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Frontispiece. One of the many carp (Cyprinus carpio) captured for the field experiment 

described in Chapters 2 and 3 (at Lake Moodemere, near Rutherglen, Victoria). 
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Abstract 

Carp (Cyprinus carpio) are alien freshwater fish that are globally widespread and often 

associated with highly degraded freshwater ecosystems. This study explored carp

habitat interactions that could contribute to the worldwide distribution of, and 

consequent ecological impacts by, carp. Particular emphasis was placed on the role of 

carp size in these interactions. One component of this study involved a field experiment 

that was used to quantify the effects of carp biomass density and size-structure on 

freshwater invertebrate communities and water quality. The treatments in this field 

experiment comprised different combinations of large (2 kg) and small (0.7 kg) carp, 

and low (330 kg.ha-1
), intermediate (570 kg.ha-1

) and high (650 kg.ha-1
) biomass 

densities. Carp impacts were more carp size-dependent than described in previous 

studies. In particular, carp size was more important than carp biomass density in 

determining the concentration of total phosphorus and algal biomass. On the other hand, 

a more even mix of carp sizes increased total nitrogen. The zooplankton and 

macroinvertebrate taxa that were more abundant in the presence of carp were the taxa 

most able to avoid carp predation and tolerate habitat changes caused by carp 

benthivory. To complement the small-spatial scale field experiment, large-scale patterns 

of carp distribution, biomass density and recruitment were explored among the rivers of 

New South Wales (Australia) in relation to their physical habitat. In contrast to 

expectations, and although most recruitment probably occurred at lower-altitudes, the 

populations with a size structure and biomass density most likely to cause ecological 

degradation occurred at intermediate altitudes. Furthermore, the distribution of smaller 

carp (less than or equal to 100 mm, and less than or equal to 300 mm) indicated that the 

regulation of river flows does not always favour carp populations, particularly during 

drought conditions. Nevertheless, it was concluded in a review of the carp literature, 

which incorporated the findings of this study, that invasion by alien carp is most 

successful in streams with formerly highly variable flows that are now subject to flow 

regulation. Moreover, carp are likely to enhance their advantage in these waters through 

habitat modification. 
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Chapter 1 Introduction: incorporating scale and 

colonizer size into models of invasion 

1.1 Background on invasion biology 

1.1.1 The ecological and economic importance of biotic invasions 

A biotic invasion occurs when colonists, which are representatives of a species or a 

genetic pool within a species, arrive, with or without human intervention, to areas 

outside the colonist's previous range (adapted from Lodge 1993b, Harris 1995a and 

Mack et al. 2000). Biotic invasions are divided into various categories, and 

classification systems vary among researchers (Mack et al. 2000). Following the 

terminology used by Harris (1995a, 1996) 'Alien' species are introduced from overseas 

and have become established in the wild. 'Introduced' species are species endemic to an 

isolated landmass that have been established in areas outside their natural distribution. 

'Feral' applies to domestic animals that have escaped into the wild and have not been 

deliberately established. 'Translocated' should be used for 'anthropogenic movements 

of animals within their home range'. 

Homogenization of the earth's biota is occurring at a rapid rate because of biotic 

invasions and this is a matter for concern (Lodge 1993a, Mack et al. 2000). Most of the 

world's recent biotic invasions have been facilitated by human activity, and are 

consequently occurring at much greater rates and larger spatial scales than natural 

processes of invasion (Diamond and Case 1986, Lodge et al. 1998, Hobbs 2000, Mack 

et al. 2000). Some of these invasions have caused fundamental changes by altering 

ecosystem structure and processes, including eradicating endemic species and 

transporting parasites and pathogens (Lodge et al. 1998, Mack et al. 2000). Moreover, 

biotic invasions increase the costs of agriculture (estimated at $138 billion per year in 

the United States of America), and probably have a similar effect in other primary 

industries such as forestry and fisheries (Mack et al. 2000). Additionally, if the cost of 

ecosystem services and natural capital were also considered then the economic cost of 

biotic invasions would be substantially greater (cf. Costanza et al. 1997). There is 

therefore a need to develop large-scale, long-term, ecosystem-focussed strategies for 

understanding and controlling biotic invasions (Lodge et al. 1998, Mack et al. 2000). 
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To do this, the smaller-scale interactions within the ecosystems that contain biotic 

invaders must also be considered, and therefore interactions between colonists and the 

ecosystem should be considered at various spatial and temporal scales 

(Lodge et al. 1998). 

1.1.2 Freshwater ecosystems are especially vulnerable to biotic invasion 

This overview of biotic invasions focuses on the freshwater fish literature because this 

is the subject area of this thesis and because aquatic ecosystems are especially 

vulnerable to the effects of biotic invasions. The high vulnerability of aquatic systems to 

biotic invasions is a result of the strong relationship between water and people 

(Lodge et al. 1998). Commerce and recreation have produced many vectors for invasive 

species such as buckets and wet cloth for transporting live bait, boat trailers and hulls, 

and material required for aquariums, aquaculture and water gardens (Balon et al. 1995, 

Lozon and Macisaac 1997, Lodge et al. 1998). Moreover, there is often a strong 

association between habitat disturbance by humans and the success of biotic invasions 

(Herbold and Moyle 1986, Burgman and Lindenmayer 1998, Hobbs 2000, Mack et al. 

2000). Such an association is often obvious with freshwater plants and animals (e.g., 

Arthington and Mitchell 1986, Arthington et al. 1990, Moyle and Light 1996). This is 

not surprising because the strong relationship between water and people also includes 

intense land and water use and associated disturbances (e.g., for Australian conditions 

see Arthington et al. 1990, Conacher and Conacher 1995, Walker 1995, Harris and 

Gehrke 1997, Smith 1998). 

1.1.3 Conditions that increase the probability of successful invasion 

The potential of a colonist to be successfully naturalized outside of its historical range 

can be split into three general components: species biology, and the biological and 

physical properties of the ecosystem being invaded (Taylor et al. 1984). The biology of 

the colonist includes attributes such as physiological tolerances, feeding and 

reproductive behaviour that all determine a species' ability to tolerate different 

environments (Taylor et al. 1984). There is often little consensus on what these traits 

tend to be among biotic invaders that become naturalized (Lodge 1993a, Mack et al. 

2000). If, however, comparisons are made within specific groups or a more specific 

context, such as invasive British plants (Williamson and Fitter 1996), birds that have 
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invaded New Zealand (Cassey 2001) or Eurasian aquatic animals likely to invade North 

America (Ricciardi and Rasmussen 1998), then invasive species can be distinguished 

from non-invasive species because of a number of common traits. Next, interspecific 

interactions, including both predation and competition, partly determine species 

composition of communities and resistance to invasion (Diamond and Case 1986, 

Evans et al. 1987, Ross 1991, Byers 2002, Lodge 1993a). For example, one constantly 

disputed theory suggests that species-poor communities provide little resistance to biotic 

invasion (e.g., Diamond and Case 1986, Herbold and Moyle 1986, Mack et al. 2000). 

The third component is physical habitat, which determines species, and community 

attributes required for persistence and abundance. For example, flow regimes play a 

major role in structuring stream communities (Junk et al. 1989, Poff and Ward 1990, 

Walker et al. 1995, Grossman et al. 1998), and determining whether colonising fish 

species can become naturalized (Minkley and Meffe 1987, Moyle and Light 1996). Any 

attempt to understand the underlying mechanisms in biotic invasions is a major 

challenge, because it must consider these three components. 

1.2 The roles of scale and organism size in biotic invasions 

1.2.1 Overview 

The scale at which ecological processes occur, and (arguably) another form of 'scale', 

individual colonist size, must be considered in biotic invasions. Ecological processes, 

including those involving biotic invasions, tend to span numerous spatial and temporal 

scales (Wiens 1989, Menge and Olson 1990, Fisher 1992, Lodge et al. 1998, Mack et 

al. 2000). Furthermore, the size of individuals, and therefore also population size

structure, also determine ecological outcomes (Evans et al. 1987, Ebenman and Persson 

1988). Presumably, both organism size and scale interact to determine the outcomes in 

biological invasions. The implications of organism size has often been considered in the 

invasion biology literature (e.g., Ehrlich 1989), but detailed analyses that consider the 

commonalities among invading species document no consistent pattern with regard to 

size or, in fact, any other species attribute (Lodge 1993, Mack et al. 2000). How size 

and organism size-scale interactions affect the indirect effects of organisms on the 

ecosystem has, however, been poorly considered. To address these themes in this study, 

a brief overview of the general ecological implications of scale and organism size is 

provided. This overview provides the broader context for two central themes in this 
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thesis, benthivore size-dependent impacts and how relevant such small-scale impacts 

are at larger spatial scales. 

1.2.2 Ecosystems operate at multiple scales 

Studies of ecological invasions should include both large and small spatial scales 

(Lodge et al. 1998). In spite of this need, ecological studies on non-prehistoric invasions 

have often concentrated on large-spatial-scale observations of recent invasion events or 

current distribution patterns (Diamond and Case 1986). It can be argued that such large

scale approaches allow for a more realistic perspective of invasions. In particular, 

larger-scale studies are preferred by some because smaller microcosm studies are 

considered to be dominated by dynamics peculiar to the constrained conditions 

(Diamond 1986, Carpenter 1996, Cooper et al. 1998, Pace et al. 1998). Advantages of 

larger-scale studies also include a greater tendency to incorporate environmental 

heterogeneity (Cooper et al. 1998, Mac Nally and Quinn 1998). Accordingly, abiotic 

disturbances of the landscape ( e.g., river flow regulation) are often most appropriately 

studied at large scales (Menge and Olson 1990). Additionally, large-scale studies are 

appropriate for highly mobile organisms because they allow for observation over the 

range the species naturally disperses (Cooper et al. 1998, Mac Nally and Quinn 1998). 

In spite of the above concerns, small-spatial-scale studies are also of value to invasion 

studies. In particular, if the process of interest operates at a small scale (e.g., predation) 

then a small-scale study is appropriate (Menge and Olson 1990, Cooper et al. 1998). 

Small-scale studies also allow for an assessment of localized interactions with a more 

rigorous study design for the testing of hypotheses (Hurlbert 1984, Diamond 1986, 

Underwood 1990). In contrast, at large scales manipulation is usually impractical and 

consequently inferences tend to be made from correlations, and observations run a high 

risk of being over-interpreted (Hurlbert 1984, Fisher 1992, Mac Nally and Quinn 1998). 

As with spatial scale, choice of the temporal scale of a study involves trade-offs 

between the advantages of large and small-scales (e.g., realism versus rigour, Cooper et 

al. 1998, Pace et al. 1998). Short-term studies might not allow enough time for 

ecological shifts to take place (e.g., prey recovery after predator removal, Cooper et al. 

1998, Pace et al. 1998). Moreover, shorter-term observations could misrepresent the 

longer-term variability of an ecological process (Mac Nally and Quinn 1998). For 

example, field-based fish studies by Grossman et al. (1998) in North America found 

4 



Incorporating scale and colonizer size into models of invasion 

flow volumes varied seasonally and consequently affected fish community structure 

differently over time. Grossman et al. (1998) concluded pelagic fish were more 

susceptible to mortality during periods of high flows. These findings indicated that 

within-season data could misrepresent longer-term patterns. Nonetheless, as with 

smaller-scale studies, shorter-term studies also allow for description of fundamental 

ecological processes. For example, studies on fish movement in a river in Canada 

revealed that individual fish taxa demonstrated different, but predictable, behaviour 

within high and low flow periods (Brown et al. 2001 ). Description of these shorter-term 

patterns was critical in describing the longer-term implications of fish using refuge from 

high flows and ice break-up. 

Testing for important ecological processes at numerous spatial and temporal scales 

should be an integral part of study designs, and this includes studies on biotic invasion 

(Menge and Olson 1990, Cooper et al. 1998, Lodge et al. 1998). Therefore, a tiered 

response to these scaling issues should be used if the required resources are available. 

That is, invasion studies ideally should incorporate larger-scale field studies, longer

term field studies, field experiments and more controlled short-term small-scale 

experiments (Diamond 1986, James and McCulloch 1990). 

1.2.3 The role of size structure in species-ecosystem interactions 

Organism size plays a crucial role in determining the ecological role and success of a 

species, and therefore organism size could critically influence the outcomes of biotic 

invasions. In particular, interspecific interactions affect the species composition of fish 

communities, as mentioned above (Section 1.1.3). These interspecific interactions, the 

population dynamics of each species and the entire community, are all dependent on 

both the density and size of the constituent individuals (Evans et al. 1987, Ackerman 

and Bellwood 2003). Size is one of the most important traits of an organism because it 

can critically affect physiology, energetic requirements, reproductive success, risk of 

mortality and ultimately the niche that the organism occupies (Werner 1986, Ebenman 

and Persson 1988). In particular, diet and habitat use could be altered because animals 

increase in size (or age) and exhibit ontogenetic diet shifts (Werner and Gilliam 1984, 

Werner 1986, Ebenman and Persson 1988, Bergman and Greenberg 1994). Therefore, 

any study on the viability of populations or species should consider the ecological 

implications of population size-structure. 
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The size structure of an animal population is also an indicator of the responses of the 

population to its environment. Measures of a species' or population's survival, growth 

and reproduction are often better or complementary measures of habitat quality than 

measures of abundance or density (van Home 1983, Schamberger and O'Neill 1986, 

Pulliam 1996). These measures directly relate to the overall viability of the organism, 

which is dependent on, in order of increasing importance, survival, growth and 

reproduction ( cf. the definition of the niche, Begon et al. 1986). In contrast, relative 

abundance (e.g., number of fish per unit effort) is not necessarily a good measure of the 

quality of the physical habitat (but is commonly used in isolation, e.g., Tonn et al. 1983 

and Marshal and Ryan 1987 for fish populations in lakes). Abundance can vary because 

of inter- or intra-specific interactions; theoretically even independently of abiotic effects 

(Begon et al. 1986). Moreover, populations with high abundance can occur in poor 

quality habitat for longer-term survival, growth and reproduction because of dispersal 

from better quality ('source') habitats (Watkinson and Sutherland 1995, Pulliam 1996). 

The better measures of population viability, population's survival, growth and 

reproduction can all be calculated for an animal population by using size-structure data. 

A simple example is cohort analysis, which is commonly used for fish populations (e.g., 

Weatherley 1972). Hence, size data can be used as part of simple methods that indicate 

how animal populations interact with the ecosystem. Moreover, such use of size data 

can provide further insight into the sometimes-ambiguous information that analyses on 

fish abundance produce. 

In summary, size partly defines the ecological roles of individuals in a population, and 

provides clues with regard to interactions between a species or population and the 

ecosystem that it is part of. It is therefore critical, as with spatial and temporal scaling, 

to incorporate individual organism size in study designs. Otherwise, the dependent 

environmental and biological variables in a study could reveal patterns that cannot be 

explained when only the abundance of organisms is measured. 

1.3 The study species - Common carp (Cyprinus carpio L.) 

Alien species that are widespread and are known to have local impacts are ideal for 

exploring the roles of both large- and small-scale organism-ecosystem interactions in 

invasion. Alien species originate from overseas and have developed self-sustaining 

populations (Harris 1995a). Moreover, if the individuals within the species undergo 
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some behavioural changes with size, then the role of population structure in these 

interactions can also be explored. The common carp ( Cyprinus carpio; hereafter 

referred to as carp), a species of fish within the family Cyprinidae, is a useful study 

species in this regard. 

Modem subspecies of the carp evolved in Asia Minor near the Caspian Sea by about the 

start of the Holocene (Balon 1974, Balon 1995). The natural extent of wild carp was 

once defined, using morphological evidence, by three separate endemic groups in: 1. the 

Danube River; 2. Siberia and other parts of eastern Asia and 3. the Aral Sea and other 

parts of central Asia (Balon 1995). The wild carp are now only represented by the first 

two groups, and remain restricted within Eurasia (Balon 1995). In contrast, varieties of 

carp originating from aquaculture stocks now represent one of the most successful 

invasive vertebrate species in terms of global distribution (Alikunhi 1966, Sarig 1966, 

McCrimmon 1968, Shearer and Mulley 1978, Bruton and van As 1986, Panek 1987, 

Welcomme 1988, Balon 1995, Lever 1997). Furthermore, in some freshwater habitats 

alien carp have become the numerically dominant, or one of the numerically-dominant 

fish species (e.g., Cahn 1929 and Panek 1987 for North America, Crivelli 1981 for 

France, Bruton and van As 1986 for South Africa and Gehrke et al. 1995 for Australia). 

Within the continents it has invaded (all except Antarctica) carp also tend to be 

widespread (McCrimmon 1968, Bruton and van As 1986, Panek 1987, Balon 1995, 

Lever 1997, Koehn et al. 2000). For example, in the United States of America carp 

inhabit 67 percent of 162 federal waterfowl areas (Clark et al. 1991). Carp are also 

found in the majority of freshwater bodies in inland south-east Australia, and parts of 

south-west Australia, often dominating the fish catch (Mulley and Shearer 1978, 

Gehrke et al. 1995, Harris and Gehrke 1997, Koehn et al. 2000). 

Ontogenetic diet shifts in carp are expressed as a shift from zooplanktivory towards 

benthivory with increasing size (or age, McCrimmon 1968, Hume et al. 1983, Balon 

1995). Larger carp also tend to feed more deeply in the sediments and destroy aquatic 

vegetation more effectively than smaller individuals (Crivelli 1983, Lammens and 

Hoogenboezem 1991). This feeding behaviour of carp is often associated with large

scale declines in water quality (e.g., McCrimmon 1968, Panek 1987, Lever 1997, Koehn 

et al. 2000). In spite of the probable importance of carp size with respect to these 

impacts, however, many studies have considered carp impacts solely as a direct function 

of biomass density (e.g., Fletcher et al. 1985, Roberts et al. 1995, Lougheed et al. 1988, 
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King et al. 1997, Zambrano and Hinojosa 1999; but see Crivelli 1983 and Kolterman 

1990). 

The spatial and temporal scales of carp impacts are also likely to be important. While it 

has been clearly demonstrated that carp have localized impacts on turbidity and aquatic 

plants (e.g., Crivelli 1983, Cline et al. 1994, Roberts et al. 1995, King et al. 1997), it is 

not clear whether these impacts translate from small to larger scales. For example, one 

study, at a sub-catchment scale, led to the conclusion that river flows affected turbidity 

more than carp and, based on circumstantial evidence, shallow-rooted, soft-leaved 

aquatic vegetation were removed by carp (Fletcher et al. 1985). It is not clear, however, 

to what extent these conclusions can be generalized to other ecosystems. It is clear, 

however, that carp tend to occur in slow flowing, and often flow regulated and 

eutrophic, alluvial landscapes ( e.g., McCrimmon 1968, Koehn et al. 2000). Hence, carp 

have localized impacts that could be ecologically significant at larger (e.g., catchment) 

spatial scales, especially in lowland river catchments subject to human impacts. 

The findings of this doctoral study should have broad relevance to the management of 

freshwater ecosystems around the world. Carp are reported as a threat to the quality of 

fresh waters in Australia, North and South America, Africa and elsewhere by 

management agencies (McCrimmon 1968, Bowerman 1975, Bruton and van As 1986, 

Panek 1987, MCMC 1994, MDA 1995, Lever 1997). 

1.4 Research objectives 

To further develop current knowledge of carp-habitat interactions at small and large 

scales, this study is split into two components. One, a small-scale (3000 m2 and 

53 days) experimental study on carp size- and biomass-related impacts (Chapters 2 and 

3) and two, a large-scale (ca. 800 000 km2 and two years) exploration of the distribution 

of carp, and their biomass density (kg.ha-1
) and size structure in the state of New South 

Wales, Australia (Chapters 4 and 5). The overall aim of this study was to develop a 

conceptual model of the more important carp-habitat interactions that contribute to the 

widespread distribution of, and consequent ecological impacts by, carp. The role of carp 

size in these interactions was a key part of this conceptual model. The specific 

objectives of the research project were: 
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1. to test predictions, using a small-spatial and temporal scale (lO's m2 and days) 

experiment, regarding carp biomass density- and carp size-dependent impacts. I 

predicted that larger carp sizes would have the same general effects on 

freshwater ecosystems as higher biomass densities. I predicted that with 

increasing carp size and biomass: 

a) there would be an increase in turbidity, nutrient and algal abundance 

(Chapter 2); 

b) overall zooplankton numbers would be higher (Chapter 2); 

c) zooplankton taxonomic diversity would be lower (Chapter 2); 

d) the magnitude of the general effects predicted above, on turbidity, 

nutrient concentrations and phytoplankton abundance, would be less in 

combined carp-size treatments (Chapter 2); 

e) overall macroinvertebrate taxonomic diversity would be reduced 

( Chapter 3); 

f) the total abundance of macroinvertebrate infauna would be reduced 

(Chapter 3); 

g) the total abundance of the macroinvertebrate non-infauna would be 

reduced (Chapter 3); and 

h) the relative proportion of macroinvertebrate infauna to non-infauna prey 

would be increased (Chapter 3). 

2. to test predictions regarding the viability of carp populations in relation to their 

physical habitat at larger spatial and temporal scales (100 000's km2 and years). 

Previous studies suggested that human impacts, particularly flow regulation, and 

the availability of lower-altitude and slower-flowing habitat would be positively 

associated with measures of the viability of carp populations (presence or high 

recruitment). I hypothesized that: 

a) low altitude would be associated with carp presence (Chapter 4); 

b) low velocity flows would be associated with carp presence (Chapter 4); 
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c) abundant in-stream and riparian vegetation for spawning would be 

associated with carp presence (Chapter 4); 

d) large darns and intensive agricultural land use would be associated with 

carp presence (Chapter 4); 

e) climatic variables would be poor predictors of carp distribution 

(Chapter 4); 

f) carp biomass density (kg.ha-1
) would be positively associated with more 

regulated river reaches (Chapter 5); 

g) carp biomass density (kg.ha-1
) would be positively associated with lower 

altitudes (Chapter 5); 

h) the number of young carp per site, either juvenile carp or young-of-the

year carp, would be positively associated with the more regulated river 

reaches (Chapter 5); 

i) the number of young carp per site, either juvenile carp or young-of-the

year carp, would be positively associated with lower altitudes 

(Chapter 5); and 

j) the number of young carp per site would be higher in the warmer months 

(Chapter 5). 

Further, it was a secondary aim to document the distribution of carp biomass, 

average carp size and young (juvenile and young-of-the-year) carp across New 

South Wales so that these findings could be related to the findings in the small

scale pond experiment in the review chapter (Chapter 6). 

3. following from the previous chapters, to construct a conceptual model of carp

habitat interactions incorporating these and other studies by: 

(a) reviewing the factors that could have contributed to the global invasion 

and ecological impacts of carp (Chapter 6); and 

(b) presenting a summary of the factors that have contributed to the global 

invasion and ecological impacts of carp (Chapter 6); 
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4. to provide suggestions for future research on carp impacts and invasion based on 

the conceptual model (Chapter 6); 

5. to summarize the findings and conclusions of Chapters 1 to 6 (Chapter 7). 
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Chapter 2 Implications of benthivore size structure 

and biomass for trophic state in fresh waters 

2.1 Introduction: benthivore effects on trophic state in freshwater 

ecosystems 

2.1.1 General impacts of benthivorous fish 

Benthivorous fish can represent a high proportion of the biomass in lentic and lotic fresh 

waters. For example, in Europe lentic waters are often dominated by bream (Abramis 

brama), roach (Rutilis rutilis) and carp, and in some waters these fish species exceed 80 

percent of the fish biomass (Crivelli 1981, Breukelaar et al. 1994, Tatrai et al. 1997). 

Similarly, a study in the Campaspe River, Australia (Humphries and Lake 2000) found 

that 73 percent of the fish biomass consisted of carp. It has been recognized, at least 

since observations on carp impacts in Wisconsin by Cahn (1929), that under these 

circumstances benthivores can be the dominant influence on freshwater ecosystems. 

Benthivores alter pelagic food webs primarily by enhancing nutrient availability and to 

a lesser degree by predation (e.g., Meijer et al. 1990, Breukelaar et al. 1994, 

Tatrai et al. 1997). Increases in sediment resuspension, turbidity and less frequently, 

nutrient concentrations and algal biomass, are often associated with increased biomass 

density of benthivorous fish such as carp and bream (Abramis brama, 

Lougheed et al. 1998, Meijer et al. 1990, Qin and Threlkeld 1990, Richardson et al. 

1990, S0ndergaard et al. 1990, Tatrai et al. 1990, Cline et al. 1994, Roberts et al. 1995, 

Drenner et al. 1997, King et al. 1997, Recknagel et al. 1998 and Zambrano and 

Hinojosa 1999). 

Benthivores can also alter trophic state in shallow lentic waters. According to 

Blindow et al. (1993) benthivorous cyprinids stabilize the turbid state through sediment 

suspension and predation upon the phytoplanktivorous zooplankton (commonly 

Daphnia species). In particular, larger cladocerans, which are typically 

phytoplanktivorous, can be depleted by benthivores ( e.g., Richardson et al. 1990 for 

CeT'.iodaphnia) or associated effects such as high turbidity (Lougheed and Chow-Fraser 

1998). In contrast, copepods usually increase in abundance in response to benthivory 

(Qin and Threlkeld 1990, Richardson et al. 1990, Tatrai et al. 1990) and are often 
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common in the turbid, eutrophic conditions typically associated with benthivores 

(Tatrai et al. 1990). 

2.1.2 Population structure and benthivorous fish impacts 

The size distribution of a benthivorous fish population could be as important as biomass 

density for determining ecosystem effects. Larger bream and carp tend to dig deeper 

into the sediments (Lammens and Hoogenboezem 1991), and this could have 

consequent effects on plant removal and sediment suspension. Accordingly, Crivelli 

(1983) found that larger carp, among carp ranging from 1600 to 3800 g, destroyed more 

vegetation. Conversely, Lamarra (1975) found a negative correlation between the 

release rate of phosphorus from carp excretion (µg Pig fish/hr) and the wet weight of 

carp, which ranged from three to about 1000 g. Benthivore size effects are, however, 

sometimes not significant. Breukelaar et al. (1994) found no significant difference 

between the extent of sediment and nutrient suspension, and the abundance of 

Chlorophyll a, between experimental treatments with small (250-350 mm) and large 

(350-500 mm) bream. 

The taxa used as prey by animals can change as animals increase in size and exhibit 

ontogenetic diet shifts (Werner and Gilliam 1984, Ebenman and Persson 1988, Bergman 

and Greenberg 1994). For example, stomach-content analyses by Hume et al. (1983) 

demonstrated that zooplankton comprised 100, 48 and 16-17 percent of the diet in carp 

with respective fork-lengths of 15-25, 24-47 and 78-155 mm. Larger carp 

predominantly feed on benthic macroinvertebrates (Hume et al. 1983), but will also feed 

on zooplankton that are at least 250 µm long (Sibbing et al. 1986). Similarly, older 

bream tend to feed in deeper waters and eat larger prey (Tatrai 1980). 

Interactions among different-size fish can modify prey selection and habitat use. In 

particular, competition among species or age classes can lead to niche segregation 

(Persson 1983, 1985, 1988, Polis 1988, Persson and Greenberg 1990). For example, in 

resource-rich environments (cf. Section 2.1.1) larger-size cohorts are often the winners 

in interference competition. Smaller individuals are consequently forced into niche 

contraction and sub-optimal resource use (Persson 1983, 1985 for Percajluviatilis, 

Polis 1988). Similarly, large carp have been observed excluding smaller species from 

their preferred feeding habitat (Devine and Shiozawa 1984). Hence, niche contraction 

within carp populations could reduce benthic feeding in smaller carp, because small 
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carp tend to be more zooplanktivorous. Such intraspecific competition, involving 

defence of territories, could also come with an overall energy or efficiency cost for the 

dominant size class (Begon et al. 1996). Therefore, overall feeding efficiency could be 

reduced in both size classes. Predicting the outcome of competitive interactions is 

difficult, however, because prey selection, habitat use and the types of competition 

(interference or exploitation) depend on the species of predator, predator density, 

predator size distribution, habitat diversity and prey availability (Persson 1983, 1985, 

1988, Polis 1988, Persson and Greenberg 1990, Post et al. 1997). 

2.1.3 Aims, and hypotheses tested 

This aim of this study was to develop a synthesis of the interacting effects of carp 

biomass density and carp size on 'water quality' (represented in this study by algal 

biomass and a number of standard water chemistry measures), zooplankton 

communities and the trophic state of fresh waters. This study therefore also aimed to 

refine the current view of benthivore impact that usually only considers benthivore 

biomass, and not benthivore size. A preliminary synthesis of carp effects, based on the 

studies discussed above, was developed (Figure 2.1 ). In this synthesis the fish 

population is assumed to be dominated by larger carp, based on fish sampling for the 

experiment described below (Section 2.2.2). The indirect water quality effects of larger 

carp feeding deeply in the sediments were therefore considered a greater influence on 

ecosystem responses. In particular, the suspension of nutrients was expected to increase 

phytoplankton and zooplankton biomass. Conversely, the effects of predation and 

excretion, which are more pronounced with smaller carp, were expected to have a 

relatively small effect. Additionally, as discussed above, previous studies have indicated 

that prey use would be very similar between the carp sizes used in this experiment, but 

interference competition could affect feeding efficiency of both size classes. To test the 

assumptions of this synthesis it was hypothesized that with increasing carp size and 

biomass: 

1. there would be an increase in turbidity, nutrient and algal abundance; 

2. overall zooplankton numbers would be higher; 

3. zooplankton taxonomic diversity would be lower; and 
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4. the magnitude of the general effects predicted above, on turbidity, nutrient 

concentrations and phytoplankton abundance, would be less in combined carp

size treatments. 
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Mix of large and small carp 

Figure 2.1. Synthesis of carp impacts on water quality and zooplankton based on the available literature 

and adopted for the formulation of hypotheses in the field experiment on carp impacts (Section 2.1). It is 

assumed that an increase in algal biomass leads to an increase in the numerical abundance of zooplankton 

(hence the horizontal black arrow). The synthesis is most applicable to a carp population dominated by 

larger individuals. Wider arrows indicate a larger effect. Upward and downward arrows indicate, 

respectively, a positive and negative effect on the response variable (e.g., turbidity). Key: Chi a= 

Chlorophyll a (a measure of algal abundance). 
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2.2 Methods 

2.2.1 Site description and construction of enclosures 

A 100 m long, 30 m wide pond, varying in depth between one and two metres, was used 

for the field experiment (Figures 2.2 and 2.3). The pond was located 20 m from the 

Broken River near Benalla, Australia (latitude-longitude 36°02'34" 145°27'29", Vic 

Roads 1992). This experimental area was initially about 30 percent inundated (mostly 

covering block 1; Figure 2.2) and dominated by vigorous growth of curled dock (Rumex 

crispus). The substratum largely consisted of fine sediments, particularly clay. To allow 

construction, the pond was drained back to a reservoir at one end outside the 

experimental area ( closest to block 1; Figure 2.2), and the vegetation was slashed and 

left to decompose. The experimental area remained in this dry state for two months 

during enclosure construction. 

Twenty-six five-by-13 m enclosures were built using 1800 and 825 mm star pickets and 

fencing wire (Figures 2.2 and 2.3). These enclosures were separated using a double 

thickness of 0.2 mm, opaque plastic sheeting 1 m high. The bottom of these walls were 

placed within 300 mm troughs. These wall bottoms were held down along their length 

with a 6 mm steel rod bent at the ends to serve as a double-ended peg. Troughs were 

back-filled to ensure that carp could not pass under the walls. For each enclosure the 

wall that faced into the central channel (Figure 2.2) had 1500 holes of 2.8 mm diameter. 

This allowed a slow low-turbulence inflow of water into the enclosure from the channel 

to maintain water levels. 

After enclosure construction the pond was re-filled and allowed to stand for three weeks 

so an invertebrate community could re-establish before fish were introduced to the 

enclosures. Some of the initial zooplankton fauna were delivered via initial pond filling. 

Once the filling of the pond was completed, water levels were maintained. Direct 

intermixing of water between enclosures was not possible at any stage during the 

experiment. The pond was adjacent to other ponds and the Broken River with 

established invertebrate communities that would have acted as sources for aerial 

colonists. Zooplankton would also have emerged from eggs within sediments of the 

pond (Boulton and Lloyd 1992, Nielson et al. 2000). Small wetlands in this area, 

including the adjacent ponds, are subjected to regular cycles of wetting and drying. A 
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diverse invertebrate fauna is typically associated with these conditions (Boulton and 

Lloyd 1992, Nielson et al. 2000, Ingram et al. 1997). Nevertheless, the pond experiment 

was predominantly in an early-succession state. The study of a temporary pond by Lake 

et al. (1989) indicated that macroinvertebrate species richness is at about a fifth of final 

richness at three weeks and reaches a plateau after about 74 days. These experimental 

conditions were desirable because dispersing carp are likely to initially encounter early

succession invertebrate communities during flood events in south-east Australia (Koehn 

et al. 2000). 

Water levels were automatically maintained during the experiment using a pisciculture 

pump with a timer (Southern Cross, PSJG3A), 75 mm plastic piping and water from the 

Broken River. Maximum water depths within the enclosures were deeper at the 

reservoir end of the pond (near Block 1), and ranged from about 35 cm to 75 cm during 

the experiment (Table 2.1). Each enclosure was deeper at the channel end, with water 

depth close to maximum for this half of the enclosure (maximum depths are shown in 

Table 2.1). Water depth then ranged from close to maximum from the enclosure centre 

to 10-20 cm in the vegetated littoral zone. 

Before fish introduction about 95 percent of the ground cover of vegetation in blocks 

two to four (Figure 2.2) consisted of umbrella sedge ( Cyperus eragrostis), with the 

remaining five percent an even mix of mostly curled dock (Rumex crispus) and water 

couch (Paspalum distichum). The latter two species were found mainly in the shallow 

littoral zones. The deeper end (block one, Figure 2.2) was almost devoid of vegetation, 

with two percent cover of umbrella sedge and a five percent cover of filamentous algae. 
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Reservoir and outlet 

Figure 2.2. Randomized block design for the experiment on the effects oti carp biomass density (kg.ha-1
) 

and size (g) on a pond ecosystem. Key: Large= large carp; Small= small carp; HD = high density; 

LD = low density; Mix= both size classes at intermediate density. 
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Figure 2.3. Field enclosures for the experiment on the effects of carp biomass density and weight on a 

pond ecosystem. 
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Figure 2.4. Carp weight and length shown for the carp sampled at Lake Moodemere, Victoria, for the 

field experiment. This distribution was used to estimate common clusters within smaller and larger fish so 

that replication within common size classes was possible. Individuals used in the experiment were 

selected from the 'small carp' and 'large carp' clusters as indicated. The position and extent of each box 

was determined by the mean of fish used in the experiment at day zero plus one standard deviation (large 

fish 2015 ± 241 g, 483 ± 24 mm; small fish 579 ± 315 g, 301 ± 63 mm). 
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Table 2.1. Pond depth ± standard error of the mean ( cm) within blocks at days 23 and 53. One depth ( cm) 

measurement was taken in the centre of the width, and in the deeper end, of each enclosure (next to the 

inlet channel, Figure 2.2). There were six enclosures in each block. 

Block 

1 
2 
3 

4 

Water depth (cm) 
Day 23 Day 53 

69.3 ± 1.5 
54.5 ± 3.5 
41.2 ± 2.4 
35.8 ± 2.6 

75.3 ± 1.2 
63.1 ± 2.9 
51.6 ± 2.0 
46.9 ± 2.2 

Table 2.2. Carp biomass densities± standard error of the mean (kg.ha-1
) within treatments over time. Carp 

biomass density values for these sampling trips were calculated from values obtained during fish 

sampling trips (section 2.2.2). Day zero had no fish in all enclosures. 

Treatment Carp biomass density (kg.ha- ) 

Density Fish size Number of fish Day23 Day 53 

High Large 2.0±0 641 ± 55 681 ± 59 

High Small 5.0±0.6 612 ± 90 652 ± 96 

Intermediate Mixed 1.3 ± 0.3 Large 430 ± 97 Large 457 ± 97 Large 

1.5 ± 0.3 Small 121 ± 29 Small 129 ± 30 Small 

Total= 551 ± 86 Total= 585 ± 91 

Low Large 1.0± 0.0 292±2 310±2 

Low Small 3.8 ±0.5 341 ± 53 363 ± 56 

No fish 0.0 0 0 

Table 2.3. Carp weight± standard error of the mean (g) within treatments over time. Carp weight values 

for sampling trips at days 23 and 53 were calculated from values obtained during fish sampling trips 

(section 2.2.2). 

Fish weight 

Day0 Day23 Day53 

Large 2015 ± 58 2084 ± 66 2214 ± 71 

Small 579 ± 49 664 ±54 708 ± 57 

21 



cnrnrnun1lte:'. 

2.2.2 Fish sampling and treatment design 

On 12 October 1995, carp were collected from Lake Moodemere (near Rutherglen, 

Victoria) using a boat electrofisher (Cowx and Lamarque 1990, Harvey and Cowx 

1996). The length (mm) and weight (g) of each fish was recorded. The fish were then 

transported to the experimental pond within an aerated tank, re-weighed, measured and 

placed into treatment enclosures within a six-hour period. 

The physical layout of the experiment was based on a randomized block design 

(Campbell 1989, Figure 2.2) with six 'treatments' that were randomly allocated within 

each of four replicate blocks. There were therefore 24 experimental enclosures. Four of 

the treatments comprised the factorial combination of carp size ('small' and 'large') 

with carp biomass density ('low' and 'high'). The remaining two treatments were a 

'no-fish' control treatment, and a mix of large and small carp at intermediate density 

(Figure 2.2, Table 2.2). The remaining two 'fish storage' enclosures were used to store 

fish in case replacements were required (Figure 2.2). The densities used, ranging from 0 

to 849 kg.ha-1 (Table 2.2), represented naturally occurring carp densities. In natural 

waters of the U.S.A. carp biomass commonly reaches 400 kg.ha-1 (Crivelli 1983), but 

can in some instances reach over 2000 kg.ha-1 (Clark et al. 1991). Fletcher et al. (1985) 

recorded carp densities between 150 and 690 kg.ha-1 for billabongs in north-eastern 

Victoria, Australia. Based on previous research, biomass densities above 600 kg.ha-1 

('high' biomass densities, Table 2.2) were considered high enough to demonstrate carp 

impacts. Roberts et al. (1995) found 490-526 kg.ha-1 of carp increased turbidity, and 

studies by Crivelli (1983) and Fletcher et al. (1985) indicated that vulnerable aquatic 

plants are destroyed when carp biomass densities are respectively above 433 and 450 

kg.ha-1
. The size structure of the carp population sampled in Lake Moodemere 

(Figure 2.4) was used to determine the categories large (ca. 2000 g) and small used in 

the experiment (ca. 600-700 g, Table 2.3). 

Fish were caught in the enclosures with a seine net and re-weighed and measured on 

18 December 1995 (day 69) to verify the treatment structure had been maintained, and 

to estimate growth rates. Treatment densities at 2 November 1995 (day 23) and 

2 December 1995 (day 53) were back-calculated using fish lengths measured on day 69 

assuming a linear increase in length, and using a length-weight relationship determined 

from all measured fish data (preliminary analyses indicated that growth rates of fish 
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lengths between the sampling trips could be accurately estimated by assuming linear 

growth). The pond was drained and all fish were destroyed on 13 February 1996 ( day 

123). Collection and holding at the start of the experiment, and humane destruction of 

carp at the end of the experiment were performed under the guidelines of Department of 

Conservation and Natural Resources Permit 95/R/040A. 

2.2.3 Field sampling and laboratory techniques 

Sampling regime 

Sampling of zooplankton and measurement of water quality took place before the 

introduction of carp into the enclosures on 10 October 1995 ( day 0), and then after 

introduction of carp into the enclosures on 2 November 1995 (day 23) and 2 December 

1995 (day 53). On each date, dissolved oxygen, temperature, pH and conductivity were 

measured with a multi-probe water-quality meter (Hydrolab 1994). These parameters 

were sampled 0.5 m from the pond edge and 0.05 m below the water surface. To ensure 

that the samples were not biased by a particular microhabitat within each enclosure, and 

also that areas within the enclosure were not over-sampled, the width (5 m) was divided 

into six subsections of equal size and one of these subsections was selected using a 

random number table for each sample. 

Turbidity 

Laboratory turbidity (NTU) measurements were taken from water collected in the field. 

Field samples were frozen at -20°C in high-density polyethylene containers 

immediately after sampling and stored for four months. After thawing, the sediments 

within the sample were re-suspended. Turbidity was measured with a Dr. Lange 

turbidity meter (Trilbungsphotimeter L TP4 ). 

Nutrient analysis 

500 ml water samples were taken for nitrogen (nitrites and nitrates) and total 

phosphorus analyses from 50 mm below the water surface. These were frozen at -20°C 

in high-density polyethylene containers immediately after sampling to prevent any 

change in nutrients within samples (Wruck and Magee 1996). Samples were stored for 

four months before analysis. These samples included the suspended sediments within 
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the water samples, and therefore represented nutrients available for algal growth in both 

dissolved form and in suspended particulate material (Vollenweider 1968). Samples for 

the measurement of total phosphorus and nitrogen were digested using alkaline 

peroxodisulphate digestion (Prokopy 1992, Woo and Maher 1995). Nutrient 

concentrations were then measured using a Lachat flow injection analyser (Lachat 

Instrument Co., Milwaukee, WI.). Known concentrations of nitrogen (NOx) and 

phosphorus (PO4) were used during both digestion and the Flow Injection Analysis to 

allow calibration of results. 

Phytoplankton biomass 

100 ml water samples were taken 50 mm below the top of the water column. These 

samples were filtered onto borosilicate micro-fibre filter papers ( 47 mm, Advantec MPS 

Inc - Grade GC50) in the field for Chlorophyll a analysis. These samples were placed 

into 10 ml plastic centrifuge tubes, wrapped in aluminium foil and immediately stored at 

-20°C. Samples were stored for four months before analysis. Chlorophyll a 

concentrations were assessed using 90 percent ethanol digestion and UV visible 

spectrophotometry (APHA. 1992). 

Zoo plankton 

Zooplankton were collected from the centre of the width and length of the enclosure, 

and within the top 60 cm of the water column using a modified perspex 

Schindler-Patalas zooplankton trap with a 63 µm mesh (Redfield 1984). This technique 

samples a known volume of the water column and concentrates the sample into a 

100 ml container. Collected zooplankton were stored in 4 percent formalin. 

In the laboratory the 100 ml zooplankton field-sample was stirred thoroughly using a 

magnetic stirrer. A 1 ml sample was taken using a micropipette while the field-sample 

was being stirred. The 1 ml sample was placed on a Sedgewick-Rafter cell that, because 

of a grid positioned at the base of the translucent cell, allows quantitative analysis of 

plankton (Lind 1979). All zooplankton in successive grid squares were counted and 

identified along the length of grid rows until the first 100 zooplankton were counted. 

Zooplankton abundance was then calculated based on the volume sampled in the field, 

the volume in the 100 ml container and the proportion of the 1 ml sample counted in the 

Sedgewick-Rafter cell (as per Lind 1979). This calculated abundance represented the 
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count in the maximum volume held by one Schindler-Patalas trap (0.024 m3
). 

Zooplankton were identified to genus where possible using the keys in Shiel (1995) and 

Ingram et al. (1997). 

2.2.4 Analyses of the effects of carp on zooplankton communities and water 

quality 

The effects of the no-fish and five carp treatments (Section 2.2.2, Table 2.2) on each 

water quality variable, total abundance and taxonomic richness of zooplankton and the 

abundance of each zooplankton taxon were examined using an analysis of variance 

model. The responses of these variables to the treatments were analysed by partitioning 

treatment sums of squares into five single degree-of-freedom (df) orthogonal contrasts: 

1. No fish versus carp (df =1); 

2. Single size of carp versus large and small carp (df =1); 

3. A factorial design incorporating carp biomass density and carp size effects: 

a. high biomass density versus low biomass density (df =1); 

b. large carp versus small carp (df =1); 

c. the interaction of a. and b (df =1). 

This approach guarded against the inflation of the Type 1 error rate that would have 

occurred if all six treatments were compared using a more conventional randomized 

block analysis (cf. Manly 1996). Data gained from day zero were used as covariates to 

adjust for pre-treatment differences among enclosures. If the effect of the covariate was 

non-significant, it was removed from the model. The effect of the time of observation 

was examined by analysing data from day 23 and day 53 jointly as a split-plot (Steel 

and Torrie 1960, Manly 1996), using the time factor as sub-plots (Table 2.4). This 

approach was taken as treatment effects were nested within blocks, and time effects 

were nested within block and treatment effects. The structure of the analysis is mostly 

shown in Tables 2.4 and 2.5; the block effect is not shown and is the highest stratum. 

The time effect is the lowest stratum. Transformations (loge(x + 1) or (x + 0.5)°-5
) of 

variables were used to increase homogeneity of variance where required. Analyses were 

performed using Genstat (Genstat 2000). 
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Differences among treatment means were determined using Fisher's Least Significant 

Difference (LSD). The LSD is the minimum that means may differ before they are 

deemed statistically significant. LSD's were calculated from standard errors of the 

differences of means (s.e.d.), which were expressed as: 

s.e.d. = sqrt(2*v/n) ..................................................... Equation 2.1 

where v = residual mean square and n = number of observations that the mean value is 

based upon. The LSD was then calculated using: 

LSD (5 % ) = t.o.05*s.e.d ................................................... Equation 2.2 

where tel.Os is the two-tailed t-statistic based on the residual degrees of freedom at the 

95 percent probability level (Steel and Torrie 1960). Because the LSD is the statistic 

that ANOV A uses to determine whether two means are significantly different, graphical 

representations of significant results used the LSD in place of standard error bars for 

each mean. After transformation, each mean had approximately equal variance (this is 

an assumption of ANOV A, Campbell 1989) and therefore the LSD should apply equally 

to each comparison. Only statistically significant interactions were plotted. 

Additionally, because the analyses were primarily on treatment effects at days 23 and 

53, with data from day O (before fish introduction) used as a covariate only if it was 

statistically significant, only data from days 23 and 53 were plotted. 

2.3 Results 

2.3.1 General observations: plant abundance, water clarity and surface scums 

Plant abundance was not systematically measured in each enclosure but observations up 

to day 53 indicated that the no-fish enclosures contained vascular macrophytes, mostly 

Cyperus eragrostis, and green algae (probably Nitella). Green algae was not observed in 

any of the carp enclosures. Similarly, vascular macrophytes were at much lower density 

in carp enclosures compared to the no-fish enclosures. Water clarity was also markedly 

lower in the carp enclosures. In the deeper carp enclosures there were occasional surface 

films of non-filamentous algae. 
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2.3.2 Water quality 

Enclosures with carp had a different water chemistry and temperature than no-carp 

enclosures. Carp enclosures were more turbid, had higher concentrations of nitrogen 

and phosphorus, and lower temperature and pH compared to enclosures without carp 

(Table 2.4, Figure 2.5 A-E). An increase in phytoplankton biomass was also associated 

with the presence of carp (Figure 2.5 F, Table 2.4). The water quality effects of carp 

also became more apparent by day 53, except in the case of total nitrogen (Table 2.4, 

Figure 2.5 A-F). Often the response of water quality variables to carp was complex. One 

of, or a combination of either carp presence, large carp or carp at higher densities 

caused a significant effect (Figure 2.5 A-F, 2.6 A-D). 

The effects of carp on turbidity, and to a lesser extent, conductivity were the most 

consistently significant carp impacts on water quality across treatments and time 

(Table 2.4). Turbidity was generally higher in all treatments by day 53 (Figure 2.5 A). 

Carp enclosures had higher turbidity than no-fish enclosures, particularly by day 53 

(Figure 2.5 A). More specifically, large carp at high densities caused the highest 

turbidities (Figure 2.6 A). Large carp, and higher density carp treatments also had 

higher conductivities (Figure 2.6 B). Conductivity was lower at day 53 than at day 23 

(140 versus 160 pS.cm-1, LSD= 20 µS.cm- 1
), but there was no significant interaction 

between this time effect and carp effects (Table 2.4). 

Higher density carp treatments were cooler at 5 cm below the water surface than low

density carp treatments. This temperature difference was more marked by day 53 when 

temperatures were higher overall (Figure 2.5 D, Table 2.4). 

In contrast to other water quality variables, dissolved oxygen was not significantly 

affected by carp presence, density or size (Table 2.4). Dissolved oxygen was, however, 

higher by day 53 (means of 2.74 and 5.16 mgS1 for days 23 and 53 respectively, 

LSD= 0.52 mg.r1
). 

Carp size and biomass density affected pH, and carp effects on pH interacted with time. 

Carp enclosures had a lower pH than no-fish enclosures (Figures 2.5 E and 2.6 D, 

Table 2.4). pH was also generally higher by day 53, particularly in large carp treatments 

(Figure 2.5 E, Table 2.4). By day 53, large carp treatments had a higher pH than small 

carp treatments (means of 7.15 versus 7.34 respectively, LSD= 0.14). High density 
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treatments had a lower pH than low density treatments (7.05 versus 7.18 respectively, 

LSD= 0.1), tending towards a neutral pH (Figure 2.6 D, Table 2.4). 
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Table 2.4. The effects of carp size, density and their interactions on water quahty in experimental field enclosures, 23 and 53 days after the introduction of carp. The 

significance of each treatment effect is indicated by*** for P < 0.001, ** for P < 0.01 and* for P < 0.05. For effects where 0.05 < P < 0.10 the value of Pis shown. 

Key: Mix= treatment with both small and large carp; Turb = Turbidity (NTU); Temp= Water temperature (0 C); DO= Dissolved oxygen (mgS1
); Cond = Conductivity 

(µS.cm- 1
); pH= pH; TP = Total phosphorus (mg.r1

); TN= Total nitrogen (mgS1
); Chi a= Chlorophyll a (mg.m2

); Control (Mix)= the 'Mix' effect is nested within the 

'Control' effect and Size.Density= the 'Size' effect is crossed with the 'Density' effect. 

Strata Treatments Comparison (with effect being tested) Turb Temp DO Cond pH TP TN Chia 

Block.enclosure 
Control 'No fish' versus 'with carp' (carp presence) *** * * *** * 
Control (mix) 'Mix of carp sizes' versus 'one size' (mix) ** 
Control (mix (size)) 'Small' versus 'large carp' (size) ** *** *** * 
Control (mix (density)) 'Low' versus 'high biomass density' (density) * ** * * .053 
Control (mix (size.density)) Interaction of carp size and density ** 

Block.enclosure.day 
Day Day 23 versus day 53 (day) * *** *** *** *** * 
Day (control) Interaction of time with ** 

corresponding row in 'block.enclosure' stratum 
Day (control (mix)) " * 
Day (control (mix (size))) * * 
Day (control (mix (density))) * * 
Day (control (mix (size.density))) " 
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Figure 2.5. Carp presence, size and biomass density impacts on water quality over time. (A) Carp 

presence on turbidity (NTU). (B) Mixed versus single size treatments for total nitrogen (mg.rt). (C) Carp 

biomass density effects on total phosphorus (mg.rt) and on (D) temperature (0 C). (E) Carp size effects on 

pH and (F) Chlorophyll a (mg.m2
). Data are means with approximately equal variance; the error bar (the 

LSD at a= 0.05) indicates the minimum significant difference between these means. Key for treatment 

codes: no fish = no fish; carp = carp present; small = small carp; large = large carp; low = low biomass 

density; high = high biomass density; single = treatments with only one size class, either small or large 

carp; mix= both size classes with a biomass density intermediate between high and low. 
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effects on turbidity (NTU) and (B) conductivity (pS.cm-1
). (C) Carp size effects on total phosphorus 
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). (D) Carp biomass effects on pH. Data are means with approximately equal variance; the error bar 

(the LSD at a.= 0.05) indicates the minimum significant difference between these means. Key for 

treatment codes: no fish= no fish; small= small carp; large= large carp; low= low biomass density; 

high = high biomass density; mix = both size classes with an biomass density intermediate between high 

and low 
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Carp increased the concentration of nutrients in the water column. The concentration of 

total nitrogen was higher in the presence of carp (Figure 2.5 B), and (marginally, 

P = 0.053) with higher densities of carp (Table 2.4). There was, however, no evidence 

of carp size effects on total nitrogen (P = 0.69). Enclosures with carp had higher total 

phosphorus concentrations (Figures 2.5 C and 2.6 C, Table 2.4). For days 23 and 53 

collectively, the concentration of total phosphorus was not significantly different 

between high and low densities of carp. Enclosures with higher biomass densities of 

carp had, however, more total phosphorus than lower densities by day 53 (Figure 2.5 C, 

Table 2.4). Large carp enclosures were associated with more phosphorus than small 

carp (Figure 2.6 C, Table 2.4). 

Carp presence and carp size, but not carp density, affected the concentration of 

Chlorophyll a in the water column. Chlorophyll a was higher in carp enclosures, 

particularly in treatments with large carp, and by day 53 when Chlorophyll a was 

generally higher among all treatments (Figure 2.5 F, Table 2.4). The effect of carp 

density on total algal abundance was highly non-significant (P = 0.74). Interactions of 

density with all other effects were also not significant (P > 0.3 in all cases). 

Mean values for mixed-size intermediate-density treatments tended to be intermediate 

between but not significantly different to values for large and small carp treatments (pH, 

Chlorophyll a, turbidity, conductivity and phosphorus, Figures 2.5 E-F, 2.6 A-C, 

Table 2.4), and also high density and low density treatments (phosphorus, turbidity, 

conductivity and pH, Figures 2.5 C, 2.6 A, B and D). The exception to this was 

nitrogen. Treatments that had a mixture of both small and large carp had higher total 

nitrogen than single size class treatments (Figure 2.5 B, Table 2.4). This pattern was 

also unusual in that the strongest differences among treatments were apparent at day 23 

(Figure 2.5 B). 

2.3.3 Response of zooplankton 

Carp had fewer significant effects on zooplankton than on water quality (Table 2.5). 

There was no overall effect of carp versus no-fish on the abundance of zooplankton but 

there were more zooplankton in high density (log (number of zooplankton) = 8.5) 

compared to low density (7.8) carp treatments (LSD= 0.58, Figure 2.7, Table 2.5). This 

equated to an approximate doubling of the number of zooplankton in higher density 
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treatments with respective back-transformed mean values of 4866 versus 2540 

individuals per sample. There was a higher abundance of zooplankton in no-fish (8.4 

that back-transformed equals 4403) versus low density carp treatments. Zooplankton 

taxonomic richness was higher without carp. Carp treatments on average had 4.35 taxa 

whereas no-fish treatments had 4.87 taxa (LSD= 0.47, Table 2.5). 

Daphnia, Ceriodaphnia, Moina, Simnocephalus, Chydorus, ostracods and calanoid and 

cyclopoid copepods were recorded in the zooplankton catch. The calanoid and 

cyclopoid copepod samples included both copepod and copepodites, but are hereafter 

simply referred to as copepods. Chydorus (2.2 percent), ostracods (1.0 percent), 

Daphnia (0.9 percent) and Simnocephalus (0.3 percent) were all rare components of the 

combined zooplankton catch of days 23 and 53 (Figure 2.8 A). Simnocephalus occurred 

too rarely for any meaningful analyses. The zooplankton catch was dominated by 

cyclopoid (46.6 percent) and calanoid copepods (23.1 percent), and to a lesser degree by 

the cladocerans Moina (14.9 percent) and Ceriodaphnia (10.9 percent, Figure 2.8 B). 

Some of the smaller zooplankton taxa increased in abundance in the presence of carp. 

These smaller taxa tended to increase in the higher biomass densities or large carp 

treatments to a greater degree over time. Moina abundance increased in large carp 

treatments more over time than small carp treatments. There were also more Moina by 

day 53 (Figure 2.9 A). Calanoid copepod abundance increased over time, particularly in 

carp treatments, and more so in high density carp treatments (Figure 2.9 B). 

Larger taxa tended to be depleted by carp (Figure 2.8 A). Ostracods were more 

numerous in no-fish enclosures (loge(number of ostracods) = 1.56 in carp and 4.49 in 

no-fish treatments (LSD= 1.54); these equate to back-transformed means of 5 and 89 

respectively). In contrast to all other taxa, Daphnia abundance was more affected by 

carp at day 23. There were more Daphnia in large carp compared to small carp 

treatments at day 23 compared to day 53 (Figure 2.9 C). By day 53, the abundance of 

Daphnia in both large and small carp treatments was comparable to the low Daphnia 

abundance in small carp treatments at day 23 (Figure 2.9 C). 
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Table 2.5. The effects of carp size and biomass density on zooplankton in experimental field enclosures, 23 and 53 days after the introduction of carp. The significance 

of each treatment effect is indicated by*** for P < 0.001, ** for P < 0.01 and* for P < 0.05. For effects where 0.05 < P < 0.10 the value of Pis shown. 

Key: Mix, treatment with both small and large carp; Sp. rich = zooplankton taxonomic richness; Zoop abund = numerical abundance of zooplankton; 

Cerio = Ceriodaphnia (Cladocera); Moina = Moina (Cladocera); Cal = calanoid copepods and copepodites; Cyc = cyclopoid copepods and copepodites; 

Daph = Daphnia; Ostra = Ostracods; Chyd = Chydorus (Cladocera); Control (Mix), the 'Mix' effect is nested within the 'Control' effect and Size.Density, the 'Size' 

effect is crossed with the 'Density' effect. 

Strata 

Block.enclosure 

Block.enclosure.day 

Treatments 

Control 
Control (mix) 
Control (mix (size)) 
Control (mix (density)) 
Control (mix (size.density)) 

Day 
Day (control) 

Day (control (mix)) 
Day (control (mix (size))) 
Day (control (mix (density))) 

Comparison (with effect being tested) 

'No fish' versus 'with carp' (carp presence) 
'Mix of carp sizes' versus 'one size' (mix) 
'Small ' versus 'large carp' (size) 
'Low' versus 'high biomass density' (density) 
Interaction of carp size and density 

Day 23 versus day 53 (day) 
Interaction of time with 
corresponding row in 'block.enclosure' stratum 
" 

Day (control (mix (size.density))) " 

Sp. Zoop Cerio Moina Cal Cyc Daph Ostra Chyd 
rich abund 

* 

* 

** * 

* 

* 
* 

* 

.099 

* 

** 

* 
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Figure 2.7. Carp presence and biomass density impacts on the abundance ofzooplank.ton. Data are means 

with approximately equal variance; the error bar (the LSD at a= 0.05) indicates the minimum significant 

difference between these means. Key for treatment codes: no fish= no fish; low= low biomass density; 

high = high biomass density; mix = both size classes with a biomass density intermediate between high 

and low. 
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Figure 2.8. Abundance of numerically-dominant zooplankton over time for the less common taxa (A) and 

most common taxa (B) in no-fish and carp treatments. Carp treatments included varying effects, from 

those with a low biomass density of small carp, to a high biomass density of large carp (see text). 

Key: (A) Chyd = Chydorus (Cladocera); Daph = Daphnia; Simno = Simnocephalus; Ostra = Ostracods. 

(B); Cerio= Ceriodaphnia (Cladocera); Moina= Moina (Cladocera); Cal= calanoid copepods and 

copepodites and !J£ = cyclopoid copepods and copepodites. Error bars are one standard deviation from 

the mean. 
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Figure 2.9. Carp presence, size and biomass density impacts on zooplankton taxa over time. Carp size 

effects on the abundance of Moina (A). Carp biomass density effects on the abundance of calanoid 

copepods (B). Carp size effects on the abundance of Daphnia (C). Data are means with approximately 

equal variance; the error bar (the LSD at a.= 0.05) indicates the minimum significant difference between 

these means. Key for treatment codes: no fish= no fish; small= small carp; large= large carp; 

low = low biomass density; high = high biomass density and mix = both size classes with a biomass 

density intermediate between high and low. 
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~ = large carp; low = low biomass density; high = high biomass density and mix = both size classes 
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The abundance of the most numerous tax.a, the cyclopoid copepods, displayed a 

complex interaction between time, carp size and density (Figure 2.10, Table 2.5). There 

was weak evidence for cyclopoid copepods being more abundant at higher densities of 

carp (P = 0.099, Figure 2.10). The only significant differences were that the low 

density-large carp treatment at day 23 had fewer cyclopoid copepods than high 

density-large carp treatment at day 23, and the high density-large carp and high 

density-small carp treatments at day 53 (Figure 2.10). 

The cladocerans Chydorus and Ceriodaphnia were not significantly affected by carp 

treatments (Table 2.5). 
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2.4 Discussion 

2.4.1 Carp shift the ecosystem from oligotrophy to eutrophy 

This study shows that, as predicted, carp size and carp biomass density influence water 

quality and zooplankton community structure. The water quality effects appear to have 

been primarily driven by sediment suspension. In particular, an influx of sediments and 

associated dissolved chemicals into the water column was indicated by the similarity of 

turbidity, phosphorus and conductivity responses to carp (Figure 2.5 a-c). These 

findings are therefore consistent with most other studies of freshwater benthivorous fish, 

which show that these fish enhance primary productivity by increasing resource 

availability (e.g., Meijer et al. 1990, Tatrai et al. 1990, Cline et al. 1994, 

King et al. 1997, Tatrai et al. 1997, Lougheed et al. 1998). Larger carp primarily 

influenced this sediment-driven bottom-up enhancement of primary productivity, and 

therefore it is not surprising that studies of smaller carp (i.e., Qin and Threkheld 1990, 

Richardson et al. 1990) demonstrated little evidence of similar carp effects. Although 

not all water quality effects responded exactly as predicted, the overall pattern was as. 

expected. That is, carp shift the trophic state towards a turbid phytoplankton-dominated 

state and carp effects were more pronounced over time. In this 'turbid 

phytoplankton-dominated state' carp probably make nutrients more available for 

phytoplankton growth. The responses of the zooplankton were very complex indicating 

that there were several zooplankton taxa-specific effects (Section 2.4.4), and there were 

complex interactions among carp presence, size and biomass. Only some treatment 

comparisons were as predicted with the zooplankton. In particular, enclosures with a 

high biomass, large-size population of carp had fewer zooplankton taxa, but a larger 

total-zooplankton count, than no fish enclosures. In contrast, the combined carp size 

treatments produced an unexpected result that indicated that the coexistence of the carp 

size classes did not reduce the impact of carp on water quality or zooplankton. There 

was, however, evidence for greater nitrogen regeneration in mixed-size carp 

populations. These differences between observed and expected results are used to 

develop a new synthesis of ecosystem responses to carp biomass density and size 

(Figure 2.11 ). 
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Figure 2.11. Revised synthesis (cf. Figure 2.1) of carp impacts on water quality and zooplankton based on 

the available literature and results of the field experiment on carp impacts discussed in this chapter. It is 

assumed that an increase in algal biomass leads to an increase in the numerical abundance of zooplankton 

(hence the horizontal black arrow). The synthesis is most applicable to a carp population dominated by 

larger individuals. Wider arrows indicate a larger effect. Upward and downward arrows indicate, 

respectively, a positive and negative effect on the response variable (e.g., turbidity). Key: Chi a= 

Chlorophyll a (a measure of algal abundance); TN= total concentration of nitrogen and TP = total 

concentration of phosphorus. 
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Numerous studies have similarly demonstrated that an increase in carp or benthivore 

biomass shifts the freshwater ecosystem from a low turbidity state to a turbid 

phytoplankton dominated state (e.g., Lougheed et al. 1990, Meijer et al. 1990, 

Tatrai et al. 1990, Cline et al. 1994, Roberts et al. 1995, Drenner et al. 1997, 

King et al. 1997, Tatrai et al. 1997). These studies all indicate that benthivores facilitate 

a shift from a low turbidity macrophyte-dominated state to a turbid 

phytoplankton-dominated state; stable states thought to exist in shallow lakes (Timms 

and Moss 1984, Moss 1990, Bronmark and Weisner 1992, Blindow et al. 1993, 

Scheffer et al. 1993). Furthermore, Blindow et al. (1993) describe benthivorous 

cyprinids stabilising the turbid state through sediment suspension and predation upon 

the phytoplanktivorous zooplankton (e.g., Daphnia), with a resulting enhancement of 

copepod abundance. Claiming that the observed patterns in this experiment represent 

these stable states is presumptuous, particularly because only two snapshots in time 

since carp introduction are represented. The increases in turbidity, nutrients and 

phytoplankton, and the loss of Daphnia compared to the copepods all suggest, however, 

a stable-state shift occurred. These comparisons demonstrate consistent patterns in 

benthivore impacts among northern and southern hemisphere waters and different 

benthivore taxa. Furthermore, this study extends this model of carp and benthivore 

impacts to demonstrate that if the high biomass density of benthivores is composed of 

larger individuals, freshwater ecosystems are more likely to shift towards the turbid 

state. 

2.4.2 The importance of reporting carp size 

The differences in impact observed for different size carp in this experiment emphasize 

the importance of reporting benthivore size, and benthivore size effects, in ecological 

studies. To discuss the implications of these results in the context of other research it is 

necessary to know the carp biomass density and sizes used in other studies. 

Unfortunately, the size, age and even the biomass density of carp are often 

inconsistently or poorly reported among studies on the impacts of carp (Table 2.6, 

Figure 2.12). For example, in the Canadian study by Lougheed et al. ( 1998), water 

quality responses were measured for a range of carp biomasses (23 to 2100 kg.ha-1
), and 

carp weights (between 26 to 6900 g). The upper end of this size and density range is 

very high compared to fish size used in other studies (Table 2.6). Although a high 

biomass of carp appears to have shifted the community towards the 'turbid state', this 
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study is difficult to interpret in terms of carp size-specific effects. In particular, the 

results of this Australian study (Figure 2.6 A) indicate that large carp could also have 

contributed to the high turbidities observed by Lougheed et al. (1998). 
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Figure 2.12. Approximate ranges for the size ofi carp (g) and biomass density oficarp (kg.ha-1
) used in 

experimental research. In many cases the range could not be estimated because not enough information 

was provided. Estimated values are shown in Table 2.6. Biomass density was not estimable with the data 

provided in Riera et al. (1990) and Drenner et al. (1997). The range ofi values for Robel (1961), Crivelli 

(1983) and Lougheed et al. (1998) were very large and would have compressed other values on the plot 

too much (see Table 2.6). Density values for Tatrai et al. (1997) include the weight ofi other cyprinids. 

Key: BRU = Breukelaar et al. (1994) and Tatrai et al. (1994); BTZ = Batzer (1998); CLI = Cline et al. 

(1994); DRI = Driver (this study); LAM= Lamarra (1975): O&T = Qin and Threkheld (1990); 

RCH = Richardson et al. (1990); K&R = Robertson et al. (1995), King et al. (1997) and Robertson et al. 

(1997); T97 = Tatrai et al. (1997); ROB = Thomson (1993), Roberts et al. (1995); W &H = Wilcox and 

Rombach (1991) and Z&H = Zambrano and Hinojosa (1999). 
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Table 2.6. Reported weights of carp (g) and biomass density of carp (kg.ha.1
) used in experimental research and some field studies on carp. Where possible, confidence intervals or 

the range of values are provided. Biomass densities used are often approximate only as they were calculated from estimated weights and the reported dimensions of the experimental 

enclosures. In instances where only a range of fish sizes were reported then the average of the maximum and minimum values was used. Key: * extrapolated from length-weight 

relationships in chapter four.µ wet weights were calculated assuming 67% water content. *treatment includes roach (Rutilis rutilis), bream (Abramis brama) and white bream (Blicca 

bjoerkna). # derived from length-weight relationship in Thomson (1993). ** back-calculated from provided area (m2
) and fish density (kg.ha-1

) values. NE= could not be estimated 

with information provided. For the column 'study', CRI81 = Crivelli (1981), CRI83 = Crivelli (1983), DRE= Drenner et al (1997), JES= Jester (1974), LOU= Lougheed et al. 

(1998), RIB= Riera et al. (1990) and RBL = Robel (1961). For explanation of other codes for 'study' see Figure 2.12. 

Study 

BTZ 
RCH 
Z&H 
Q&T 
RIB 
ROB 
LAM 
CLI 
W&H 
T97 
DRI 
BRU 
K&R 
RBL 
CRI83 
LOU 
DRE 
Field 
JES 
CRI81 

Individual weights of carp used (g) in approximate order by fish weight 
0.7 - 1.7 (range)* 
4 (average), 0 - 9 (95% confidence limits)µ 
4 (average)* 
29 - 111 (range, experiment I)* 
235 (average) 
206 - 247 (range over two experiments)' 
138-178 (averages) for pond experiment**, 3-1000 (range) forlake experiments 
680 (average) 
690 (low density treatments, average), 846 (high density treatments, average) 
3 - 1771 (range)* 
708 ± 57 (average± standard error, small carp at day 53), 2214 ± 71 (large carp at day 53) 
1852 - 1875 (range) 
2043 in billabong I (average), 1763 in billabong 2 (average) 
1600 - 3800 (range) 
1106 - 4354 (range) 
26 - 6900 (range)* 
NE. Fingerling carp were stocked about two years earlier. 

321 - 1918 (range of averages for year classes in a lake) 
263 - 1212 (range of averages reported over different months in a marsh) 

Approximate biomass density (kg.ha-1
) 

213 (average) 
182 (average), 0- 410 (95% confidence limits) 
12 - 152 (range) 
909 ( experiment I) 
NE 
170 - 526 (range) 
162 - 1250 (range) across all experiments 
4,417 (average) 
153 - 1126 (range) 
37 - 878 (range) 
0- 681 (treatment averages, see Table 2.2) 
150 - 500 (range) 
101 - 1181 (range across two billabongs) 
50- 450 (range) 
433 - 726 (range) 
23 - 2100 (range) 
NE 

211 forlake 
11-872 (range, canals and marshes) 
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2.4.3 The role of carp size in nutrient regeneration 

Phosphorus 

Comparisons in my study and with others suggest that smaller benthivores regenerate 

phosphorus mostly through excretion and larger benthivores drive phosphorus supply 

primarily via sediment disturbance (Figure 2.11, Table 2. 7). These claims can only be 

substantiated with additional experimental work, but the corroborating evidence is 

compelling. In this study the responses of total phosphorus and Chlorophyll a were 

similar to the turbidity responses to large carp, indicating that these variables are mostly 

affected by sediment suspension, and are less affected by excretion. The sediments are a 

likely source of phosphorus regeneration with large benthivores because the pore water 

of sediments in lentic waters often contains most of the dissolved phosphorus for the 

whole waterbody (cf. Forsberg 1989). Additionally, larger individuals of cyprinid 

benthivores such as bream and carp tend to dig deeper into the sediments (Lammens and 

Hoogenboezem 1991). Accordingly, Crivelli (1983), using results from Robel (1961), 

calculated a greater removal of macrophytes by larger carp. Probably because of similar 

feeding behaviour, phosphorus regeneration by large benthivorous catfish (18 cm brown 

bullhead, Ictalurus nebulosus) was considered primarily a result of mechanical 

disturbance of sediments (Havens 1993). The benthivorous catfish-sediment interaction 

explained nearly all the increase in phosphorus and 60 percent of the increase in 

Chlorophyll a. 

Nutrient uptake and release by macrophytes could have affected nutrient dynamics 

within the enclosures (cf. Mitsch and Gosselink 1986). Macrophyte data were not 

examined quantitatively and therefore the extent of plant uptake and release by 

macrophytes, although probably minor in turbid enclosures, cannot be estimated. Low 

plant biomass can be inferred from field observations, but also because the turbidities 

were often greater than 20 NTU, and therefore probably high enough to inhibit plant 

growth (ANZECC 2000). An increase in sediment suspension and phytoplankton, and 

the consequent decrease in light availability, will often reduce macrophyte abundance 

(Scheffer 1990, Bronmark and Weisner 1992, Blindow et al. 1993). Additionally, the 

removal of aquatic plants by large carp at high biomass densities is well established 

(e.g., Crivelli 1983, Taylor et al. 1984, Kolterman 1990, Roberts et al. 1995, Swirepik 

2000). 
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Table 2.7. Reported effects of carp (g), carp size (kg) and biomass density of carp (kg.ha-1
) on phosphorus and nitrogen concentrations and turbidity (and/or sediment suspension) in 

the water column from experimental research. The 'estimate of average fish weight' is shown as the average or, if this was not available, the midpoint of the reported range was used. 

Key: DOP = dissolved organic phosphorus; SRP = soluble reactive phosphorus, FRP or orthophosphate (P samples filtered in the field); NOx = NO2 and NO3 nitrogen; TN= total 

(Kjeldahl) nitrogen and TP = total phosphorus. For explanation of codes in the 'study' column see Table 2.6 and Figure 2.12. 

Study Estimate of average 
fish wei ht (k ) 

RCH 0.002 

Q&T 0.004 
ROB 0.2 

LAM 0.3 

Carp presence and biomass density effects on sediments, P and N 

Presence of carp = higher turbidity, nitrites and SRP, but not TP and nitrates 

Presence of carp = higher turbidity, but not nitrates or SRP 
Presence of carp= higher turbidity, but no effect on TN, TP, NOx, ammonia or SRP 
(Experiment 1, sediments were low in P). 
Presence of carp= no effect on TN, TP, NOx, ammonia or SRP (Experiment 2, turbidity 
not measured and sediments were low in P) 
Carp presence= higher TP, DOP, Particulate P, SRP 
Higher carp biomass = higher TP 

Carp size effects on sediments, P and N 

?, but only small fish were used and P probably 
increased mostly because of carp excretion 
? 
? 

Smaller carp and carp excretion (not sediment 
disturbance) 
= more TP, DOP, Particulate P, SRP 

Possible boundary between TP being primarily driven by excretion by smaller carp versus TP being driven through sediment suspension by larger carp. 

CLI 

DRI 

K&R 

LOU 

0.7 

1.4 (lower values at 
about 0.7) 

2.0 

3.5 

Carp presence= higher turbidity (P = 0.07) 
Carp presence= higher TN in sediment-free tubs but not tubs with sediment (nutrient 
uptake occurring in sediments) 
Higher carp biomass = higher TN 
No significant effect of carp on SRP 
Higher carp biomass = higher turbidity, TP and TN 

Higher carp biomass= higher turbidity and (in 67% of observations) higher TP, but not 
SRP 
Higher carp biomass = higher turbidity, TP and ammonia 

?, but only small adult carp were used and TN 
driven by excretion. SRP not significantly 
affected. 

Larger carp = higher turbidity and TP (suggesting 
that sediment suspension, not excretion, by carp is 
driving TP concentrations). 
? 

? 
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The lack of evidence for phosphorus excretion by carp in this study can be partly 

attributed to the size of the carp used. Both the 'small' and 'large' carp used in this 

study were large compared to those in used in previous experiments (i.e., Qin and 

Threlkeld (1990), Richardson et al. (1990) and Lamarra (1975)) that demonstrated carp 

excretion of phosphorus ( cf. Tables 2.6 and 2.7, Figure 2.12). Excretion of phosphorus 

would be expected to be more important with small carp compared to large carp. In 

animals, including fish, a cohort of larger individuals usually has a slower metabolism 

and growth rate than a cohort that consists of smaller individuals (Weatherley 1972, 

Polis 1988). Therefore, a population of larger individuals at comparable biomass would 

have a lower turnover of excreted products such as phosphorus. This is supported by 

Lamarra (1975) who found that the wet weights of carp, ranging from three to about 

1000 g, were negatively correlated with release rates of total, dissolved organic, 

particulate and ortho-phosphate (µ.g Pig fish/hr). Moreover, although carp are 

facultative in prey choice, smaller carp tend to be far more zooplanktivorous 

(McCrimmon 1968, Hume et al. 1983), and therefore sediment-associated nutrient 

regeneration occurs less often. Thus, in experiments with low densities of small fish 

Lamarra (1975) found that the presence of the fish, and not the artificial disturbance of 

sediments, explained the vast majority of phosphorus in the water column. Additionally, 

Qin and Threlkeld (1990) found no or contrary evidence for nutrient resuspension 

through sediment suspension with small carp ( carp sizes used are shown in Table 2.6 

and Figure 2.12). They also found that algal abundance increased in response to carp 

irrespective of whether sediment was present or not. In a similar experiment, 

Richardson et al. (1990) found small carp primarily transferred nitrites and soluble 

reactive phosphorus, but not total phosphorus, into the water column. This finding is 

consistent with excretion of phosphorus into the water column, because fish primarily 

excrete phosphorus as soluble reactive phosphorus (Braband et al. 1990). 

In some circumstances, small carp could increase phosphorus concentrations through 

cascading top-down effects. There was, however, little evidence for such an effect in 

this study. Zooplanktivores typically deplete the large cladocerans, which are more 

effective phytoplanktivores (Zaret 1980, Carpenter and Kitchell 1988). Under these 

conditions, the total phosphorus concentration in the water column can increase because 

of an increase in phytoplankton biomass (Carpenter and Kitchell 1988). For example, in 

experimental enclosures in an American lake, the concentration of total phosphorus in 
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the water column increased with increasing biomass of young (0+ and 1 + years old) 

northern red-bellied dace (Phoxinus eos, Cyprinidae, Vanni et al. 1997). Although total 

phosphorus was higher with larger biomasses of carp at day 53 in this Australian 

experiment, this pattern was probably a consequence of sediment suspension. The 

enclosures probably had too few Daphnia to control phytoplankton (less than 1 percent 

of the catch); as is the case for most Australian fresh waters (Boon et al. 1994). 

Furthermore, if zooplanktivory was the dominant form of phosphorus control then 

smaller carp, not larger carp, would be expected to be associated with higher 

phosphorus concentrations. Therefore, in contrast to bottom-up effects there was little 

evidence for top-down control of phosphorus by carp. 

Phosphorus concentrations were unlikely to have increased in carp enclosures during 

this study because of anoxic conditions. Under anoxic conditions bacteria in the 

sediments can release phosphorus into the water column (Rosich and Cullen 1981, 

Mitsch and Gosselink 1986). Carp enclosures were, however, sub-optimal environments 

for this to occur because oxic conditions dominated among the experimental enclosures 

and, moreover, carp did not decrease oxygen levels. 

Nitrogen 

This study indicates that regeneration of nitrogen by carp is mostly from excretion, and, 

consequently is typically proportional to the biomass of carp (Figure 2.11 ). There were 

no size effects, suggesting that carp size effects on nitrogen because of sediment 

suspension are unimportant; at least for the carp sizes used. Additionally, the biomass of 

carp had a marginal positive effect on nitrogen (nitrites and nitrates). It is likely this 

biomass effect was a true representation of carp impacts because other studies have 

found significant responses of ammonia (Lougheed et al. 1998) or total nitrogen (Cline 

et al. 1994) in relation to carp biomass. Furthermore, another study found small carp 

enhanced nitrites, irrespective of the presence of insect benthos (Richardson et al. 

1990). These findings from other studies are consistent with this Australian study 

because ammonia is the main form of nitrogen excreted by fish (Braband et al. 1990). 

Additionally, most ammonia is usually rapidly converted to ammonium, and then 

converted to nitrites or nitrates through nitrification by microbes (Forsberg 1989, 

Newbold 1996). Furthermore, these other studies probably had a greater chance of 

detecting carp effects on nitrogen, because the background levels of nitrogen they 
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measured were much lower. The maximum of 0.5 mg.r1 measured for any form of 

nitrogen in these three studies was routinely exceeded in this Australian experiment (cf. 

Figure 2.5 B). Additionally, Cline et al. (1994) and Lougheed et al. (1998) used larger 

biomass densities of carp (Table 2.6, Figure 2.11 ). Therefore carp probably do increase 

nitrogen concentration through excretion, but this Australian study detected less 

statistically significant nitrogen responses because of relatively high background levels 

of nitrogen and lower biomass densities of carp. 

Cline et al. (1994) reported the increases in nitrogen as a response to sediment 

resuspension, but this interpretation is unlikely to be correct. They studied the 

interaction of the brown bullhead (I. nebulosus, averaging 125-130 mm per fish, and 

480 kg.ha-1 per enclosure), very high densities of medium-sized carp (Table 2.6, 

Figure 2.12) and omnivorous fish (Dorosoma cepedianum) with sediments. Separate 

experimental tubs were used for each fish species. Cline et al. (1994) concluded, 

probably only partially correctly, that carp and the bullheads increased total nitrogen by 

direct suspension of sediments whereas the omnivores had the same effect through 

excretion. Although the bullheads and carp did enhance nitrogen concentrations more 

than the omnivores in the presence of sediment, carp and the omnivores also enhanced 

nitrogen in the absence of sediment. Moreover, nitrogen was lower in the presence of 

sediment among all treatments. This pattern indicates that nitrogen was primarily 

derived from excretion, particularly with the medium-sized carp and D. cepedianum. 

The negative effect of sediment on nitrogen is not surprising, because several studies 

have documented rapid uptake of ammonium and nitrate by benthic micro-organisms 

(Newbold 1996). 

Even though there is evidence for the greater role of excretion in phosphorus 

regeneration among smaller carp (Lamarra 1975), there is no evidence for smaller 

benthivores excreting more nitrogen in this study. The reasons for this result are not 

clear, and many explanations could be proposed. For example, carp-size specific effects 

could have occurred but were obscured by stronger responses to carp. Alternatively, 

carp or the microbial or zooplankton communities could have recycled less nitrogen in 

the small-carp enclosures because nutrients were conserved during digestion ('nutrient 

homeostasis', cf. Newbold 1996, Vanni et al. 1997). 
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Anoxic sediments can also be a source of nitrogen for the water column, but it is 

unlikely that carp facilitated this process. Nitrification cannot occur in anoxic conditions 

and, as a result, ammonia can accumulate (Mitsch and Gosselink 1986, Newbold 1996). 

In wetlands nitrification predominantly occurs in biofilms and the thin oxidized layer of 

soils around plants root (Mitsch and Gosselink 1986). Hence, under stratified or anoxic 

conditions ammonia could be released from the substratum. However, and as discussed 

previously, the experimental enclosures were well oxygenated and carp did not effect 

oxygen levels. Therefore, the release of ammonia from the sediments was unlikely to 

have been an important source of nitrogen. 

2.4.4 Taxa-specific responses to nutrient regeneration and sediment suspension 

This experiment and other studies indicate that copepods, and to a lesser extent, smaller 

cladocerans have higher relative abundance in the presence of benthivores. Other 

experiments and field studies show that the relative abundance of copepods is high in 

the presence of bream and carp (Qin and Threlkeld 1990, Tatrai et al. 1990, Lougheed 

et al. 1998). Furthermore, under high-suspensoid conditions and in the presence of 

benthivores, small cladoceran taxa such as Ceriodaphnia, Moina and Chydorus can 

remain abundant relative to non-copepod zooplankton taxa (Lynch 1978, Tatrai 

et al. 1990, Ingram et al. 1997, Lougheed and Chow-Fraser 1998). In contrast, larger 

cladocerans such as Daphnia are typically rare in the presence of benthivores and in 

high-suspensoid environments (McCabe and O'Brien 1983, Lougheed and Chow-Fraser 

1998). 

2.4.5 Taxa-specific responses of zooplankton to carp predation 

The lower abundance of ostracods and Daphnia in association with carp is consistent 

with carp being a generalist predator. Generalist predators optimize caloric requirements 

against search time, and therefore rapidly reduce the abundance of more exposed and 

easier to handle taxa (Brooks and Dodson 1965, Leibold 1989, Power 1992a, 

Closs et al. 1999). Because adult carp have a lower prey-size limit at about 250 µm 

(Sibbing et al. 1986), adult carp would feed more optimally on the larger zooplankton. 

Daphnia and ostracods are generally larger taxa than the cladocerans Moina, 

Ceriodaphnia, Chydorus and the copepods (Zaret 1980, Ingram et al. 1997, P. Driver 

pers. obs.), and therefore have reduced risk of predation. In particular, copepods have an 
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especially low susceptibility to predation compared to other zooplankton taxa (Zaret 

1980, Winfield and Townsend 1988, Tatrai et al. 1990). Hence, experiments in outdoor 

tanks in America found small carp removed all taxa larger than a few millimetres 

(Richardson et al. 1990). In particular, carp rapidly suppressed Ceriodaphnia, which 

was described as 'large' and 'slow moving', but enhanced the relatively faster and 

smaller Bosmina and copepods. 

Because smaller carp tend more towards zooplanktivory (McCrimmon 1968, Hume 

et al. 1983, Balon 1995), predation on larger zooplankton could be expected to be more 

intense with smaller carp (Figure 2.11). Hence, the decline of Daphnia at day 23 

associated with 'small' carp in this study could be attributed to carp size-specific 

feeding. Adult carp can consume prey down to a size of 250pm (Sibbing et al. 1986), 

and most cladocerans are longer than 250pm (Williams 1980, Ingram et al. 1997, P. 

Driver pers. obs.), and therefore the 'small' carp in this study are very likely to be 

capable zooplanktivores. The 'small' carp in this study are, however, considerably 

larger than those used in other studies where zooplanktivory by carp is well established 

(e.g., Hume et al. 1983, Richardson et al. 1990, cf. Table 2.6, Figure 2.12). 

Furthermore, dietary studies for the carp sizes used in this experiment are required to 

support the argument that 0.6 kg carp are more likely to be zooplanktivorous than 2 kg 

carp. 

The efficiency of selective grazing on Daphnia by carp could have been enhanced by 

carp destroying Daphnia habitat. Carp, particularly larger carp, often reduce the 

biomass of aquatic plants (e.g., Crivelli 1983, Fletcher et al. 1985), and Daphnia are 

commonly associated with vegetation and probably use it as predator refuge 

(Irvine et al. 1990, Blindow et al. 1993). The combination of these predatory effects of 

carp, and the indirect effects of carp on zooplankton (Section 2.4.4) would result in a 

dominance of small taxa, particularly copepods (Figure 2.11 ). 

2.4.6 Effects of more than one carp size on water quality and zooplankton 

communities 

These results provided little support for the initial hypothesis that the effect of 

combining carp sizes would reduce bottom-up effects. Generally the 

intermediate-biomass, mixed-size treatments were not significantly different in water 

quality responses to single size treatments. The effects of mixed-size treatments on 
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water quality tended to be intermediate between large and small carp treatments. That 

is, the sediment suspension effects of both carp size and density were generally more 

additive than interactive. 

There was evidence, however, that interactions between the two carp sizes enhanced 

nitrogen excretion by carp (Figure 2.11). The feeding strategies used by small versus 

large carp in mixed size treatments could have enhanced nutrient regeneration. If 

partitioning of prey use occurred between size classes of carp this could facilitate more 

efficient prey consumption and more excretory products per unit fish weight. As 

discussed, in fish these products include ammonia (NH3), a source of nitrogen (Section 

2.5.3). Combined carp sizes had a nitrogen value higher than both single size treatments 

at day 23 when the size differences between the 'small' and 'large' carp were greatest 

(Figure 2.5 B). At day 23 there was also a greater diversity of prey items, thereby 

allowing greater partitioning of prey use. If prey-use was different between the two 

sizes of carp, then this could have been a result of competitive interactions among 

cohorts; as has been observed for other fish species (e.g., Persson 1983, Persson 1985 

for Percafluviatilis). Alternatively, or additionally, the different sizes of carp were 

merely feeding as they would if they were separate, and the differences in feeding were 

a consequence of age- or size-specific diets. 

2.4.7 Changes in carp size-dependent effects on water quality and zooplankton 

over time 

Changes in the freshwater ecosystem over time would have altered the differences in 

impacts between carp sizes. Differences in habitat use and competitive advantage 

between animal age classes are reduced over time because of animal growth (Polis 

1988). It is also likely the cumulative effects of sediment resuspension and predation 

ensured that certain taxa increased in dominance. By day 53 conditions associated with 

high sediment suspension and indicative of eutrophy were more apparent. That is, 

turbidities were higher, particularly in carp treatments, and there was a greater 

phosphorus difference between high and low carp densities (Figure 2.5 A, C). 

Chlorophyll a was higher, particularly in large carp treatments (Figure 2.5 F). There was 

also evidence for cumulative displacement of large phytoplanktivorous zooplankton. 

Carp treatments, particularly large carp treatments, had lower numbers of the larger, 

more readily consumed prey Daphnia but had more of the smaller cladoceran Moina by 
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day 53 (Figure 2.9 A, C). In particular, the numerically dominant copepods were more 

abundant with larger and higher densities of carp by day 53 (Figure 2.9 B), and were 

positively associated with turbid conditions. 

2.4.8 Zooplankton resistance to carp predation 

Although there were changes in community structure in response to carp, the 

zooplankton community was generally resistant (cf. Begon et al. 1996), to the predatory 

effects of carp. This resistance was indicated by the persistence of vulnerable taxa such 

as Daphnia, albeit at low numbers, no reduction in total zooplankton compared to no

fish treatments at higher carp densities, and the fewer significant responses of the 

zooplankton compared to water quality variables. The enhancement of primary 

productivity by carp, and the increase in zooplankton abundance at high carp densities, 

are likely to have reduced the ability of carp to reduce zooplankton numbers through 

predation. This limited effect of carp is not surprising because carp exhibit 

specializations for benthivory and facultative prey choice (Sibbing et al. 1986, Section 

2.5.5). Moreover, only truly zooplanktivorous fish would be expected to have predatory 

effects that lead to the elimination of all Daphni~ and particularly the depletion of 

Ceriodaphnia or copepod numbers (Zaret 1980). 

This community resistance to carp predation is also likely to have been indirectly 

influenced by the factors that affect zooplankton productivity. High productivity 

typically follows floodplain inundation (Boulton and Lloyd 1992), and this could confer 

high zooplankton community resistance to carp predation. Phytoplankton growth and 

reproduction could also have been facilitated by the generally high light availability 

(P. Driver, pers. obs.) and high water temperatures (Figure 2.5 D) at days 23 and 53. A 

further argument for zooplankton resistance is that the sources of zooplankton in this 

experiment would have been largely structured by benthivory already. At the start of the 

experiment, the enclosures were seeded with zooplankton from the Broken River. This 

river is presumably like other rivers within the Murray-Darling basin that typically have 

many copepods, fewer cladocerans and even fewer larger zooplankton such as Daphnia 

(Boon et al. 1994, Matveev et al. 1994, Ingram et al. 1997). Rivers of the 

Murray-Darling basin also typically have many carp (Hume et al. 1983, 

Gehrke et al. 1995, Gehrke and Harris 2001) and high turbidities (Howard-Williams 

1985, Kirk 1985). Moreover, the store of zooplankton eggs in the sediment of 
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freshwater bodies (Boulton and Lloyd 1992, Nielson et al. 2000) would have been 

affected by processes associated with carp at least since the mid-1970's. Since this time 

there has been widespread dispersal of carp in the Murray-Darling Basin (Shearer and 

Mulley 1978, Koehn et al. 2000). Prolonged exposure of the freshwater community to 

benthivory could similarly explain the results of Lougheed et al. (1998). They observed 

a Canadian marsh zooplankton community dominated by small cladocerans, rotifers and 

cyclopoid copepods that was unaffected by benthivorous carp. 

2.5 Conclusion 

The measurement of both fish size and density is critical for quantifying the shift 

towards eutrophy caused by benthivores. Differences in effects were found among carp 

typically assumed to be ecologically similar. Although some investigators ( e.g., Crivelli 

1983, Breukalaar et al. 1994) address the importance of benthivore size, carp size is 

often poorly described and is reported inconsistently among the various carp studies. 

Nevertheless, the information provided on size from various investigations, and the 

results of this study, indicate that the differences in benthivore size explain some of the 

conflicting results among carp studies. In particular, this study indicates that large carp 

have a greater role in sediment and phosphorus suspension. 

The responses of nitrogen to carp show that carp size affects nitrogen concentrations, 

and, additionally, suggest differences in feeding behaviour between carp sizes. A 

waterbody with a carp population that has a more even mix of carp sizes had a greater 

concentration of nitrogen. These results raise questions about the interactions among 

benthivore size classes and benthivore biomass density, and how they might affect 

nutrient cycling in freshwater ecosystems. In particular, in this study there could have 

been complementarity in feeding behaviour between the different sizes of carp in mixed 

size treatments. 

The response of zooplankton taxa to carp was complex and dependent on carp size, 

biomass density and the zooplankton taxa. When carp were present zooplankton 

abundance increased in response to carp biomass density. Zooplankton abundance was 

about the same in high biomass density carp and no-fish treatments. Zooplankton 

community composition was, however, different in the no-fish treatment because the 

zooplankton taxonomic diversity was lower. The zooplankton taxa that persisted under 
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carp effects were probably better able to feed among a high sediment load and high 

resource availability. There was also a decline in the larger zooplankton species 

typically more vulnerable to fish predation, particularly in association with small carp. 

The observed patterns in zooplankton communities could be largely explained by carp 

effects, antecedent ecological conditions, summer temperatures and light availability, 

and response to recent inundation. 

The observed interactions among carp, water quality and zooplankton indicate that carp 

size is an integral part of carp-ecosystem interactions. Consequently, studies of 

benthivore-ecosystem interactions that do not consider benthivore size could result in 

patterns that are largely inexplicable. 
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Chapter 3 Implications of benthivore size structure 

and biomass density for a littoral macroinvertebrate 

community 

3.1 Introduction 

3.1.1 Effects of carp on macroinvertebrate diversity 

Both juvenile and adult carp often have a marked impact on, and typically reduce the 

taxonomic diversity of benthic macroinvertebrate communities. Carp often concentrate 

on chironomids and oligochaetes as prey, but will also consume other dipteran larvae, 

molluscs and crustaceans such as Bosminidae and Chydoridae (e.g., Summerfelt 

et al. 1971, Stein et al. 1975, Lubinski et al. 1986, Richardson et al 1990, Lammens and 

Hoogenboezem 1991, Riera et al. 1991, Tatrai et al. 1994, Recknagel et al. 1998, Batzer 

1998). Although carp are specialized for benthivory (Sibbing et al. 1986), they also 

appear to be generalist predators that rapidly deplete easily consumed, high-reward prey 

(sensu Leibold 1989, Power 1992a, Closs et al. 1999). Furthermore, carp will switch 

prey preference and the habitat in which they feed depending on prey availability and 

vulnerability (e.g., Crivelli 1981, Sibbing et al. 1986, Breukelaar et al. 1994). For 

example, a study in a Yugoslavian lake demonstrated that carp chose molluscan prey on 

the basis of ease-of-handling and higher nutritional reward, and not relative abundance 

(Stein et al. 1975). Because of the these direct predatory effects of carp, and presumably 

also the shift towards to eutrophy and reduction of habitat caused by carp (e.g., Crivelli 

1983, Lougheed et al. 1998, Sections 2.1.1, 2.5.1), there is often a reduction in benthic 

macroinvertebrate diversity (Stein et al. 1975, Richardson et al. 1990, Wilcox and 

Rombach 1991, Tatrai et al. 1994). 

The infauna (or 'burrowers'), which burrow or bore into the substratum (Allaby 1994, 

Hawking and Smith 1997), are likely to be less vulnerable to benthivore predation than 

the non-infauna because they use the sediments as a refuge. Molluscs and many aquatic 

insects tend to be non-infauna. That is, they are either pelagic, epibenthic or are part of 

the periphyton (taxa found clinging to plants and debris above the sediments) or neuston 

(which dwell on the water surface, Williams 1980, Allaby 1994). Epibenthic taxa (the 

epifauna) live on or attached to the substratum (Allaby 1994, Hawking and Smith 
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1997). Although benthivores are specialized for feeding on the infauna, they commonly 

feed on many other prey types (Sibbing et al. 1986, Sibbing 1991, Lammens and 

Hoogenboezem 1991). Moreover, if carp preferentially feed on easily consumed, high

reward prey it is likely that carp would quickly deplete taxa that are unable to use the 

refuge of the sediments. Accordingly, some studies have shown that infauna, 

particularly oligochaetes and chironomids, were less vulnerable to benthivore effects 

than aquatic insects and molluscs, particularly when the benthivores were at higher 

biomass densities (kg.ha-1
, Tatrai et al. 1994, Robertson et al. 1995). 

3.1.2 Effects of benthivore size on macroinvertebrate communities 

The proportion of infauna, compared to non-infauna, in the macroinvertebrate 

component of the diet of carp could vary in relation to carp size. In particular, the 

greater prevalence of benthivory among larger sizes of carp (McCrimmon 1968, 

Hume et al. 1983, Balon 1995, Section 2.1.2) suggests that larger sizes of carp have a 

greater impact on the infauna. Similarly, as bream, another cyprinid benthivore, grow 

older they become more efficient benthivores (Breukelaar et al. 1994, 

Tatrai et al. 1994). These studies therefore indicate that larger carp consume 

proportionally more infauna in the macroinvertebrate component of their diet. 

Studies that have explored the impact of carp on macroinvertebrates, however, provide 

little evidence for larger carp being more benthivorous. Although a European pond 

experiment found chironomid densities were reduced by large carp (Tatrai et al. 1994), 

other studies have demonstrated that small carp can also reduce the abundance of 

chironomids and tubificid worms (Richardson et al. 1990, Riera et al. 1991, see 

Table 2.6 for carp sizes). These few studies indicate that benthivory is common in both 

small and large carp, although smaller (or younger) carp tend to be more 

zooplanktivorous (Hume et al. 1983). 
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3.1.3 Aims, and hypotheses tested 

This aim of this chapter was to explore the impact of carp size and biomass density on 

benthic macroinvertebrate communities. As with Chapter 2, this chapter aimed to refine 

the current view of benthivore impact that usually only considers benthivore biomass, 

and not benthivore size. In particular, the relative impacts of carp predation on the 

infauna and non-infauna were considered. Based on the literature discussed above, a 

reduction in the abundance of the non-infauna, and a consequent decrease in 

macroinvertebrate diversity because of carp predation was predicted. A relatively 

smaller reduction in the abundance of burrowing fauna was also expected. Hence, I 

predicted that with increasing carp size and biomass the following responses in the 

macroinvertebrate community would be observed: 

1. overall taxonomic diversity would be reduced; 

2. the total abundance of infauna would be reduced; 

3. the total abundance of the non-infauna would be reduced; 

4. the relative proportion of infauna to non-infauna prey would be 

increased; and 

5. these effects would be greater with larger carp, and higher biomass density of 

carp. 
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3.2 Methods 

3.2.1 Field sampling 

Sampling regime 

The experimental design and sampling runs are described in Chapter 2 (Sections 2.2.1 

and 2.2.2). Sampling of the macroinvertebrate fauna took place before fish introduction, 

on the 10.10.95 (day zero), and after fish introduction, on the 2.11.95 (day 23) and 

2.12.95 (day 53). 

Macroinvertebrate sampling 

Macroinvertebrates were sampled 0.5 m from the pond edge using a hand-operated 

suction sampler (Boulton 1985) with a 250 µm mesh net. For each benthic 

macroinvertebrate sample, the suction hose of the pump sampler was used to disturb the 

sediment and suck sediments to a depth of 10 cm at the open bottom of a stainless-steel 

cylinder (246 mm in diameter). 10 cm approximates the feeding depth of carp (about 

12-13 cm, Alikunhi 1966, Panek 1987). Macroinvertebrates were stored with four 

percent formaldehyde, with 3 g.L-1 of calcium bicarbonate added to preserve mollusc 

shells (Smith and Kershaw 1979). Samples were washed through a 250 µm sieve and 

placed within a benthic sub-sampler (Marchant 1989). Up to ten of the 100 cells in the 

sub-sampler were randomly selected until 200 macroinvertebrates were sampled. These 

first 200 macroinvertebrates were identified to genus where possible using a stereo 

microscope. At least in flowing waters, a sub-sample comprising the first 100 

macroinvertebrates will reflect the relative abundance of the main taxa 

(Growns et al. 1997). Because of the possibility of greater taxonomic diversity in the 

experimental pond compared to the flowing waters the first 200 macroinvertebrates 

were chosen. The number and proportion of each taxon in each sample were calculated 

from the sub-sample. Taxa were identified using keys within Smith and Kershaw 

(1979), Williams (1980), and keys listed within Hawking and Smith (1997). 

3.2.2 Statistical analyses of the effects of carp on macroinvertebrate communities 

Using an analysis of variance model, the effects of the no-fish and five carp treatments 

(Section 2.2.2, Table 2.2) on the taxonomic richness of macroinvertebrates, the ratio of 
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the infauna to fauna and the abundance of the infauna, the non-fauna and the relatively 

abundant macroinvertebrate taxa were examined. Taxonomic richness was calculated as 

the number of individual taxa, according to the levels of taxonomic resolution shown in 

Table 3.1. Responses of individual taxa to carp were only determined for those taxa that 

were one percent or more of the total count for days 23 and 53 combined. 

Classifications of taxa into 'infauna' and 'non-infauna' were based on descriptions in 

Williams (1980), Hawking and Smith (1997) and Ingram et al. (1997; the 'habitat 

groups' in Table 3.1). The classifications into habitat groups are estimates of the relative 

capacity to use the benthos as a refuge. The non-infauna included pelagic taxa (e.g., 

Dytiscidae), periphyton (e.g., Zygoptera) and epibenthic taxa (e.g., Gastropoda and 

Trichoptera, Ingram et al. 1997). Given that Hawking and Smith (1997) categorize 

chironomids as 'burrowing', and oligochaetes are clearly burrowers (e.g., Hawking and 

Smith 1997, Ingram et al. 1997), these two groups were considered to be part of the 

infauna. Taxa such as the Tanypodinae, Tipulidae and Stratiomyidae were less clearly 

definable as infauna, however, and the effect of placing them in either group was tested. 

Dipteran pupae were not identified to genus and therefore their habitat group could not 

be reliably estimated and, consequently, pupae were not included in either infauna or 

non-infauna. 
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Table 3.1. Macroinvertebrate taxa recorded in the pond enclosure experiment on carp impacts at days 23 

and 53. Each taxon has been categorized into a habitat group. The percentage(%) of total abundance is 

indicated for each taxon. Rows with taxa that comprised one percent or more of the total catch are shaded. 

Key for sources: H&S = Hawking and Smith (1997); Will= Williams (1980); Ing= Ingram et al. (1997) 

and pers. obs.= observations by the author. Key for habitat groups: inf= infauna; mn_ = epibenthic; 

pel = pelagic; peri = periphyton/attaches to upright vegetation and neu = neuston (also known as pleuston; 

Williams 1980). 

Higher inxonomic level 
Phylum Arthropoda, Class Insecta 

Orcl~r])iptera, Farnily Cllir<>ncm1idae 
Snb-fainlly .Chrrotiomirl~ 

Sub-family Orthocladiinae 
$ub-farnilyTanyp6cliriae. 

Family Tip1:1lirlae 
Family Stratlnmyidae 
Dipteran pupae 
Order Coleoptera, Family Dytiscidae 

Order Coleoptera, Farnily Hydrophilidae 
Order Odonata, Farnily Corduliidae 
Order Odonata, Family Coenagrionidae 
Order Odonata, Family Lestidae 
Order .Hetpiptei-a,family Gonxidae 
Order Herniptera, Family Notonectidae 

Order Herniptera, Family Veliidae 
Order Hemiptera, Farnily Mesoveliidae 
Order Ephemoptera, Farnily Baetidae 
Order Ephemoptera, Farnily Caenidae 
Order Trichoptera, Farnily Leptoceridae 

Phylum Arthropoda, Class Arachnida 

Phylum Annelida, Class Oligochaeta 
phylum Mollusca, <::lass Gastropoda 

Phylum Cnidaria, Class Hydrozoa 
Phylum Porifera 

Taxa Habitat group Souree 

Tribe Chir<>nornin.f sp, lin 
Tribe·Chironominfsp; 2 
Tribe Chironornini sp. 3 inf 
Ifibe Tanytarsini 
Orthocladiinae inf H&S,\Vill 
Tanypociinal:! Will· 
Tipulidae inf/pel H&S, Will 
Stratiomyidae epi/pel H&S,lng 
Diptera inf/epi H&S, Ing, Will 
Genus Stemopriscus pel Ing, Will 
Genus Chastonectes pel Ing,Will 
Genus H,yphydrus pel Ing, Will 
Genus Antiporus pel Ing, Will 
Genus Berosus epi/pel Ing, Will 
Genus Hemicordulia epi Ing, pers. obs. 
Genus Ischnura peri Ing, pers. obs. 
Genus Austrolestes peri Ing, pers. obs. 
Genus Agraptocorixa pel Ing,Will 
Genus Enithares pel Ing 
Genus Anisops pel Ing 
Veliidae neu Will 
Mesoveliidae neu Will 
Genus Cloeon epi Ing 
Genus Tasmanocoenis epi Ing 
Genus Oecetis epi Ing 
Genus Triplectides epi Ing 
Acariformes (Mites) epi pers. obs. 
Aranae (Spiders) neu Will, pers. obs. 

Oligoc;naeti:i inf Ing 
Physdacuta cpi H&S 
Genus Pygmanisus epi H&S 
Hydrozoa (Jellyfish) pel H&S, Will 
Porifera (Sponges) epi H&S, Will 

% 

0.6 

0.02 
0.1 
0.4 
0.03 
1.2 
0.03 
0.03 
0.6 
0.03 
0.3 
0.2 
2.5 
0.03 
0.1 
0.2 
0.03 
0.1 
0.1 
0.7 
2.2 
0.03 
0.03 

53,9 
13;6 

0.6 
0.02 
0.3 
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Statistical analyses involved a split-plot approach for the effects of block, treatments 

and time, with the responses of variables to the treatments analysed by partitioning 

treatment sums of squares into single degree-of-freedom orthogonal contrasts, as 

described in Section 2.3. Transformations (loge(x + 1) or (x + 0.5)°"5
) of variables were 

used to increase homogeneity of variance where required. Analyses were performed 

using Genstat (Genstat 2000). For post-hoc comparisons, Fisher's Least Significant 

Difference (LSD) was used to compare differences between means, as described in 

Section 2.3. For graphical representation of these analyses, only statistically significant 

interactions were plotted. Additionally, because the analyses were primarily on 

treatment effects at days 23 and 53, with data from day 0 (before fish introduction) used 

as a covariate only if it was statistically significant, only data from days 23 and 53 were 

plotted. 

3.3 Results 

3.3.1 Description of taxa collected 

Of the 35 taxa collected, only nine represented one percent or more of the total count for 

days 23 and 53 (Table 3.1, Figure 3.1 A, B). These nine taxa constituted 93 percent of 

all individuals counted. 

The infauna were dominated by sub-family Chironomini species 1 and 2, tribe 

Tanytarsini, sub-families Tanypodinae and Orthocladiinae and, in particular, the 

oligochaetes (Figure 3.1 B, Table 3.1). The Oligochaetes and the family Chironomidae 

respectively comprised 72 and 28 percent of the infauna (assuming the Stratiomyidae, 

Tipulidae and Tanypodinae were non-infauna). The Stratiomyidae, Tipulidae and 

Tanypodinae were a very small component of the fauna (Table 3.1) and their 

categorization into either infauna or non-infauna had no effect on the significance of, or 

patterns in the results. 

The non-infauna comprised the dytiscid beetles Chostonectes, Sternopriscus, Antiporus 

and unidentified Dytiscidae genera, the hydrophilid beetle Berosus, odonates 

Hemicordulia, Ischnura and Austrolestes, the corixid Agraptocorixa, the Notonectidae 

genera Enithares and Anisops, mayflies Cloeon and Tasmanocoenis, caddisflies Oecetis 

and Triplectides, the hemipteran families Veliidae and Mesoveliidae, the gastropods 
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Physa acuta and Pygmanisus, the class Hydrozoa (freshwater jellyfish), Porifera 

(sponges), Acarina (mites) and Aranae (spiders, Figure 3.1 A and B, Table 3.1). Insects 

and P. acuta were respectively 42 and 54 percent of the infauna. 
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Figure 3.1. Abundance of macroinvertebrate taxa in no-fish and carp enclosures for taxa between one and 

ten percent (A), and taxa greater than ten percent (B) of total macroinvertebrate abundance (determined 

from combined day 23 and 53 data). Key: (A). Chirll, sub-family Chironomini species 2; Tanyt, tribe 

Tanytarsini; Tanvpi sub-family Tanypodinae; Agrap_h Agraptocorixa; Chost, dytiscid beetles 

Chostonectes; Trip1 caddisflies Triplectides; (B). Chirl, sub-family Chironomini species 1; Physa, 

Gastropod Physa acuta and Oligo, oligochaetes. Error bars are one standard deviation from the mean. 
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3.3.2 Effects of carp on macroinvertebrate community structure 

Carp, and particularly larger carp, reduced the number of macroinvertebrate taxa. 

Taxonomic richness was marginally higher in no-fish treatments. Small-carp treatments 

had more taxa overall than large-carp treatments (back-transformed average values 

indicate that the number of taxa was respectively 8.3 and 6.5 in small and large carp 

treatments and 9.6 in no-fish treatments, Figure 3.2 A, Table 3.2). 

The total abundance of the infauna was not significantly different among treatments or 

between times, but some significant responses to carp occurred among the infauna 

(Tables 3.2, 3.3). Carp did not deplete the total abundance of the infauna, because the 

carp treatments had a higher overall, but not significantly (P = 0.21) different, mean 

abundance of infauna than the no-fish treatments. Carp treatments had no effect on 

oligochaetes although these were more abundant by day 53 (Figure 3.1 B, Table 3.3). 

Tanytarsini were more abundant in the presence of small-carp compared to large-carp 

treatments, particularly at high carp biomass densities (Figure 3.2 B, Table 3.3; back

transformed average values indicate that the number of Tanytarsini was 2.6 and 62.4 at 

high biomass density, and 15.3 and 27.2 at low biomass density, for large and small

carp treatments respectively). There was more Tanytarsini in high biomass density, 

small-carp treatments than in no-fish treatments (the back-transformed mean for no-fish 

was 8.3 Tanytarsini). Chironomini species 1 decreased in abundance over time 

(Figure 3.3). There was also a complex interaction between carp size, biomass density 

and time effects on Chironomini species 1 abundance, with no consistent effects of carp 

size and biomass density (Figure 3.3, Table 3.3). There were no significant effects on 

the Tanypodinae. Meaningful analysis was not possible for Chironomini species 2, 

because of the many zero values that resulted from the clumping of observations within 

few enclosures. 
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Table 3.2. The effect of carp size, density, time, and their interactions in experimental field enclosures, 23 and 53 days after the introduction of carp on the taxonomic 

richness of macroinvertebrates. The absolute and relative abundance of the macroinvertebrate infauna and non-infauna in response to these time and carp effects are 

also shown. Significance probability levels from the ANOVA are indicated*** for P < 0.001, ** for P < 0.0l, * for P < 0.05 and actual P values are shown for 

0.05 < P < 0.1. Key: Control (Mix), the 'Mix' effect is nested within the 'Control' effect and Size.Densitv, the 'Size' effect is crossed with the 'Density' effect. 

Strata 

Block.enclosure 

Block.enclosure.day 

Treatments 

Control 
Control (mix) 
Control (mix (size)) 
Control (mix (density)) 
Control (mix (size.density)) 

Day 
Day (control) 

Day (control (mix)) 
Day (control (mix (size))) 
Day (control (mix (density))) 

Comparison (with effect being tested) 

'No fish' versus 'with carp' (carp presence) 
'Mix of carp sizes' versus 'one size' (mix) 
'Small' versus 'large carp' (size) 
'Low' versus 'high biomass density' (density) 
Interaction of carp size and density 

Day 23 versus day 53 (day) 
Interaction of time with 
corresponding row in 'block.enclosure' 
stratum 

Day (control (mix (size.density))) " 

Overall Infauna Non-infauna 
richness abundance abundance 

.08 

* 

* 

* 

** 
* 

Ratio of infauna over 
non-infauna 

* 

** 
.08 
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Table 3.3. The effect of carp size, density, time, and their interactions in experimental field enclosures, 23 and 53 days after the introduction of carp, on the abundance of 

macroinvertebrate taxa. Significance probability levels from the ANOV A are indicated*** for P < 0.001, ** for P < 0.01, * for P < 0.05. Key: Chirl, Chironomoni 

species I; Tanyt, Tanytarsini; Tanyp, Tanypodinae; Agrap!,_Agraptocorixa; Physa, Physa acuta; Oligo; oligochaetes; Control (Mix), the 'Mix' effect is nested within the 

'Control' effect and Size.Densitv, the 'Size' effect is crossed with the 'Density' effect. 

Strata 

Block.enclosure 

Block.enclosure.day 

Treatments 

Control 
Control (mix) 
Control (mix (size)) 
Control (mix (density)) 
Control (mix (size.density)) 

Day 
Day (control) 

Day (control (mix)) 
Day (control (mix (size))) 

Comparison (with effect being tested) 

'No fish' versus 'with carp' (carp presence) 
'Mix of carp sizes' versus 'one size' (mix) 
'Small' versus 'large carp' (size) 
'Low' versus 'high biomass density' (density) 
Interaction of carp size and density 

Day 23 versus day 53 (day) 
Interaction of time with 
corresponding row in 'block.enclosure' stratum 
" 

Day (control (mix (density))) " 
Day (control (mix (size.density))) " 

Chirl Tanyt Tanyp Agrapt Physa Oligo 

* 

*** 

* *** * ** 

* 
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Figure 3.2. Carp size and biomass density impacts on macroinvertebrate taxonomic richness (A) and the 

abundance of the tribe Tanytarsini (Chironomidae, Diptera) (B). Data from 23 and 53 days after the 

introduction of carp into the treatments are pooled because there was no significant time effect 

demonstrated by the ANOV A. Tanytarsini abundance is presented on a natural (base e) logarithmic scale. 

Data are means of the transformed values with approximately equal variance. The error bar is the LSD (at 

a.= 0.05) that indicates the minimum significant difference between these means. Key for treatment 

codes: no fish = no fish; small = small carp; ~ = large carp; low = low biomass density; high= high 

biomass density; mix= both size classes with a biomass density intermediate between high and low. 
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Figure 3.3. Carp size and biomass effects on tribe Chironomini species 1 (Chironomidae, Diptera) 

abundance over time in a pond experiment. Chironomini abundance is presented on a natural (base e) 

logarithmic scale. Data are means of the transformed values with approximately equal variance. The error 

bar is the LSD (at a,= 0.05) that indicates the minimum significant difference between these means. 

Key for treatment codes: no fish= no fish; small= small carp;~= large carp; low= low biomass 

density; high = high biomass density and mix = both size classes with a biomass density intermediate 

between high and low. 
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In contrast to the infauna, the abundance of the non-infauna tax.a was significantly 

affected by carp. These tax.a were more abundant in no-fish enclosures (Figures 3.4 and 

3.5 A, Table 3.2). There was also a significant biomass density-by-size interaction 

(Table 3.2), with a trend towards fewer non-infauna in high biomass-density, large-carp 

treatments (Figure 3.4). The number of non-infauna taxa was lower at day 53 compared 

to day 23, particularly in the carp enclosures (Figure 3.5 A, Table 3.2; back-transformed 

average values indicate that the number of non-infauna was respectively 226 and 69 in 

no-fish and carp treatments). 

The ratio of infauna to non-infauna was higher in carp treatments, and by day 53 

compared to day 23 (Figure 3.5 B, Table 3.2). Although the interaction between time 

and the infauna over non-infauna ratio was only marginal (P = 0.08), at day 53 there 

was a significant difference between carp and no-fish treatments (back-transformed 

average values indicate that the ratios were respectively 1.5 and 9.8 in no-fish and carp 

treatments). 

The only non-infauna taxon significantly affected by carp was Physa acuta. Physa 

acuta were more numerous in the absence of carp, and also at day 23 compared to day 

53 (Figure 3.5 C, Table 3.3; back-transformed average values indicate that there were 

72.7 and 10.1 P. acuta in no-fish and carp treatments respectively). There was no 

significant effect of carp on Agraptocorixa abundance, although these had decreased in 

number by day 53 (Table 3.3). Meaningful analyses were not possible for larvae of the 

caddisfly Triplectides and the dytiscid Chostonectes because of too many zero values. 
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Figure 3.4. Carp size and biomass density impacts on abundance ot non-infauna (pelagic, epibenthic and 

periphyton and neuston) macroinvertebrates. Plots represent both 23 and 53 days after the introduction ot 

carp into the treatments. Data are means ot the transformed values with approximately equal variance. 

The error bar is the LSD (at a= 0.05) that indicates the minimum significant difference between these 

means. The mixed size class has a biomass density that is intermediate between low and high-density 

treatments. Key for treatment codes: no fish= no fish; small= small carp; large= large carp; low= low 

biomass density; high = high biomass density; mix = both size classes with a biomass density 

intermediate between high and low. 
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Figure 3.5. Effects of carp presence over time on macroinvertebrates: abundance of non-infauna (pelagic, 

epibenthic and periphyton) macroinvertebrates (A); the ratio of infauna to non-infauna (B) and the 

abundance of Physa (C). (B) and (C) are presented on a natural (base e) logarithmic scale. Data are means 

of the transformed values with approximately equal variance. The error bar is the LSD (at ex.= 0.05) that 

indicates the minimum significant difference between these means. Key for treatment codes: no 

fish= treatments without fish and carp = treatments with carp. 
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3.4 Discussion 

The predictions regarding carp effects were generally met, with the non-infauna being 

depleted in terms of both absolute numbers and their abundance in relation to the 

number of infauna (Figures 3.5 A, B). That is, there was a general pattern indicating the 

infauna will tend to numerically dominate macroinvertebrate communities influenced 

by carp predation. These effects also, as predicted, seem to have been influenced by 

carp biomass density and carp size. That is, the number of non-infauna was lowest with 

large carp at high biomass density (Figure 3.4). Nonetheless, the resistance of the 

infauna to the effects of carp was greater than predicted. The total infauna and 

oligochaetes were unaffected by carp impacts, and the Tanytarsini were actually more 

abundant in high-biomass density, small-carp treatments than in no-fish treatments. I 

argue in the discussion below that these macroinvertebrate responses were a result of 

both direct and indirect effects of carp. 

3.4.1 The infauna generally gain numerical dominance over non-infauna under 

carp effects 

Although individual tax on responses vary, this study and other experimental studies 

demonstrate that the macroinvertebrate infauna become more numerous than the non

infauna because of benthivory, especially at higher biomass densities of benthivores. A 

European pond study showed that higher biomass densities of benthivorous fish (among 

treatments ranging from zero to 500 kg.ha-1 of bream and carp) led to a relative increase 

in the abundance of chironomids and oligochaetes, and a reduction in molluscs and 

insects (Tatrai et al. 1994). An experimental study in Australian billabongs (Robertson 

et al. 1995) found the same general patterns. Robertson et al. (1995) defined the infauna 

and non-infauna based on different sampling techniques. 'Epifauna' were sampled with 

sweep nets, and included the epibenthic, pelagic, littoral and neuston groupings used in 

Table 3.1; so this category is essentially the same as the term non-infauna used in this 

chapter. They found an overall reduction in the abundance of the non-infauna (number 

of individuals per sweep), particularly in one billabong. Their 'infauna' were those taxa 

collected using 10 cm deep sediment cores. Although some taxa, mostly hemipterans, 

were collected from the open water using this technique, dipteran larvae (mostly 

chironomids) and oligochaetes dominated the 'infauna'. As with the present study, 
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Robertson et al. (1995) found the abundance of the infauna (number of individuals per 

core) was unaffected by carp. 

A depletion of the non-infauna, with little effect on the abundance of the infauna, has 

also been demonstrated with an experiment that used small (4 g) carp. Using outdoor 

fibreglass tanks in the USA, Richardson et al. (1990) considered interactions among 

zooplanktivorous fish (Menidia beryllina), carp and ovipositing aerial insects. This 

experiment included treatments that had mesh on the top of the tanks, so that 

ovipositing aerial insects could not enhance benthic macroinvertebrate abundance. In 

the treatments that suppressed oviposition, carp reduced benthic macroinvertebrate 

abundance. For treatments that did not exclude ovipositing insects suppression of the 

benthic macroinvertebrates was only marginal. As with the present study, the insects 

most reduced in abundance by carp were the non-infauna ( cf. habitat groups in Table 

3.1). Taxa significantly reduced among treatments with or without modified benthic 

productivity were the Tanypodinae, the hemipterans Saldidae, Berosus (Hydrophilidae, 

Coleoptera) and gastropods. The Chironomidae were marginally depleted by carp 

among all treatments. Carp did not significantly affect dipteran pupae, Chaoborus, 

Ceratopogonidae and oligochaetes. 

Although there is considerable evidence that the macroinvertebrate taxa that reside the 

sediments are less vulnerable to benthivore predation, it is not entirely clear which 

infauna taxa are least likely to be reduced in abundance by benthivory. This is mostly 

because the biology and habitat use of many freshwater invertebrate taxa is poorly 

understood. It is known that in fine-grain substrata the feeding efficiency of cyprinid 

benthivores on chironomids decreases with the depth of the chironomids (Lammens and 

Hoogenboezem 1991). This finding indicates that the non-infauna, and, to a lesser 

extent, the infauna closest to the top of the sediments, are more likely to be depleted by 

benthivores. Hence, sediment is only a partial refuge from benthivory. This is because 

carp and other benthivores have the capacity to feed at least as deeply as 12 cm into the 

sediment (Alikunhi 1966, Panek 1987, Moss and Timms 1989). Therefore, 

macroinvertebrate taxa that use the sediments are less likely to be depleted by 

benthivory, but are still vulnerable. Consequently, oligochaetes will also be depleted by 

carp benthivory (e.g., Riera et al. 1991, Tatrai et al. 1994), and so will chironomids 

(e.g., Richardson et al. 1990). The vulnerability of benthivore prey could also vary 

because of facultative or age-specific behavioural responses in prey. For instance, 
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although it appears that many dipteran taxa use the sediment and organic debris as 

refuge, many of these taxa are located above the sediment at some times during their life 

history (Williams 1980, Ingram et al. 1997). Interactions among numerous taxa could 

also determine the vulnerability of prey to carp effects, and are likely to be complex. 

For example, in this study the Tanytarsini, which are probably detritivores (Williams 

1980), could have benefited from the presence of small carp, as opposed to no carp, 

because of enhancement of the availability of detrital food or the suppression of 

invertebrate predators. 

3.4.2 Selective predation by carp and the importance of carp size 

The overall loss of macroinvertebrate species richness (Table 3.2, Figure 3.2 A) can be 

partly explained by selective predation on non-infauna by carp. In particular, the 

depletion of the gastropod P. acuta appears analogous to the loss of those species of 

mollusc that were most easily captured and consumed in a Yugoslavian lake, as 

described by Stein et al. (1975). The large, slow and thin-shelled P. acuta would have 

had little refuge, except among the plant material that was largely removed by carp. 

Therefore, as should be expected (cf. Section 3.1.1), the patterns in prey depletion are 

consistent with optimal foraging by a generalist predator; with the most vulnerable prey 

species disappearing most rapidly (sensu Leibold 1989, Power 1992a, 

Closs et al. 1999). 

Although there were carp-size effects on the non-infauna, the non-infauna responses to 

carp predation were probably not dependent on carp size. Prey depletion by carp 

predation, as opposed to depletion caused by indirect effects (e.g., increased sediment 

suspension), is more likely to affect prey that are clearly within the prey sizes preferred 

by carp. Macroinvertebrate fauna that are within the prey size range for carp predation 

tend to be above 250 µm and below 4 percent of carp fork length (Sibbing et al. 1986). 

Therefore, it is likely that small and large carp had a similar predatory effect on 

vulnerable prey taxa because nearly all the macroinvertebrates would have been within 

this prey size range (Ingram et al. 1997). 
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3.4.3 Large carp at high biomass densities have greater indirect effects on the 

macroinvertebrate community 

Unlike the direct predatory effects of carp, indirect effects on macroinvertebrates, which 

include changes in water quality and habitat by carp, are likely to be dependent on carp 

size. Large carp at high biomass densities have a greater effect on water quality and 

plankton communities (Section 2.4), which could, in tum, influence the 

macroinvertebrate community. The carp size-specific zooplankton and water quality 

responses, and the lower abundance of the infauna with larger carp at high biomass 

densities (Figure 3.4) observed in this experimental study indicate that larger carp at 

higher biomass densities have a greater tendency for 'bottom-up' (enhancing primary 

productivity by increasing resource availability) compared to 'top-down' control 

( cascading effects of predation, cf. Hunter and Price 1992, Power 1992) of freshwater 

ecosystems. Similarly, other studies found that higher biomass densities of benthivores 

were more effective in reducing the abundance of non-infauna (e.g., Tatrai et al. 1994, 

Robertson et al. 1995) and predominantly exerted bottom-up control on fresh waters 

(e.g., Meijer et al. 1990, Tatrai et al. 1990, Cline et al. 1994, King et al. 1997, 

Tatrai et al. 1997, Lougheed et al. 1998). 

These various benthivore studies provide no information on the influence of carp size 

on the non-infauna, but it is likely carp reduce the abundance of non-infauna by indirect 

effects. The rarity of the non-infauna (Figure 3.1) made it statistically difficult to 

demonstrate taxa-specific responses, and relate such responses to indirect carp effects. 

Nevertheless, zooplankton prey availability for macro-invertebrate predators was altered 

by carp biomass density and carp size (Sections 2.5.4 and 2.5.5). Additionally, higher 

sediment suspension and algal biomass could have reduced the efficiency of visual 

predation (e.g., in Odonata, see Bruton 1985 regarding such effects on fish). 

Furthermore, although this study did not measure the response of aquatic vegetation, 

observations, turbidity and phytoplankton biomass responses to carp and other 

benthivore studies indicate that carp, and particularly larger carp at higher biomass 

densities, would have reduced aquatic plant abundance (Section 2.4.3). If plant 

abundance was reduced by carp, macroinvertebrate taxa that are reliant on plants for the 

provision of plant-dependent zooplankton communities (cf. Blindow et al. 1993), 

housing material (e.g., Triplectides, Hawking and Smith 1997), or as a platform for sit-
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and-wait predation (e.g., Zygoptera, Hawking and Smith 1997), could have been 

reduced in numbers by carp, and particularly by high biomass densities of larger carp. 

3.4.4 Gastropod removal by carp does not advantage herbivorous 

macroinvertebra tes. 

Arguably, the depletion of gastropods such as P. acuta by carp (Figure 3.5 C) could 

have cascading effects that favour some herbivorous macroinvertebrate taxa, but this 

effect is probably uncommon. In most circumstances carp probably reduce herbivore 

abundance. Detrital and periphytic (plant-attached) algae are a major component of 

some freshwater food webs (Bronmark and Weisner 1992, Bunn and Boon 1993, Scholz 

and Boon 1993a, 1993b). Therefore, predation by fish on herbivorous gastropods, and 

consequent changes in algal communities can fundamentally effect macroinvertebrate 

communities. In particular, the abundance of macroinvertebrate taxa that use periphytic 

algae for refuge or feeding could be altered. For example, some fish species will 

selectively prey on gastropods, as was observed for tench (Tinea finea) in experimental 

ponds in Sweden (Bronmark 1994). Such snail grazing can substantially modify 

biomass, productivity and species composition of periphytic algae (Bronmark 1989, 

Bronmark et al. 1992, Martin et al. 1992, Bronmark 1994). In particular, loss of snails 

can lead to an increase in the abundance of periphytic algae (Bronmark and Weisner 

1992). Accordingly, in the present Australian study, the greater abundance of 

Tanytarsini in small carp treatments could have been a consequence of the cascading 

effects of predation by small carp on P. acuta ( cf. Figure 3 .2). Tanytarsini are in the 

sub-family Chironominae (Chironomidae), and some Chironominae feed on periphytic 

(i.e., plant-attached) algae (e.g., Power 1992b). The evidence for such effects is, 

however, equivocal because many chironomid taxa feed in the sediments (Williams 

1980, Ingram et al. 1997). Moreover, ecosystem responses to gastropod removal are not 

highly predictable because they depend on factors such as algae, gastropod and fish 

species composition and densities (Bronmark 1989, Bronmark et al. 1992, Bronmark 

and Weisner 1996), and also hydrology, light and nutrients (Mitsch and Gosselink 1986, 

Robertson et al. 1997). Furthermore, other studies provide evidence that carp reduce, 

not enhance, the abundance of many algae-feeding taxa. The Australian experimental 

study in billabongs (Robertson et al. 1995, Robertson et al. 1997) found a negative 

effect of carp on periphytic algae, and no effect of carp on detrital algae. Moreover, 

Richardson et al. (1990) attributed the reduced abundance of Berosus larvae 
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(Hydrophilidae, Coleoptera) and Hydroptila larvae (Hydroptilidae, Trichoptera) to the 

removal of filamentous algae by small carp. 

3.5 Conclusion 

Carp predation caused a depletion of the invertebrate taxa unable to use the sediments as 

a refuge. The large non-infauna, particularly P. acuta, were probably preferentially 

consumed by carp. In contrast, the infauna (e.g., oligochaetes) were relatively 

unaffected by carp. These findings were therefore consistent with the original 

hypotheses and previous studies, although the resistance of the infauna to carp predation 

was greater than that found in other studies. 

Also as predicted, there were carp biomass density and size effects on the 

macroinvertebrate community. Hence, the benthivore biomass-density dependent 

impacts on macroinvertebrates, particularly the non-infauna, which have been observed 

in other studies were probably influenced by benthivore size. There was little evidence 

that different carp sizes select their macroinvertebrate prey differently, but other carp

size dependent impacts probably occurred. A suite of carp biomass density and size

dependent impacts on carp prey, and the feeding efficiency and habitat of the non

infauna seemed likely. In particular, high biomass densities of large carp could have 

caused these changes by increasing sediment suspension and eliminating aquatic 

vegetation. 
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Chapter 4 The role of the natural environment and 

human activities in determining the distribution of 

carp in rivers of New South Wales, Australia. 

4.1 Introduction 

4.1.1 The factors that determine carp distribution at large spatial scales are not 

well understood 

The biology and distribution of carp has been discussed for large spatial scales 

(catchment scales or larger) in various reviews or studies (e.g., Balon 1974, Balon 1995, 

Europe, McDowall 1996, Koehn et al. 2000, Australia, Swee and McCrimmon 1966, 

McCrimmon 1968, Panek 1987, North America). In spite of these studies on carp, how 

the environment affects carp distribution at large spatial scales is not well understood. 

There is little evidence that interactions with other fish species, or other interspecific 

interactions, influence the distribution of carp in Australian waters (Koehn et al. 2000). 

There is evidence, however, that river habitat (e.g., McCrimmon 1968, Panek 1987, 

Balon 1995) and human activities, particularly flow regulation (e.g., Hoyt and Robison 

1980, Winston et al. 1991, Gehrke et al. 1995) can influence carp abundance or 

distribution. Although this evidence exists, the interactions between carp and abiotic 

effects are not well understood. To partly fill this knowledge gap, this study describes 

the distribution of carp in relation to abiotic influences at catchment and bioregional 

scales. 

4.1.2 Abiotic features of rivers associated with carp 

Carp typically occupy low-altitude, slow-flowing waters, with fine sediment. These 

waters usually provide carp access to shallow, vegetated habitat for spawning and 

subyearling survival, as found in lentic habitat and the floodplains of larger rivers (Swee 

and McCrimmon 1966, McCrimmon 1968, Jester 1974, Otis and Weber 1982, Panek 

1987, Rahel and Hubert 1991, Brown and Coon 1994, Johnson and Dropkin 1994, 

Balon 1995, Lyons 1996, McDowall 1996, Gehrke et al. 1999b, Koehn et al. 2000, 

Schiller and Harris 2001). In these conditions carp lay eggs that adhere to plants and 

other surfaces over which the eggs are scattered (McCrimmon 1968, Balon 1995). 
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Temperature is an important cue for initiating spawning in these habitats. The optimum 

temperature for initiating spawning is between 19 and 23°C (Swee and McCrimmon 

1966, Jester 1974, Elliot 1981, Balon 1995). Temperatures have to be extreme to limit 

adult carp survival at times outside of spawning, however, because they can survive, at 

least in the short-term, between about 1 ° and 41 °C (Horoszewicz 1973, Elliot 1981, 

Koehn et al. 2000). 

4.1.3 Human activities likely to be associated with carp 

The broad ecological tolerances of carp suggest that carp populations would thrive 

relative to native fish populations under human disturbance (McCrimmon 1968, Crivelli 

1981, Panek 1987, Arthington et al. 1990, Harris 1997). Carp can become a much larger 

component of fish communities in rivers subject to disturbances in flow and damming 

(e.g., Whitley 1974, Sparks and Starret 1975, Hoyt and Robison 1980, Welcomme 

1984, Minkley and Meffe 1987, Winston et al. 1991, Gehrke et al. 1995, Walker 

et al. 1995, Kanehl et al. 1997). Strongly associated with river regulation are 

agricultural activities that lead to fundamental alterations in stream sediments, 

morphology and chemical enrichment (Walker 1985, Doeg arid Koehn 1994, Ligon et 

al. 1995, Metzeling et al. 1995, Ward and Stanford 1995a, Finlayson and Silbum 1996, 

Owens et al. 1996). With all these types of human impact native fish communities 

decline and alien species such as carp can prosper (Cadwallader 1978, Welcomme 1984, 

Arthington et al. 1990, Faragher and Harris 1994, Harris 1997). 
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4.1.4 Carp in Australia 

Carp are widespread in south-east Australia and can constitute most of the total fish 

biomass (e.g., in the Murray River; Gehrke et al. 1995). There are four strains of carp in 

Australia. The two strains of concern to fisheries managers are the Boolarra or River 

carp and the Koi carp (Shearer and Mulley 1978, Harris 1995b, Davis et al. 1999). 

Although the Boolarra strain is the most abundant and widespread, the Koi strain is 

more abundant in some areas such as in Lake Burley Griffin (Australian Capital 

Territory), Lake Crescent (Tasmania), and the Shoalhaven, Clarence and Richmond 

Rivers (coastal New South Wales, Shearer and Mulley 1978, Harris 1995b, Davis et al. 

1999). The Prospect strain of carp is limited to one isolated reservoir, and the Yanco 

strain has a localized distribution and has been 'genetically diluted' by the Boolarra 

strain (Shearer and Mulley 1978, Mulley and Shearer 1980, Davis et al. 1999). These 

four strains are not differentiated in this survey. 

4.1.5 Aims, and hypotheses tested 

This study aimed to describe the distribution of carp across the south-east Australian 

state of New South Wales (NSW) in relation to their physical environment. The data 

analysed, collected by the NSW Fisheries Research Institute, come from a larger study 

known as the NSW Rivers Survey (NSWRS, Harris et al. 1996, Harris and Gehrke 

1997). To test predictions regarding environmental conditions and carp, the presence of 

carp was related to large-spatial-scale variables (e.g., minimum annual temperatures, 

catchment area, livestock densities), smaller-spatial-scale habitat description (e.g., 

conductivity, depth, substratum type) and long-term climatic data. I hypothesized, based 

on the literature discussed above, that the following environmental conditions would be 

associated with carp: low altitude; low velocity flows; abundant in-stream and riparian 

vegetation for spawning; large dams and intensive agricultural land use. I also predicted 

that climatic variables would be poor predictors of carp distribution. 
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4.2 Methods 

4.2.1 Site selection 

This NSWRS extended across NSW, and was conducted over two years (winter 1994-

Summer 1995/96, Figures 4.1 and 4.2). The statistical design and sampling regime used 

in the NSWRS is described in detail in Harris et al. (1996) and Harris and Gehrke 

(1997). Details relevant to this chapter are repeated here. 

Selection of sites was based on a random-stratified design to ensure a reasonable degree 

of spatial and temporal dispersion, and also representation of different fish habitats. 

Accordingly, the state was divided into four geographic regions based on the main river

drainage divisions and the main discontinuities in fish species distributions. The four 

ecological regions were: 

1. Darling Region - All NSW tributaries of the Darling River; 

2. Murray Region - All NSW tributaries of the Murray River upstream of 

its confluence with the Darling River; 

3. North Coast Region - eastern flowing streams from the Wyong River 

northwards; 

4. South Coast - eastern flowing streams from the Hawkesbury River 

southwards. 

These rivers are divided by an extensive mountain range known as the Great Dividing 

Range. For the purposes of this study I refer to the North Coast and South Coast regions 

as the 'coastal' region, and the Darling and Murray regions are the 'inland' region. To 

further ensure reasonable dispersion of habitats, and representation of unregulated and 

regulated lowland rivers, different types of river reaches were identified within these 

regions: 

1. Unregulated lowland rivers - large river reaches below 300 m altitude 

along inland rivers, and below 40 m altitude along the coastal rivers. 

2. Regulated lowland rivers - as above, but subject to more intense river 

regulation (see below). 
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3. Slopes - river reaches higher in altitude than the lowland rivers, and 

below 700 m altitude. 

4. Montane - river reaches above 700 m in altitude 

Five replicate river reaches were selected within each river type-region combination. 

That is, latitudes and longitudes were selected randomly and the nearest river site was 

rejected or selected according to a number of rules. Only rivers with a catchment size 

greater than 20 km2
, and a stream order of three or greater were selected (stream orders 

were determined using Central Mapping Authority 1:100 000 topographic maps). The 

rules ensured that neither large, medium or small rivers were over-represented and sites 

were not selected too close to each other. Lowland reaches were respectively at least 

five or 20 km long in coastal and inland regions, and all slopes sites were at least 10 km 

long. All sites were separated by at least one reach. Sites that were grossly degraded or 

atypical were also rejected. This design resulted in 80 sites across New South Wales 

(Figures 4.1 and 4.2, Table 4.1). To ensure a reasonable degree of temporal dispersion 

these sites were sampled across seasons, within the warmer months (October-March, 

'summer') and the cooler months (April-September, 'winter') over two years, finishing 

in 'summer' 1995/96 (Figure 4.2). 

The distinction between regulated and unregulated rivers was a relative measure applied 

at a reach scale. In reality there is a continuum from unmodified flows to flows 

completely determined by dam releases. 'Unregulated rivers' included lowland reaches 

with a minimally regulated flow regime. These reaches either have completely natural 

flows, or flows affected by upstream dams that are largely moderated by unregulated 

tributary inflows (Harris and Gehrke 1997). 'Regulated rivers' include reaches with 

flows that are substantially modified from the natural condition by the operation of a 

dam upstream (Harris and Gehrke 1997). 
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Figure 4.1. Map of New South Wales, Australia, showing the location, river type and region of the eighty 

sampling sites used in the NSW Rivers Survey (reprinted with permission from Gehrke and Harris 2000). 

The broken lines indicate the divisions between the four regions: Darling, Murray, North Coast and South 

Coast. River types (montane, slopes and regulated and unregulated lowlands) are indicated by the 

symbols. 
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Figure 4.2. Design of the New South Wales Rivers Survey (NSWRS, reprinted with permission from 

Harris et al. 1996). 
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Table 4.1. List of inland river sites used in the New South Wales River Survey (modified with permission from 

Harris et al. 1996). 

Site Region River Waterway Latitude Longitude Nearest Altitude 

no. t:nie town (m~ 
1 Darling Montane FishR 33° 31' 39" 149° 51' 50" Tarana 760 

2 MacDonaldR 30° 37' 08" 151° 06' 18" Bendemeer 740 

3 GwydirR 30° 28' 04" 151° 21' 33" Yarrowyck 760 

4 CampbellsR 33° 40' 45" 149° 37' 10" Rockley 760 

5 DuckmaloiR 33° 46' 39" 149° 54' 26" Edith 1020 

6 Regulated NamoiR 30° 45' 07" 150° 05' 04" Boggabri 240 

7 Lowlands DarlingR 33° 22' 15" 142° 32' 18" Pooncarie 60 

8 DarlingR 33° 50' 38" 142° 00' 42" Wentworth 40 

9 GwydirR 29° 46' 40" 150° 25' 1611 Bingara 280 

10 MacquarieR 32° 38' 14" 149° 04' 53" Wellington 300 

11 Slopes PeelR 30° 56' 51" 150° 49' 02" Attunga 330 

12 TuronR 33° 04' 33" 149° 38' 53" Sofala 590 

13 TalbragarR 32° 12' 57" 148° 51' 02" Dunedoo 400 

14 Little R 32° 35' 45" 148° 41' 49" Wellington 320 

15 HortonR 29° 54' 07" 150° 20° 26" Upper Horton 360 

16 Unregulated DarlingR 30° 24' 59" 145° 25' 03" Bourke 100 

17 Lowlands BoganR 30° 00' 04" 146° 20' 51" Bourke 120 

18 MehiR 29° 28' 16" 149° 54' 00" Moree 200 

19 BoganR 31° 30' 43" 147° 10' 28" Nyngan 180 

20 MacquarieR 30° 13' 07" 147° 32' 51" Carinda 125 

21 Murray Montane BelubulaR 33° 34' 09" 149° 15' 12" Blayney 860 

22 Queanbeyan R 35° 36' 58" 149° 20' 52" Queanbeyan 760 

23 BredboR 35° 59' 46" 149° 12' 28" Bredbo 740 

24 CoomaCk 36° 13' 38" 149° 07' 15" Cooma 770 

25 Retreat R 34° 03' 38" 149° 37' 57" Black Springs 980 

26 Regulated Bundidgerry Ck 34° 45' 39" 146° 36' 26" Narrandera 160 

27 Lowlands MurrayR 36° 07' 29" 144° 48' 19" Echuca 100 

28 TumutR 35° 17' 15" 148° 12' 51" Tumut 260 

29 Colombo Ck 35° 16' 26" 145° 57' 30" Urana 120 

30 Murrumbidgee R 34° 55' 00" 148° 32' 48" Bookham 280 

31 Slopes LachlanR 340 25' 14" 149° 03' 32" Rugby 460 

32 Goodradigbee R 35° 09' 15" 148° 41' 40" Wee Jasper 380 

33 BoorowaR 340 15' 20" 148° 47' 17" Boorowa 520 

34 Abercrombie R 33° 57' 24" 149° 19' 24" Tuena 440 

35 YassR 340 53' 30" 148° 59' 53" Yass 375 

36 Unregulated LachlanR 33° 39' 10" 145° 15' 11" Hillston 100 

37 Lowlands MurrayR 36° 02' 50" 147° 55' 49" Tintaldra 230 

38 Murrumbidgee R 340 43' 01" 143° 17' 49" Balranald 60 

39 WakoolR 34° 57' 29" 143° 28' 39" Kyalite 60 

40 Billabong Ck 35° 42' 00" 146° 43' 59" Walbundrie 180 
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Table 4.1 (continued). List of inland river sites used in the New South Wales River Survey (modified with 

permission from Harris et al. 1996). 

Site Region River Waterway Latitude Longitude Nearest Altitude 

no. tl'.Ee town (m} 
41 North Montane Blicks R 30° 13' 19" 152° 30' 13" Dundurrabin 700 

42 Coast Nowlands Backwater 30° 11' 52" 152° 30' 13" Guyra 1080 

43 NowendocR 31° 34' 06" 151° 44' 59" Nowendoc 860 

44 SaraR 30° 11' 52" 152° 00' 19" Guyra 1240 

45 GaraR 30° 26' 52" 151° 49' 19" Guyra 1120 

46 Regulated RichmondR 28° 51' 29" 153° 00' 59" Casino 20 

47 Lowlands HunterR 32° 34' 01" 151° 08' 17" Singleton 40 

48 Emigrant Ck 28° 47' 58" 153° 30' 38" Tin ten bar 15 

49 WilliamsR 32° 25' 56" 151° 45' 41" Dungog 40 

50 Rocky Ck 28° 42' 32" 153° 23' 01" Lismore 40 

51 Slopes Ellenborough R 31° 26' 30" 152° 27' 28" Ellen borough 160 

52 ClarenceR 28° 58' 49" 152° 33' 29" Tabulam 120 

53 MacleayR 30° 49' 18" 152° 31' 13" Bellbrook 60 

54 HunterR 32° 14' 12" 150° 52' 26" Muswellbrook 60 

55 Gloucester R 31° 55' 12" 152° 03' 00" Gloucester 100 

56 Unregulated WilsonsR 31° 14' 19" 152° 36' 47" Port Macquarie 40 

57 Lowlands OraraR 29° 49' 23" 152° 53' 26" Coutts Crossing 40 

58 KaruahR 32° 22' 48" 151° 57' 10" Stroud 30 

59 ClarenceR 29° 33' 14" 152° 37' 54" Gordon Brook 20 

60 Leycester Ck 28° 48' 17" 153° 15' 35" Lismore 40 

61 South Montane BombalaR 36° 48' 23" 149° 17' 20" Bombala 740 

62 Coast EucumbeneR 35° 53' 30" 148° 30' 52" Adaminaby 1340 

63 WullwyeCk 36° 23' 30" 148° 54' 39" Berridale 805 

64 CoxsR 33° 33' 03" 150° 07' 24" Lithgow 700 

65 DelegateR 37° 01' 58" 148° 56' 57" Delegate 750 

66 Regulate Shoalhaven R 34° 53' 59" 150° 25' 48" Nowra 20 

67 Lowlands Mangrove Ck 33° 20' 06" 151° 07' 30" Mangrove Min 40 

68 BrogoR 36° 39' 44" 149° 50' 40" Bega 10 

69 WoronoraR 34° 02' 52" 151° 00' 15" Sydney 20 

70 NepeanR 33° 52' 04" 150° 38' 07" Wallacia 45 

71 Slopes SnowyR 36° 48' 08" 148° 24' 17" Jindabyne 340 

72 TowambaR 37° 00' 09" 149° 37' 00" Burragate 180 

73 DeuaR 35° 45' 38" 149° 55' 18" Moruya 60 

74 Tuross R 36° 11' 55" 149° 45' 31" Bodalla 70 

75 BembokaR 36° 39' 55" 149° 38' 43" Bemboka 100 

76 Uregulated ClydeR 35° 26' 31" 150° 14' 23" Brooman 30 

77 Lowlands Wallagaraugh R 37° 21' 24" 149° 42' 06" Eden 35 

78 TurossR 36° 07' 24" 149° 59' 57" Bodalla 15 

79 Buckenbowra R 35° 44' 00" 150° 04' 00" Mogo 20 

80 WonboynR 37° 14' 45" 149° 49' 23" Wonboyn Lake 10 
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4.2.2 Field collection of data 

A number of sampling methods and gear types were combined for each sampling 

occasion to minimize the effects of method-dependent differences in catchability among 

fish species, age of fish, and habitats. The sampling methods used are shown in 

Table 4.2. Back-pack electrofishing was also used in slopes sites (2.3% of the total carp 

catch, Faragher and Rogers 1997), but was removed from the total catch data to 

standardize fish sampling effort. 

4.2.3 Data collection and preparation 

Habitat characteristics were assessed as part of the NSWRS using a rapid, subjective 

grading system for features such as water velocity, composition of the substratum and 

vegetation. Habitat variables using this system were converted to numerical data as 

shown in Table 4.3. All variables used in analyses, and their abbreviations, are listed in 

Table 4.4. Dissolved oxygen, pH, conductivity and temperature were also measured, 

using a Horiba U-10 water quality meter. The region, river type, season, year, date and 

times of the use of each gear type were also recorded (Figure 4.2, Table 4.4 ). 

An additional number of environmental variables (cf. Table 4.4) were manually derived 

from maps. Latitude and longitude were calculated from 1:100 000 maps or directly 

from Geographical Positioning System (GPS) readings, and verified using the New 

South Wales drainage data from the Land Information Centre's Geographical 

Information System (GIS) database (Department of Land & Water Conservation, 

Bathurst). Altitude (m; metres above sea level) was derived from Australian Surveying 

and Land Information Group (AUSLIG) or Central Mapping Authority 1:100 000 maps. 

Catchment areas (km2
) were calculated by AUSLIG using a digital planimeter and the 

New South Wales' 1: 250 000 topographic drainage layer. Other environmental 

variables were derived from the most recent maps that had graphically summarized 

information of interest. 

Meteorological data were obtained from various Australian Bureau of Meteorology 

publications. Averages of annual rainfall medians were derived from Lee and Gaffney 

(1986), as was rainfall variability: 

Variability= ((90 percentile)-(10 percentile))/ median ......................... Equation 4.1 
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The average maximum summer and minimum winter temperatures (°C) were derived 

from Bureau of Meteorology (1974a). The difference between the average maximum 

summer temperature and the average minimum winter temperature (°C) was used as a 

measure of the range of temperature extremes. Evaporation (mm) was derived from 

Bureau of Meteorology (1974b). Seasonal rainfall patterns described in Bureau of 

Meteorology (1973) were used where: 1 = very marked winter precipitation; 2 = marked 

winter precipitation; 3 = uniform precipitation; 4 = marked summer precipitation and 

5 = very marked summer precipitation. 

Various coarse measures of human impact on fresh waters were derived from Australian 

government maps. To measure the association between stock densities and carp biomass 

density, grazing intensity (sheep ha-1
) was derived from Plumb (1980a). This was 

calculated for cattle and sheep where 1 unit= 1 sheep ha-1
, where one beef beast= eight 

sheep, and one dairy beast= 12 sheep (equivalents used in Plumb 1980a). Variables 

were scored from the map as: one= 0.125 or less sheep ha-1
; two= 0.125-0.5 sheep ha-1

; 

three = 0.5 - 2 sheep ha-1 and four= 2 - 8 sheep ha-1
• The intensity of agricultural land 

use was represented using the value of agricultural land ($.ha-1
). This value was derived 

from Plumb (1982) with: zero= zero - three $.ha-1; three= three - six $.ha-1; six= six -

25 $.ha-1; 25 = 25-50 $.ha-1; 50 = 50-100 $.ha-1 and 100 = 100 or more $.ha-1
. The 

general effects of human populations were represented using regional human population 

density (persons.km-2
) and were derived from Plumb (1980b). Values from Plumb 

(1980b) were recorded as: 1 = 0.03-0.3 persons.km-2; 2 = 0.3-1.2 persons.km-2; 3 = 1.2-

5 persons.km-2
; 4 = 5-10 persons.km-2 and 5 = 10 or more persons.km-2

• 

Variables that provided some indication of the extent of river regulation were obtained 

from the New South Wales Fisheries Research Institute. The upstream and downstream 

effects of dams and weirs were represented by the height of the dam wall (m) and 

distance (km) of the nearest impoundments upstream and downstream of the site. Dam 

height represents the distance (m) from the stream substratum to the top of the dam or 

weir wall. 
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Table 4.2. Fish sampling methods used in the New South Wales River Survey in lowland and slopes river 

types. The back-pack electrofishing catch was removed from these analyses to standardize effort between 

lowland and slopes river types. * Gee traps are functionally similar to shrimp traps. 

Sampling gear 
3 Fyke nets and 9 Gee traps* 
2 panel nets 
Boat electrofishing 

Sampling effort 
3 hours before sunset to 2 hours after sunset 
3 hours before sunset to 1 hour after sunset 
10 x 2 minute shots 

Back-pack electrofishing (in slopes sites only) 2 x 50m riffle 

Table 4.3. Conversion of class variables to ranked variables for statistical analysis. AFOR refers to the 

categories Abundant, Frequent, Occasional, Rare and Absent that were used for variables describing 

stream substratum and stream flow velocity. 

AFOR variables 

Nil 
Rare 
Occasional 
Frequent 
Abundant 

Water Velocity 
(Velocity) 

Slow 
Moderate 
Fast 

Value used in 
analyses 

0 
1 
2 
3 
4 
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Table 4.4. Environmental variables describing the year and season of sampling, physical and vegetation 

characteristics, climate and location, and human impacts associated with habitat. The symbols used for 

these variables in the analyses are shown in brackets. Variables without units (under headings 'stream 

substratum' and 'flow') were estimated using a rapid, subjective grading system as described in Table 3. 

Latitude and longitude were converted to a decimal scale for analyses. 

Stream Flow Site dimensions Plants and Location Time 
substratum associated debris 
Bedrock Estimated water Width Sedges and Altitude (m) Year 

velocity (m, Width) rushes 
Boulder Depth Littoral grasses Latitude Season 

(m, Depth) 
Cobble Sampling length Floating Longitude 

along site macrophytes 
(m, Length) 

Gravel Catchment area Submerged 
upstream of site macrophytes 
(km2, 
CatchArea) 

Sand Riparian grasses 

Mud/Silt Timber 
Clay Plant litter 
Long-term Long-term climatic River regulation Potential Potential Water quality 
climatic data data (temperatures) -effects of agricultural human 
(rainfall/ upstream water impacts impacts 
eva2oration) barriers 
median rainfall Average maximum Height of Stock density Human Conductivity 
(mm, Rainfall) summer upstream water (unit-stock.ha-1

, Population (µS.cm-1, 
temperature barrier (m, StockDen) (people.ha·1

, Conduct) 
(°C, Sum-max) UpDamHt) HumPop) 

Rainfall Average minimum Distance of Agricultural Temperature 
variability (mm, winter temperature upstream water value of land (oc, 
Rain Var) (°C,Win-min) barrier (km, (dollars.ha·\ WatTemp) 

UpDamDis) AgricVal) 
Evaporation Difference between pH (pH) 
(mm, Evapor) Sum-max and Win-

min above 
(°C, TemQRang) 
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4.2.4 Analyses of carp presence-habitat relationships 

Environmental factors that enable prediction of carp presence 

To describe the environmental variables that could discriminate between sites with and 

without carp, stepwise discriminant function analysis (DFA, SAS Institute 1990) was 

used. Stepwise DFA removes autocorrelated variables from the model. These DFA 

analyses were applied to the coastal and inland region separately. Following the 

stepwise DFA analysis, variables with the highest F-values, including those removed 

because of autocorrelation, were incrementally used in alternative (non-stepwise) DFA 

models for predicting carp presence. These DFA models were tested using the cross

validation procedure for DFA in SAS (SAS Institute 1990). This procedure tests each 

observation using DFA with all the observations in the data set, except for the 

observation being classified (SAS Institute 1990). Therefore, each prediction of a site to 

a group (either 'carp' or 'no carp'), using the DFA model, was calculated and tested 

separately. Addition of variables selected in the original stepwise DFA into this cross

validation procedure was continued until 5 percent error or lower was obtained, or until 

the addition of variables did not reduce the error rate. 

To test for the potential predictive ability of all variables (Table 4.4), including ranked 

variables, stepwise logistic regression followed by a cross-validation procedure was also 

used (SAS Institute 1990). Logistic regression is more appropriate for ranked data, but 

is less robust when the assumptions of DFA are met (Press and Wilson 1978). These 

logistic regression tests produced almost identical results to DFA analyses applied only 

to continuous explanatory variables, and therefore for simplicity only the DFA analyses 

are presented. 

In all these analyses montane sites (sites higher than 700 m altitude) were not included. 

This was because the processes that exclude carp from montane sites ( e.g., migration 

barriers, high water velocity) could be very different to those excluding carp in lower 

altitude sites. 

A number of approaches were required to indicate the extent of river regulation. With 

the analyses applied to the inland rivers, the heights of either upstream or downstream 

dams were not used because of missing values (8 and 32 missing values out of 120 

respectively). These variables were, however, used in coastal analyses. 'River type' 
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(Figure 4.2) is a categorical variable and therefore could not be validly used in DFA or 

logistic regression analyses. Consequently, the distribution of carp in relation to river 

type was simply described without statistical analyses. 

Differences in physical habitat and climate between carp and no-carp sites 

To explore which factors could determine habitat suitability for carp in NSW rivers 

(e.g., lack of fine sediment), differences in the physical habitat and climate between 

montane and non-montane (slopes and lowland) sites were tested in the inland rivers. A 

marked difference in carp presence in montane versus non-montane rivers only occurred 

in the inland region (Gehrke and Harris 1997), so only inland rivers were used in this 

analysis. The differences between non-montane inland and non-montane coastal rivers 

were also tested, given that there were far fewer sites with carp in the coastal region 

(Gehrke and Harris 1997). The variables used measured differences in stream 

substratum composition and channel dimensions as surrogates for the flow regime. 

Larger particles in the substratum indicate higher energy flows (Schumm 1988). The 

association of climate with carp was measured using water temperature and the long

term averages of maximum and minimum winter air temperatures ( as described in 

section 4.2.3). The abundance of aquatic vegetation and riparian grasses were included 

in these tests because they could provide habitat for spawning during floods (e.g., Balon 

1995). The total abundance of aquatic plants was assessed using the sum of all plant 

abundance measures except riparian grasses (Table 4.4 ). Although this study concerns 

the effects of human activities, measures relating to river regulation or land-use were 

not used in these comparisons. Differences in water use and land use between the inland 

and coastal regions and between inland montane and lower altitudes sites (cf. Young 

1996, Gehrke and Harris 2001) suggest these comparisons could be meaningless. 

The difference between medians of both subjectively-graded habitat and continuous 

variables (Tables 4.3 and 4.4) was assessed using the Wilcoxon rank-sum test (also 

known as the Mann Whitney U- test, Campbell 1989). This test compared the Wilcoxon 

scores between two levels: inland montane and inland non-montane, and also coastal 

non-montane and inland non-montane. Wilcoxon scores are the ranks of the data (a 

larger number has a higher rank, Campbell 1989, SAS Institute 1990). This involved 21 

two-tailed tests so the significance level of a.= 0.05 was adjusted to a.= 0.0024 in 

accordance with the Dunn-Sidak correction. This adjustment corrects for the increased 

93 



Environmental factors associated with carp distribution 

type I error rate with multiple tests (Sokal and Rohlf 1981 ). Because confidence limits 

cannot be meaningfully interpreted for ranked variables (Carnpbell 1989), the median 

(50th percentile) and the 5th and 95th percentiles were presented instead. For the two 

measured (continuous) variables, width (m) and depth (m), ANOVA was not used 

because the comparison montane versus non-montane was unbalanced. Unbalanced data 

is not a problem with the Wilcoxon rank-sum test because the calculation for the null 

hypothesis test statistic ('W') takes into account population size (Campbell 1989, SAS 

Institute 1990). This test was also applied to the continuous data in the coastal-inland 

comparisons to ensure consistency and allow valid comparisons between the two sets of 

analyses. 
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4.3 Results 

4.3.1 Environmental factors that enable prediction of carp presence 

Inland non-montane rivers 

At the largest scale in this study - the state of New South Wales as a whole - the most 

obvious patterns were that the inland rivers had more sites with carp than coastal rivers 

(Figure 4.3). Carp were present at all sites below 500 m altitude in the inland rivers, and 

were found in sites up to 590 m altitude (Figure 4.3). The number of observations (site

time combinations) without carp were six out of 120 (two sites out of 30) for the non

montane inland rivers. Carp were found in all unregulated and regulated lowland river 

observations, and were absent in six high-altitude slopes observations (Figure 4.3). 

The four most significant variables selected using DFA were altitude (m), the winter 

temperature minimum (°C, win-min), longitude and human population (people.ha-1
, 

Table 4.5). Carp were more commonly present among westerly longitudes, larger 

human populations and higher winter temperature minimums (°C, Table 4.6). Cross 

validation using the most significant variable found these non-carp sites could be 

selected with altitude with an error rate of 6 percent. If the variables, altitude, winter 

temperature minimum and human population, were used in the model then the error rate 

was 0.4 percent. The addition of longitude, which was removed in the stepwise model 

because of autocorrelation, made no difference to the error rate in the cross-validation 

procedure. In DFA models with one variable, longitude, winter-minimum temperature 

and human population had respective error rates of 24, 24 and 32 percent in the cross

validation procedure. 
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Figure 4.3. Percentage of sites with carp, within specified altitudes, at sites visited during the NSWRS in 

coastal and inland rivers (including montane sites). The sample sizes for each altitudinal range are shown 

at the top of the column, and include the same locations sampled four times. Key: * = no data (i.e., no 

sites were sampled at these altitudes). 
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Table 4.5. Environmental variables that were related to differences between carp and non-carp sites in 

New South Wales (excluding montane sites) selected using Discriminant Function Analysis. Italicized 

variables were removed from the models due to autocorrelation. Refer to Table 4 for an explanation of 

variable codes. 

Inland Coastal 

Variable r2 F p Variable r F p 

Altitude (m) 0.27 43.3 0.0001 UpDamHt (m) 0.31 53.9 <.0001 
Win-min (0C) 0.22 32.0 0.0001 Conduct (µS.cm- 1

) 0.27 42.9 <.0001 
Longitude 0.22 33.1 0.0001 AgricVal ($.ha-1

) 0.13 17.2 <.0001 
HumPop 0.13 16.5 0.0001 DnDamHt (m) 0.09 11.0 0.0012 
Latitude 0.09 11.8 0.0008 CatchArea (km2) 0.10 12.5 0.0006 
Longitude 0.01 1.4 0.2323 UpDamDis (km) 0.09 10.8 0.0014 
Rainfall (mm) 0.07 8.9 0.0035 DnDamDis (km) 0.06 6.9 0.0097 
DnDamDis (km) 0.07 8.5 0.0043 AgricVal ($.ha-1

) 0.05 5.3 0.0238 

Table 4.6. Means of variables, in carp and no-carp sites, selected by the stepwise Discriminant Function 

Analysis and used in the final model for predicting carp presence. Refer to Table 4 for an explanation of 

variable codes. Key: Stderr = standard error of the mean. 

Variable Carp Stderr No-carp Stderr 
sites sites 

Inland 

Altitude (m) 227 12 550 15 
Win-min (0C) 7 0.2 6 0 
Longitude 147 0.2 149 0.2 
HumPOQ (QOOQle.ha-1

) 2.1 0.1 2 0 
Coastal 
UpDamHt 52 7 12 2 
Conduct (µS.cm- 1

) 392 64 161 8 
AgricVal ($.ha-1

) 78 8 42 3 
DnDamHt (m) 1.3 0.3 0.3 0.1 
CatchArea (km2} 392 64 161 8 
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Coa'Stal non-montane rivers 

In contrast to the inland rivers, only six of the 40 coastal non-montane sites had carp on 

at least one sampling occasion, and these were all found within 0 to 60 m altitude 

(Figure 4.3). The number of observations without carp were 102 out of 120 (24 sites out 

of 30). Coastal non-carp sites could be selected using cross-validation with an error rate 

of 13 percent using the four most significant variables; conductivity (pS cm-1
), 

agricultural value of the land and both upstream and downstream dam heights (m, 

Table 4.5). Removing the autocorrelated variable, agricultural value of the land ($.ha-1
), 

reduced predictive ability producing an error rate of 17 percent. By removing 

downstream dam height instead, coastal non-carp sites could be selected with an error 

rate of 11 percent (using conductivity, agricultural value of the land and upstream dam 

height). Addition of upstream catchment area (km2
) to the latter model produced an 

error rate of 6 percent. Any further addition of variables either did not affect, or else 

increased the error rate. Cross-validation using the four most significant variables in the 

model individually (Table 4.5) found coastal non-carp sites could be selected with 

upstream dam height, conductivity, agricultural value of the land, downstream dam 

height and upstream catchment area (km2
) with error rates of 20, 28, 25, 26 and 32 

percent respectively. In the six coastal sites in which carp were present the conductivity, 

agricultural value of land and the upstream catchment area were higher, and upstream 

and downstream dams were larger compared to other sites (Table 4.6). 

Five out the six coastal sites in which carp were found were among those ten ( out of 30 

non-montane) sites designated as 'regulated lowland', and one was a 'slopes' site. The 

coastal carp sites were in the Shoalhaven River near Nowra, with Tallowa Dam 

upstream; a site on the Woronora River below the Woronora Dam; Mangrove Creek, 

which is downstream of a large dam; a site on the Nepean River downstream of four 

large dams; and two Hunter River sites below Glenbawn Dam ( one of which was the 

'slopes' site). 
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4.3.2 Differences in physical habitat and climate between carp and no-carp sites 

ln"land versus coastal sites 

The inland non-montane rivers (which had far more carp compared to coastal non

montane rivers) were not different in stream width (m) and depth (m), subjective 

estimates of flow velocity, water temperature or the abundance of sand in the 

substratum when compared to coastal non-montane rivers (Table 4.7). These inland 

streams did, however, have fewer large particle sizes dominating the substratum, with a 

lower abundance of boulders, bedrock, cobble and gravel and more mud and clay. These 

inland rivers also had, on average, colder winter minimum temperatures and warmer 

summer maximum temperatures. The inland streams also had more timber, less plant 

litter and fewer aquatic plants. The fewer aquatic plants were largely explained by fewer 

submerged macrophytes and fewer (at P < 0.05) floating macrophytes. 

Montane versus non-montane sites in in"land rivers 

The inland montane streams, which had no carp, had a small width and depth when 

compared to non-montane sites (Table 4.8). These streams also had larger particle sizes 

dominating the substratum. They had less in-stream timber and higher abundance of 

bedrock, cobble and gravel, but had a lower abundance of mud and clay. Montane 

streams also had colder winter minimum temperatures. There were no significant 

differences in subjective estimates of flow velocity, water temperature, plant litter or the 

abundance of boulders or sand in the substratum. 
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Table 4.7. Environmental factors describing the physical habitat of inland non-montane sites versus 

coastal non-montane sites. NS= not significantly different at the 99.7 percent confidence level. For all 

variables the median (501h percentile) and the 5th and 95th percentiles are presented. Key for ranked 

variables: .1 = abundant; J, = frequent; 2 = occasional; l = rare and Q = absent (does not apply to variables 

width (m) and depth (m)). The total abundance of aquatic plants was assessed using the sum of all plant 

abundance measures, except for riparian grasses. 

Bedrock 
Boulder 
Cobble 
Gravel 
Sand 
Mud 
Clay 
Aquatic plants 
Sedges and rushes 
Littoral grasses 
Floating macrophytes 
Submerged macrophytes 
Riparian grasses 
Plant litter 
Timber 
Flow velocity 
Temp (QC) 
Minimum winter temperature (QC) 
Maximum summer temperature (QC) 
Width (m) 
Depth (m) 

Inland 
non-montane 
sites 

Coastal 
non-montane 
sites 

Median 
(5 to 95 percentiles) 

0 (0-3) 
0 (0-3) 
0 (0-4) 
0 (0-4) 
1.5 (0-4) 
3.5 (0-4) 
0 (0-4) 
4 (0-9) 
2 (0-4) 
0 (0-3) 
0 (0-2) 
0 (0-3) 
2 (0-4) 
0 (0-4) 
3 (2-4) 
1 (1-3) 
16.9 (8.7-28.1) 
7.5 (3.0-9.0) 
30.0 (24.0-36.0) 
25.0 (9.0-60.0) 
1.4 (0.5-4.0) 

2 (0-4) 
2 (0-4) 
2 (0-4) 
2 (0-4) 
2 (0-4) 
2 (0-4) 
0 (0-3) 
6 (0-11) 
2 (0-3) 
1 (0-3) 
0 (0-3) 
3 (0-4) 
2 (0-4) 
2 (0-4) 
2 (1-4) 
1 (1-3) 
19.7 (7.7-27.6) 
9.0 (3.0-12.0) 
27.0 (24.0-30.0) 
20.0 (8.8-47.9) 
1.4 (0.5-4.0) 

NS 

NS 
NS 
NS 

NS 

NS 
NS 

NS 
NS 
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Table 4.8. Environmental factors describing the physical habitat of inland montane sites versus inland 

non-montane sites. NS= not significantly different at the 99.7 percent confidence level. For all variables 

the median (50th percentile) and the 5th and 95th percentiles are presented. Key for ranked variables: 

1. = abundant; 1 = frequent; Z = occasional; 1 = rare and Q = absent (does not apply to variables minimum 

winter temperature (0 C); temperature (0 C), width (m) and depth (m)). The total abundance of aquatic 

plants was assessed using the sum of all plant abundance measures, except for riparian grasses. 

Bedrock 
Boulder 
Cobble 
Gravel 
Sand 
Mud 
Clay 
Aquatic plants (all) 
Sedges and rushes 
Littoral grasses 
Floating macrophytes 
Submerged macrophytes 
Riparian grasses 
Plant litter 
Timber 
Flow velocity 
Temp (0 C) 
Minimum winter temperature (0 C) 
Maximum summer temperature (°C) 
Width (m) 
Depth (m) 

Non-montane 
sites 

Montane sites 

Median 
(5 to 95 percentiles) 

0 (0-3) 
0 (0-3) 
0 (0-4) 
0 (0-4) 
1.5 (0-4) 
3.5 (0-4) 
0 (0-4) 
4 (0-9) 
2 (0-4) 
0 (0-3) 
0 (0-2) 
0 (0-3) 
2 (0-4) 
0 (0-4) 
3 (2-4) 
1 (1-3) 
16.9 (8.7-28.1) 
7.5 (3.0-9.0) 
30.0 (24.0-36.0) 
25.0 (9.0 - 60.0) 
1.4 (0.5 - 4.0) 

2 (0-4) 
1 (0-3.5) 
2 (0-4) 
2 (0-4) 
2 (0-4) 
1 (0-4) 
0 (0-1.5) 
3 (0-9.5) 
1 (0-4) 
0 (0-3.5) 
0 (0-2) 
1 (0-3.5) 
3 (0-4) 
0 (0-4) 
2 (0-4) 
2 (0.5-2) 
17.4 (5.7-24.3) 
3.0 (3.0-6.0) 
24.0 (21.0-30.0) 
5.5 (2.0 - 27 .5) 
1.0 (0.3 - 2.0) 

NS 

NS 

NS 
NS 
NS 
NS 
NS 
NS 
NS 

NS 
NS 
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4.4 Discussion 

4.4.1 The importance of lowland habitat 

As predicted, one of the principal findings of this study is that carp were strongly 

associated with the lower altitudes of New South Wales. Carp were in nearly all non

montane sites in inland rivers and were restricted to below 60 m altitude in coastal 

rivers. Other studies similarly indicate that carp predominantly occupy low altitudes in 

Australia (Weatherley and Lake 1967, McDowall 1996) and in North America 

(McCrimmon 1968, Panek 1987, Rahel and Hubert 1991, Brown and Coon 1994, Lyons 

1996). Alternatively, if carp are found in higher altitude stream habitats 'source' carp 

populations (sensu Pulliam 1996) in lentic waters are usually found nearby that can 

sustain the stream carp populations (e.g., Winston et al. 1991, Coates and Ulaiwi 1995, 

Lintermans 1996). 

The ubiquity of carp throughout the non-montane inland river reaches can be partly 

explained by the greater availability of suitable spawning grounds for carp. Assessment 

of habitat type only within the main and tributary channels gave a poor indication of the 

conditions needed and used by carp during spawning, by carp larvae or during any other 

life stage. It would, however, have been extremely difficult to record the floodplain 

habitat used by the sampled carp populations because the spatial scale of within-site 

sampling was, unavoidably, well below the scale over which carp disperse. It would 

have been almost impossible to know where carp were spawning and to record the 

relevant habitat characteristics at these spawning sites. Nevertheless, differences in 

floodplain and river habitat (e.g., for young-of-the-year fish nurseries) have been well 

documented at the spatial scale of among-NSWRS site comparisons. For most of their 

length the inland rivers are low in gradient, altitude and velocity, and are therefore 

subject to fewer periodic or episodic high velocity flows (W amer 1987, Thoms and 

Sheldon 2000). Such low-altitude sites would provide abundant breeding habitat in the 

form of floodplains, backwaters, shallow river edges and billabongs (W amer 1987, 

Schumm 1988, Thoms and Sheldon 2000). 

In particular, floodplain wetlands are ideal nursery habitat for the larvae and 1uveniles of 

many fish species, because of a high diversity in habitat types, high productivity 

following inundation and refuge from predators and high flows (Cadwallader 1978, 
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Schiller and Harris 2001). Carp are one of the fish species that use floodplains as both 

spawning area and a nursery; partly because they are reliant on inundated vegetation as 

substrate for their sticky demersal eggs (e.g., Balon 1995, Koehn et al. 2000). In 

addition to the provision of inundated terrestrial plant species on the floodplain, the 

wetlands often provide ideal conditions for submerged and edge species of plants. Such 

plants tend to be more successful on less steep and less rocky substrate where water 

fluctuations are less (Sainty and Jacobs 1994). 

In contrast to the inland non-montane rivers, the coastal non-montane rivers and the 

inland montane sites are dominated by habitat features suggestive of high-energy flows 

(Table 4.7). For many of the coastal river sites the abundance of large particles in the 

substratum indicates high-energy flows (sensu Schumm 1988) and the probable 

limitation of carp recruitment. Similarly, inland montane streams are characterized by 

small channels and large particles in the substratum (Table 4.8). Both non-montane 

coastal streams and inland montane streams are dominated by erosive zones rather than 

the depositional floodplain habitats favoured by carp. These unsuitable conditions and 

the presence of barriers to dispersal would have limited carp from colonising from 

downstream habitats. Barriers blocking upstream dispersal are both artificial ( dams and 

weirs, Mallen-Cooper et al. 1995, Harris and Mallen-Cooper 1994) and natural 

(waterfalls). 

In spite of the likely and predicted importance of flow regime in determining carp 

distribution, it was not possible to associate carp with a direct measurement of flow 

regime (Tables 4.7 and 4.8). The subjective score for velocity could have simply been 

too imprecise a measure. Alternatively, velocity might not have been shown as a 

significant variable because the high-energy flows that have a detrimental effect on carp 

populations were poorly represented over time, because only four measurements were 

taken per site. Moreover, some carp were sampled during a drought that affected many 

NSW rivers (Harris and Gehrke 1997) and field sampling was scheduled to avoid 

floods. 

Conductivity, which was a significant variable in the coastal analyses, is also arguably a 

indirect measure of both lower water velocity and distance downstream. Interactions 

with (salty) sea-water at lower altitudes in the coastal rivers probably largely explains 

the strong association of carp with high conductivities. The association of carp with 
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larger upstream catchment areas (Table 4.6) also indicates proximity to the coast. These 

patterns also concur with the description by Warner (1987) of very short sections of 

lowland, low-gradient habitat in New South Wales' coastal streams. Conductivity is 

also a coarse measure of chemical richness (Welcornrne 1985), which tends to be higher 

at low flows because salts leaching into the stream from the water table become more 

concentrated (Williams 1987, Metzeling et al. 1995). Therefore the high conductivities 

associated with carp suggest carp prefer the low-energy flows that tend to be in the most 

downstream river reaches. 

4.4.2 Temperature is unlikely to be an important factor for determining carp 

distribution 

Climatic variables were, in contrast to expectations, reasonable predictors of carp 

presence. Nevertheless, although the minimum winter and maximum summer air 

temperatures of the non-rnontane inland rivers are different to those of inland rnontane 

and non-rnontane coastal rivers, these differences are unlikely to determine where carp 

exist. In particular, although the winter-minimum temperature was a significant variable 

in the inland region model for predicting carp presence the marginal difference of 1 ° C 

between means (Table 4.6) is very unlikely to be ecologically significant. Carp is a 

warm-water eurytherm that can survive water temperatures between about 1 ° and 41 °C 

(Elliot 1981). Some studies suggest spawning is at an optimum within about 19-23°C, 

but spawning can continue between 14 to 32°C (Swee and McCrirnrnon 1966, Jester 

1974, Elliot 1981, Balon 1995). Moreover, low winter temperatures are unlikely to be 

detrimental for carp populations in NSW, because carp commonly over-winter at the 

bottom of lakes in much colder places such as Canada (Mccrimmon 1968, Otis and 

Weber 1982). 

4.4.3 Carp are favoured by human activities 

Coa'Stal rivers 

As predicted, flow regulation was clearly indicated as an effect on carp presence and the 

depletion of endemic fish populations. In particular, larger darns, which are required for 

a greater regulation of flows (Faragher and Harris 1984) were strongly associated with 

carp presence (Tables 4.5, 4.6). Moreover, carp were only found in sites with large 
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dams upstream. Because of the larger volumes of water affected larger dams result in 

greatly altered flow variability, and, in sites downstream of dams, colder flows 

(Cadwallader 1978, Faragher and Harris 1984). Such changes in flow and temperature 

are tolerable for carp, but are often not tolerable for native fish (Harris 1997, 

Gehrke et al. 1995, Gehrke and Harris 2001). Additionally, reservoirs behind large 

dams can provide habitat for source carp populations that sustain riverine carp 

populations (e.g., Hoyt and Robison 1980, Winston et al. 1991). The upstream location 

of these large dams suggests this effect is unlikely to be important in coastal streams. It 

is possible, however, that rivers with large dams have more relatively small regulating 

structures, and pools behind these structures could sustain source carp populations for 

faster-flowing river sections. 

The hypotheses regarding associations with low-energy flows and human impacts were 

generally supported in the coastal rivers. The relative importance of natural effects and 

human impacts is, however, difficult to discern. Along a narrow coastal strip carp, 

conditions indicating low energy flows (low altitude and higher conductivity), rivers 

with large upstream dams and greater agricultural use were all found (Tables 4.5 and 

4.6, Figure 4.3). The more important human impacts are also not clear given that carp 

presence was associated with high agricultural value of land and large upstream dams. 

The high conductivities could also give some indication of water quality in coastal carp 

habitats. As discussed (Section 4.4.1), these lowland river reaches could be chemically 

enriched by reduced or naturally low flows that can lead to a greater mixing of salts 

with the water table. Alternatively high conductivity could indicate a higher chemical 

richness (cf. Welcomme 1985) because of the input of sediments and dissolved solids 

from catchment modification associated with agriculture. Agricultural activities on river 

floodplains typically cause a greater input of sediments and nutrients into streams (e.g., 

Smith 1989, Allen et al. 1997). A greater chemical richness could also result from non

agricultural human activities. For example, nutrient loading from human treated sewage 

affects the Hawkesbury-Nepean River and has been associated with a marked change in 

the fish community and increased carp abundance (Pollard et al. 1994). 

Inland rivers 

Associations between human activities and carp presence were less evident in the inland 

rivers. The lack of any detectable associations between human effects and carp presence 
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does not, however, indicate an absence of human effects. Instead, this result is a 

reflection of the ubiquity of carp in this region and possibly also widespread human 

impacts. To this end, it would be tenuous to argue that the selection of human 

population as a variable in the DFA model for predicting carp presence was ecologically 

meaningful given the marginal differences between carp and no-carp sites (Table 4.6). 

Furthermore, an analysis concentrated merely on presence-absence of carp in the inland 

rivers ignores gradients in carp abundance, recruitment, survival and growth resulting 

from independent influences ( cf. Weatherley 1972). Carp are, at the very least, likely to 

be abundant relative to other fish species in the inland rivers. In inland New South 

Wales rivers the fish communities dominated by carp tend to be in the more-regulated 

rivers (Gehrke et al. 1995). As well as having more depositional lowland habitat that 

supports carp, the flows of major inland rivers are also more modified to provide water 

for irrigation, as opposed to the coastal dams that are mainly for municipal water supply 

(Gehrke and Harris 2001). 

4.4.4 Other factors affecting patterns in carp distribution 

Interactions with other fish species 

Mechanisms that are not well represented by the habitat variables measured in this study 

(Table 4.4) could have influenced the widespread distribution of carp throughout the 

non-montane inland river reaches. The distribution of carp in Australia is likely to be 

determined by a number of factors additional to those measured, such as the effects of 

parasites and pathogens, interactions with other vertebrates, overfishing, water quality 

and prey availability (Koehn et al. 2000). In particular, interactions with other fish 

species could have suppressed carp numbers in coastal areas of NSW. Compared to 

carp, native fish comprise a much higher proportion of total fish numbers in the coastal 

rivers (Harris and Gehrke 1997), and some of these species could have the capacity, 

either through predation or competition, to suppress carp numbers. There is currently 

little evidence for such interactions between native fish species and carp in Australia 

(Koehn et al. 2000). It should also be noted, however, that if an interspecific interaction 

such as predation or competition has been a strong influence, then this is potentially 

very difficult to detect because the disadvantaged species could be eliminated (sensu 

Connell 1980). Nonetheless, there is evidence from international research of other fish 
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species excluding carp. For example, in experiments with equal densities of fingerlings 

of tilapia ( Oreochromis niloticus), mullet (Mugil spp.) and carp, Nile perch (Lates 

niloticus) showed a clear preference for carp as prey (El Gamal 1992). Additionally, 

introduction of carp in Madagascar failed because of competition with tilapias, 

according to Welcomme (1984). Moreover, in the Danube River wild carp were mostly 

replaced by a species of sturgeon (Acipenser ruthenus) after concrete works that 

prevented flooding were constructed (Balon 1995). In this latter example, the reliance of 

carp on access to floodplain sites for spawning was presumably a key factor in the 

decline of carp numbers. 

The fact that carp generally does well in human-modified environments is also evidence 

of the importance of interactions with other fish species. Numerous studies of human

modified fresh waters suggest that native fish provide resistance to carp invasion. That 

is, exotic fish constitute a relatively minor part of the freshwater community until the 

resident fish communities are unable to rapidly adapt to human modifications 

(Cadwallader 1978, Welcomme 1984, Arthington et al. 1990, Faragher and Harris 1994, 

Walker et al. 1995, Harris 1997). There are also numerous examples of carp thriving 

relative to other fish taxa in flow-modified streams and impoundments (e.g., Whitley 

1974, Sparks and Starret 1975, Hoyt and Robison 1980, Minkley and Meffe 1987, 

Winston et al. 1991, Gehrke et al. 1995, Lever 1997). Welcomme (1984) also notes, as 

with the Madagascan example above, that there are few examples of successful native 

fish introductions into species-rich fish communities. Nonetheless, Koehn et al. (2000) 

observed that although carp have not invaded species-rich tropical fish communities of 

Australia, carp have invaded the species-rich fish communities of lowland Papua New 

Guinea. Clearly, successful invasion by carp is a consequence of a number of 

interacting factors where resistance by the resident fish community is often an important 

contributor. 

Introduction of carp by humans, and isolation of catchments 

The coastal rivers are much more disconnected than the inland rivers, and this could 

have influenced current carp distribution. Since the release of the most widespread 

strain of carp, Boolarra, from an aquaculture operation in Victoria, the introduction of 

carp into a number of Australian waters has most likely been a result of anglers using 

carp as live bait. Such use of carp as live bait is widespread (cf. Balon 1995, 
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Koehn et al. 2000). In the coastal region, but not in the inland region, such displacement 

would only allow carp dispersal throughout isolated catchments (Figure 4.1). This 

partially explains why carp are found in the coastal rivers where human density is 

generally highest (these rivers are also more regulated to supply water to large human 

populations, Gehrke and Harris 2001). In these more heavily human-populated rivers 

the probability of carp introduction by anglers would presumably be higher. In contrast, 

in a large interconnected river system, occasional translocation events can lead to the 

spread of exotic fish populations across a large spatial scale (Welcomme 1984 ). The 

longevity, fecundity and capacity for long-distance dispersal of carp, particularly during 

flooding events (Shearer and Mulley 1978, Roberts and Sainty 1997, Koehn et al. 2000, 

Stuart et al. 2001), would facilitate such large-scale advancement. It is very likely that 

the rapid establishment of carp across the Murray-Darling Basin in the 1970's (Shearer 

and Mulley 1978) was because of the collusion of these factors. 

4.4.5 Less in-channel aquatic vegetation in association with carp probably has 

more to do with carp impacts than carp dependencies 

Carp were associated with fewer within-channel aquatic plants. This is in spite of the 

fact that carp tend to use vegetation as a substrate for their adhesive eggs (McCrimmon 

1968, Balon 1995). This contradiction of another hypothesis (cf. Section 4.1.5) is not 

entirely surprising because the river habitats where fish were recorded were, at best, 

only indicative of the quality of the river backwater and off-river habitat where carp 

mostly spawn. The spawning and nursery functions of carp are often concentrated on 

the floodplain (e.g., Balon 1995, Koehn et al. 2000). Therefore, although carp could use 

in-channel substrata such as sedges, rushes, timber and river sediments for laying their 

eggs (Tables 4.7 and 4.8), most carp probably disperse over the floodplain during 

spawning events because the channel of inland rivers had relatively few aquatic plants 

(Table 4.7). 

The patterns observed are consistent with descriptions of the depletion of soft-bodied 

aquatic plants by carp, but there are alternative explanations for this association. The 

submerged and floating taxa are commonly absent where carp are present (Tables 4.7 

and 4.8). Soft-bodied aquatic plants, for example, Vallisneria and Potamogeton species, 

tend to be the submerged and floating taxa (Sainty and Jacobs 1994). These plant taxa 

also tend to be far more readily depleted by carp (Crivelli 1983, Fletcher et al. 1985, 
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Kolterman 1990, Roberts et al. 1995, Bellrichard 1996, Swirepik 2000). Moreover, 

historical evidence suggests that Australian inland waters, and natural waters in other 

parts of the world, were once far more inundated with aquatic plants before the spread 

of carp (e.g., Mccrimmon 1968 for Canada, Lever 1997 for South Africa, Roberts and 

Sainty 1997 for the Lachlan River, inland NSW). Nevertheless, the abundance of 

submerged and floating plants is determined by a strong interaction between physical, 

chemical and biological attributes of habitat (Sainty and Jacobs 1994 ), and therefore 

there are many possible reasons for the observed differences in plant abundance. For 

instance, these changes in carp abundance probably all coincide with human-impacts on 

aquatic vegetation. For example, in the Lachlan River there were concomitant increases 

in the loss of aquatic vegetation, the extent of river regulation and associated land 

management (Roberts and Sainty 1997, DLWC 1997). 

4.5 · Conclusion 

The combination of results from coastal and inland rivers indicate that the probability of 

carp presence is higher in rivers that are large, interconnected and depositional, and are 

subject to flow regulation and other human impacts. Hence, carp distribution in inland 

New South Wales was associated with lowland habitats. Carp were ubiquitous in the 

lower energy and depositional river habitat that is common at lower altitudes. It is likely 

the interconnectedness of these lowland rivers allowed chance introductions of carp to 

spread over a much larger scale. Although other studies indicate a fundamental effect of 

human activities on carp, such effects were, however, not as clear in inland rivers using 

presence-absence analyses. This lack of effect was probably partly a result of the low 

proportion of sites with no carp. Moreover, by not also considering patterns in carp 

abundance, recruitment, survival and growth, other influences on carp could have been 

overlooked. fu contrast, in the mostly isolated and fast-flowing coastal rivers there were 

very few sites with carp. Where carp were present it appears that they were favoured by 

lowland conditions that existed before European settlement, but also by flow regulation 

and activities associated with agricultural land use. Along a narrow coastal strip carp, 

conditions indicating low energy flows, river reaches with large upstream dams, land of 

greater agricultural value and larger human populations were all found. These findings 

clearly indicate a strong interaction between physical habitat and human activities in 

determining carp distribution. 
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Chapter 5 Biomass density, population structure and 

the viability of carp populations in inland rivers of 

New South Wales 

5.1 Introduction 

5.1.1 Measuring habitat quality; implications of scale and measurement 

The importance of population size-structure or age-structure data 

The use of size-structure or age-structure data, as well as abundance data, is essential in 

studies of the relationship between the viability of animal populations and habitat 

quality. Habitat quality is defined in this chapter as the extent to which the physical and 

biotic components of a location allow, in order of increasing importance, survival, 

growth and recruitment, and particularly recruitment of reproductive adults, within a 

population (adapted from Allaby 1994 and Pulliam 1996). Only a limited amount of 

information regarding habitat quality can be derived from a species' distribution (cf. 

Section 4.5) or the local abundance of a species (organisms or biomass per unit-effort, 

or per unit-area, e.g., Marshal and Ryan 1987 for fish in North American lakes). In 

particular, high local abundance can temporarily occur in poor quality habitat through 

dispersal from better quality ('source') habitats (Pulliam 1996). Furthermore, habitat

abundance associations are often complex because of age classes within a species 

exhibiting differences in habitat use and dispersal. For example, adult carp routinely 

migrate, or actively disperse, between over-wintering grounds, feeding habitat and 

spawning habitat (McCrimmon 1968, Otis and Weber 1982, Fernandez-Delgado 1990, 

Winston etal. 1991, Rodriguez-Ruiz and Granado-Lorencio 1992, Balon 1995, Mallen

Cooper et al. 1995). Hence, at certain times large populations of carp could be found in 

locations that provide suboptimal conditions for recruitment. Because of these 

complexities, measures of a species' survival, growth and reproduction are often 

considered to be better than, or at least complementary to, abundance as indicators of a 

habitat quality (van Home 1983, Schamberger and O'Neill 1986, Pulliam 1996). These 

measures typically require information on the age and size structures of populations to 

assess habitat quality. For example, cohort analysis uses fish size and abundance data to 
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estimate growth and recruitment of fish populations for specific habitats (Weatherley 

1972). 

Scale determines which fish-habitat associations are detected 

The detection of animal abundance-habitat associations is very dependent on the spatial 

and temporal scales of measurement (Wiens 1989, Mac Nally and Quinn 1998; Section 

1.2.2). For example, at catchment scales the 'natural' associations of carp with abiotic 

features (e.g., low-energy river flows), and alteration of these associations by human 

activities (e.g., flow regulation), are likely to be more detectable than carp-habitat 

associations that are a consequence of the local impacts by carp, such as increasing 

turbidity (e.g., Taylor et al. 1984, Roberts et al. 1995, King et al. 1997; Chapter 2). 

That is, fish impacts are often patchily distributed across space because the extent of 

impacts is determined by interactions between the impacting fish, other biota and 

abiotic factors (Power and Matthews 1983, Power et al. 1985, Power 1992b, Gelwick 

and Matthews 1997). In contrast, larger-scale processes, such as the variability and 

regulation of stream flows, tend to have more pervasive effects than local fish impacts 

(Power et al. 1985, Ward and Stanford 1995a, 1995b). Accordingly, Fletcher 

et al. (1985) concluded, from a study on the lower reaches of an Australian river, that 

background levels of turbidity and flow variation obscured the smaller-scale effects of 

carp on turbidity and macrophytes. 

Given that large-scale processes (e.g., flow regulation) tend to be more likely to 

influence large-scale ecological patterns than the small-scale impacts of fish, the 

environmental variables associated with abundant and recruiting carp populations are 

unlikely to be determined by carp impacts in a large-scale study. Instead, as with carp 

presence, within-river carp abundance and recruitment are more likely to be positively 

associated with lower-energy flows in lowland reaches that provide carp access to 

shallow, vegetated habitat for spawning and subyearling survival (cf. Section 4.1.2). 

Moreover, and also as with carp presence (Section 4.1.3), indicators of abundant and 

recruiting populations of carp are more likely to be associated with flow-regulated 

streams. 
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5.1.2 Aims, and hypotheses tested 

The aim of this chapter was to test specific hypotheses regarding the relationship 

between the viability of carp populations and habitat in non-montane inland rivers of 

NSW. As with the analyses described in Chapter 4, carp were predicted to be favoured 

by river regulation and the habitats typically found at lower altitudes. Analyses of carp 

distribution described in the previous chapter showed that carp were present at almost 

every site (94 percent) in inland non-montane rivers. Consequently, measures other than 

presence versus absence were needed to explore the factors that determine carp 

population viability in inland NSW. As highlighted previously, abundance alone can be 

misleading, so both carp biomass density and measures of the number of young carp per 

site (defined below, Section 5.2.3) were used as complementary measures of carp 

population viability. 

Based on the literature discussed above, I hypothesized that carp biomass density 

(kg.ha-1
) and the number of young carp per site would be positively associated with the 

more regulated reaches and lower altitudes. Additionally, the number of young carp per 

site was predicted to be higher in the warmer months, when carp spawning occurs (e.g., 

Mccrimmon 1968, Hume et al. 1983). 

5.2 Methods 

5.2.1 Data collection and preparation 

The data used in this chapter are from the New South Wales Rivers Survey (NSWRS, 

Harris and Gehrke 1997). The collection and preparation of data from this survey are 

described in Chapter 4 (Sections 4.2.1 to 4.2.3). Turbidity (not analysed or described in 

Chapter 4 because of missing values) was measured for each sampling occasion using a 

'Horiba 10' water quality meter. This meter was calibrated before each sampling trip. 

Additional details relevant to this chapter are addressed in the following sections. 

5.2.2 Calculation of carp biomass density 

The number of fish of each species was recorded for each site in the NSWRS. As 

described in chapter four (Section 4.2.2) a suite of fish-sampling techniques was used at 

every site to ensure accurate representation of fish species present. The removal of 

back-pack electrofishing data from the total catch (Section 4.2.2) was also important in 
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this chapter for standardising catch effort and the potential unequal effect of gear type 

on the age-structure and abundance of the sampled carp population. For each replicate 

unit of gear (e.g., one panel net) or electrofishing shot ('gear-type units') used for fish 

sampling only the first ten fish of any species had their length measured. These length 

data were used to calculate individual carp weights and estimate total biomass density 

(kg.ha-1
) of the sampled carp population, as described below. 

Several steps were required to calculate carp biomass density (kg.ha-1
) for a particular 

site, season, and year, given that not all carp lengths were measured for each gear-type 

unit. Carp biomass density (kg.ha-1
) was estimated using the average weight of sampled 

carp (W (kg)) and the number of carp sampled for a particular site (N), season, year and 

gear-type unit: 

Carp biomass density (kg.ha-1
) = N x W (kg) x 20.25 ........................... Equation 5.1 

The average weight of the sampled carp was based on the average of individually 

calculated fish weights (see below). Biomass density for a particular site, season, and 

year was then calculated as the sum of carp biomass densities for all gear-type units 

( except backpack electrofishing). 

The constant (20.25) in Equation 5.1 was used for conversion from captured biomass, 

using a consistent catch-per-unit-effort (using the methods in Table 4.2), to an estimated 

biomass density. This constant is based on an estimated conversion coefficient 

determined during a calibration experiment that was part of the NSWRS (Reid and 

Harris 1997). Although this sampling efficiency is low by global standards, it is typical 

for the turbid rivers of south-east Australia (cf. Harvey and Cowx 1996). Fine-mesh 

stop-nets were placed at either end of a site on the Bogan River. On the first day the 

carp sampled in the 0.24 ha site equated to 30.1 kg in total, and 125.4 kg.ha-1, using the 

NSWRS fish sampling methods (Reid and Harris 1997, Denis Reid, pers. comm.). The 

total number of fish present was calculated using the Chapman-Peterson (Seber 1982) 

and generalized jack-knife (Pollock and Otto 1983) estimators for small carp 

(~ 100 mm) and larger carp(> 100 mm) respectively. The average weights of captured 

carp within these size ranges were then used to calculate the biomass within the sampled 

area (Denis Reid, pers. comm.). The biomass density of carp after four days of sampling 

was calculated as 609.5 kg.ha-1 (95% confidence interval= 542-689 kg.ha-1). 
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Individual calculations of weight were based on fish lengths recorded during the 

NSWRS and the length-weight regression relationship of carp collected in the NSWRS 

calibration experiments. The length-weight equation was: 

Log10 (weight (g)) = (-4.5085 + 2.9148 log10 (length (mm))) x 1.0143 ................ Equation 5.2 

This relationship was the best available, given that it was based on NSWRS methods of 

site selection, fish sampling and measurement. It was based on 1131 carp individuals 

collected from the Little, Bogan and Darling Rivers, NSW (r2 = 0.9896; df = 1, 1130; 

F = 107,341; P < 0.0001, for lengths 44 to 640 mm; Harris and Gehrke 1997; Denis 

Reid, pers. comm.). The high r2 showed a very close relationship between carp length 

and weight. After back-transformation to grams a correction factor (Sprugel 1982) of 

1.0143 for Equation 5.2 was applied to correct for the compressing effect of the log 

transformation on larger values. This value for weight (kg) was then used in 

Equation 5.1. 

5.2.3 Rationale for choosing two definitions of 'young carp' 

Comparative analyses, using 'young carp' defined in two different ways, were used 

because of conflicting concerns about measuring carp recruitment-habitat associations. 

Migration by carp greater than 100 mm was likely to partially uncouple the recruitment

habitat relationship. There was, however, also a risk of not detecting recruitment in 

good quality habitats, because of a low sample size of carp less than 100 mm. 

Moreover, carp recruitment can be very variable between years (e.g., McCrimmon 

1968, Hume et al. 1983). Therefore, the sites that tend to support more recruitment in 

the longer term might not be well represented by the sites with YOY carp (100 mm or 

less) in a two-year study. Hence, YOY were defined as equal to or less than both 

100 mm, and, juveniles, as equal to or less than 300 mm. 

The threshold 100 mm was chosen on the basis that a sample of carp at or less than 

100 mm represents recruitment within the last year, and probably also represents carp 

that have always resided within, or close to the sampled site. Carp less than 100 mm are 

unlikely to migrate away from the reach represented by the site. Although small carp 

have been observed actively dispersing upstream (e.g., 60-100 mm carp on the Murray 

River in February 1993, Mallen-Cooper et al. 1995, and approximately 120 mm carp on 

the Great Darling Anabranch in February 1999, John Harris, pers. comm.), most carp 
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less than 100 mm tend to remain with shallow vegetated margins, and then leave this 

habitat after they grow beyond this length (McCrimmon 1968, Lubinski et al. 1986, 

Panek 1987). In contrast, various studies indicate that carp between 200 to 450 mm 

undergo seasonal migrations or other forms of active dispersal, during which the 

majority of carp would shift their location no more than 20 km over a year (Reynolds 

1983, Rodriguez-Ruiz and Granado-Lorencio 1992, Mallen-Cooper et al. 1995, also cf. 

Section 5.2.4 for distances moved over longer periods). 

The threshold 100 mm was also chosen on the basis that a sample of carp at or less than 

100 mm represents recruitment in the last year. Carp growth in the first year is very 

variable and, accordingly, a one-year old carp can vary considerably in length (between 

69-190 mm, McCrimmon 1968, Jester 1974, Crivelli 1981, Hume et al. 1983, 

Fernandez-Delgado 1990, Balon 1995, Villizi and Walker 1995, Villizi 1998). In south

east Australia a 100 mm carp can be any age from two to 12 months old (Hume et al. 

1983, Villizi and Walker 1995). Therefore a sample of carp less than or equal to 

100 mm was assumed to represent the young-of-the-year (YOY). 

The threshold of 300 mm was chosen to represent juvenile carp because studies in 

south-east Australia, and in similar climates elsewhere, indicate a 300 mm carp would 

be between one and four years old, and the majority of 300 mm carp would be about 

three years old (Crivelli 1981, Hume et al. 1983, Fernandez-Delgado 1990, Balon 1995, 

Villizi and Walker 1995). Additionally, a study in south-east Australia found that 

300 mm is the approximate length at which sexual maturity is attained in female carp 

(Hume et al. 1983). Carp 300 mm or shorter therefore comprise YOY, juveniles and 

some sexually mature males and probably few sexually mature females (Section 5.2.3, 

Hume et al. 1983). 

5.2.4 Analyses 

Variation in carp biomass density and the number of young carp across river types, 

regions, seasons and years 

To determine the spatial and temporal scales at which most variation in carp biomass 

density and the number of young carp (YOY or juveniles) occur an Analysis of 

Variance (ANOVA) using a split plot design was used (Genstat 2000). This suited the 

design of the survey where river types were spatially nested within regions, and seasons 
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were temporally nested within years (Figure 5.1). The Box-Cox test (Box and Cox 

1964), which tests for normality and homogeneity of variance, was used to determine 

the best transformation for each variable; either (x + 0.5)°"5 or loge(x + 1). Fisher's Least 

Significant Difference (LSD), the minimum amount by which means may differ before 

they are deemed statistically significant, was calculated from standard errors of the 

differences of means as described in Section 2.3. 
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Region 

River type 

Year 

Season 

Replicates 

Murray Darling 

/1~ 
Regulated 
lowlands 

Unregulated 
lowlands 

Slopes 

/\ 
Year 1 Year2 

/\ 
Summer 

I 
x 5 replicates 

Figure 5.1. The New South Rivers Survey sampling design. 
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Following the split-plot analyses, biomass density was analysed using an approach that 

retained many of the features of the split-plot analysis, but was more appropriate for the 

data. In the analysis of carp biomass density, seven of the 120 values were zero and 

these occurred at the upper end of an altitudinal gradient where carp biomass densities 

were generally higher (as described below). With this observation, it was argued that the 

factors that affected higher biomass were likely to be quite different from those 

affecting carp presence. On this basis these seven values were removed and another 

analysis, Residual Maximum Likelihood estimation (REML, Genstat 2000) was used. 

REML calculates 'unbiased' estimates of variance in stratified designs with unbalanced 

replication, and takes into account loss of degrees of freedom in estimating means. To 

test for the effects of missing data the model was run with the variables fitted in 

different order. 

Changes in carp biomass density and the number of young carp in relation to 

altitude, stream size and turbidity 

The relationships between the two carp population measures, carp biomass density and 

the number of young carp, and altitude (m) were determined. Correlation of the carp 

population measures with altitude was determined using linear regression (SAS Institute 

1990). Following the biomass-altitude regression, another regression was performed 

between channel dimensions (width (m) x depth (m)) and altitude. This test was 

performed to ascertain whether biomass-density estimates could have affected by the 

reductions in catch efficiency that can occur in large stream channels (Harvey and 

Cowx 1996). The correlation between turbidity (NTU) and altitude was also tested 

using linear regression, because catch efficiency can be reduced at high turbidities 

(Harvey and Cowx 1996). This regression could only be performed for 83 observations 

because of a large number (31 % ) of missing values. Preliminary analyses indicated that 

the turbidity did decrease with altitude. Consequently, regression analyses on the 

relationship between turbidity and two measures of abundance, carp biomass density 

and the number of carp, were performed. In the linear regressions, transformations of 

the response variables (the measures of carp), either loge(x + 1) or (x + 0.5)°5
, were 

used to approximate homogeneity of variance after residual plots were analysed. Data 

that had a disproportionate effect on the regression line, and therefore were candidates 

for removal from the analysis, were assessed using Cook's D, residual analysis and 99 

percent confidence limits (SAS Institute 1990). Cook's D measures the leverage of 
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individual points, which is the relative effect they each have on the regression line (SAS 

Institute 1990). 

Independence of fish sampling sites 

Independence of fish sampling sites, with no intermixing of carp populations among 

sampled sites, was assumed. There is some evidence of large-scale expansion of carp 

during flooding in Australia, and also long-distance dispersal (more than 200 km) in 

carp (Shearer and Mulley 1978, Roberts and Sainty 1997, Koehn et al. 2000, Stuart 

et al. 2001). One Australian study on tagged-carp dispersal (Reynolds 1983), which 

partly took place during the largest flood event in the last century (1973/74, Whetton 

1997), found, however, that the average distance travelled by 'dispersing carp' 

( excluding 'non-dispersing' carp) was about 20 km. For periods extending up to 

two years, 89-100 percent of carp will move no more than about 35 km (Otis and Weber 

1982, Reynolds 1983, Rodriguez-Ruiz and Granado-Lorencio 1992, Stuart et al. 2001). 

The NSWRS design ensured that slopes and inland lowland sites were separated by, 

respectively, at least 10 and 20 km (Harris and Gehrke 1997). The sites finally selected 

for the NSWRS were, however, generally further apart than 50 km (Figure 4.1). 

Moreover, fish dispersal would often have been limited by dams, weirs and natural 

barriers such as waterfalls (Harris and Mallen-Cooper 1994, Mallen-Cooper et al. 1995, 

DLWC 1998, NSWRS unpublished weir data), particularly among the closer sites in the 

slopes. 
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5.3 Results 

5.3.1 Variation in carp biomass density and the number of young carp across 

river types, regions, seasons and years 

Carp biomass density 

There was no significant difference in carp biomass density between regions, river types 

or season in the split plot analysis, but there were year effects on carp biomass density 

(Table 5.1). The REML procedure, with the seven no-carp observations removed, 

provided the same results for year, but also showed that carp biomass density was 

significantly larger in slopes sites compared to lowland sites (Tables 5.1 and 5.2, 

Figure 5.2 A). There was no effect of changing the variable order on the significance of 

variables (at a= 0.05) in the REML analysis, and therefore the model was not 

invalidated by the effect of missing values. In both analyses carp biomass density was 

higher in the 1994 year, compared to the 1995 sampling year (Figure 5.2 A). 

The number of young carp 

Most sites had juvenile carp at some stage, but there were fewer observations of the 

smaller size class. For the 30 inland sites analysed, 25 sites had juvenile carp, and 20 

sites had YOY carp. For the 120 observations (comprising 30 sites, two seasons and two 

years), 76 observations had juvenile carp, whereas only 30 observations had YOY carp. 

The most significant pattern observed for the number of young carp, for either YOY or 

juvenile carp, was the difference between seasons (Table 5.1). The number of young 

carp per site was much higher in the warmer months (0.095 versus 0.874 carp.site-1, i.e., 

1 :9 for winter versus summer for YOY carp, and 1.22 versus 3.11, i.e., 1 :2.6 for winter 

versus summer for juvenile carp). Additionally, there were more YOY carp in the 

summer of 1994/95 compared to all other season-year combinations (Figure 5.2 B). 
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Table 5.1. Differences in carp biomass density (kg.ha-I) and the number of young carp per site in inland 

rivers of New South Wales among different spatial and temporal scales (measured using split-plot 

ANOVA). Young carp were defined as those individuals at, or below both 100 mm (YOY carp) and 

300 mm (juvenile carp). Differences in biomass density (kg.ha-I) detected using Residual Maximum 

Likelihood Procedures (REML) and without no-carp sites are also shown. Key: df = degrees of freedom; 

* = significant with P < 0.05; ** = significant with P < 0.01 and ***= significant with P < 0.001. No 

symbol indicates the effect was not significant. P values are shown when 0.05 < P < 0.10. 

Souree of variation 

Site stratum 

Region 
Rivertype 
Region*River type 

Residual 

Site.time stratum 

df 

1 
2 
2 

24 

Year 1 
Season 1 
Region*year 1 
Rivertype*year 2 
Region*season 1 
Rivertype*season 2 
Year*season 1 
Region*river type*year 2 
Region*river type*season 2 
Region*year*season 1 
Rivertype*year*season 2 
Region*river type*year*season 2 

Residual 72 

Biomass 
density 

* 

Biomass YOY 
density carp 
using 
REML 

*** 

* * 
*** 

* 

0.063 

Juvenile 
carp 

*** 

0.067 

* 

* 

** 

Table 5.2. Averages and 95 percent confidence limits for the biomass density of carp (kg.ha-1
) in river 

types of inland New South Wales. Averages and 95 percent confidence limits are back-calculated from 

the transformed values used in the REML analysis. Values that have a letter (A or B) in common are not 

significantly different. 

Regulated 
lowland 
Unregulated 
lowland 
Slopes 

Average carp biomass density 
(kg.ha-1, 95% confidence 
limits) 

265 (1-1008) A 

276(1-1050) A 
696 (46-2114) B 
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Figure 5.2. Changes in carp biomass density (kg.ha-1
) within river types over the two years of sampling in 

the three river types (A), and the number of young carp equal to or less than 100 mm per site (YOY carp) 

over the four sampling occasions (B). Back-transformed averages are shown in grey for each point. 

Values for biomass density are based on REML analysis. The error bar (the LSD at a= 0.05) indicates the 

minimum significant difference between these means. The error bar in (A) represents the maximum LSD 

value (0.14), and is less (0.09) if comparisons are made within the same river type, year or season. 

Key: unreg low= unregulated lowland river type; reg low= regulated lowland river type; slopes = slopes 

river type; W94 = winter 1994; S94/95 = summer 1994/95; W95 = winter 1995 and S95/96 = summer 

1995/96. 
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A marginally significant interaction between river type and year (with 93.3% 

confidence, Table 5.1) indicated a complex pattern in the number of YOY carp. There 

were more YOY carp in unregulated lowland sites in summer 1994/95 than in any other 

river type-year-season combination except slopes sites at the same sampling time. 

Slopes summer 1994/95 samples had more YOY carp than all other samples, except the 

summer samples in 1994/95 unregulated and regulated lowlands and 1995/96 regulated 

lowlands. There were no significant differences among sampling times in regulated 

rivers. In contrast, summer 1994/95 samples had a greater catch of YOY carp within 

both slopes and unregulated rivers. 

For juvenile carp the relationship between year and season within both regions and river 

types was also complex (Table 5.1, Figure 5.3 A, B). The patterns observed for juvenile 

carp were similar to the marginally-significant patterns with YOY carp, except that 

slopes sites had less juvenile carp in winter 1994 compared to other river types 

(Figure 5.3 A). Additionally, and in contrast to YOY carp, during summer 1994/95 

juvenile carp were not relatively abundant in slopes sites compared to any other river 

type-year-season combination. Comparisons among sampling times and river types 

showed fewer juvenile carp in winter 1994 slopes sites, and a generally greater catch of 

juvenile carp in unregulated rivers (Figure 5.3 A). In winter 1994, slopes sites had the 

fewest juvenile carp (back-transformed mean= 0.07 carp.site-1
). Unregulated lowland 

rivers in summer 1994/95 had more juvenile carp (back-transformed mean = 10.9 

carp.site·1, cf. the grand mean= 2.2 carp.site-1
) than in any other river type-year-season 

combination. This pattern was largely influenced by a few large observations in the 

Darling region and in particular, one observation with 188 juvenile carp in the Bogan 

River (near Bourke). Nonetheless, unregulated lowlands consistently had more juvenile 

carp in summer (summer medians were: 18 carp.site·1 for the Darling unregulated 

lowlands; six carp.site·1 for unregulated lowlands and three carp.site·1 for all summer 

observations). Accordingly, in summer 1995/96, unregulated lowland rivers had more 

juvenile carp than slopes sites. Additionally, the catch during summer 1995/96 in 

unregulated rivers was the second highest catch of juvenile carp (back-transformed 

mean= 3.8 carp.site-1
) among all river type-year-season combinations. This was also a 

higher catch than was observed for winter samples from both 1995 regulated lowlands 

and 1994 slopes. Within winter 1995, however, there were no significant differences 
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among river types. Comparisons among samples over time revealed other differences 

among river types. For slopes sites, winter 1994 had fewer juvenile carp compared to all 

other samples. In unregulated lowlands summer 1994/95 had more carp compared to all 

other samples. In contrast, regulated lowlands demonstrated no differences over time. 

The observed numbers of juvenile carp per site showed an interaction between region, 

river type and the year of sampling (Figure 5.3 B). Again, this pattern was largely 

influenced by summer observations in the Darling unregulated lowlands. In 1994/95 

there were more juvenile carp in Darling unregulated sites compared to all other region

river type-year combinations. Additionally, 1994/1995 Murray regulated lowland sites 

had more juvenile carp than Murray and Darling slopes sites. In 1995/1996 there were 

again more juvenile carp in Darling unregulated sites compared to all other region-river 

type-year combinations, except that there was no significant difference between Darling 

and Murray unregulated sites. 
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Figure 5.3. Changes in the number of young carp equal to or less than 300 mm per site (juvenile carp) 

over the four sampling occasions within the three river types (A), and all the region-river type 

combinations over the two years of sampling (B). Back-transformed averages are shown in grey for each 

point. The error bar (the LSD at a.= 0.05) indicates the minimum significant difference between these 

means. The error bars (0.9 in A, 1. 1 in B) represent the maximum LSD value, and are less (0.6 in both A 

and B) if comparisons are made within the same river type or season in A, or in the same year or region

river type combination in B. Key: unreg low= unregulated lowland river type; reg low= regulated 

lowland river type; slopes = slopes river type; My = Murray Region and Dl = Darling Region. 
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5.3.2 Changes in carp biomass density and the number of young carp in relation 

to altitude and turbidity 

All sites without carp were above an altitude of 500 m and had a disproportionate effect 

on the carp biomass density-altitude relationship. The four samples at 520 m and the 

three samples at 590 m had a Cook's D of 0.05 and 0.08 respectively (the average 

Cook's D value was 0.01). These data were therefore removed from the regression 

analysis. With these data removed carp biomass density was found to increase with 

altitude (df = 1, 111, F = 31, P < 0.0001, -l = 0.22, Figure 5.4 A). The carp biomass 

density-altitude relationship can be almost completely explained by an increase in 

average weight of carp with altitude (df = 1, 111, F = 35, P < 0.0001, r2 = 0.24) and not 

an increase in carp catch (df = 1, 111, F = 0.1, P = 0.40, -l = 0.01). There was only 

weak evidence that this increase in biomass density was associated with increased 

sampling efficiency because of a smaller channel. The channel dimension decreased 

only slightly with altitude (df = 1, 118, F = 11, P = 0.001, -l = 0.08). There was some 

evidence that sampling efficiency increased in higher altitude sites because turbidity 

increased with altitude (df = 1, 81, F = 22, P < 0.001, -l = 0.21). There was, however, a 

weak relationship between carp catch and turbidity (df = 1, 81, F = 5, P = 0.03, 

r2 = 0.06), and between carp biomass density and turbidity (df = 1, 81, F = 0.4, 

P = 0.55, -l = 0.004). 

Although some of the highest counts of YOY carp were in the lower altitudes 

(Figure 5.4 B), the number of YOY carp was not significantly correlated with altitude 

(df = 1, 118, F = 1.0, P = 0.31, -l = 0.02). There were, however, more juvenile carp at 

lower altitudes (df = 1, 117, F = 26.6, P < 0.001, -l = 0.19, Figure 5.4 C). The catch of 

188 juvenile carp at 120 m was removed as an outlier, as it was outside of the 99 

percent confidence limits. 
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Figure 5.4. Gradients in carp biomass density (kg.ha-1
, A) and the number of young carp equal to or less 

than 100 mm (YOY carp, B) and 300 mm (juvenile carp, C) in relation to altitude (m) in inland rivers of 

NSW. One very large value of 188 young carp at 120 m has been removed from (C) so that all other 

values were not overly compressed. 
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5.4 Discussion 

5.4.1 Conditions required for carp recruitment during the NSWRS 

As predicted, this study indicates that carp recruit more successfully in warm lowland 

environments, and that this recruitment is influenced by flow regulation. The greater 

number of juvenile carp sampled at lower altitudes (Figure 5.4 C) and the larger catch of 

either YOY or juvenile carp during the 'summer' months (October to March, Section 

4.2.1) supports other findings that show carp spawn, or at least recruit, more 

successfully among warmer and shallow, slow-flowing, low-altitude waters (cf. Section 

4.1.2). Adult carp typically seek vegetated shallows subject to low-energy flows when 

spawning (e.g., Swee and McCrimmon 1966, McCrimmon 1968, Jester 1974, Otis and 

Weber 1982, Balon 1995). Such shallow freshwater habitats, subject to fewer periodic 

or episodic high velocity flows, are abundant in floodplain and backwater habitats that, 

in tum, are found throughout lowland alluvial river catchments (Warner 1987, Schumm 

1988). In fact, numerous fish species adopt this strategy to provide refuge from high 

flow and predation for the their developing eggs and YOY (Welcomme 1985). The 

patterns observed also indicated that flow regulation and region influence<;! the 

abundance of juvenile carp. The abundance of juvenile carp in lower altitudes, was most 

evident in Darling unregulated lowlands during the summer months. 

Carp recruitment can not be entirely explained by more carp spawning in 

unregulated rivers at lower altitudes 

The spatial patterns in YOY and juvenile carp suggest that the majority of carp 

spawning occurred in the unregulated lowland rivers, but they also suggest that 

responses to flow regulation and the availability of lowland spawning habitat differ 

between YOY and juvenile carp. That is, during winter 1994 and summer 1994/95 the 

spatial distribution of juvenile and YOY carp were different. In particular, recruitment 

of YOY during summer 1994/95 was lowest in regulated river sites, with no significant 

differences between unregulated and slopes river types. In contrast, there were more 

juvenile carp in unregulated rivers than in the other two river types during summer 

1994/95, with no significant difference in slopes sites versus regulated sites 

(Figure 5.3). No reliable conclusions about the mechanisms affecting carp recruitment 

can be drawn from these comparisons because they are based on only two years of 
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observations. Moreover, the use of altitude and river type is a coarse measure of habitat 

suitability compared to the use of intrinsic habitat variables (e.g., access to vegetated 

floodplain habitat). It is interesting to note, however, that these patterns could be partly 

explained by upstream migration of YOY within slopes reaches (e.g. from nearby 

reservoirs) because, although YOY carp typically remain within the refuge of vegetated 

shallows (McCrimmon 1968, Lubinski et al. 1986, Panek 1987), upstream migration of 

large schools of YOY carp have been observed ( e.g., within the Great Darling 

Anabranch, NSW, John Harris, pers. comm.). Alternatively or additionally, spawning 

success in slopes and unregulated sites could have been similar, but recruitment of carp 

with lengths between 100 and 300 mm was lower in slopes sites. For instance, 100 to 

300 mm carp could have emigrated from the sampling locations. Additionally, growth 

rates within this size range could be reduced or mortality increased because of density 

dependence ( cf. Koehn et al. 2000), lower temperatures, reduced availability of optimal 

prey, vulnerability to high flows (cf. Brown et al. 2001) or predation. 

The high biomass density of carp at higher altitudes was probably not because of 

differences in catch efficiency? 

Although caution must still be applied, there is no evidence that convincingly indicates 

that the slopes sites had higher biomass densities of carp because of greater sampling 

efficiency, or changes in the length versus weight relationship of carp. The slight 

decrease in channel dimensions with altitude, the weak relationship between turbidity 

and biomass density and the lack of a significant change in carp catch with altitude do 

not support the argument that catch efficiency affected this pattern in biomass density. 

Flow velocity was also unlikely to have caused high biomass densities of carp because 

higher-altitude inland NSW streams tend to have higher energy flows (Warner 1987), 

and therefore sampling efficiency in higher altitude sites would actually be reduced 

because of these flows (cf. Harvey and Cowx 1996). Moreover, although carp condition 

could have been lower in slopes sites, the tight relationship between carp length and 

weight (Section 5.2.2) indicates it is unlikely that biomass densities were substantially 

overestimated because of variation in carp condition. 
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5.4.2 Effects of drought and flood on sampling efficiency and carp recruitment 

One of the most obvious patterns for carp biomass density and the number of young 

carp was the difference between the two sampling years. In 1994/95 carp biomass 

density was higher, and the number of YOY carp was higher in summer 1994/95. The 

analyses with juvenile carp indicated the peak in carp recruitment occurred in 

unregulated rivers in summer 1994/95. These time effects could be a result of the state

wide drought that persisted from 1991 to winter 1994, and which was followed by 

flooding in some NSW rivers between winter 1994 and winter 1995 (Harris and Gehrke 

1997, Bureau of Meteorology 1999, 2001). Floods during the warmer months of 

1994/95 were likely to have initiated carp breeding by providing access to shallow, 

productive and vegetated floodplain habitat, therefore increasing the number of YOY 

carp in the catch by 1994/95. 

Lower river levels during the drought, and consequent higher fish sampling efficiency, 

are likely to have affected the observed patterns in biomass density. That is, the higher 

biomass densities recorded for 1994/95 could have been influenced by the concentration 

of carp populations into a smaller area. In the NSWRS the vast majority of carp were 

caught using the boat electrofisher (Faragher and Rogers 1997). Although boat 

electrofishing is a relatively efficient and unbiased method (Harvey and Cowx 1996, 

Faragher and Rogers 1997), its efficiency depends on the sampling environment, and 

can be reduced within wider, deeper and faster-flowing channels (Koehn 1995, Harvey 

and Cowx 1996). 

The above interpretations regarding drought and flood effects on carp need to tested 

with investigations of longer-term trends. Long-term seasonal responses of fish 

recruitment are difficult to surmise for Australia because there are currently no good

quality long-term data. Commercial carp catch data, which includes estimates of catch

effort, has been recorded back to 1947 (Reid et al. 1997). Nonetheless, the catch-effort 

can only be quantified at a coarse level. This is problematic, because fish communities 

are known to fluctuate in response to climatic extremes such as floods and droughts. For 

example, in a ten year study on a North American stream, Grossman et al. (1998) 

concluded that pelagic fish, but not benthic fish, suffered high mortality because of high 

flows during non-drought periods. The shift from drought to flood observed during the 

NSWRS was a consequence of longer-term cycling in weather conditions, where the 

cycle period ranges between two to ten years (Whetton 1997, Couper-Johnston 2000). 
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Furthermore, stream flow in Australia is very variable by global standards (Finlayson 

and McMahon 1988, Lake 1995). Responses of fish to the flows of Australian streams 

are likely to be profound because of this long-term variability. 

5.4.3 Carp populations in slopes sites could be occasionally supplemented by 

upstream migration 

Carp biomass density could have increased from winter 1994 to summer 1994/95 in the 

slopes sites because slopes sites are sink populations (sensu Watkinson and Sutherland 

1995, Pulliam 1996). That is, carp populations in slopes sites could largely consist of 

adult fish that migrated upstream from downstream source populations, probably during 

flood events. Increases in the large-scale distribution of carp in association with large 

flood events is well documented, albeit anecdotally, in Australia (Shearer and Mulley 

1978, Koehn et al. 2000). A pattern of flood-driven migration is suggested by the 

temporal patterns in the number of young carp (Figure 5.3 A) that show very few 

juvenile carp in slopes sites at the end of a drought in winter 1994. Subsequently, after 

floods between winter 1994 and summer 1994/95 (Harris and Gehrke 1997), the number 

of juvenile carp in slopes and lowland populations were similar (Figure 5.3 A). It is 

possible that a number of younger adult carp (many less than 300 mm) moved upstream 

during this time. In support of this explanation, carp migrating upstream in the Murray 

River in 1990-1991 were mostly between 200 and 450 mm, and these were almost 

entirely collected after peaks in discharge (Mallen-Cooper et al. 1995). A study in 

south-west America (Minkley and Meffe 1987) also supports this argument that habitats 

that are sub-optimal for carp only tend to recruit carp through immigration of larger 

individuals. In the streams that were more subject to unregulated and high intensity 

flows only 'large' adult carp tended to be present. 

If carp populations in slopes sites were supplemented by carp migration between winter 

1994 and summer 1994/94, then migration from nearby downstream sites such as weir 

pools and larger artificial reservoirs is the most likely scenario. As discussed (Section 

5.2.4), even a south-east Australian study (Reynolds 1983), which partly took place 

during a very large flood event, found the carp that had moved away from their tagging 

site (70 percent of the recaptured population) moved on average only about 20 km. 

Furthermore, in the slopes of inland rivers of NSW, large dams for irrigation are more 

prevalent than in other rivers of NSW (DLWC 1998, Gehrke and Harris 2001). It is 
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likely that in many cases such reservoirs, and not other downstream habitats, are the 

primary source populations for slopes sites; particularly where larger dams limit any 

dispersal. Dam construction in North America leads to an increases in carp numbers 

within rivers (Hoyt and Robison 1980, Winston et al. 1991). These American carp 

populations are said to proliferate in impoundments and then move upstream in large 

numbers (Winston et al. 1991). Artificial lakes such as Lake Burley Griffin in the 

Australian Capital Territory that have a high proportion of carp in the fish catch 

(Lintermans 1996) could similarly supplement carp biomass densities in upstream 

locations. 

5.4.4 Effects of a regulated flow regime on carp recruitment 

The higher number of juvenile and (marginally) YOY carp in unregulated rivers during 

the warmer months (Section 5.3.1, Figure 5.3 A, B) is evidence of more regular carp 

recruitment in unregulated rivers during the NSWRS. Moreover, the finding that this 

recruitment was more evident in the Darling region (Figure 5.3 B) is consistent with this 

comparison between unregulated and regulated rivers. A previous study (Gehrke et al. 

1995) found that rivers more to the north-west of NSW tend to be less regulated. During 

the NSWRS, flow regulation probably reduced access to optimal spawning grounds by 

reducing flood frequencies. In contrast, unregulated rivers have more flood events 

(particularly for medium-sized flows, Walker et al. 1995). Like many other floodplain 

fish species (Welcomme 1985), carp use flooding and floodplain backwaters for 

spawning (Lubinski et al. 1986, Balon 1995, Koehn et al. 2000), and therefore carp 

spawning could have been more prevalent in the unregulated lowland rivers. 

Conversely, in the regulated rivers sudden drops in flow could have limited carp 

recruitment, particularly when river flows were low during the drought. The 'draw

down' technique for carp control developed by Shields (1958) exploits this vulnerability 

of carp. This technique relies on desiccating the carp eggs adhered to plants in the 

littoral zone by drawing down water levels immediately after carp spawning events. 

The high number of YOY and juvenile carp in unregulated rivers was, however, an 

unexpected result because carp are typically associated with regulated flow regimes 

(e.g., Welcomme 1984, Walker et al. 1995). Accordingly, since the widespread 

dispersal of carp across south-east Australia in the 1970's (Shearer and Mulley 1978) 

river regulation appears to have favoured the proliferation of carp over native species. 
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Carp are usually more abundant in regulated rivers compared to less regulated rivers in 

south-east Australia, often dominating the fish catch (Gehrke et al. 1995, Humphries 

and Lake 2000, Gehrke and Harris 2001). Similarly, carp presence is associated with 

regulated flows in coastal NSW rivers (Section 4.4.6). Moreover, given that Australian 

native fish species and other aquatic fauna have evolved in more-variable hydrological 

conditions (Finlayson and McMahon 1988, Bowler 1990), they could gain some 

advantage in survival in less-regulated flows. For example, the recruitment of several 

small Australian native fish is strongly linked to floods (Puckridge et al. 2000), as has 

been observed for numerous fish species (Welcomme 1985, Junk et al. 1989). Flood 

dependence, or at least an ability to survive flooding, appears to give small Australian 

native fish an advantage over the alien fish species Gambusia holbrooki (Poeceliidae) 

during sustained flooding. G. holbrooki are reported to be disadvantaged by high flow 

velocities, and the loss of vegetation as a refuge from high flows during floods (Pusey et 

al. 1989, Puckridge et al. 2000). 

Although in this study there were more juvenile carp in unregulated rivers, in the long 

term, the low variability of flows in regulated rivers (Walker et al. 1995) probably 

provides a refuge from mortality for carp. The low temporal variability in the number of 

juvenile carp in regulated lowlands, compared to both other river types, indicates that 

regulated flows provide a refuge for carp from hydrological extremes. Regulated 

lowland rivers provide low variability in flows, maintenance of low flows and a large 

reduction in the size of the median sized flow events (Walker 1985, Walker et al. 1995). 

Additionally, weirs in regulated rivers are abundant in fine sediments and aquatic plants 

(Thoms and Walker 1992, Walker et al. 1995); ideal conditions for carp recruitment. 

Accordingly, studies in North American rivers have demonstrated that, unlike endemic 

fish species, carp spawn more successfully during non-flood or low-flow years 

(Lubinski et al. 1986, Johnson and Drapkin 1994). Additionally, a study in the south

west of North America found that carp were rare in rivers with high-intensity flooding 

(Minkley and Meffe 1987). Similarly, sudden contractions in flow peaks probably have 

fewer detrimental effects on Australian native fish because, although many native 

species use floodplains as nursery habitat, most native species have the capacity to 

spawn within the river channel (Mallen-Cooper et al. 1995, Humphries et al. 1999, 

Humphries and Lake 2000, Schiller and Harris 2001). Moreover, in Australia carp have 

often been observed to be the last fish species to leave the floodplain on the recession of 

a flood (Koehn et al. 2000). Consequently, carp often become stranded and die. These 
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observations of stranded fish being dominated by carp could, however, be an artefact of 

species and size-selective floodplain predation on fish by piscivorous birds 

(Koehn et al. 2000), and the relative abundance of carp versus other fish species in 

rivers. Nonetheless, the low variability of carp recruitment in regulated rivers that was 

observed in this study, and North American studies that indicate carp thrive in low 

variability flows, indicate that flow regulation favours carp. 

5.5 Conclusion 

The patterns of carp recruitment and biomass density in relation to river regulation, 

season and altitude were more complex than anticipated. As predicted, this study 

suggested that more recruitment occurred at lower altitudes and during warmer months. 

Carp biomass density was, however, larger in higher-altitude (200-500 m) populations. 

As expected, the results suggested recruitment differed between regulated and 

unregulated lowland rivers. In contrast to expectations, however, unregulated rivers 

generally had a higher number of juvenile carp in the total carp catch. In retrospect this 

makes sense because carp populations can be expected to benefit from flood events in 

unregulated rivers. Nonetheless, the long-term effect of flow regulation on carp in 

lowland rivers is probably the provision of refuge from mortality. Studies on longer 

time scales are required to test these conclusions. At the very least, large fluctuations in 

carp recruitment and abundance (e.g., measured as biomass density) in both regulated 

and unregulated rivers would be expected over longer time-scales. The observed 

patterns in carp biomass density and the numbers of young carp can be mostly explained 

by interactions between climate, predation, flow regulation and barriers to carp 

migration. These interactions are not fully understood, but are likely to be critical in 

determining spatial patterns in recruitment and biomass density. 
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Chapter 6 Discussion and review: a conceptual model 

for the invasion and ecological impacts of carp 

6.1 Overview 

In this chapter the conclusions regarding carp-habitat interactions discussed in previous 

chapters are, in accordance with the overall aim of the thesis, placed in global context 

with a review of the factors that contribute to the invasion and ecological impacts of 

carp (Sections 1.1.3, 1.4). Because there are numerous reasons for carp success in biotic 

invasion, particularly with regard to the processes that threaten endemic fish 

communities (e.g., Cadwallader 1978, Faragher and Harris 1994), this review places 

emphasis on the themes addressed in the previous chapters. That is, the discussion 

places more emphasis on the roles of flow regulation and carp impacts in the invasion of 

carp in south-east Australian inland waters. Additionally, suggestions for further 

research are provided. 

Many processes could simultaneously operate to favour carp during a biotic invasion 

(Figure 6.1 ). The biology of the colonizer is important in determining invasion success 

(e.g., Taylor et al. 1984, Lodge 1993b), particularly during the often long-term process 

of naturalization (Mack et al. 2000). To become naturalized, colonising species require 

biological attributes that ensure rates of survival and reproduction that, in turn, remove 

any dependence on subsequent invasions for species persistence (Mack et al. 2000). 

Moreover, biotic invasion is often facilitated when resistance to invasion is weak 

because biological communities are depauperate either naturally (Diamond and Case 

1986), or because of human activities (e.g., Lodge 1993, Moyle and Light 1996). 

Additionally, dispersal of invaders is facilitated by humans transporting potential 

invaders (e.g., carp as live bait, Balon 1995, Koehn et al. 2000) and particularly when 

the colonized water body is part of a large interconnected freshwater system (e.g., carp 

introduction into the Murray-Darling Basin, Shearer and Mulley 1978). Colonizers 

could also benefit from the absence of co-evolved competitors, predators and pathogens 

(Mack et al. 2000). Additionally, the community might not have evolved defences 

against predation and competition with the colonising species, and the colonizer's 

parasites, pathogens and diseases (community naivety, Diamond and Case 1986). 

Furthermore, invading species, including fish, can fundamentally modify the ecosystem 
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(Taylor et al. 1984, Mack et al. 2000). Such modifications could amount to a 

disturbance that weakens community resistance to the colonizer (Taylor et al. 1984). 

These numerous components of biotic invasion are discussed in relation to the invasion 

of carp below. 
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Figure 6.1. Conceptual model for successful invasion and widespread ecosystem impacts by carp. For 

explanation of box and arrow numbers see text (Sections 6.2 to 6.6.3). 
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6.2 Origins of invasive carp 

Evolutionary processes, particularly those processes that have occurred over the last 

thousand years in association with domestication and naturalization, could have created 

invasive varieties of carp. Differences in the morphology and distribution, and evidence 

for reproductive isolation between European wild carp and naturalized domestic 

varieties of carp (Balon 1995) indicate that alien carp could comprise one or more 

genetically, and consequently also phenotypically distinct varieties. At least since the 

first century A. D. there has been a history of dispersal of carp by humans, and 

numerous opportunities for intermixing between genetic types (subspecies, varieties and 

strains, Shearer and Mulley 1978, De Groot 1985, Welcomme 1988, Balon 1995, Lever 

1997, Davis et al. 1999). With any human-facilitated movement of carp that resulted in 

successful invasion, the colonising carp would have gone through a temporal sequence 

of arrival, a prolonged period of naturalization ( often accompanied by additional 

arrivals of the same species) and then widespread dispersal (sensu Mack et al. 2000). 

This history of human dispersal of carp, the genetic implications of colonising 

populations with few individuals ( cf. the 'founder effect', Mayr 1970), selection in the 

wild and also under aquaculture could all have had a role in the development of 

genetically different (Balon 1995, Davis et al. 1999; sensu Maynard Smith 1993), and 

possibly more invasive varieties of carp ( cf. Figure 6.1 Box 1 ). That some varieties of 

carp are more successful invaders than others is also suggested by the relative success of 

four strains within Australian waters over the last 200 years. At least three strains of 

carp, the Boolarra, Koi and Y anco strains, and possibly also a fourth strain, the Prospect 

strain, have been introduced into the interconnected Murray-Darling river system 

(Shearer and Mulley 1978, Davis et al. 1999). Only the Koi and Boolarra strains, 

however, have widespread distributions in south-east Australia (Davis et al. 1999). 

6.3 The biology of invasive carp 

The biological traits of the current varieties of alien carp, which are presumably derived 

from both wild carp and from recent evolutionary events, would be important in 

determining their success in invasion. Alien carp have broad physiological tolerances, a 

flexible diet, rapid growth and high fecundity (McCrimmon 1968, Panek 1987, Roberts 

and Ebner 1997). These characteristics are typically associated with successful fish 
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invaders (Taylor et al. 1994). Moreover, rapid growth and high fecundity are consistent 

with an r-strategy, and therefore consistent with the expected traits of a colonising 

species (cf. Begon et al. 1996). Carp do, however, also have traits typically associated 

with K-strategists. Carp have long life spans, a moderate rate of maturation and 

medium-to-large body sizes compared to other fish species (McCrimmon 1968, Scott 

and Crossman 1973, Balon 1995, Roberts and Ebner 1997). 

Alien carp appear to be well suited for survival in human-modified floodplain 

environments with their broad physiological tolerances and generalist habitat 

requirements. Both alien and wild carp are usually associated with lowland alluvial 

landscapes (e.g., McCrimmon 1968, Jester 1974, Panek 1987, Fernandez-Delgado 1990, 

Balon 1995, Gehrke et al 1995). Within these landscapes, cyprinid benthivores such as 

carp and bream often dominate in shallow, turbid and eutrophic lentic waters (e.g., 

Welcomme 1985, Me:ijer et al. 1990, Tatrai et al. 1990, Blindow et al. 1993, Whillans 

1996, Lougheed et al. 1998, Section 4.4.1; Figure 6.1 Box 2). Although the floodplain 

sections of rivers are often more dominated by autochthonous inputs than the 

headwaters (Vannote et al. 1980), they tend to be relatively nutrient-enhanced because 

of a greater connection with floodplain productivity (allochthonous inputs, Junk et al. 

1989, Young et al. 2001). Additionally, a relatively high availability of fine-sediment 

associated nutrients (cf. Webb and Walling 1996) is common in human-modified 

floodplain waterbodies because of increased rates of channel and catchment erosion, 

and increased aggradation of fine sediments behind flow-regulating structures (e.g., 

Lenat 1984, Walker et al. 1992, Whillans 1996, Young et al. 2001). Furthermore, 

lowland freshwater environments are often subject to direct chemical enrichment 

because of human activities (e.g., sewage, Pollard et al. 1994, Hoffman 1995, Whillans 

1996). The broad physiological tolerances of carp would be critical for providing carp a 

competitive advantage in these environments (Figure 6.1 Box 2). Alien carp are tolerant 

to a wide range of temperatures (Elliot 1981 ), oxygen concentrations 

(Hughes et al. 1983, Wieser 1991), salinities (McCrimmon 1968, Geddes 1979, Crivelli 

1981, Fernandez-Delgado 1990, Balon 1995), and also human-caused pollution and 

eutrophication so extreme that no or few other fish species survive (e.g., Lubinski et al. 

1986, Panek 1987, Pollard et al. 1994 ). 

An array of feeding mechanisms that allow carp to ingest nearly any animal food source 

from the benthos to the water-surface (McCrimmon 1968, Sibbing et al. 1986, Sibbing 
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1991) would also allow carp populations to remain healthy in degraded lowland 

environments, and in relation to other fish species. Omnivores and detritivores have an 

advantage as invaders because they are rarely disadvantaged by lack of food availability 

(Persson 1988, Moyle and Light 1996). Carp are clearly omnivorous, specialized for 

feeding on burrowing macroinvertebrates (Sibbing et al. 1986, Sibbing 1991) and 

probably also partially detritivorous and herbivorous. Carp fingerlings ingest 

detritus-bound bacteria (Beveridge et al. 1991) and in adult carp abundant detrital 

material is commonly found in the stomachs (e.g., Lubinski et al. 1986). Furthermore, a 

number of other cyprinids and the ecologically similar white sucker (Catastomus 

commersoni) shift to detritivory when preferred food is scarce (Lob6n-Cervia and 

Rincon 1994, Ahlgren 1990). Field observations have also indicated that carp directly 

consume plants in large amounts when other food sources are unavailable (McCrimmon 

1968, Powles et al. 1983, Fletcher et al. 1985). Although carp are poor at handling plant 

material, and lack cellulases in the intestinal juices (Sibbing et al. 1986), anaerobic 

fermentation of plant fibre is facilitated, at least to a small degree, by microbes in the 

intestine (Smith et al. 1996) and a relatively long gut (Magalhaes 1993). Carp can also 

use 'digestible carbohydrates', which includes starch and sugars (O'Grady and Spillet 

1987). This ability to use detritus and burrowing macroinvertebrates could be 

particularly advantageous to carp, because in turbid eutrophic fresh waters potential 

food is often dominated by phytoplankton in a shallow euphotic zone, detritus and 

burrowing macroinvertebrates (Lenat 1984, Kirk 1985, Walker et al. 1992, Sherman 

and Webster 1994, Lake et al. 2000, Figure 6.1 Box 2). 

The use of carp in aquaculture also demonstrates that carp is a eutrophic-water 

specialist, and has been further selected for high productivity in eutrophic environments. 

The depletion of native fish adapted to lotic conditions in highly degraded European 

streams from about 1450 AD onwards (Hoffman 1995), and the rapid growth, extensive 

physiological tolerances and broad diet of carp, are probably the reasons that carp 

became, and has remained a popular aquaculture species. At least since the 1300's, carp 

has been used as a productive source of food in eutrophic aquaculture ponds, which 

have often been partly maintained using the faeces of humans or other animals (Viola 

1977, Rimon and Shilo 1982, O'Grady and Spillet 1987, Hoffman 1995). 

140 



A conceptual model of the global invasion. and impacts of carp 

6.4 Carp compete most successfully in flow-regulated temperate 

streams 

In this section, the association of carp with low flow-variability lowland rivers in 

temperate environments is considered in relation to the biological traits of carp and the 

likely traits of the invaded community. It is well established that human-modified 

communities provide less resistance to invading species (Moyle and Nichols 1973, 

Welcomme 1984, Herbold and Moyle 1986, Arthington et al. 1990, Lodge 1993b, 

Moyle and Light 1996, Lozon and Maclsaac 1997, Hobbs 2000, Bunn and Arthington 

2002) and 'generalist' alien species such as carp tend to fare better in human-modified 

streams (e.g., Welcomme 1985, Humphries and Lake 2000). Such general statements 

can, however, obscure the fact that human-modified environments vary considerably, 

and the types of alien or native species that come to dominate are dependent on several 

conditions. In this case, resistance to carp invasion by fish communities appears to be 

the weakest in temperate, human-modified and slow-flowing fresh waters where carp 

has access to backwater habitat for spawning. Other 'generalist' alien species are 

successful in different environments and, partially, for different reasons. For example, 

Salmo trutta have successfully invaded many relatively unregulated, oligotrophic waters 

in Australia, and their success is largely a result of predation upon, and competition with 

other species and a flexible life-history (Tilzey 1977, Jackson and Williams 1980, 

Crowl et al. 1992, Faragher and Harris 1994, Flecker and Townsend 1994, Davies and 

McDowall 1996, Townsend 1996). 

Several studies indicate that carp recruit more successfully in rivers with a low 

variability in flow, low-energy flows and relatively continuous access to well-vegetated 

backwaters (Figure 6.1 Box 2). The evidence for greater recruitment of young-of-the

year carp in the lowland reaches of inland rivers of NSW (Section 5.4.1), fewer carp in 

streams with high energy flows in south-west American streams (Minkley and Meffe 

1987) and avoidance of high energy flows by adult carp in Canadian streams (Brown et 

al. 2001) all indicate that mortality tends be relatively high for carp larger than about 

100 mm among higher energy flows. Furthermore, in rivers alien carp tend to be 

associated with human activities that modify flow (e.g., Mccrimmon 1968, Hoyt and 

Robison 1980, Crivelli 1981, Lubinski et al. 1986, Minkley and Meffe 1987, 

Winston et al. 1991, Gehrke et al. 1995, Gehrke et al. 1999a, Humphries and Lake 

2000). In this study, the finding that carp tend to be only found in flow-regulated 
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streams in coastal NSW corroborates this general pattern (Section 4.5). Such flow 

regulation tends to lead to a reduction in flow variability and dominance of low-energy 

flows (Walker et al. 1995). Similarly, carp recruitment is higher in low-variability 

regulated flows in Australia (Gehrke et al. 1995, Walker et al. 1995) and smaller, more 

stable annual flows in North America (Lubinski et al. 1986, Johnson and Dropkin 

1994). Moreover, reductions in carp populations have been observed when backwater 

habitat was made unavailable by human activities (Benson 1980, Balon 1995), and after 

deliberate reductions in water levels immediately after carp spawning (Shields 1958, 

Panek 1987). Additionally, variable flows in unregulated rivers of NSW could have a 

detrimental effect on carp because of the isolation of carp adults, larvae and eggs in 

floodplain bodies and backwaters (Section 5.4.2). Nonetheless, the relatively constant 

low-discharge in regulated rivers could sometimes be unfavourable for carp 

populations. This study has indicated that access to well-vegetated backwaters was 

limited at the end of a drought in regulated river floodplains of NSW, and hence 

recruitment of carp was low (Section 5.4.2). Under these drought conditions, low river

water levels could reduce access to the vegetated river backwaters carp require for 

spawning. 

The dominance of carp in flow-regulated streams is probably greatest when both the 

natural flow variability of the invaded stream, and the extent of flow regulation are high 

(Figure 6.1, Box 2). The reduction in flow variability that tends to occur with river 

regulation (e.g., Walker et al. 1995, Thoms and Sheldon 2000) is a 'disturbance' that 

probably disrupts the life history of endemic taxa adapted to variable flow regimes 

(Minkley and Meffe 1987). In contrast, there could be less 'disturbance' of the life 

history of carp, because carp prefer conditions associated with constant flows (Section 

6.3). In the longer-term (e.g., decades or centuries), endemic fish communities tend to 

be structured by flow 'stochasticity' when flow regimes are naturally variable, whereas 

endemic fish communities in predictable flow regimes tend to be structured by 

interspecific interactions such as predation and competition (Grossman et al. 1982, 

Moyle and Vondracek 1985, Grossman et al. 1998). The dominance of carp in flow

regulated streams is also consistent with the community naivety theory (Diamond and 

Case 1986). This theory argues that in the environments where the fauna had not 

evolved with a particular species, biological communities would have fewer defences 

against that species. Hence, in flow-regulated streams the endemic species are adapted 

to neither the novel flow regime nor interacting with the species that are more 
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competitive in flow-regulated conditions (Figure 6.1 Arrow a). It should also be noted 

that this advantage of carp would be best observed in the long-term, because some of 

the flow years in any river type are probably detrimental to carp populations (Section 

5.4.2). The longevity and high fecundity of carp (McCrimmon 1968, Panek 1987, Balon 

1995) would allow carp to recruit prolifically in years when spawning conditions are 

appropriate but also maintain populations in other years. 

Any negative interspecific interaction where carp detrimentally affect other fish species 

would probably be some form of competition (Figure 6.1 Box 3). Although carp has 

been occasionally observed consuming other fish (e.g., Johnson and Dropkin 1994, 

Koehn et al. 2000), there is very little evidence for carp using piscivory on a regular 

basis (McCrimmon 1968, Sibbing et al. 1986). Carp could consume the eggs of other 

fish species, particularly those with demersal eggs but, again, there is (to my 

knowledge) no evidence to suggest this occurs. Carp are, however, considered to use 

'overcrowding' to exclude other fish species (Taylor et al. 1984). Such descriptions 

suggest the use of interference competition by carp. During interference competition 

one organism physically excludes the other organism from part of the habitat, and the 

resources in that part of the habitat (Begon et al. 1996). Furthermore, carp have been 

observed using interference competition to exclude a smaller fish species, white bass 

(Morone chrysops), away from shallow vegetated zones (Devine and Shiozawa 1984). 

The large size of adult carp and long life span of carp, compared to other fish species 

(Section 6.3), is also consistent with carp using interference competition. Interference 

competition is an advantageous strategy for larger fish in resource rich environments 

(Persson 1985) and, accordingly, carp tend to be most prevalent in nutrient-rich 

waterbodies (Section 6.3). Moreover, temporally stable environments (e.g., flow

regulated rivers, Walker et al. 1995) tend to select for competitive species with traits 

such as long life spans and large body size (Townsend and Hildrew 1994). 

Competition in regulated lowland rivers could be most advantageous for carp within 

semi-arid and temperate regions, and least advantageous in tropical rivers. Carp evolved 

in temperate waters (Balon 1995), and therefore their success would be expected to be 

less in tropical waters. Hence, alien carp have displaced endemic fish communities in 

temperate regulated streams of Africa, Australia, Europe and North America 

(McCrimmon 1968, Welcomme 1985, Bruton and van As 1986, Lubinski et al. 1986, 

Magalhaes 1993, Balon 1995, Hoffman 1995, Lever 1997, Gehrke and Harris 2001; 
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Chapters 4 and 5). Although carp have invaded numerous tropical environments 

(Welcomme 1988, Lever 1997, Koehn et al. 2000), carp have had less success in 

invading tropical fresh waters (Welcomme 1984). For example, carp have competed 

poorly with other non-endemic species, including Nile tilapia ( Oreochromis niloticus) 

in Thailand, and also Nile tilapia and the redbreast tilapia (Tilapia rendalli) in 

Madagascar (Welcomme 1984, Lever 1997). Predatory effects on carp could also play a 

role in tropical waters, but there are few examples that suggest this (McCrimmon 1968, 

Lubinski et al. 1986, Koehn et al. 2000). The only unambiguous examples (I could find) 

of predation depleting carp numbers in the wild, by pikeperch (Stizastedion lucioperca, 

Crivelli 1995) and pike (Esox lucius, McCrimmon 1968), come from temperate waters. 

Nonetheless, if predation or competition is a strong effect that excludes carp from 

tropical waters then, because of the strength of this interaction, there can be a complete 

lack of evidence of this interaction (sensu Connell 1980). Another reason to suspect 

carp compete less well in the tropics is that, compared to temperate rivers, tropical 

lowland rivers exhibit lower flow variability (Welcomme 1985, Finlayson and 

McMahon 1988, Bowler 1990, Stanley and Fisher 1992, Lake 1995) and, as discussed, 

native fish communities that evolved in naturally variable, but now regulated, flow 

environments are probably less resistant to biotic invasion (sensu Minkley and Meffe 

1987, Grossman et al. 1982, Grossman et al. 1998, Figure 6.1 Box 2, Arrows a and b). 

Moreover, fish in tropical lowland rivers have presumably evolved to survive intense 

interspecific interactions because of the species rich conditions (Welcomme 1985, sensu 

Diamond and Case 1986). It is, however, difficult to disentangle the effects of human 

impacts and evolutionary forces on fish communities in both tropical and temperate 

waters. 

Vacant or under-used niches in temperate fish communities are unlikely to reduce 

community resistance to carp invasion, even in species-poor communities where the 

chance a 'vacant niche' is more probable. The vacant niche hypothesis suggests that 

certain resources are under-used in time and space and therefore this provides a 'space' 

for an invader to occupy (Herbold and Moyle 1986, Mack et al. 2000). This argument 

has, at best, equivocal empirical support for both plants and animals (Diamond and Case 

1986, Herbold and Moyle 1986, Roberts and Ebner 1997, Mack et al. 2000, Prieur

Richard and Lavorel 2000). Nonetheless, carp has proliferated in Australia where there 

are no native cyprinids, and no native benthivores that burrow into the sediments to an 

extent that is comparable to cyprinid benthivores (see McDowall 1996). Carp have, 
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however, invaded many areas inhabited by benthic fish species that also feed on the 

macroinvertebrate infauna, use detritus and thrive in both lentic and lotic environments 

(mostly ictalurids, catastomids and cyprinids, e.g., Canada, McCrimmon 1968, Scott 

and Crossman 1973 and Europe, Hoffman 1995). 

Another key advantage for carp in regulated rivers could be the susceptibility of 

fluctuating native fish populations to local extinction because of the isolating effect of 

river structures (cf. Harris and Mallen-Cooper 1994, Ward and Stanford 1995a, 

Humphries and Lake 2000). Small, isolated animal populations are more susceptible to 

extinction (Hanski 1996). For example, long-distance migrating species such as the 

Australian golden perch (Macquaria ambigua) and silver perch (Bidyanus bidyanus, 

Reynolds 1983, Harris and Rowland 1996) are probably reliant on such connections. In 

contrast, although an unknown proportion of carp populations periodically migrate 

(Fernandez-Delgado 1990, Winston et al. 1991, Rodriguez-Ruiz and Granado-Lorencio 

1992, Mallen-Cooper et al. 1995), they are unlikely to be strongly disadvantaged by the 

isolating effect of river structures. Most carp stay within a small home range for most of 

the year (Reynolds 1983, Lubinski et al. 1986) and can breed in small and disconnected 

waterbodies (e.g., Ontario lakes, McCrimmon 1968). Furthermore, the transportation of 

young carp as bait fish by anglers facilitates the movement of carp across natural 

boundaries (Balon 1995, Koehn et al. 2000). 

Numerous other effects could have reduced the abundance of fish species that compete 

with carp (Figure 6.1 Arrow c, cf. Faragher and Harris 1994 for Australian conditions). 

There is, however, little direct evidence for many of these effects. For example, 

overfishing has played a major role in the depletion of the formerly abundant cod in 

rivers of Australia (Maccullochella species, Harris and Rowland 1996). These large fish 

species (up to 1800 mm, Harris and Rowland 1996) could also have had the capacity to 

control carp populations through predation (Koehn et al. 2000). 

6.5 Natural parasites and pathogens of carp 

The interaction between carp and its natural parasites and pathogens could have 

contributed to the success of carp in fresh waters. In particular, carp could have 

introduced exotic parasites and pathogens that have detrimentally affected endemic fish 

populations (Hume et al. 1983, Bruton and van As 1986, Panek 1987, Roberts and 
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Ebner 1997, Figure 6.1 Box 3). For example, transportation of carp throughout Europe 

was closely followed by outbreaks in dropsy in other species of cyprinid (Welcomme 

1984). In America, dropsy can be caused by the parasitic copepods that are commonly 

found on carp (Panek 1987). Furthermore, the positive relationship between the 

incidence of abnormalities caused by the parasitic copepod Lernaea species in 

Australian native fish and the proportion of carp in the population (Harris and Gehrke 

1997) suggests a transfer of this parasite from carp to endemic fish, or at least the 

enhancement of the negative effects of Lernaea species on native fish by carp. To prove 

that these parasites have an important role in carp invasions is, however, difficult. It 

needs to be demonstrated that parasites or pathogens came over with carp and, 

additionally, that native fish are detrimentally affected because of carp dispersing into 

new environments. 

There is even less evidence to suggest that carp have benefited from release from their 

natural parasites and pathogens in novel freshwater environments. It is therefore 

difficult to demonstrate which parasites and pathogens have arrived with carp (e.g., in 

the case of Spring Viraemia, Rhabdovirus carpio, in Australia, Koehn et al. 2000). To 

test whether such an interaction could be important, a natural parasite or pathogen of 

carp would need to be naturalized in the waters that carp has invaded, to see whether 

there is a depletion of carp numbers in the wild. 

6.6 Are the local ecosystem impacts observed for carp relevant to 

regional-scale patterns ofi carp invasion? 

6.6.1 Overview 

Impacts by carp on the freshwater landscape could play an important role in their 

success as invaders (Figure 6.1 Box 4, Arrows d and e). It is well recognized that 

invading organisms can have large-scale impacts on the landscape (Mack et al. 2000). 

For example, alien herbivores such as goats (Capra hircus), sheep (Ovis aries) and 

rabbits (Oryctolagus cuniculus) cause large-scale soil disturbance, as well as change the 

structure of plant communities through direct grazing (Jarman and Johnson 1977, 

Burgman and Lindenmayer 1998, Mack et al. 2000). Analogously, large spatial-scale 

losses of macrophytes, and loss of water clarity because of sediment suspension, in 

rivers and lakes have been attributed to carp feeding (e.g., McCrimmon 1968, 
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Bowerman 1975, Hume et al. 1983, Taylor et al. 1984, Panek 1987). Hence, in inland 

rivers of south-east Australia, where large-scale cyanobacterial blooms are common 

(Bowling and Baker 1996, Burns and Walker 2000, Olley and Caitcheon 2000, Webster 

et al. 2000) the regeneration of sediment nutrients by carp has been implicated as a 

contributor to such blooms (Gehrke and Harris 1994). Additionally, large-scale losses of 

macrophytes in response to carp invasions have been anecdotally reported in these 

inland rivers (e.g., Fletcher et al. 1985, Roberts and Sainty 1997). The lower abundance 

of soft-bodied macrophytes in carp-inhabited river sites of inland NSW is also 

consistent with carp excluding these plant species (Section 4.4.5). 

These large-spatial scale patterns can be partly explained by the findings in the pond 

experiment in this study (Chapters 2 and 3). The pond experiment demonstrated that 

carp, particularly large carp at high biomass densities, shift the community towards a 

turbid phytoplankton-dominated state. Although caution must be applied when 

attempting to causally link small-scale effects to large-scale patterns (e.g., Cooper et al. 

1998), if a local effect (e.g., carp impact) is strong enough then this effect can be 

relevant at larger spatial scales (Cooper and Barmuta 1993). To this end, the next 

section explores the possible large-scale impacts of carp by first conceptualising the 

local effects of carp, based on the discussions in Chapters 2 and 3. Subsequently, the 

evidence for fish impacts at large-spatial scales is discussed with a focus on the inland 

waters of south-east Australia. 

6.6.2 A synthesis of the local impacts by carp 

The responses of the community to carp effects observed for the pond experiment can 

be interpreted in the following way (Figure 6.2): 

1. in the absence of carp, sediment and nutrient resuspension and phytoplankton 

abundance was low (the non-turbid 'stable-state', Scheffer 1990, Bronmark and 

Weisner 1992, Blindow et al. 1993; Section 2.5.1). Zooplankton abundance was 

high (Figure 2.6) and had a higher proportion of taxa vulnerable to fish predation 

and adapted to non-turbid waters such as Daphnia (Sections 2.5.4 and 2.5.5); 

2. at low carp densities vulnerable invertebrate species are mostly absent because 

of carp predation and sediment suspension. The remaining taxa (mostly 
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copepods) are, however, inefficient at using the moderate levels of productivity 

and therefore zooplankton abundance was lower (cf. Figure 2.6, Section 2.5.4); 

3. at high carp biomass densities with large carp, the experimental ponds 

approached the extreme form of the turbid 'stable-state' (Section 2.5.3). Larger 

carp feeding in the sediments enhance total phosphorus and phytoplankton. 

Total nitrogen and total phosphorus is enhanced by a higher biomass of carp. 

The total zooplankton count is high (Figure 2.6), and is largely comprised of 

copepods that have a low susceptibility to predation. In spite of the high 

sediment load reducing the filtering capacity of zooplankton, the zooplankton 

have enhanced abundance because of the high food availability (Sections 2.5.4); 

4. vulnerable taxa, such as large cladocerans (e.g., Daphnia) and molluscs (e.g., 

Physa), are quickly eliminated by carp predation (e.g., within 23 days, Sections 

2.5.5 and 3.4.3). Larger zooplankton taxa are reduced in abundance to a greater 

degree when the carp population is mostly comprised of small fish (Sections 

2.5.5); 

5. in populations with a more even mix of carp sizes and with a higher biomass of 

carp, nitrogen concentrations are higher (Sections 2.5.3 and 2.5.6); and 

6. carp predation on zooplankton is weak compared with many other predators. 

Moreover, processes that enhance zooplankton resistance (e.g., the response of 

zooplankton to floodplain inundation) could often diminish the effect of carp 

predation (Section 2.5.8). 
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Figure 6.2. Synthesis of water quality, zooplankton and macroinvertebrate responses to carp biomass 

density (kg.ha-') and carp size (kg) based on literature and impacts observed in the pond experiment 

(Chapters 2 and 3). It is assumed that an increase in algal biomass leads to an increase in the numerical 

abundance of zooplankton (hence the horizontal black arrow). Wider arrows indicate a larger effect. Time 

effects are not included. Wider arrows signify a larger effect. Key: Chi a= Chlorophyll a (a measure of 

algal abundance); TN= total concentration of nitrogen and TP = total concentration of phosphorus. 
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These patterns are consistent with other experimental studies on carp impact, 

particularly when carp and biomass density are taken into account (see discussions in 

Chapter 2 and 3). Nonetheless, the patterns described are unlikely to be as simple as 

indicated. fu particular, several factors strongly affect sediment suspension and nutrient 

levels such as depth, sediment type, flow and wind (Welcomme 1985, Meijer et al. 

1990, King et al. 1997, Weyhenmeyer et al. 1997, Lougheed et al. 1998, Webster 

et al. 2001). 

Although the qualitative responses to carp observed in the pond experiment are 

generally consistent with other studies and probably estimate the effects of carp in small 

shallow ponds, extrapolation to larger (i.e., a greater area) or deeper lentic ecosystems is 

risky. The magnitude of carp effects in larger and deeper systems could be 

overestimated. Carp impacts in the confined enclosures were probably more biased 

towards artificially sustained disturbances (sensu 'press' disturbances, Bender et al. 

1984). In contrast, impacts of fish species in the wild tend to be temporally and spatially 

variable (Power 1992b, Flecker 1996, Gelwick and Matthews 1997, Gel wick 2000). The 

impacts of carp are probably also temporally and spatially variable. In natural waters, 

carp tend to aggregate over space and time (Lubinski et al. 1986; P. Driver, pers. obs.). 

Moreover, age-specific prey choice (Hume et al. 1983, Balon 1995), migratory 

behaviour (Mallen-Cooper et al. 1995; Section 5 .1.1) and habitat use (Lammens and 

Hoogenboezem 1991; Sections 2.5.3 and 2.5.6) all suggest that carp segregate spatially 

and temporally according to size. On the other hand, this short-term study on carp 

impact might not have accurately represented the longer-term effects associated with the 

incremental removal of plants ( cf. Roberts and Ebner 1997), the more turbid waters that 

can be associated with the depletion of burrowing benthic prey (Zambrano et al. 2001) 

or other cumulative ecosystem effects that determine trophic state, nutrient dynamics 

and the structure of food webs. 

6.6.3 Do carp have large-scale impacts? 

Studies on other fish species indicate it is highly likely that carp have large-scale and 

long-term impacts in some freshwater ecosystems. In many cases sediment suspension 

is mostly explained by wind in large shallow lakes and discharge in flowing waters 

(Welcomme 1985, Meijer et al. 1990). Large-scale impacts by cyprinid benthivorous 

fish have, however, been demonstrated for lakes (e.g., Cahn 1929, Braband et al. 1990, 
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Meijer et al. 1990). For example, a combination of laboratory experiments and field 

observations enabled Braband et al. (1990) to determine that a large (845 ha) 

Norwegian lake had 80 percent of its phosphorus supplied during July and August from 

regeneration of sediment phosphorus by fish (Abramis brama, Rutilis rutilis and Perea 

jluviatilis) feeding. Furthermore, several studies indicate benthic-feeding fish can alter 

primary productivity within flowing waters (Power and Matthews 1983, Power et al. 

1985, Power 1990a, Gelwick and Matthews 1992, Flecker 1996, Dahl 1998). Moreover, 

most of these examples involve benthic-surface feeders that are likely to have relatively 

minor effects on sediment-associated nutrient suspension compared to carp, which can 

feed at least 12 cm into the sediments (Alikunhi 1966, Panek 1987). 

Compared to rivers elsewhere in the world, the magnitude of carp effects could be large 

in regulated inland river systems of south-east Australia. These rivers run through a very 

flat landscape. Much of the lowland alluvial environment has a gradient that is less than 

0.001 metres per kilometre (Riley 1988, Thoms and Walker 1992). Consequently, the 

rivers are often very slow flowing by world standards (Bowler 1990, Thoms and Walker 

1992, Lake 1995). Moreover, dispersal of biota and inorganic material, such as fine 

sediments, is prevented and flow variability has been dampened by river structures 

(Thoms and Walker 1992, Walker et al. 1995). In addition to capturing sediments and 

reducing the energy of flows, river structures can cause rivers to develop lentic 

invertebrate communities (Welcomme 1985, Walker et al. 1992). Therefore, local 

conditions would become more similar to those observed in small, shallow turbid lakes 

impacted by benthivores (cf. Meijer et al. 1990). Such shifts towards lentic conditions 

would be most evident immediately behind regulating structures (Welcomme 1985, 

Walker et al. 1992). Under such lentic conditions carp size-structure and 

biomass-density are likely to affect the extent of indirect and direct carp impacts on 

water quality and invertebrate community structure ( cf. Figure 6.1 Box 4 and 

Figure 6.2), and, consequently, probably also other fish species. Hence, given that carp 

biomass density and the average carp size can be high in inland rivers between zero to 

500 m altitude, albeit with the highest values above 300 m (Section 5.3.2, Figure 5.4 A), 

local effects of carp could dominate much of the lowland environment. Moreover, if 

such carp effects dominate a large proportion of the lowland river environment, carp 

impacts are relevant at larger spatial, and probably larger temporal scales. 
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If the local effects of carp (Figure 6.2) are significant at larger spatial-scales then this 

would have several probable consequences for other fish species (Figure 6.1 arrow e). 

Large zooplankton and non-burrowing macroinvertebrates are depleted by carp 

(Figures 2.8 C and 3.5 A-C). Additionally, by increasing turbidity and nutrient 

suspension carp probably consolidate the effects of eutrophication and erosion caused 

by humans. As discussed (Section 6.3), in these conditions available food is dominated 

by phytoplankton, detritus and burrowing macroinvertebrates. These conditions would 

severely reduce the amount of available food for non-piscivorous predatory fish, and, 

through cascading effects, probably also prey availability for piscivorous fish. 

Moreover, under turbid conditions the visibility of pelagic food for visual predators is 

reduced, the availability of epibenthic food is reduced because of smothering by 

sediments and fishes' gillrakers and gill filaments are clogged (Bruton 1985, Benfield 

and Minello 1996). Hence, high turbidity has been associated with lower diversity of 

fish communities (e.g., Persson 1983). Loss of vegetation as sites for refuge from 

predators, spawning and as high productivity areas for predation would also negatively 

impact many fish species (Taylor et al. 1984). Such changes in the water column are 

likely to favour carp compared to most other fish species as cyprinid benthivores tend 

not to be disadvantaged by high turbidity (Blindow et al. 1993), and carp are specialized 

for feeding on burrowing macroinvertebrates (Sibbing et al. 1986, Lammens and 

Hoogenboezem 1991), and possibly also detritus (Section 6.3). 

6.7 Directions for fiurther research 

The conceptual models for carp invasion and impacts (Figures 6.1 and 6.2) help identify 

worthy areas for future research. In particular, temporal and spatial scale has not been 

addressed in balanced way in carp research (sensu Lodge et al. 1998). Additionally, 

emphasis needs to be placed on the interacting roles of carp biomass and size structure 

in the impacts of, and biotic invasions by carp. This section provides a few suggestions 

for further research that helps meet these aims. 

There is a need to complement the large-scale, two year NSWRS and short-term, small

scale field experiments (e.g., the pond experiment and Lougheed et al. 1998, Section 

6.6.2) with studies at different scales. Many of the interactions addressed in this review 

operate at large spatial (e.g., flow regulation) and temporal (e.g., naturalization) scales. 

In contrast, carp impacts have only been considered at a local spatial scale over short 
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temporal scales. More realistic medium-term large-scale field experiments, such as carp 

removal in river sections, are required (cf. Cooper et al. 1998). The large-scale carp

removal study in Australian billabongs (King et al. 1997, Robertson et al. 1997) was a 

contribution that addressed this gap in the spatial scale of carp research and, for an 

experiment, it was run for a relatively long period (four months). It remains to be 

determined, however, whether there is a time after which carp effects 'stabilize'. Longer 

term, larger scale field studies (sensu Section 1.2.2; Diamond 1986, James and 

McCulloch 1990) are also required. For example, a large-scale study that includes sites 

on both regulated and unregulated rivers ( e.g., the NSWRS) extended to ten years, 

should lead to a more complete understanding of the response of carp to flow regulation 

over long-term drought-flood cycles. 

Experimental studies on interactions between different biomass and size structures of 

carp populations and other fish species could reveal fundamental interactions that 

influence the invasion of carp. In particular, the role of predators of carp remains 

unclear. Hence, small-scale experimentation remains important as a first approach to 

address such complex interactions. 

Although a conceptual model is provided for carp impacts in rivers (Figure 6.1, Section 

6.6.3), the effect of flow on carp impacts remains largely unresolved. There is currently 

insufficient information for quantitative predictions of the ecological role of carp in 

flowing waters. The impact of carp has been modelled as an interaction between river 

flow and resuspension of phosphorus from sediments by carp (Webster et al. 2001 ). 

This model, however, assumes that carp resuspend the entire available sediment area, 

and therefore ignores the spatial variability that typically occurs with fish impacts (cf. 

Section 6.5.2). Additionally, this model does not take into account effects of carp 

biomass or size structure. Other studies on fish impacts in flowing waters ( e.g., Power 

1990a, 1990b, Flecker 1996, Gelwick 2000) are only partially relevant because they 

were in relatively small, shallow non-turbid streams. In contrast, carp impacts in 

running waters are often most relevant in wide and turbid, and sometimes deep, streams 

(Section 6.3). Furthermore, these studies on fish impacts have concentrated on local 

impacts whereas the large-scale impacts of carp on water quality and zooplankton 

communities will be subject to drift. Therefore, some relationship would need to be 

determined between the impacts of carp and distance downstream (cf. Webster et al. 

2001 for phosphorus impacts). 
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6.8 Conclusion 

A conceptual model for large-scale and long-term carp invasion is proposed. A long 

history of aquaculture and transportation around the globe could have selected for 

highly productive varieties of carp in eutrophic lentic habitats, and for more invasive 

forms of carp. The endemic fish communities most vulnerable to the invasive forms of 

carp are in temperate climates that have been depleted by human impacts such as flow 

regulation in streams, increased erosion and eutrophication. Temperate rivers probably 

tend to be more susceptible to carp invasion because the endemic fish are adapted to 

naturally variable flow regimes and, consequently, are more disadvantaged by river 

regulation. Further, it seems likely that under river regulation fish communities become 

isolated and the small-scale indirect impacts of carp, as well as interference competition 

by carp, would dominate. Moreover, carp effects could intensify the water quality 

impacts made by humans, and thereby also their competitive advantage in the 

freshwater ecosystem. Such carp effects would be most evident when carp populations 

consist of large carp at high biomass densities. Moreover, in the degraded freshwater 

environments typically associated with human activities, carp feeding behaviour and 

physiology would often be superior compared to other fish species. Nonetheless, if carp 

are isolated from vegetated backwaters for spawning then carp populations can be 

reduced. The global success of carp can therefore be mostly explained by interactions 

between human impacts, particularly flow regulation, natural river flows and carp 

behaviour and physiology. 

The conceptual model for the large-scale and long-term invasion of carp identifies many 

gaps in current knowledge on carp population viability, and therefore it also provides 

directions for further research. Most importantly, the conceptual model makes clear that 

any further studies of carp-ecosystem interactions should consider the implications of 

temporal and spatial scale, and the size-structure of carp populations. For example, 

experimental research that describes carp impacts at larger temporal and spatial scales is 

required. Future research should also include studies of the interaction between flowing 

water and carp-size and biomass-density dependent impacts. Hence, carp-ecosystem 

interactions can be more productively explored by undertaking the suggested research 

and, by doing so, the predictions of the conceptual model can be tested. 
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Chapter 7 Conclusion: incorporating scale and 

colonizer size into a global model of carp invasion 

7.1 Why study carp invasion? 

The global dispersal of carp is a clear example of one of the biotic invasions that 

contribute to the homogenization of the earth's biota ( cf. Lodge 1993a, Mack et al. 

2000). Furthermore, within freshwater ecosystems carp has a high potential to dominate 

fish communities and contribute to the decline of water quality. River management 

agencies therefore need to understand the more important carp-habitat interactions that 

contribute to the widespread distribution and consequent ecological impacts of carp. 

Only with this knowledge can cost-benefit analyses be used to determine the most 

efficacious approaches for carp management. Hence, in this thesis larger-scale patterns 

associated with the distribution and biomass density of carp, and the role of both size 

and biomass density in carp impacts were explored. 

7 .2 Local impacts by carp 

The experimental study on carp impacts on water quality and invertebrate communities 

in fresh waters explored the importance of carp size. Earlier studies had suggested the 

importance of carp size (Lamarra 1975, Crivelli 1983, Kolterman 1990, Lammens and 

Hoogenboezem 1991) in determining the magnitude of carp impacts. This study 

demonstrated that carp and benthivore impacts on water quality and zooplankton 

communities are even more complex than previously described, and are dependent on 

the interaction between carp size and biomass density. In spite of this complexity, the 

responses to carp observed in the field experiment described in Chapters 2 and 3 were 

generally consistent with responses observed in other experimental studies when carp 

size was taken into account (Figure 6.2). In the pond experiment populations with larger 

carp caused more phosphorus suspension and a greater phytoplankton biomass. In 

contrast, higher rates of nitrogen suspension were associated with higher biomass, 

mixed-size populations of carp. A depletion of larger zooplankton taxa by carp 

predation, particularly by smaller carp, and the water quality impacts of carp, 

particularly by larger carp, were associated with the dominance of smaller zooplankton 

taxa such as copepods. The recorded depletion of large cladocerans by carp was 
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consistent with the feedback loop described by Blindow et al. (1993) that maintains the 

'turbid state'. 

Macroinvertebrate responses to carp were broadly similar to the zooplankton responses. 

That is, the taxa most likely to dominate in the presence of carp were the taxa most able 

to avoid carp predation and tolerate the indirect impacts of carp. Hence, the 

macroinvertebrates that are known to burrow into the sediments were the least prone to 

depletion by carp. Moreover, there were fewer macroinvertebrate taxa at high densities 

of large carp. The responses of the macroinvertebrate taxa would have been caused by a 

combination of direct and indirect carp effects, especially sediment suspension, habitat 

removal and predation. 

7 .3 Large-scale patterns in carp presence, biomass density and size 

structure among rivers of NSW 

The larger-scale studies of rivers of NSW showed that the size structure and biomass 

density of carp populations varied spatially and temporally and, therefore, the local 

impacts of carp would vary in relation to carp size and biomass-density, as described in 

the pond experiment. The greater prevalence of carp in inland rivers was probably a 

result of the dominance of slow-flowing alluvial reaches, the interconnectedness of most 

inland rivers and human impacts. Differences between the distribution patterns of carp 

equal to or less than 100 and 300 mm also suggested that most recruitment was 

occurring in slower-flowing lowland reaches. Similarly, low energy flows, river 

regulation and other human impacts were clearly implicated in allowing carp 

populations to establish in a small proportion of coastal rivers sites. These lowland 

environments, however, might not have been subject to the most severe carp impacts. In 

the inland rivers, the carp population structure most likely to cause turbid and eutrophic 

conditions, a high biomass of large carp, occurred in the slopes of the inland rivers 

where carp recruitment is probably poor. 

The NSWRS also indicated that the relationship between inland carp populations and 

river regulation is dependent on whether the rivers are in drought or flood conditions. In 

contrast to expectations, unregulated lowland rivers of inland NSW had more carp of a 

length of 300 mm or less in the total carp catch. This finding indicated that carp 

populations recruit more successfully with the greater frequency of flood events in 
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unregulated rivers. This observation could, however, prove to be indicative of drought 

conditions in future studies, because there are long-term climatic effects on flow and 

carp in rivers that could not be explored in this study. The dominance of carp among 

fish communities in both regulated rivers and low energy flows, and also the observed 

low temporal variability in the number of young carp in regulated lowland rivers of 

inland NSW, indicate that river regulation facilitates the domination of fish 

communities by carp at longer temporal scales. In particular, regulated rivers could 

provide refuge from mortality associated with high-energy flows. 

7 .4 Global invasion by carp 

The findings from the pond experiment and the New South Wales River Survey were 

placed in a broader context with a review of the factors that are likely to contribute to 

carp invasion. This review showed that the patterns observed for carp in south-east 

Australia are consistent with those observed in other parts of the world. A conceptual 

model (Figure 6.1) was developed that predicts the fish communities most vulnerable to 

invading carp have evolved with variable stream flows. Additionally, these fish 

communities tend to be subjected to human impacts such as flow regulation, increased 

erosion and other human causes of eutrophication. Hence, in naturally variable 

Australian rivers, an extensive system of weirs and dams and a dominance of low

energy flows negatively affect endemic fish communities. Such an environment would 

prevent the migration of native fish. Moreover, the weirs would enclose native fish 

communities in river sections where they would be detrimentally affected by the 

indirect effects of, and interference competition by carp. It is proposed that under these 

conditions human and carp water-quality impacts are synergistic, and provide a 

competitive advantage for carp. In such conditions, carp use their capacity for 

ecosystem engineering (sensu Jones et al. 1994, Roberts and Ebner 1997, Matthews 

1998) to further their advantage in flow-regulated environments. In particular, carp 

would feed relatively efficiently compared to other fish species in an environment 

dominated by phytoplankton, burrowing macroinvertebrates and detritus. Such 

explanations help explain the often complete dominance of carp in some regulated, 

lowland rivers of Australia (e.g., Gehrke et al. 1995, Harris and Gehrke 1997). 

Nonetheless, even in lowland rivers of south-east Australia the impacts of, and 

advantages for carp are, however, likely to vary greatly across large spatial and 

temporal scales. In particular, the extent of carp effects will vary in relation to carp size 
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and biomass density. In turn, carp size and biomass density are determined by human 

impacts and natural biotic (e.g., predation) and abiotic features (e.g., sediment type). 

This review also showed that the temporal and spatial scales that must be considered in 

the biology and management of carp are not well covered by carp research to date. This 

is a problem, because the detection of the spatial and temporal scales at which carp 

impacts are most relevant requires research across a large range of spatial and temporal 

scales. At this stage, carp impacts have only been demonstrated for small spatial and 

temporal scales. In contrast, field studies, such as the NSWRS, have been on a large

spatial and medium-term temporal scale. Studies that address this discontinuity in the 

scales of research, and further explore the interactions that affect invasion success and 

impacts of carp are suggested. 

7 .5 Conclusion 

The invasion of carp is a worldwide phenomenon that has major ecosystem effects in 

many temperate fresh waters. This study identified previously undescribed interactions 

between carp size and biomass density, and carp effects on freshwater invertebrate 

communities and water quality. Smaller carp had greater impacts as zooplanktivores, 

whereas larger carp had a greater negative impact on water quality and 

macroinvertebrate taxonomic diversity. These small-scale impacts of carp were placed 

in a more relevant context for large-scale studies and river management by identifying 

the environments where such impacts are most likely to occur. As predicted, carp were 

associated with slow flowing, lowland river reaches and human impacts such as river 

regulation. Nevertheless, the areas where carp populations could have their greatest 

impacts on water quality and invertebrate communities might be in areas where carp 

recruitment is poor. Additionally, the roles of flow and flow regulation were shown to 

be more complex than predicted by previous studies with evidence that, in some 

circumstances, carp recruit more successfully in unregulated rivers. Nonetheless, there 

is considerable evidence that the invasion of alien carp in freshwater ecosystems is most 

successful in human-modified catchments where stream flows were previously naturally 

variable. 
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