zone extending B30 cm below water surface.

Figure 17.8: Exposed depositional river bank at Kuambit with no
observable algal growth.
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emphasizes the importance of local carbon inputs (i.e. in-stream primary
production from phytoplankton, benthic algae, and other aquatic plants,
and the local inputs of carbon in the form of leaf litter, fruits and terrestrial
insects from the adjacent riparian zone) in providing energy (carbon) to river
reaches.
The study identified a reduction in the contribution of algal carbon

downstream of the mine. Likely mine derived stressors affecting algal growth
included chronic toxicity of algae (i.e. growth retardation) from labile
dissolved copper, abrasion of algae due to increased TSS, limited primary

Figure 17.9: Exposed river bank at Kuambit showing algal growth above a
distinct ‘tide’ line.

Figure 17.10: River bank at Kuambit showing algal growth above a distinct
‘‘tide’’ line, but with no algae below and no observable algal growth in the

water column.
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production due to a reduced photic zone, and physical smothering of algal
biofilm and microhabitats by silt (WRM, 2005).

17.4.3. Comparison of Food Webs of Floodplain Habitats

The most recent study to investigate possible mine effects on Fly River food
webs using stable isotopes was conducted in February 2005 (WRM, 2006).
Previously, mine-related impacts had been restricted to riverine habitats,
with no detectable mine-related effects on the floodplain (Swales et al., 1998,
1999, 2000; Storey et al., 2009), however, a series of events in recent years
have raised concerns about impacts spreading to the floodplain. First,
OTML monitoring data have shown that fish catch in some oxbow lakes
downstream of the mine have declined, particularly at Oxbow 6 in the
Middle Fly at Kwem (OTML, unpub. dat.). In addition, aggradation of the
river bed has progressed throughout the middle Fly resulting in overbank
flooding and extensive forest dieback throughout this area (Pickup, 2009,
Pickup and Ciu, 2009), and finally, Acid Rock Drainage (ARD) has started
to appear on levees in the middle Fly, with highly elevated levels of copper
and other metals recorded in floodplain waters immediately adjacent to areas
on ARD on the levees (Bolton et al., 2009).
These events raised concern that declining fish catch on the floodplain may

be a consequence of increased concentrations of bioavailable copper
impacting either directly on fish species (i.e. acute toxicity of early life
stages, or chronic toxicity causing reduced overall fitness of populations) or
indirectly via disruption to the food web. Such disruption could be to the
base of the food web, in the form of reduced primary productivity
(i.e. reduced algal growth) or other potentially sensitive food chain linkages,
such as the zooplankton – Nematalosa herring link, or the periphyton –
macroinvertebrate-fish pathway.
In response to these concerns and hypotheses, a comparative study was

implemented in February 2005 to compare aquatic food web structure and
test for possible mine effects at three control forested oxbow lakes upstream
of the influence of the mine (Drimdenasuk, Kiunga, and Moian oxbows),
three exposed forested oxbow lakes downstream of the mine (Kuambit,
Erekta, and Kwem (OXB06) oxbows), and two shallow lagoon systems
(Bosset Lagoon and Lake Daviumbu).
Using the same methods as Bunn et al. (1999) and WRM (2005), sampling

involved the collection of as many primary sources (algae and terrestrial
plants) and primary and higher consumers (prawns, aquatic insects and fish)
as possible at each site. A total of 1164 individual samples were analyzed,
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with an average of 145 samples per site (maximum of 166 at Oxbow 6 and
minimum of 92 at Drimdenasuk oxbow), with up to five replicates per
species, providing comparable sampling intensity per site as previous studies.
Stable isotopes of nitrogen and carbon were then used to determine sources
of carbon (energy) supporting the aquatic food webs at each site. Analysis
of variance, with samples nested within sites, was used to compare carbon
and nitrogen signatures of sources and consumers between exposed
and control oxbow lakes, with sites as replicates. Mixing models, as per
previous studies on the Fly River (Bunn et al., 1999; WRM, 2005), were
then used to standardize data across sites to allow among-site comparisons
in the contribution of algal and riparian carbon sources to the food webs at
each site.
Although sources were variable within sites, results indicated significant

changes in both the d13C and d15N signatures between exposed and control
oxbows suggesting a shift in the food webs of the exposed oxbow lakes.
Fauna of exposed lakes appeared to derive more algal carbon from
periphyton sources (unicellular algae growing on submerged surfaces) over
phytoplankton, with control oxbow lakes displaying the reverse. It appears
that the die-off of rainforest along the shores of exposed oxbow lakes due to
increased flooding has reduce near-shore shading, facilitating the establish-
ment of submerged macrophytes (Figs. 17.11 and 17.12), and floating grasses
(Fig. 17.13), and this has provided complex habitat and substrate for
colonization by periphytic algae and aquatic macroinvertebrates. Signifi-
cantly, floating grasses and macrophytes will rise and fall with changing

Figure 17.11: Collecting macroinvertebrates from submerged macrophytes
in Kuambit oxbow (Note degraded condition of rainforest in background).
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water levels, providing a constantly inundated habitat, allowing establish-
ment of algal and invertebrate communities. The food chain link between
periphyton and macroinvertebrates provides a carbon source to higher
consumers (predatory invertebrates, small and large fish) and therefore, the
periphytic carbon signature will be transferred through all levels of the
food web (Douglas et al., 2005). In comparison, algae and primary
consumers colonizing inundated rainforest, apart from contending with
light limitation along the margins due to shading (see Fig. 17.14), will have to

Figure 17.12: Beds of submerged macrophytes in Kuambit oxbow.

Figure 17.13: Encroaching margin of floating grass in Oxbow 6, where
previously there was no such habitat due to shading by rainforest (note

degraded condition of rainforest in background).
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relocate as water levels change and new vegetation is inundated/exposed. As
a result, phytoplankton-derived carbon appeared more dominant in control
oxbow lakes, where near-shore shading by intact rainforest has limited the
growth of floating grasses and macrophytes (Fig. 17.14), thereby limiting
habitat for periphyton and aquatic invertebrates. A recent study of the
macroinvertebrate fauna of the same lakes (A.W. Storey, unpublished data),
showed significantly greater abundance and species richness in the fauna
at exposed lakes compared with control lakes, again reflecting the inferred
increase in habitat diversity provided by the submerged macrophyte and
floating grasses.
Analyses also detected a significant depletion of the d13C signature of

periphyton and phytoplankton at exposed sites compared with control
oxbow lakes (WRM, 2006), hypothesized to be related to the loads of
organic material entering these lakes. Exposed oxbow lakes on the Fly River
were characterized by extensive forest dieback (Pickup, 2009, Pickup and
Ciu, 2009), resulting in heavy loads of decaying riparian vegetation in the
flooded margins. This high organic load would likely result in depleted d13C
signatures of primary sources because CO2 respired during the breakdown of
decaying vegetation is known to be depleted in 13C and as such algae
assimilating this CO2 would also be depleted (A. Revill, CSIRO, pers.
comm.). A similar finding was reported from the Keep River in the
Kimberley, Western Australia, where zooplankton had depleted d13C values
of up to �40 (Storey, unpublished data). It is likely that this was also due to
the influence of respired CO2 since the Keep River site exhibited similar

Figure 17.14: Checking gill nets at Drimdenasuk oxbow. Note dense wall of
rainforest along waters edge in background, and absence of any floating

grasses.
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characteristics to exposed oxbow lakes; relatively deep, stratified oxygen
levels, anoxic sediments, dense zooplankton blooms, and high organic loads.
In other food web studies worldwide, depleted d13C have often been reported
in lake zooplankton (i.e. Jones et al., 1999; Grey et al., 2000; Kankaala et al.,
2006), and have been considered due to selective feeding on isotopically light
photosynthetic algae (which have utilized dissolved inorganic carbon from
microbial respiration) or feeding on isotopically light methanotrophic
bacteria; the anaerobic decomposition of organic matter within the sediment
can lead to high concentrations of isotopically light methane (CH4) in the
hypolimnion (Kortelainen et al., 2000; Grey et al., 2004).
The other main effect detected in the floodplain food web study was

enrichment of the nitrogen signature of primary sources, in particular
riparian vegetation and periphyton at Oxbow 6 (Fig. 17.15). Signatures of
these sources were enriched (B10 d15N) in comparison with the other sites
sampled in this study (and in comparison with this site sampled in 1998 by
Bunn et al. (1999). Enriched nitrogen signatures of algae and macrophytes
have been reported in other studies (i.e. Peterson, 1999; Udy and Bunn,
2001), and usually relates to enrichment of the site with nitrogen, often from
sewage effluent (Rau et al., 1981; EHMP, 2004). This is unlikely to be the
reason for elevated nitrogen signatures in Oxbow 6, since there is no source
of sewage effluent at this site. However, forest dieback, with subsequent
breakdown and release of nutrients from the organic loading may be
sufficient to result in this enrichment. Elevated nitrogen signatures were also
observed in Bosset Lagoon and Lake Daviumbu, where there is a naturally
large load of decaying grasses and macrophytes. Interestingly, nitrogen
signatures of sources collected from Kuambit Oxbow were not enriched, yet
this site has been more severely affected by forest dieback than Oxbow 6.
However, this site was first affected by dieback 5–7 years ago, and it is
possible that the ‘‘flush’’ of nutrients has passed through the system.
The study identified a further disparity in the food web structure at Oxbow

6 compared with other forested oxbows, in that the enriched nitrogen
signature of the primary sources (periphyton and riparian) placed them at
a higher trophic position than the primary and secondary consumers
supposedly dependent upon them for their carbon. Given that nitrogen goes
through a predictable enrichment with each trophic transfer (Minagawa
and Wada, 1984; Michener and Schell, 1999; Peterson, 1999), it does not
seem possible that fish were deriving carbon from these sources. Phyto and
zooplankton were not as enriched and were in an appropriate trophic
position below primary consumers, however, it seems unlikely that plankton
support the whole food web at this site. In addition, the carbon signature of
plankton was relatively depleted compared with that of consumers, even
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Figure 17.15: Representative bi-plots of d13C by d15N (means 795% CI) for
an exposed (Oxbow 6) and a control (Drimdenasuk) oxbow, showing
depleted carbon signature of plankton and enriched nitrogen signature of

primary sources at Oxbow 6.
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allowing for a high level of fractionation with trophic transfer, making
plankton unlikely to be the sole carbon source. As indicated, WRM (2006)
have identified that the food web structure at Oxbow 6 appears to be altered
relative to other oxbow sites sampled, but anomalies exist that this study was
not able to readily explain.
Although WRM (2006) identified significant differences in food web

structure between control and exposed oxbow lakes, the differences should
not necessarily be interpreted as negative impacts, possibly more of a change
in state. Exposed oxbow lakes may be becoming more like the shallow
grassed lagoon systems (Bosset Lagoon and Lake Daviumbu) in terms of
prevalence of grasses, macrophytes and associated periphyton and inverte-
brate fauna. The increased reliance of the food web on periphyton and the
greater abundance and diversity of macroinvertebrates in exposed oxbow
lakes may indicate these systems becoming more productive compared with
unimpacted forested oxbows. Over time, recovery and regrowth of forest
with flood tolerant species may well shade-out the grasses and macrophytes
currently encroaching from the shores returning the systems to their previous
state. Similarly, the organic loading and depleted carbon signatures of
plankton and periphyton may be a transitory state whilst the dead forest is
processed.

17.5. Conclusions

Knowledge of the biology and trophic interactions of the Fly River aquatic
ecosystem has expanded greatly since the first surveys conducted in the 1970s
(Boyden et al., 1978; Roberts, 1978; Robertson and Baidam, 1983; DPI,
1979, 1980). In particular, the premine impact assessment by Maunsell and
Partners (1982), and subsequent intensive collections of various data by
OTML, from 1983 to present, have seen food web models evolve to include a
greater number of species and interactions, and a greater overall under-
standing of trophic dependencies in riverine and floodplain habitats.
Credit should be given, however to early investigators who only had limited
data, but applied sound assumptions and experience from other systems, to
generate relatively accurate outputs.
More recent investigations initiated by OTML (Bunn et al., 1999; WRM,

2005, 2006) have adopted a process-related approach to understanding how
the mine may be affecting the aquatic ecosystem, rather than attempting to
find patterns in ‘monitoring’ data (see Storey et al., 2009). Stable isotope
analysis of carbon has proved particularly effective in the study of aquatic
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food webs elsewhere (e.g. Rounick and Winterbourn, 1986; Peterson and
Fry, 1987; Rosenfeld and Roff, 1992; Boon and Bunn, 1994; Douglas et al.,
2005), and the Fly River is no exception. Stable isotopes have helped to
clarify trophic relationships in riverine and floodplain food webs, identified
the role that algae play as a carbon source, and have assisted in the detec-
tion of impacts to the bottom of the food web, which have flow-on effects
to higher trophic levels. As with many scientific investigations, however, as
one question is answered, others appear. Issues such as quantifying the
contribution of in-stream algal production (sensu Thorp and Delong, 1994;
RPM) versus supplementation of riverine food webs with floodplain produc-
tion (sensu Junk et al., 1989; Flood-pulse concept) have not been resolved.
In addition, studies to date (WRM, 2005, 2006) have been snap-shots in
time, which provide no information on the degree of temporal variation
in isotopic signatures. It is not known how consistent the observed patterns
are within and between sites over time, which limits the ability to
differentiate mine-related impacts from natural variability. The hypothesis
of a mine-related effect on riverine organic carbon and its influence on algal
carbon signatures above and below the mine could be investigated further,
as could the conundrums in Oxbow 6 related to possible nutrient-mediated
enrichment of nitrogen signatures of riparian and algal sources and depleted
CO2-driven signatures of algal sources. No doubt, as investigations continue,
some of these questions will be answered – but others will arise.
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