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Abstract 
 

In forested headwater streams, ecological processes such as carbon and nutrient cycling, 

the stream hydrological regime, and the structure of biological assemblages are tightly 

linked to the surrounding catchment. As such, headwater streams are vulnerable to 

disturbances within their catchments at various spatial (e.g. reach and catchment) and 

temporal (e.g. months to decades) scales. Forest harvesting is an example of a 

disturbance that has been widely linked to changes in the structure and function of 

biological communities, and changes in stream processes, such as leaf breakdown.  This 

thesis explores the short term (1 year) response of benthic organic matter storage and 

retention, leaf litter breakdown and macroinvertebrate structural and functional 

assemblage composition in headwater streams to catchment-scale selective harvesting in 

dry-sclerophyll forest in north-eastern NSW Australia.  

 

This study used a Multiple Before-After Control-Impact (MBACI) design, with five small 

adjacent equivalent-sized catchments (302-770 ha), three of which were selectively 

harvested during a commercial forestry operation, with two left as unharvested controls. 

Riparian vegetation was retained in accordance with licence conditions for Forests NSW. 

All five streams were gauged, and since 2001 Forests NSW have been collecting data on 

turbidity, suspended solids, temperature, run off and stream flow.  

 

Standing stocks and composition of coarse particulate organic matter (CPOM) were 

quantified before and after harvesting in all five catchments, with the prediction that 

stocks would be significantly lower in harvested streams. Mean standing stocks in all five 

streams were highly variable spatially and temporally, but harvested streams did not differ 

significantly from control streams in standing stocks of CPOM. Composition of CPOM 

was consistent across all streams and proportionally dominated by leaves, then small 

wood and bark. These findings were remarkably similar to values reported from other 

Australian streams. The results indicate that in the short term (1 year) there were no 

detectable reductions in CPOM standing stocks or changes in CPOM composition from 

selective harvesting.  

 

Retention rates of leaves for all streams at low flow were measured and compared among 

control and harvested streams using single particle release experiments. Both natural 
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abscised leaves and leaf analogues were used, released one at a time into a pool upstream 

of the gauging station. Leaves and leaf analogues did not differ significantly in mean 

travel distance across all streams, indicating analogues were a good surrogate for natural 

particles. Streams differed significantly in mean particle travel distance; however this was 

not correlated with harvesting, and was significantly associated with the dimensions of 

the pool that the particles were released into, highlighting the retentiveness of these 

streams.  

 

Rates of leaf litter breakdown and colonisation of macroinvertebrates were compared 

among 2 control and 1 harvested stream, with the prediction that rates of breakdown 

would be significantly faster and colonisation inhibited in harvested streams. Artificial 

leaf packs were constructed from abscised riparian leaves tied together with fishing line, 

and anchored in the streams for collection after 3, 7, 14, 28, 52 and 100 days. No 

difference in leaf breakdown rates were detected among control and harvested streams; 

however breakdown rates were significantly faster in streams with more stable flow 

throughout the experiment, indicating flow regime may have direct or indirect effects on 

leaf breakdown rates in these streams.  

 

Macroinvertebrate assemblage composition in depositional habitats was quantified and 

compared among control and harvested streams, with predictions of lower total 

abundance, fewer shredders and increases in collector-gatherer taxa, and shifts in 

assemblage composition (structural and functional) in harvested streams. Streams 

differed significantly in total abundance, and functional and structural assemblage 

composition; however these differences were not consistent among control and 

harvested streams, indicating no detectable effects from harvesting.  

 

In all of the indicators measured in this study, no effect from selective harvesting could 

be detected within 1-yr from harvesting. It is likely that no response to harvesting could 

be detected because the variability in the indicators within and among the streams was 

greater than any variation caused by the disturbance.   
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Chapter 1.  

General Introduction 

1.1  Catchment features influence headwater streams 

The terrestrial environment fundamentally influences ecological processes and biological 

communities within forested headwater streams. At the broad scale of the catchment, 

climate patterns, geomorphology, and the vegetation type, structure and cover interact to 

influence streams through controls on hydrologic regime, water chemistry and sediment 

delivery (Hynes 1975, Allan and Johnson 1997, Stanford 2006). In forested catchments, a 

large proportion of the total rainfall returns to the atmosphere via interception and 

evapotranspiration by plants (Hutchens et al. 2004). Therefore, the type and extent of 

vegetation cover within a catchment, as well as slope, soil permeability and infiltration 

capacity, will influence both the percentage of the total rainfall and its chemical 

properties that ultimately end up within a stream channel. 

 

At the reach scale, the riparian zone also exerts a strong influence on in-stream processes 

and biological communities. Riparian vegetation regulates light through shading, thus 

limiting in-stream algae and plant growth and controlling stream water temperature 

(Kiffney et al. 2004). Riparian vegetation also provides energy and nutrient resources to 

streams through leaf litter fall, which can influence aquatic macroinvertebrate 

assemblages (Vannote et al. 1980, Cummins et al. 1989). In addition, riparian vegetation 

stabilises stream banks and filters overland flow (Minshall and Rugenski 2006). It 

contributes woody debris to the stream channel, which ultimately affects the physical 

structure of the stream by influencing stream flow, in-stream habitats and the retention 

of organic matter (Webb and Erskine 2003a,b). These strong ecological linkages between 

the headwater stream and its terrestrial surrounds suggest terrestrial disturbance will have 

a significant effect on all aspects of the stream. For example, human induced 

disturbances, such as vegetation clearing, infrastructure development or agriculture 

within a catchment can cause significant changes to in-stream physical, chemical and 

biological processes, and therefore biotic assemblages within headwater streams. 
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1.2  The effects of forest harvesting on headwater streams 

Forest harvesting is an example of a disturbance that can have significant impacts on 

headwater streams. Forest harvesting encompasses clear felling, selective harvesting and 

other tree harvest methods, site and road preparation and other silvicultural practices in 

either plantation or native forest. The immediate effects of such activities on streams 

have been studied in different forest types throughout the world, including coniferous 

forests of Canada (e.g. Fuchs et al. 2003), deciduous hardwood forests in the USA (e.g. 

Webster and Waide 1982; Webster et al. 1990; Stout et al. 1993; Martin et al. 2000), 

coniferous forest plantations in the United Kingdom (e.g. Pretty and Dobson 2004, 

Ormerod et al. 2004, Neal et al . 2004) coniferous forest plantations in New Zealand (e.g. 

Death et al. 2003; Quinn et al. 2004; Collier and Smith 2005) and eucalypt forests in 

Australia (e.g. Growns and Davis 1994, Cornish 2001). Collectively, this research 

demonstrates that harvesting typically results in an initial increase in runoff through 

decreased evapotranspiration (Campbell and Doeg 1989, Thompson et al. 2009), and an 

increase in sedimentation and nutrient input from compacted surfaces such as tracks and 

roads (Croke et al. 1999, Kreutzweiser and Capell 2001). Depending on the provisions for 

riparian buffer strips, harvesting can also result in reductions in riparian canopy cover, 

with subsequent decreases in organic matter inputs (Webster and Waide 1982, Webster et 

al. 1990, Kreutzweiser et al. 2004), or, increases in organic matter inputs if slash and 

debris are left in the streams (Haggerty et al. 2004, Jackson et al. 2007) (Figure 1.1).   

 

Accordingly, aquatic habitats, their biological communities and in-stream ecological 

processes change in response. For example, Webster and Waide (1982) compared 

breakdown rates of leaves in a second-order stream before, during and after forest clear 

felling in North Carolina USA, and attributed the slowed breakdown rate during 

harvesting to burial in sediment. In another study from British Columbia, an increase in 

macroinvertebrate biomass within streams of logged catchments was found (Fuchs et al.  

(2003). This response was attributed to an increase in primary production, which resulted 

from increased solar radiation from harvesting of riparian vegetation. Other studies have 

described increases in exports of organic matter (Webster et al. 1990), and increases in 

sediment deposition (Kreutzweiser and Capell 2001) from forest harvesting activities 

(Figure 1.1). 
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The effects of harvesting on streams can change and persist through time. As forests 

regenerate, they restore rates of evapotranspiration and interception; this can lead to 

water suppression and reductions in base flow for several years (Martin et al. 2000, 

Cornish and Vertessy 2001) which may in fact be lower than pre-harvest (Watson et al.  

2001). Although no studies have focussed specifically on the ecological effects of water 

yield suppression from harvesting, evidence from studies where flow is artificially 

reduced demonstrate that low flow conditions can lead to declines in water quality, 

habitat availability, changes in aquatic species richness and abundance, and vegetation 

encroachment in stream channels (Dewson et al.  2007a, 2007b).  

 

Forest regeneration can also change the quality of leaves entering streams, and this has 

been linked to long-term changes in invertebrate communities (Hutchens et al. 2004). For 

example, Stone and Wallace (1998) reported a significantly higher abundance of 

shredding invertebrates in an Appalachian Mountain stream 16 years after clear-cut 

harvesting within its catchment, when compared with a nearby reference stream. Early 

successional leaves are colonised by microbes and aquatic hyphomycetes (‘conditioned’) 

faster compared with late-successional species, thus enhancing their palatability to 

invertebrate consumers (Stout et al. 1993, Hutchens et al. 2004); Stone and Wallace (1998) 

suggest these leaves may be a better food resource for invertebrate shredders, thus 

accounting for the higher abundance of this functional group. Other long-term changes 

to headwater streams attributed to forest harvesting include a decline in woody debris 

input (Silsbee and Larson 1983) and increased sedimentation (Davies and Nelson 1994 

Davies et al. 2005a), which can in turn affect aquatic habitats, ecological processes and 

biological assemblages.  

 

1.3 The magnitude and trajectory of ecological effects depend on 

forest management practices and catchment characteristics 

Forest harvesting has been widely demonstrated to affect headwater streams directly and 

through time; however, the effects are variable. For example, Growns and Davis (1994) 

compared benthic invertebrate communities, concentrations of suspended sediments and 

water quality in streams draining logged and unlogged coupes in a native eucalypt forest 

in Western Australia. Richness and abundance of invertebrates decreased and 

invertebrate community composition changed, due to high loads of suspended sediment 
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from clear felling operations (Growns and Davis 1994). Conversely, in a study of 

invertebrate communities in streams of logged and unlogged coniferous forests in 

Canada, Fuchs et al.  (2003) reported nearly double the invertebrate biomass in streams 

flowing through logged coupes; they attributed these findings to higher primary 

production, resulting from increased light to the stream after removal of riparian 

vegetation. Other studies have also demonstrated varied responses. Leaf litter inputs to 

streams draining clear-cut catchments were significantly lower when compared with leaf 

inputs to streams draining forested reference catchments in the Appalachian Mountains 

(Webster et al. 1990). In contrast, no significant difference in leaf litter inputs to streams 

of selectively harvested catchments was found when compared with reference streams in 

Ontario, Canada (Kreutzweiser et al. 2004).   

 

The type and extent of biological response to forest harvesting is variable, and largely 

dependant on two factors. The first is forest management practices, particularly 

harvesting method (e.g. clear-cut harvesting versus selective harvesting), and 

environmental protection measures, particularly the provisions for buffer strips along 

stream margins and the design and placement of roads (Doeg and Koehn 1990, 

Kreutzweiser et al. 2005, Nislow and Lowe 2006). The second is environmental 

characteristics of the catchment itself, including forest type (e.g. age, structural 

complexity), geology, soil characteristics, topography, and climate, as these fundamentally 

influence ecological processes through hydrological regime and transport of material 

(Section 1.1) (Hutchens et al. 2004). Accordingly, these factors merit consideration when 

predicting the ecological effects from forest harvesting.  

 

1.4 Predicting the effects of selective harvesting 

The majority of research concerning harvesting impacts on stream ecosystems is from 

the USA and Canada (Table 1.1), and many of these studies have examined the effects 

from intensive clear-cut harvesting, which is the practice of removing all trees within a 

given area. A substantial amount of this work has been undertaken in long-term 

experimental catchments, such as the Coweeta Hydrologic Laboratory, North Carolina, 

USA, where various experimental harvesting treatments have been applied and a number 

of ecological responses compared. For example, Gurtz and Wallace (1984), Wallace et al.  

(1988) and Stone and Wallace (1998) have explored the effect of clear cut harvesting an 
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entire catchment on sedimentation and the response of both structural and functional 

attributes of stream invertebrate communities throughout 16 years. Other experiments 

have focussed on the effects of harvesting on organic matter dynamics. Leaf litter inputs 

and storage and export of in-stream benthic organic matter have been compared among 

reference and logged catchments, and inputs and retention found to be significantly 

lower in logged streams (Webster et al. 1990). Other studies have examined leaf litter 

breakdown and found slowed rates immediately after harvesting (Benfield et al. 1991, 

Benfield et al. 2001). Increases in primary production, changes in algae communities 

(Lowe et al. 1986) and altered nutrient dynamics (Swank et al. 2001) have also been 

reported.  

 

In Australia, the ecological effects of harvesting on streams are less well-studied 

(Campbell and Doeg 1989, Doeg and Koehn 1990), and the majority of research has 

concentrated on effects on water quantity, suspended sediments and turbidity (e.g. 

Cornish and Binns 1987, Cornish 2001). Only two studies have examined the long-term 

effects on macroinvertebrate communities; one eight years (Growns and Davis 1991) and 

the other fifteen years (Davies et al. 2005b) after clear-cut harvesting, by comparing 

reference and harvested streams. Both studies reported differences in macroinvertebrate 

assemblage composition between reference and historically logged streams. Another 

study by Davies et al. (2005a) focussed on in-stream habitat changes, fifteen years after 

harvesting in old growth forests in Tasmania, highlighting differences in riparian 

vegetation structure and composition, morphological stream complexity and in-stream 

organic debris among reference and historically logged streams.  To date, Growns and 

Davis (1994) is the only published experimental work to examine the immediate effects 

from clear-cut forest harvesting on invertebrate fauna, comparing benthic invertebrate 

communities, concentrations of suspended sediments and water quality in four reference 

streams with a stream draining a logging coupe in jarrah forest in Western Australia, 

before and after harvesting. They found that richness and abundance of invertebrates 

decreased because of high loads of suspended sediment from clear felling operations, 

despite the retention of >30m-wide vegetation buffer strips along stream edges. Changes 

in functional variables from harvesting activities, such as primary production, leaf litter 

breakdown, organic matter retention and functional group assemblages, however, remain 

to be tested in Australian ecosystems (Campbell and Doeg 1989). Furthermore, the 
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ecological effects of selective harvesting, a harvest method that removes only a 

proportion of the trees in a given area, have not been explored.  

 

The functional responses to forest harvesting reported from overseas studies may 

potentially differ in Australian ecosystems, due to inherent differences in forest types, 

rainfall and stream flow relationships, stream biota and harvest management practices. 

The timing and quantity of leaf litter inputs to streams and the phenology of Australian 

vegetation is different to that of coniferous and deciduous hardwood forests. In 

temperate and sub-tropical Australian eucalypt ecosystems, leaf fall is distinct and occurs 

throughout summer, though the amount varies among forest types (Lake 1995). In their 

study of leaf litter fall in upland streams in south-eastern Australia, Campbell et al. 

(1992a) found that seasonality of leaf fall was not as great when compared with 

deciduous forest types of the northern hemisphere, which experience an annual autumnal 

pulse. Furthermore, the proportional contribution of leaves and bark to litter fall was 

smaller and greater respectively, when compared with typical litter composition reported 

from northern hemisphere deciduous forests (Campbell et al. 1992a).  

  

Furthermore, the importance of particular functional groups such as shredders has been 

challenged in many Australian aquatic ecosystems, as they appear to be poorly 

represented in many upland streams (Lake 1995). Scraper invertebrates have been found 

to be more important than shredding invertebrates in the breakdown of eucalypt leaves 

in intermittent streams in Victoria (Boulton 1991), and many other invertebrate groups 

are generalist in their food preferences. Consequently, responses of functional feeding 

groups to harvesting, for example declines in shredders, may not be as pronounced in 

Australian streams when compared with findings from overseas studies.  

 

1.5  Broad research aim and predictions  

The broad research aims for this project are to quantify the short-term (1 year) effects of 

catchment scale selective harvesting on benthic organic matter storage and retention, in-

stream leaf litter breakdown, and macroinvertebrate assemblages in depositional habitats 

within headwater streams of a dry sclerophyll regrowth forest (Eucalyptus spp) located in 

the Kangaroo River State forest, north-eastern NSW, Australia (Chapter 2: Study region and 

experimental design). This study uses a Multiple Before-After Control-Impact (MBACI) 
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design, with five small adjacent equivalent-sized catchments (302–770ha), three of which 

were selectively harvested during a commercial forestry operation throughout 2007, with 

two left as unharvested controls. Filter strips, protection zones and operational zones 

along stream margins were retained (Chapter 2.2).  

 

Based on these prescriptions, I predicted that after harvesting, runoff and sediment 

transport would increase, due to decreasing evapotranspiration, reduced infiltration and 

greater soil compaction. In harvested streams, higher stream flow was predicted to 

export coarse particulate organic matter (CPOM), leading to a decline in stored CPOM 

(Chapter 3: Patterns in CPOM composition and storage in forested headwater streams, and their 

response to catchment-scale selective harvesting). Higher stream flow in harvested catchments was 

also predicted to decrease the ability of streams to retain CPOM (Chapter 4: A comparison 

of CPOM retention in headwater streams of selectively harvested and unharvested catchments). Higher 

stream flow in harvested catchments was predicted to increase rates of leaf litter 

breakdown and reduce macroinvertebrate colonisation of leaves through increased 

physical abrasion (Chapter 5: leaf breakdown and colonisation by macroinvertebrates in forested 

headwater streams: a comparison of selectively harvested and unharvested catchments). Concomitant 

reductions in total macroinvertebrate and shredder abundance, increases in collector-

gatherers, and subsequent changes in macroinvertebrate assemblages (structural and 

functional) were predicted in harvested streams from increased stream flow, reductions 

in stored benthic CPOM, and increased fine particulate organic matter (FPOM) (Chapter 

6: the response of aquatic macroinvertebrate assemblages to catchment-scale selective harvesting in a 

eucalypt forest). These changes have been summarised in a conceptual model of the 

hypothesised ecological changes in response to the harvesting operations in the 

Kangaroo River State forest (Figure 1.2).  Predictions of the conceptual model will be 

reviewed in the final chapter (Chapter 7: A conceptual model for ecological effects from selective 

harvesting on headwater streams in the Kangaroo River State Forest, Northern NSW) and future 

research directives and key findings summarised for sustainable forest management.  
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Figure 1.1: A generalised conceptual diagram of changes in physical processes, changes 
in ecosystem function and the response of macroinvertebrates in headwater streams 
within 1 to 2 years after forest harvesting. Line width indicates degree of contribution; 
broken arrows show process changes if harvesting includes the riparian vegetation.   
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Figure 1.2: Conceptual model of hypothesised ecological responses from harvesting 
activities in the Kangaroo River State Forest. Responses measured in this thesis are 
highlighted in bold. 
 



 

Table 1.1 A summary of various examples of research studies of in-stream ecological effects from forest harvesting*  

Study region Forest Type Harvesting methods Research focus Reference 
USA     
Coweeta Hydrologic 
Laboratory North 
Carolina  
 

Dominated by oaks, 
hickories, yellow poplar and 
red maple 

Clear cutting Leaf breakdown  
Long-term effects on leaf breakdown 
 
Organic matter budgets 
Stream morphology and seston transport 
Benthic invertebrate communities 
immediately after harvesting 
Benthic invertebrate communities 5 years 
after harvesting 
Benthic invertebrate communities 16 years 
after harvesting 

Webster & Waide 1982 
Benfield et al.  1991 
Benfield et al.   2001 
Webster et al.  1990 
Golladay et al.  1987 
Gurtz & Wallace 1984 
 
Wallace et al.  1988 
 
Stone & Wallace 1998 

   Shredder invertebrate production and 
benthic organic matter 

Stout et al.    1993 

   Benthic algal communities Noel et al.  1986 
   Algal communities and algal growth Lowe et al.  1986 
Hubbard Brook 
Experimental Forest, New 
Hampshire  

Hardwood forest dominated 
by sugar maple, yellow birch 
& American beech. 

Clear cutting & 
progressive strip cutting 
Clear cutting 

Sediment deposition, hydrology and stream 
water nutrient concentrations  
Algal communities 

Martin et al.  2000 
 
Ulrich et al.  1993 

North Carolina  Pine forest dominated by 
loblolly pine & native 
hardwood forest 

Clear cutting with 15 m 
riparian buffer zones 
retained 

Organic matter inputs, macroinvertebrate 
communities, food webs and leaf 
breakdown  

Goodman et al.  2006 

Great Smoky Mountains 
Tennessee and North 
Carolina 

Not specified Clear cutting Wood debris, in-stream habitat, water 
quality and benthic invertebrates 

Silsbee and Larson 1983 

Washington Coast Ranges Western hemlock and 
western red cedar 

Clear cutting with and 
without riparian buffers 

Physical habitat, macroinvertebrates and 
amphibians 
Macroinvertebrates 

Jackson et al.   2007 
 
Haggerty et al.  2004 



 

Study region Forest type Harvesting methods Research focus Reference 
New Hampshire 
 

Northern hardwood forest Clear cutting Periphyton & benthic invertebrate 
communities 
Macroinvertebrates and Brook trout 2 years 
after harvesting 

Noel et al.   1986 
 
Nislow & Lowe 2006 

Coastal Virginia Plain  Pine forest and mixed 
hardwood 

Clear cutting Macroinvertebrates and macrophytes  Kedzierski & Smock 2001 

Canada     
Ontario 
 

Native hardwood forest 
dominated by sugar maple 
& yellow birch 

Selective harvesting 
3 m riparian buffer 
retained 

Fine sediment deposition  
Organic matter inputs & accumulation  
Macroinvertebrate communities 

Kreutzweiser & Capell 2001  
Kreutzweiser et al.    2004 
Kreutzweiser et al.    2005 

British Columbia 
Malcolm Knapp Research 
Forest 

Western hemlock, western 
red cedar, Douglas fir 

Clear cutting with 3 
different buffer width 
treatments 
Clear cut 

Surface water nutrient concentrations 
Periphyton biomass and insect abundance 
 
Cutthroat trout and habitat 

Kiffney et al.    2003 
 
 
DeGroot et al.    2007 

British Columbia 
 

Coniferous forests 
dominated by pine, white 
spruce and fir 

Clear cutting 
 

Macroinvertebrate communities, algal  
standing crop and in-stream physical habitat

Fuchs et al.    2003 

New Zealand     
Napier Pinus radiata  plantation Clear cutting Benthic invertebrate communities Death et al.   2003 
Coromandel Peninsula  
 

Pinus radiata  plantation Clear cutting ; some 
buffer strips retained 

Benthic invertebrate communities 
Fish assemblages  

Quinn et al.   2004 
Rowe et al.   2002 

Bay of Plenty 
 

Native forest and Pinus 
radiata  plantation 

Progressive strip cutting In-stream habitat 
Benthic invertebrate communities 

Collier & Smith 2005 

Australia     
Western Australia 
 

Native eucalypt forest 
dominated by jarrah &  karri

Clear cutting Benthic invertebrate communities 8 years 
post harvesting 

Growns & Davis 1991 

Western Australia 
 

Native eucalypt forest 
dominated by karri 
 

Clear cutting with riparian  
buffer retained 

Benthic invertebrate communities Growns & Davis 1994 



 

Study region Forest type Harvesting method Research focus Reference 
Tasmania 
 

Native eucalypt forest Clear cutting with varying  
riparian buffer widths 
retained 

Benthic invertebrate communities and fish 
abundance 

Davies & Nelson 1994 

Tasmania 
 

Dry sclerophyll eucalypt 
forest, mixed eucalypt forest 
and cool temperate 
rainforest 

Clear-cutting Stream morphology and habitats 15 years 
after harvesting 
Benthic invertebrate communities 15 years 
after harvesting 

Davies et al.  2005a 
 
Davies et al.  2005b 

*Table 1.1 is not intended to be a comprehensive collation of all published work examining the ecological effects from harvesting.  
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Chapter 2. 

Study Region and Experimental Design 

2.1  Study region 

The study took place in the Kangaroo River State forest (KRSF) (30°05’S, 152°50’E), 

approximately 40 km north west of the regional city of Coffs Harbour in New South 

Wales (Fig. 2.1.1). The KRSF is 10928 ha, and located on the Eastern Dorrigo Plateau, its 

eastern boundaries adjacent to Wild Cattle Creek and Bagawa state forests, and its 

western border the Nymboi-Binderay National Park.  

 

The topography of the KRSF is characterised by high ridge segments and steep slopes. 

Drainage lines and small streams are generally narrow with steep sides. The KRSF 

contains a mixture of vegetation communities; the principal forest type is Dry Sclerophyll 

forest, dominated by species such as Spotted Gum (Eucalyptus maculata), Grey 

Ironbark/Grey Gum (E. propinqua) and Blackbutt (E. pilularis), with Brush Box 

(Lophostemon confertus) prominent along drainage lines and in the riparian zones. This 

vegetation community characteristically displays an open understorey of grasses and 

xerophytic shrubs (Drielsma 1995). The forest structure is typically multi-age with a range 

of tree size classes, consisting of the original forest as well as mature and semi-mature 

regrowth (Drielsma 1995). Forest stands have a tendency to be of poorer timber quality 

on exposed ridges with medium to good quality timber stands associated with more 

sheltered slopes and drainage lines (R.Lloyd, Harvest Planner, pers.comm. 2006).  

 

The climate of the region is warm temperate, experiencing warm humid summers and 

mild dry winters (Drielsma 1995). Air temperatures range from 17°C to 26°C over 

summer and 6°C to 20°C over winter (Figure 2.1.2). Average annual rainfall is 1647 mm 

(Bureau of Meteorology 2008), the greatest amount falling between January and March, 

with the driest period occurring between July and September (Figure 2.1.2).  

 

The KRSF was subject to some harvesting in the 1970s and early 1980s. Harvesting 

operations in the area generally used selective methods (Chapter 2.2.1) as these aim to 

remove mature, over-mature and damaged trees as well as promote regeneration 
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(Drielsma 1995). The KRSF also has a long grazing history and is currently grazed by 

cattle under an Occupation Permit.  

 

2.1.1.  Catchments in the Kangaroo River State Forest 

Forests NSW is a public trading enterprise responsible for sustainably managing more 

than two million hectares of native and planned forest, for a wide range of economic, 

environmental and social values (NSW DPI 2005). Within KRSF, Forests NSW, have 

identified five adjacent equivalent-sized catchments (Kangaroo River Water Quality 

Monitoring Catchments, identified as C1, C2, T1, T2 and T3) (Figure 2.1.3). Each stream 

within each catchment is fourth order (third order in T3) and bedrock-controlled. In the 

study reaches used in this research, the streams typically have sequences of narrow (2 to 7 

m wide), shallow (0.2 m to 1.3 m deep) pools with predominantly bedrock, but also 

cobble and pebble substrates, separated by bedrock cascades, or occasionally shallow 

riffles (Figure 2.1.4). All five streams are well-shaded (≥ 70%). Four of the streams C1, 

C2, T1 and T2 drain into the Kangaroo River; T3 is the headwaters of the Little 

Nymboida River. 

 

2.1.2 Stream gauging methods used by Forests NSW 

Forests NSW has instrumented each of these streams and have been collecting turbidity, 

suspended solids, temperature, run-off and stream flow data from each since June 2001. 

Gauging stations are located upstream of tributary junctions (Figure 2.1.3) and 

monitoring points are located on bedrock (Webb et al.  2007). Each gauging station has 

an automatic pump ISCO stage-activated water sampler, Datataker DT50 datalogger, 

Unidata 6542B 0-2 m pressure transducer, Greenspan TS100 turbidity probe and staff 

gauge. Twelve-V batteries that are charged by a 30 W solar panel power the electrical 

equipment.   

 

Stream height and turbidity are logged at six-minute intervals. Water samples (500-ml) are 

automatically pumped from each weir pool when flows are initiated within the channels, 

at rising and falling stage increments throughout runoff events and on a weekly basis 

during base-flows (Webb 2008). Data are downloaded from sites after each storm, or at a 

maximum interval of 14 days during zero-flow conditions. Water samples are collected, 

refrigerated and couriered to the laboratory to be analysed for total suspended-sediment 
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(TSS) concentration and turbidity using the appropriate methods (APHA 1998) (Webb 

2008).  

 

Figure 2.1.1: Location of the Kangaroo River State Forest with the five water quality 
monitoring catchments highlighted within.  
 

 

Figure 2.1.2: (a) Average minimum ■ and maximum ● temperatures (°C) based on 65 
years of record for Coffs Harbour and (b) Mean annual rainfall (mm) based on 36 years 
of record for the locality of Lowanna. Source: Bureau of Meteorology 2008.  
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Figure 2.1.3: Kangaroo River Water Quality Monitoring Catchments, indicating stream order, 
location of gauging stations and forest types within the catchments. Refer to Appendix 2.1 for 
details of vegetation associations for these forest types. Source: R.Lloyd, Forests NSW, 21-02-
2009. 
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Figure 2.1.4. Typical morphology of streams in the study, showing 
bedrock dominated substrate, steep banks and typical vegetation 
composition. Photos: K.Smolders 2008 
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2.2  Harvesting in the Kangaroo River State Forest  

Throughout 2007, three of the catchments (T1, T2, and T3) were selectively harvested, 

leaving two catchments (C1, C2) as unharvested controls (Table 2.2.1). In NSW, 

harvesting is undertaken according to a timber harvest plan. Timber harvest plans are 

developed and used for the control of harvest operations on a forest compartment basis 

(NSW DPI 2008). The plan includes a description of the proposed operation and how it 

adheres to the Forests Practices Code for timber harvesting.  This Code of Practice 

provides clear guidelines on environmental protection measures for soil and water, as do 

the Environmental Protection Licences, the Threatened species licence and Fish licence 

issued under the Protection of the Environment Operations Act 1997. These guidelines 

incorporate methods to reduce the impact of logging on streams, and include 

prescriptions for riparian buffer strips, design and placement of roads, restrictions on 

harvesting related to slope and soil type, and restrictions on harvesting methods (refer to 

Integrated Forest Operations Approval for details on these conditions 

http://www.environment.nsw.gov.au/forestagreements/agreementsIFOAs.htm).  

 

Therefore, the harvest plan covers aspects such as forest condition, felling methods, 

vegetation communities that are to be excluded from harvesting (such as rainforest 

species), and also provisions for soil and water protection, drainage features, roads and 

crossings, and log dumps (NSW DPI 2008). Detailed maps using Geographic 

Information Systems (GIS) present such information in the harvest plan.  

 

2.2.1  Summary of timber harvest operations for the KRSF  

Forest operations within the three treatment catchments, including road preparation, log 

dump preparation and felling of trees, began on 16 February 2007 and finished on the 20 

November 2007. The forest was harvested using single tree selection (STS). The 

Integrated Forest Operations Approval (1999) defines STS as a silvicultural practice, 

which in relation to an area of forested land has the following elements:  

 

• Trees selected for logging have trunks that in cross-section measured 1.3 metres 

above ground level, have a diameter (including bark) of 20cm or more; and 

• Trees are selected for logging with the objective of ensuring that the sum of the 

basal areas of trees removed comprises no more than 40% of the sum of the 
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basal areas of all trees existing immediately prior to logging within the net 

harvestable area of the tract.  

 

Harvesting was by manual felling with extraction by crawler tractor or rubber-tyred 

skidder (Webb 2008). Filter strips, protection zones and operational zones along stream 

margins were retained in accordance with the Environmental Protection Licence 

guidelines (Table 2.2.2).  

 

Table 2.2.1: Catchment areas and annotation for the Kangaroo River Water 
Quality Monitoring Catchments set up by Forests NSW.   
Catchment 

 
Type Hectares Hectares 

harvested 
% of catchment 

harvested 
C1 Control 367 -  
C2 Control 770 -  
T1 Harvest 593 336 56.7 
T2 Harvest 443 146 32.9 
T3 Harvest 302 117 38.7 

 

 
Table 2.2.2: Summary of minimum filter strip, protection zone and operational zone 
widths, measured in metres along the ground surface perpendicular to the stream, for 
mapped and unmapped drainage lines, prescribed streams and watercourses in native 
forests in Inherent Hazard Level 1 and 2. See Appendix 2.2 for definitions and 
harvesting conditions for filter strips, protection zones and operational zones. For 
further conditions for operations in and around streams, refer to the Integrated Forest 
Operations Approval  
http://www.environment.nsw.gov.au/forestagreements/agreementsIFOAs.htm. 

Stream Order Filter strip (m) Protection Zone 
(m) 

Operational Zone 
(m) 

Unmapped 5 5 10 
1st Order 5 5 10 
2nd Order 5 15 10 
3rd Order 5 25 10 
4th Order or greater 5 45 10 

 

2.3  Experimental design 

The experimental design set up by Forests NSW  is a Multiple- Before-After-Control-

Impact (MBACI) design, with two replicated control catchments (C1,C2), and with the 

treatment (logging) replicated across three treatment catchments (T1,T2,T3). Response 

variables are measured through time at all reference and treatment locations, before and 

after the treatment (‘impact’) or disturbance takes place. Using this design, we can then 

test whether a given variable changes at the ‘impacted’ locations at the time of the 
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disturbance, relative to the natural variation (interaction) among the control locations 

(Underwood 1995, Downes et al.  2002).  

 

The MBACI design is considered ideal in ecological monitoring, as the greater the 

replication at the treatment scale (i.e. control and impact), the stronger the inference and 

the statistical power to detect changes (Downes et al. 2002). However, Downes et al.  

(2002) advocate that when using the MBACI design, control and impact locations should 

be matched as closely as possible in terms of their physical and biological environments, 

otherwise the natural variation will be higher among replicated locations, resulting in 

lower power to detect impacts. Downes et al. (2002) recommend that criteria for selecting 

similar control and impact locations are clearly defined prior to deciding on an 

experimental design, based on the response variables to be measured and the type of 

impact.  

 

2.3.1  Criteria for control and impact locations 

All five catchments share common boundaries, have similar topography, are similar in 

size, and at least four of the five catchments (C1, C2, T1 and T2) have similar vegetation 

communities (Fig. 2.1.3). Changes to the hydrological regime, such as greater stream 

flow, was predicted to be the most significant effect of harvesting in the treatment 

catchments in this study (Figure 1.2), and in turn, be the factor that would drive changes 

in response variables, such as standing stocks of CPOM, leaf breakdown rates and 

macroinvertebrate communities. Based on the experimental design considerations for 

MBACI outlined above, I also considered similarity in flow regime as important criteria 

for control and impact locations.  

 

Mean daily discharge data (ML/day) collected for each stream by Forests NSW show that 

all five streams have a similar ‘flashy’ stream flow pattern; low flow predominates most 

of the time, with rapid rise and fall in stream discharge during storm events (Figure 2.3.1, 

Appendix 4.1). However, several features of the flow regime differed among catchments; 

the frequency and magnitude of floods were greater in catchments C2 and T1 relative to 

catchments C1, T2 and T3, and catchment T3 had a higher baseflow relative to all other 

catchments. Consequently, I analysed five years pre-logging hydrology data (2002 to 

2006) to determine how similar the catchments were to each other based on their flow 

regime. 
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2.3.2  Methods  

Mean daily flow data (ML/d) based on each yearly record were analysed, and 

hydrological metrics that describe ecologically relevant features of the flow regime were 

calculated in the Time Series Analysis module of the River Analyses Package (RAP) 

software (Marsh 2004) (Table 2.3.1). Further multivariate analyses of data were 

completed using PRIMERv6 statistical software (PRIMER-E 2006). Principal 

Components Analysis (PCA) on normalised flow metrics explored variation among 

catchments that could be explained by features of their flow regime (e.g. Leigh and 

Sheldon 2008), and the mean and standard error of principal components scores on axes 

PC1 and PC2 were plotted for each catchment. Eigenvector loadings indicated which 

flow metrics were separating catchments. Resemblance between catchments based on 

flow metrics was calculated using Euclidean distance, and Analysis of Similarities 

(ANOSIM) was used to test if there was no difference in flow regime among sites. If 

ANOSIM did show significant differences, pair-wise comparisons showed those 

catchments that differed significantly from one another. 
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Table 2.3.1: Flow metrics calculated for each year (2002 to 2006) used to classify 
flow regimes of the Kangaroo River Water Quality Monitoring Catchments. 
Definitions of flow metrics are from Marsh (2004). 
Flow metric Definition  
Maximum flow Largest input value for the period of analysis 
Q10:  the flow exceeded 10% of the time 
Q90:  the flow exceeded 90% of the time 
Mean daily flow (ML/day) Sum of flow values/number of days 
Median daily flow (ML/day) Middle flow for the record (flow exceeded 50% of the 

time) 
Coefficient of variation of daily 
flow  

Mean of all daily flow values divided by the standard 
deviation for the daily flow values 

Number of days 0 flow Number of days of 0 flow for the period of analysis 
Number of rises Number of rises for the period of analysis 
Mean magnitude of rises Average of the total change in discharge for all rises for 

the period of analysis 
Mean duration of rises Addition of the duration of all rises divided by the 

number of rises for the period of analysis 
Mean rate of rise The change in discharge for each rise event divided by 

the length of the event 
Mean magnitude of falls Average of the total change in discharge for all falls for 

the period of analysis 
Mean duration of falls Addition of the duration of all the falls divided by the 

number of falls for the period of analysis 
Mean rate of falls The change in discharge for each fall event divided by 

the length of the event  
Base flow index:  Ratio of total base flow discharge to total discharge 
Flood flow index:  Ratio of non-base flow and total discharge 
Mean daily base flow Total base flow divided by the number of days of the 

record 
 

2.3.3.  Results  

A scatter plot of the mean PC1 and PC2 scores for each catchment indicated 3 different 

catchment groups; C1–T2, and C2–T1 with T3 on its own (Figure 2.3.2). Gradients in 

mean daily flow and number of days of zero flow contributed to Axis 1 (PC1) while 

mean rate and magnitude of rises contributed to Axis 2 (PC2) (Figure 2.3.2, Table 2.3.2). 

Plots of each catchment for flow metrics from 2002 to 2006 indicate similar temporal 

trajectories in flow regime (Figure 2.3.3), shifting from a greater number of zero flow 

days in 2002 to a higher mean daily flow in 2006.  

 

The ANOSIM showed catchments differed significantly in flow regime (R=0.299, 

p<0.001), with pair-wise tests confirming that T3 differed significantly from all other 

catchments. However, C1, C2, T1 and T2 did not differ significantly from each other, 

despite apparent pairing of C1–T2 and C2–T1 on the ordination plot.   
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Figure 2.3.1 Mean daily discharge (ML/day) for the two control (C1, C2) and three 
treatment (T1, T2, T3) catchments from June 2001 to December 2006. Source: 
Forests NSW 2007. 
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Figure 2.3.2 Mean (±SE) principal components scores 1 and 2 for each 
catchment from 2002 to 2006. Solid arrows indicate gradients of change in flow 
metrics that have dominant eigenvector loadings on PC1 and PC2.  

 
 
 

Table 2.3.2 Eigenvector loadings of flow metrics on the first two principal 
components, PC1 and PC2 for the PCA analysis shown in Figure 2.3.1. 
Variance explained by each component is given in parenthesis and the two 
highest positive and negative loading values on each axis are in bold.  
Flow metric PC1 (45.9%) PC2 (30%) 
Number days 0 flow -0.274 0.01 
Mean duration of falls -0.228 0.008 
Q10 0.303 0.086 
Mean daily flow 0.338 0.061 
Base flow index 0.215 -0.334 
Median flow 0.256 -0.279 
Flood flow index -0.215 0.334 
Mean rate of rise 0.197 0.341 
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Figure 2.3.3: Principal components scores 1 and 2 for catchments C1 ●, C2 ●, 
T1 ■, T2 ■ and T3 ■, indicating changes through time in flow metrics from 
2002 to 2006. Solid arrows indicate gradients of change in flow metrics that have 
dominant eigenvector loadings on PC1 and PC2 
 

 2.3.4  Rationale for Experimental Design  

Based on the analyses of flow regime and other similar catchment features, an MBACI 

design was considered the most suitable model for all subsequent analyses of variables. 

While catchment T3 was an outlier with respect to flow regime and several other physical 

features such as dominant vegetation communities, in the absence of more appropriate 

control locations to compare this catchment with, T3 was still included in further 

analyses, and ecological interpretations in subsequent Chapters considered in light of this.  
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Chapter 3. 

Patterns in CPOM composition and storage in forested 
headwater streams, and their response to catchment-scale 
selective harvesting  

3.1  Introduction  

Coarse particulate organic matter (CPOM) is any organic particle that is larger than 1 

mm. The origin of CPOM is either allochthonous (derived from organic matter produced 

outside the stream), or autochthonous (from photosynthesis by algae and vascular plants 

within the stream), and consists of material such as leaves, twigs, branches, fruits, 

flowers, bark, seeds and dead animal matter (Cummins 1974, Benfield 2006). CPOM can 

be further classified into woody components: branches and whole trees (large woody 

debris > 10 cm diameter), bark and twigs (small woody debris > 1 mm, < 10 cm 

diameter), and non-woody components (Cummins and Klug 1979). In small forested 

streams, CPOM is predominantly composed of organic matter from allochthonous 

sources, with leaf litter and large wood debris such as branches accounting for significant 

components (Fisher and Likens 1973, Campbell et al. 1992a, Ehrman and Lamberti 1992) 

particularly in eucalypt forests in Australia (Campbell et al. 1992a, Reid et al.  2008a).   

 

CPOM is an important structural and functional component of streams, influencing 

channel morphology and in-stream processes such as nutrient dynamics and fine 

sediment retention (Diez et al.  2000, Gomi et al. 2002, Webb and Erskine 2003b, Quinn 

et al. 2007). For example, Diez et al. (2000) examined the effect of large wood debris 

(LWD) removal on substrate composition, and in-stream volumes and retention of 

CPOM in two first-order stream reaches in the Agüera catchment, Spain. By comparing 

these response variables both before and after wood removal and at two reference sites, 

they found a significant loss and change in the composition of sediments, as well as a 

reduced capacity to retain smaller CPOM in the treatment reaches. Similarly, Smith et al.  

(1993) reported a significant increase in sediment transport when they removed wood 

from a second order gravel bed stream in south-east Alaska. These studies highlight the 

role of CPOM, in particular large wood, in shaping channel structure and maintaining 

streambed stability.  
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CPOM also provides habitat and refugia for stream fauna (Ehrman and Lamberti 1992, 

Quinn et al. 2000b), and is an energy source for stream ecosystems (Reid et al. 2008b), 

where its in-stream processing provides food resources for both localised and 

downstream consumers (Wallace et al. 1997, Hall et al. 2001, England and Rosemond 

2004, Chapter 5.1). Macroinvertebrate density and biomass, and proportional 

composition of functional feeding groups (FFG) such as shredders, have been shown to 

respond to changes in quantity and quality of CPOM (Wallace et al. 1997, Entrekin et al.  

2007). For example, in two first-order streams in south-eastern Virginia, USA, the 

abundance of CPOM was experimentally manipulated, and an increase in organic matter 

increased macroinvertebrate abundance and the relative contribution of shredders to 

overall biomass (Smock et al. 1989). In another study, Wallace et al. (1999) excluded 

terrestrial litter inputs for three years from a first order stream in North Carolina USA. 

This stream had significant reductions in total macroinvertebrate abundance and 

biomass, and significant reductions in abundance and biomass of shredders, gatherers, 

predators and total primary consumers when compared with a reference stream. 

Collectively, these findings emphasize the influence CPOM has on the structure, 

function and productivity of invertebrate communities. 

 

Accumulations of CPOM that entirely or partially span the channel of  streams are called 

debris dams, and form when large wood debris (LWD) such as branches fall into the 

stream and become lodged among the substrate on protruding features such as boulders 

(Bilby and Likens 1980). Such LWD forms the stable base for debris dams, trapping 

smaller pieces of wood and providing a structure where leaves and other organic matter 

fragments accumulate, and where sediment particles then settle and become retained 

(Bilby and Likens 1980, Raikow et al. 1995). These accumulations are important for long-

term storage of CPOM and fine particulate organic matter (FPOM), and play an 

important role in the nutrient and energy balance of streams by reducing nutrient 

spiralling lengths, and, provide a large energy source of dissolved organic matter (DOM) 

and available nutrients to microbes and macro-consumers (Bilby 1981, Smock et al. 1989, 

Ehrman and Lamberti 1992).   

 

Disturbance in a catchment such as forest harvesting has been shown in previous logging 

impact studies to decrease stored CPOM within streams of harvested catchments, 

primarily from the removal of riparian vegetation which significantly reduces the input of 
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allochthonous material (Golladay et al. 1989, Webster et al. 1990). However, forest 

harvesting in catchments where riparian vegetation is retained also has the potential to 

alter CPOM standing stocks through changes in hydrological regime (Davies et al.  

2005b). Increased stream flow from forest operations in harvested catchments may 

increase export of CPOM stored within the stream, resulting in declines of stored organic 

matter.  

 

3.1.1 Aims and predictions 

In the study streams in the KRSF, I hypothesise that prior to harvesting standing stocks 

of CPOM will be similar in all streams, and after harvesting standing stocks will be lower 

in streams of harvested catchments due to increased stream flow, thus depleting stores 

(Figure 1.2), and, spatial and temporal patterns in standing stocks of CPOM in these 

streams can be largely explained by flow variability, pool dimensions and substrate 

composition. Pool size and substrate composition are expected to influence standing 

stocks through geomorphic complexity e.g. stream channels that are complex and 

heterogeneous with high volumes of wood generally have the capacity to store large 

volumes of CPOM (Small et al. 2008).  Most CPOM material is exported during floods 

(Brookshire and Dwire 2003) and I hypothesise standing stocks of CPOM will be 

significantly depleted in streams after floods of specific magnitudes (outlined in methods 

below). Leaves, wood and bark have been shown to contribute in high proportions to the 

composition of benthic CPOM in several Australian stream studies, and I predict that of 

the identifiable components of CPOM, leaves would have the greatest proportional 

contribution to CPOM, but bark and fine wood debris would also be significant 

components. I predict that leaves, as part of CPOM, would be sampled in greater 

quantities in summer, as a seasonal pulse of leaves from eucalypt forests has been 

reported from other Australian temperate ecosystems (Bunn 1986). To explore these 

predictions, this chapter aims to quantify and compare standing stocks and composition 

of benthic CPOM among control and harvested streams before and after harvesting. 
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3.2 Methods 

3.2.1 Field methods 

To explore CPOM dynamics within and among catchments, I quantified standing stocks 

of CPOM in each of the five streams every two months over 21 months. Samples were 

taken at two sampling times in all control and harvested catchments before harvesting, 

and nine sampling times after harvesting in all catchments. At each stream upstream of 

the gauging equipment, three pools were selected for sampling on the basis that sufficient 

water would be present should streams cease to flow. Within each pool, three replicate 

samples were randomly taken using a stovepipe sampler, custom made for sampling in 

these streams. The stovepipe sampler comprised a 35-cm diameter cylinder, 70 cm high 

with an attached foam skirt supported by a timber frame (Appendix 7a). For each 

sample, the sampler was gently lowered into the stream and placed on the substrate with 

pressure applied to depress the foam, thus forming a seal. The substrate and water 

enclosed in the cylinder were vigorously agitated for 10 seconds, and a 1-mm mesh 

stainless steel sieve used to scoop out leaves and other CPOM suspended in the water 

column. The contents of the sieve were emptied into a 250-µm mesh kick net. This 

action was repeated until no whole leaf particles or large particulate matter was left inside 

the sampler. A 5 L bucket was then repeatedly plunged into the stovepipe sampler, filled, 

and 25 L of water bailed out and poured through the net.  If large particles were still 

found in the water then the sieve method was repeated, followed by bailing until the 

water was clear. The contents of the net were emptied into a large zip-lock bag, sieved 

(see laboratory processing below) and preserved in 70% ethanol within 8 hours from 

collection. For each sample water depth, substrate and presence or absence of an 

accumulation of leaves (debris dam) were recorded. Estimates of CPOM did not include 

large woody debris, however small woody debris (> 1 mm, < 10 cm diameter) was 

included in sampling and is hereafter referred to as wood. 

 

3.2.2 Laboratory processing 

In the laboratory, samples were emptied into a small 250-µm net placed within a 10-L 

plastic bucket. The contents were rinsed with tap water and large organic matter particles 

removed by hand, washed in a 4-L white container to remove detritus and invertebrates, 

and placed back in the zip-lock bag. This rinse water was poured back through the net to 

retain smaller particles and invertebrates. The remaining sample, including smaller leaf 
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and vegetation fragments, FPOM and invertebrates, was preserved with 70% ethanol in 

250-ml sample jars. 

 

Large particles retained in zip-lock bags were oven dried at 60°C for 24 hours. Preserved 

samples were emptied into a nest of sieves: 8 mm, 2 mm, 1 mm and 250 µm. The 8-mm 

sieve was rinsed thoroughly and invertebrates picked out (Chapter 6.2.1). This fraction 

was also oven dried at 60°C for 24 hours, and then all CPOM > 8mm was separated into 

leaves, wood, bark, hoop pine and fruits by hand. All components were weighed to the 

nearest 0.1 g to determine proportions of contributions to CPOM. The remaining 

organic matter fractions (1- and 2-mm fractions, and unidentifiable fragments 2 – 8 mm) 

were oven dried at 60°C for 24 hours once all invertebrates were removed (Chapter 

6.2.1), and these fractions were weighed to the nearest 0.1g.  

 

3.2.3 Data analyses 

Volume and composition of CPOM among harvested and control catchments 

Differences in standing stocks of CPOM (g dry weight) and composition of CPOM 

(leaves, twigs, bark, hoop-pine, fruits, and 1-2-mm unidentifiable fraction) among 

catchments and through time were explored using a four-factor mixed model 

Permutational Multi-variate Analysis of Variance (PERMANOVA) (Anderson 2001) 

(Table 3.2.1). PERMANOVA uses permutation to determine the null distribution; 

therefore a normal distribution is not required as is for ANOVA (Anderson 2001). The 

factor ‘pool’ was treated as a random factor in this model and nested within catchments, 

as detecting differences among catchments was of primary interest. Pair-wise 

comparisons were used to identify significant differences (p≤ 0.05). Data were compared 

using a Euclidean distance measure for standing stocks of CPOM and Bray-Curtis 

dissimilarity for composition, and tested using 9999 permutations. Results were 

considered significant at (p≤0.05). 

 

Patterns in volume of CPOM within catchments 

To further explore differences in CPOM standing stocks within each catchment through 

time, data from each catchment were analysed separately using a two-factor fixed-effects 

PERMANOVA. In these analyses, the factor ‘pool’ was treated as a fixed factor, as 

patterns in CPOM within a reach was of interest (i.e. do some pools consistently have 
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greater standing stocks of CPOM than others). Pair-wise comparisons showed where 

significant differences were detected among pools and sampling times (p ≤ 0.05).  

 

Using the Time Series Analysis module of the River Analysis Package (RAP) (Marsh 

2004), mean daily flow data were analysed between each sample time to calculate a 

maximum daily flow, number of rises and mean duration of rises for the two months 

preceding each sample time. These flow metrics, sample depth, pool length and width, 

season, substrate composition, and whether the CPOM sample was within 0.5 m of a 

stable debris dam were used as independent predictor variables in multiple step-wise 

regression analysis to select the best models for predicting patterns in total CPOM 

standing stocks among pools through time. Standing stocks of CPOM were compared 

using Euclidean distance measure and analysed using distance based multivariate 

modelling (DISTLM) in PRIMERv6 (Anderson et al. 2008). Results are given for 

marginal tests (each predictor variable with the response variable) and sequential tests 

(the best combination of predictor variables explaining the pattern in the response 

variable (Anderson et al. 2008).  

 

Flood thresholds were calculated using the Partial Duration flood frequency analysis in 

the Time Series Analysis Module of the RAP (Marsh 2004). The analysis used seven 

complete years of the record (January 2002 to December 2008) to predict the likely 

magnitude of events in a given return period (Marsh 2004). The analysis calculated the 

Annual Return Interval (ARI), or flood magnitude, within a specified return period (i.e. 5 

year flood, 1 year flood, 0.5 year flood). The flood threshold values for the 5-year, 1-year 

and 0.5-year periods were used in multiple high spell analyses to calculate how many 

events above that particular flood threshold occurred during the sampling period.    

 

For catchments that differed significantly in standing stocks of CPOM through time, par-

wise comparisons for sample times were calculated using PERMANOVA in PRIMERv6 

(Anderson et al. 2008). Significant differences between successive field sampling times 

were highlighted, as differences in standing stocks of CPOM before and after different 

flood thresholds were of interest. Standing stocks of CPOM were compared using the 

pair-wise tests before and after these flood thresholds to see if they were significantly 

lower. Results were considered significant at p ≤0.05.  
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Patterns in CPOM composition within catchments 

To determine which components contributed the most to CPOM composition (leaves, 

wood, bark, fruits, hoop pine, 1-2 mm unidentifiable fragments) and explore patterns in 

CPOM composition within catchments through time, composition data (dried mass) 

were analysed separately for each catchment using a two-factor fixed effects 

PERMANOVA. In these analyses, the factor ‘pool’ was treated as a fixed factor as 

patterns within catchments was of interest. Pair-wise comparisons showed where 

differences were significant (p ≤0.05). Similarity percentage analyses (SIMPER) indicated 

those components that were contributing to dissimilarity in CPOM composition among 

pools and through time.  

 

To test if leaves were in greater quantities in CPOM samples in summer, leaves were 

analysed by catchment and season. Summer season was defined as Nov-Mar, based on 

maximum and minimum daily temperatures and rainfall data for the region (Figure 2.1.2). 

Leaf data (g dry weight) were analysed using the Euclidean distance measure and 

differences among catchments and seasons analysed using two-factor fixed effects 

PERMANOVA using 9999 permutations. PERMANOVA analysis was used as it can be 

performed using one response variable using Euclidean distance, and calculates p-values 

using permutations, avoiding the assumption of normality (Anderson 2001). The 

remaining identifiable components were also explored for seasonal patterns using the 

same analyses.  

 

Table 3.2.1: PERMANOVA model for standing stocks and composition of 
CPOM among harvested and control catchments 

Factor Abbreviation Type Levels 
Catchment Ca Fixed 5 
Pool [Catchment] Po Random 3 
Period (before/after harvesting) Pe Fixed 2 
Time Ti Fixed 11 
 
 

   

3.3 Results 

3.3.1 Standing stocks and composition of CPOM among control and harvested 

catchments  

Mean standing stocks of total CPOM were highly variable within each catchment and 

through time (Figure 3.3.1). Catchments did not differ significantly from one another in 
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standing stocks of CPOM, and harvested catchments did not differ significantly  

compared with before harvesting, indicated by the non-significant catchment*period 

interaction (Table 3.3.2). However, within each catchment, pools differed significantly 

from one another in CPOM standing stocks; differences among sampling times were also 

significant. Catchments did not differ significantly from one another in overall CPOM 

composition; again differences were significant in CPOM composition among pools 

within catchments, and also among sampling times (Table 3.3.3).  

 

3.3.2 Patterns in CPOM within catchments 

Standing stocks of CPOM in pools within each catchment were spatially variable (Figure 

3.3.1). With the exception of T1, all catchments had some pools that differed 

significantly in standing stocks of CPOM (Table 3.3.4). A non-significant pool*time 

interaction for all catchments indicates that while pools differed, the pattern was 

consistent through time (Table 3.3.4). In catchment C1, all pools differed significantly 

from one another in standing stocks of CPOM. In the remaining catchments, only one 

pool differed significantly from the other two. In C2, pool 3 was consistently significantly 

lower; in T2 pool 3 consistently differed, while in T3, pool 1 had significantly greater 

standing stocks of CPOM.  

 

Marginal tests for predictor variables against standing stocks of CPOM showed 

proximity to debris dam as an individual predictor variable explained the most variation 

in the pattern (34.9%); the remaining predictor variables each explained less than 3% in 

the marginal tests (Table 3.3.5). In the sequential tests, proximity to debris dams, pool 

length and width, depth and maximum daily flow in the two months preceding sample 

times were all significant predictor variables for patterns in CPOM, and, collectively 

explained 38% of the total variance (Table 3.3.5).  

 

Total standing stocks of CPOM in all catchments were also highly variable temporally 

(Figure 3.3.1). However, the two-factor fixed effects PERMANOVA test detected 

significant differences in total CPOM standing stocks among sample times in only 

catchments C1 and T1 (Table 3.3.4). Pair-wise tests for both catchments showed 

numerous pair-wise differences (Table 3.3.6); however, only pairs of successive sampling 

times were considered of interest. In C1, significantly lower standing stocks of CPOM 

were sampled in September 2007 compared with the previous sample from July 2007 
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(Table 3.3.6). In between these sampling times, there was a flood with a 1-year recurrence 

interval (peak 42.65 ML/day) (Figure 3.3.2). Similarly, the only other marginally 

significant (p=0.0881)  decrease in CPOM sampled from consecutive field sampling 

times was in March 2008; between this time and the previous there was a flood with a 5-

year recurrence interval (peak 94.61 ML/day) (Figure 3.3.2). For catchment T1, the only 

consecutive pair of sample times with marginally significantly (p=0.0946) lower CPOM 

was in November 2007 and January 2008; between these sample times a flood with a 1 

year recurrence interval (peak 100.4 ML/day) occurred (Figure 3.3.2). However, for the 

remaining three catchments (C2, T2 and T3), no significant differences in standing stocks 

of CPOM were detected among sampling times, despite all catchments experiencing 

floods with at least 1-year and 5-year recurrence intervals within the sampling period 

(Figure 3.3.3).  

 

3.3.3 Patterns in CPOM composition within catchments  

Composition of CPOM (1-2 mm unidentifiable fragments, leaves, wood, bark, hoop-

pine, and fruit) within all catchments was variable among pools and through time (Figure 

3.3.4). Overall the 1-2 mm fraction of unidentifiable fragmented CPOM dominated 

samples by weight, accounting for approximately 50% in most pools, but fluctuating 

through time. Of the remaining CPOM components, leaves were the most abundant, 

with wood and bark contributing in smaller proportions (Figure 3.3.4).  

 

When comparing percent composition of the identifiable CPOM components, values 

were similar across all streams. Leaves contributed between 50% and 60% to the total 

CPOM sample in all streams, and small wood and bark values were comparable among 

streams (Table 3.3.7). The exception to this was T3, where bark had a much smaller 

contribution to overall CPOM composition, however small wood had a higher percent 

contribution in T3 compared with the other streams. 

 

With the exception of T3, CPOM composition consistently differed significantly among 

pools through time in all catchments, indicated by the non-significant pool*time 

interaction (Table 3.3.8). In all catchments, differences among pools and through time 

were driven by proportional changes in the 1-2-mm CPOM fraction and leaves, which 

collectively accounted for >70% of composition (Appendix 3.1). The only exception was 

T3 Pool 1, where differences were driven by 1-2-mm CPOM and wood. 
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Quantities of leaves differed significantly among seasons (Table 3.3.9), with more leaves 

sampled in the summer period (Nov-Mar) (Figure 3.3.5). The non-significant 

catchment*season interaction indicates this pattern was consistent across all catchments 

(Table 3.3.9). Analyses of the remaining identifiable CPOM components indicated no 

seasonal patterns (Table 3.3.9). Interestingly, catchments differed significantly in quantity 

of wood; pair-wise comparisons showed T3 differed from all other catchments (Table 

3.3.10), supporting the SIMPER results that T3 pool 1 had greater quantities of wood 

than the other catchments (Figure 3.3.6). 
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Table 3.3.2: Four-factor mixed model PERMANOVA for temporal changes in standing 
stocks of CPOM (g dry weight) among catchments. Factors of interest are highlighted in 
bold. Degrees of freedom are in parentheses. Significant p-values are in bold 
Source Mean squares F Significance
Catchment (4) 1224.5 0.256 09089
Period (1) 334.6 0.819 0.3984
Pool [Ca] (11) 4776.5 4.862 0.0001
Time [Pe] (9) 2517.7 2.571 0.0104
Catchment*Period (4) 618.1 1.513 0.2646
Catchment*Time [Pe] (36) 1369.4 1.390 0.0985
Pool [Ca]*Pe (10) 408.5 0.416 0.9078
Pool [Ca]*Time [Pe] (90) 979.2 0.997 0.4880
Residual (330) 982.38
 
 
 
Table 3.3.3: Four-factor mixed model PERMANOVA for temporal changes in 
composition of CPOM (g dry weight) among catchments. Factors of interest are 
highlighted in bold. Degrees of freedom are in parentheses. Significant p-values are in 
bold 
Source Mean squares F Significance
Catchment (4) 3636 0.715 0.7985
Period (1) 12693 7.239 0.0003
Pool [Ca] (11) 5089 3.429 0.0001
Time [Pe] (9) 5702 3.643 0.0001
Catchment*Period (4) 2169 1.237 0.2679
Catchment*Time[Pe] (36) 1977 1.263 0.2679
Pool [Ca]*Pe (10) 1753 1.181 0.0327
Pool [Ca]*Time [Pe] (90) 1565 1.055 0.198
Residual (330) 1484
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Figure 3.3.1: Mean (+S.E) standing stocks of CPOM in all five catchments from 11 
sample times. Arrows indicate start of harvesting. Note different scales of y-axis. n = 3 
for each pool.  
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Table 3.3.4: Two-factor fixed effects PERMANOVA and pair-wise tests for standing 
stocks of CPOM in pools in each catchment. Degrees of freedom are in parentheses. 
Significant p-values are highlighted in bold. 
Catchment Source Mean squares F Significance

C1 Pool (2) 10233 9.90 0.0003
 Time (10) 2124 2.06 0.0377
 Pool*Time (20) 862 0.83 0.6645
 Residual (66) 1033   
 Pair-wise test t P  
 Pool 1 - 2 4.133 0.0003  
 Pool 1 - 3 2.460 0.0187  
 Pool 2 - 3 2.106 0.0359  
   

C2 Source Mean squares F Significance
 Pool (2) 8481 8.74 0.0001
 Time (10) 1321 1.36 0.2004
 Pool*Time (20) 720 0.74 0.7952
 Residual (66) 970   
 Pair-wise test t P  
 Pool 1 - 2 1.578 0.1269  
 Pool 1 - 3 3.776 0.0001  
 Pool 2 - 3 4.222 0.0002  
  

T1 Source Mean squares F Significance
 Pool (2) 346.9 1.52 0.205
 Time (10) 493.9 2.16 0.026
 Pool*Time (20) 336.9 1.48 0.128
 Residual (66) 228.4
  

T2 Source Mean squares F Significance
 Pool (2) 2331 3.11 0.0441
 Time (10) 1009 1.35 0.2098
 Pool*Time (20) 604 0.80 0.7063
 Residual (66) 750
 Pair-wise test t P  
 Pool 1 - 2 0.661 0.5119  
 Pool 1 - 3 2.196 0.0318  
 Pool 2 - 3 2.698 0.0105  
  

T3 Source Mean squares F Significance
 Pool (2) 22300 11.56 0.0005
 Time (10) 2599 1.34 0.1978
 Pool*Time (20) 2087 1.08 0.3638
 Residual (66) 1929
 Pair-wise test t P  
 Pool 1 - 2 3.371 0.0005  
 Pool 1 - 3 3.422 0.0018  

 Pool 2 - 3 1.195 0.2402  
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Table 3.3.5: Sequential and marginal tests for predictor variables against standing stocks 
of CPOM (as g of dry weight). Significant results are highlighted in bold. 
Variable SS(trace) F P Percent of variance
Sequential tests 
Debris dam 205400.00 264.56 0.001 34.9 
+ pool width 7671.00 10.062 0.001 36.2 
+ max flow 5083.40 6.746 0.014 37.1 
+ depth 3324.10 4.442 0.032 37.7 
+ pool length 3337.30 4.492 0.039 38.2 
+ no. rises 2653.40 3.590 0.063 38.7 
+ duration rises 755.60 1.022 0.305 38.8 
  
Marginal tests  
Depth 12657 10.84 0.002 2.2 
Substrate 2237 1.88 0.147 0.4 
Debris dam 205400 264.56 0.001 34.9 
Season 689 0.58 0.475 0.1 
Pool length 13699 11.76 0.002 2.3 
Pool width 4583 3.87 0.037 0.8 
Max flow 13803 11.85 0.002 2.3 
No. rises 3151 2.66 0.111 0.5 
Mean duration rises 3323 2.80 0.104 0.6 
 
 
 
 
 
Table 3.3.6: Results for pair-wise comparisons for differences in standing stocks of 
CPOM among sequential sampling times in catchments C1 and T1. All results with a 
p≤0.1 are presented.  

C1 T1 
Pair-wise test t p  Pair-wise test t p 
Jul07 –Sep07 2.37 0.0358 Nov06 – Jan07 2.41 0.0339 
Sep07 – Nov07 2.26 0.0323 Sep07 – Nov07 1.84 0.0946 
Jan08 – Mar08 1.85 0.0881 Nov07 – Jan08 2.22 0.0489 
May08 – Jul08 3.58 0.0041   
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Figure 3.3.2: Mean (±S.E) standing stocks of CPOM in each pool and mean daily 
discharge indicating 5-year, 1 year and 0.5-year recurrence interval flood thresholds 
for C1 and T1 for the sampling period.  
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Figure 3.3.3: Mean (±S.E) standing stocks of CPOM in each pool and mean daily 
discharge indicating 5-year, 1 year and 0.5-year recurrence interval flood thresholds for 
C2, T2 and T3 for the sampling period.  
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Figure 3.3.4: Percent composition of CPOM in Pools 1, 2 and 3 sampled in the five 
catchments from 11 sample times.  
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Table 3.3.8: Two-factor fixed effects PERMANOVA and pair-wise tests for 
composition of CPOM in pools in each catchment. Degrees of freedom are 
in parenthesis. Significant p-values are highlighted in bold. 
Catchment Source Mean squares F Significance 
C1 Pool (2) 10039 6.637 0.001 
 Time (10) 3339 2.207 0.001 
 Pool*Time (20) 1195 0.790 0.901 
 Residual (66) 1513  
 Pair-wise test t P  
 Pool 1 - 2 3.182 0.0003  
 Pool 1 - 3 1.932 0.0170  
 Pool 2 - 3 2.417 0.0007  
   
C2 Source Mean squares F Significance 
 Pool (2) 16930 10.969 0.0001 
 Time (10) 3288 2.130 0.0002 
 Pool*Time (20) 1207 0.782 0.9419 
 Residual (66) 1543  
 Pair-wise test t P  
 Pool 1 - 2 1.072 0.3177  
 Pool 1 - 3 4.126 0.0001  
 Pool 2 - 3 4.008 0.0001  
   
T1 Source Mean squares F Significance 
 Pool (2) 3886 2.463 0.0148 
 Time (10) 2652 1.681 0.0100 
 Pool*Time (20) 1484 0.940 0.6186 
 Residual (66) 1578  
 Pair-wise test t P  
 Pool 1 - 2 1.615 0.0416  
 Pool 1 - 3 0.806 0.6379  
 Pool 2 - 3 1.936 0.0061  
   
T2 Source Mean squares F Significance 
 Pool (2) 5115 3.143 0.0049 
 Time (10) 2854 1.754 0.0121 
 Pool*Time (20) 1804 1.108 0.2676 
 Residual (66) 1627  
 Pair-wise test t P  
 Pool 1 - 2 0.678 0.7495  
 Pool 1 - 3 1.977 0.0057  
 Pool 2 - 3 2.207 0.0029  
   
T3 Source Mean squares F Significance 
 Pool (2) 10333 8.897 0.0001 
 Time (10) 2287 1.969 0.0015 
 Pool*Time (20) 2217 1.909 0.0001 
 Residual (66) 1161  
 Pair-wise test t P  
 Pool 1 - 2 2.905 0.0002  
 Pool 1 - 3 3.490 0.0001  
 Pool 2 - 3 1.902 0.0155  
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Table 3.3.7: Mean percent composition of identifiable components to CPOM samples 
in all streams 

Stream Leaves 
% 

Wood  
% 

Bark  
% 

Hoop pine % Fruits  
% 

C1 56.3 20.2 10.0 9.9 3.4 
C2 50.6 24.7 14.3 1.3 8.0 
T1 57.4 19.1 15.6 3.8 4.0 
T2 51.4 18.2 18.3 6.4 5.6 
T3 59.6 32.2 4.4 1.2 2.6 

 
 

Figure 3.3.5: Mean (+S.E.) g dry weight of leaves as part of CPOM samples from all 
catchments from 11 sample times. Note different scales on y-axis.  
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Table 3.3.9: Two-way fixed factor PERMANOVA for differences in quantity of leaves, 
wood, bark, hoop pine and fruits among seasons and catchments. Degrees of freedom 
are in parenthesis. Significant results are highlighted in bold 
CPOM component Source Mean squares F Significance
Leaves   
 Catchment(4) 179.27 1.902 0.1005
 Season (1) 1457.60 15.464 0.0001
 Catchment*season(4) 50.47 0.536 0.7317
 Residual (485) 94.26  
Wood   
 Catchment(4) 1840.7 4.361 0.0012
 Season (1) 114.6 1.086 0.3078
 Catchment*season(4) 150.6 1.427 0.2212
 Residual (485) 105.5  
Bark   
 Catchment(4) 76.7 2.081 0.0738
 Season (1) 2.02 0.218 0.6486
 Catchment*season(4) 37.4 1.014 0.4022
 Residual (485) 4468  
Hoop Pine   
 Catchment(4) 115.9 6.451 0.0001
 Season (1) 6.05 1.345 0.2458
 Catchment*season(4) 29.4 1.637 0.1639
 Residual (485) 2179.1  
Fruits   
 Catchment(4) 8.2 1.162 0.3280
 Season (1) 1.8 1.033 0.3190
 Catchment*season(4) 7.6 1.071 0.3780
 Residual (485) 858.3  
 
 
 

Table 3.3.10: Pair-wise tests for differences in g dry weight 
of wood among catchments. Significant results are 
highlighted in bold. 
Groups t P
C1-C2 0.165 0.8700
C1-T1 1.451 0.1601
C1-T2 1.184 0.2472
C1-T3 1.906 0.0517
C2-T1 1.395 0.1674
C2-T2 1.095 0.2835
C2-T3 2.023 0.0373
T1-T2 0.208 0.8470
T1-T3 2.656 0.0023
T2-T3 2.541 0.0045
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Figure 3.3.6: Mean (+S.E.)  g dry weight of wood as part of CPOM samples from all 
catchments from 11 sample times. Note different scales on y-axis 
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3.4  Discussion 

Standing stocks and composition of CPOM among control and harvested 

catchments  

Many headwater streams in upland Australia are characterised by low stream power and 

high quantities of stored CPOM (Davies et al. 2005b), and the streams in the present 

study conformed to this description, with many pools storing large quantities of organic 

matter. Significantly lower standing stocks of CPOM were not found in selectively 

harvested streams compared with control streams in this study, indicating that selective 

harvesting has no significant effect on standing stocks of CPOM in these streams in the 

short term (1 year) after harvesting. Changes in hydrological facets, e.g. higher stream 

flow, hypothesised to deplete stocks of CPOM, were not detected. Similarly, significant 

changes in accumulation of benthic organic matter were not found within 3 years after 

harvesting among reference and selectively harvested streams of varying intensity in 

Ontario, Canada (Kreutzweiser et al. 2004). In that study, riparian buffer strips were not 

maintained, but most trees were not felled at immediate stream sides, which were 

sufficient to supply adequate leaf litter inputs to streams, except in the most intensively 

harvested catchment (Kreutzweiser et al. 2004). Despite lower litter inputs in the 

intensively harvested catchment, accumulation of particulate organic matter was not 

consistently significantly lower in all harvested streams. Kreutzweiser et al.  (2004) 

attributed this to compensatory import of particulate organic matter from adequately 

vegetated reaches upstream. It is likely that when sufficient riparian vegetation exists to 

supply adequate organic matter to streams and the nature of the harvest operation has 

minor effects on stream hydrology, CPOM standing stocks are not adversely affected. 

 

 Previous studies of forest harvesting have demonstrated significant reductions in 

standing stocks of CPOM (e.g. Golladay et al. 1989, Webster et al. 1990), and the majority 

of these are from intensive clear-cut harvesting, where riparian vegetation buffers have 

not been retained. The removal of riparian vegetation alters inputs of allochthonous 

material, in particular leaves, but also significantly decreases the input of large wood 

debris, such as trees and logs in the medium to long-term as forests regenerate. The 

decline in inputs of wood reduces the capacity for the stream to retain CPOM, primarily 

through diminishing the formation of debris dams. Webster et al. (1990) found that 

particulate organic matter storage was lower and export greater in streams of clear-cut 
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catchments at varying stages of regrowth compared with reference streams in North 

Carolina USA, which they attributed to a reduction in woody debris dams in the 

harvested streams. Other studies of CPOM storage in streams, mainly from North 

America, have reported similar findings; that debris dams are critical for long-term 

storage of particulate organic matter (Bilby and Likens 1980, Bilby 1981, Golladay et al.  

1989, Diez et al. 2000). This indicates that removal of riparian vegetation in clear-cut 

harvesting operations is a significant mechanism for reducing stocks of CPOM in the 

medium to long term (3 to 8 years).  

 

Interestingly a greater volume of logs but considerably lower cover of CPOM in streams 

of regenerating catchments was found 15 years after clear felling, compared with un-

felled control catchments in Tasmania (Davies et al. 2005a). The loss of CPOM in these 

streams was ascribed to changes in channel morphology and reduction in complexity 

from altered catchment hydrology and sediment dynamics (Davies et al. 2005a). It is likely 

that both hydrological change from catchment harvesting, and reductions in 

allochthonous inputs interact to cause declines in stocks of particulate organic matter in 

streams of clear-cut harvested catchments, and the effects of both should be considered 

in future studies. The degree of influence of either may vary according to the forest type, 

catchment characteristics and forest management practices used, in particular the 

intensity of the harvest operation. 

  

Reductions in standing stocks of CPOM from forest harvesting have predominantly been 

found in clear-cut harvest operations and in the medium to long term as forests 

regenerate. To date, no studies regarding the medium to longer-term effects on CPOM 

standing stocks in streams of selectively harvested catchments have been published for 

Australian ecosystems. While CPOM would need to continue to be sampled in these 

streams to definitively determine any long term effects, the present study has shown that 

selective harvesting has no immediate detectable effects on CPOM standing stocks; 

sufficient riparian vegetation exists to supply litter inputs, and the intensity of the 

operation is such that significant changes to stream hydrology are unlikely and have 

minimal effect on CPOM standing stocks. 
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Patterns in CPOM within catchments 

Standing stocks of CPOM were highly variable spatially, and were consistently 

significantly lower in some pools through time, highlighting the retentiveness or ability of 

different pools within each reach to store CPOM. This finding is consistent with many 

other studies of standing stocks of CPOM in streams; the distribution and amount of 

detritus within streams is highly variable and spatially patchy (Reid et al. 2008a and 

references therein). Organic matter storage is controlled by a broad range of processes at 

a number of spatial (e.g. catchment, reach) and temporal scales (e.g. time since last flood, 

season) (Jones 1997).  Within a stream reach, CPOM distribution is influenced by many 

factors such as in-stream retention features, channel form and complexity, hydrological 

conditions, composition, age and structural complexity of riparian vegetation, and season 

(Jones 1997, Webster and Meyer 1997, Reid et al. 2008a).  In the present study proximity 

to debris dams, pool width and length, depth and maximum daily flow were all significant 

predictor variables at the reach scale in explaining CPOM standing stocks in these 

streams. Of these variables, proximity to debris dams explained the most variation in the 

observed CPOM pattern, highlighting their role as CPOM stores in these streams 

Undoubtedly other factors at greater temporal and spatial scales would also influence 

CPOM, for example number, timing and sequence of floods of differing magnitudes.  

 

Litter fall and direct canopy cover over the stream would likely be an important factor at 

small spatial scales e.g. pools, as litter inputs from streamside vegetation are often 

localised, resulting in patchy distribution (Reid et al. 2008a). In the present study, field 

observations indicated that some pools were more heavily shaded than others, while 

others had large bedrock outcrops extending up the banks preventing vegetation from 

hanging directly over some pools. Similarly, bank slope can influence lateral inputs of 

allochthonous material to streams (Campbell et al. 1992a). Quantifying wood volume, 

bank slope, channel form and gradient may also improve the understanding of CPOM 

dynamics in these streams, as they influence how CPOM is retained and redistributed 

during floods (Small et al.  2008).  

 

It is also likely that localised weather conditions such as wind direction and speed have 

an influence on allochthonous material entering streams, and consequently CPOM 

standing stocks. In their study comparing allochthonous inputs among vegetated and 

farmland reaches in central Victoria, Reid et al. (2008a) speculated that wind and rain 
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conditions at one site resulted in an increased detrital input. Although that study 

compared sites with marked differences in over-storey vegetation, the variation in 

channel sizes and topography among streams in the present study are likely to have 

differing local-scale wind conditions, affecting inputs. Stratified sampling of CPOM, for 

example sampling at smaller spatial scales within each pool, would also probably improve 

overall estimates and inferences about CPOM distribution and dynamics (Webster and 

Meyer 1997).  

  

Distinct seasonal changes in stocks of stored benthic organic matter in pools and riffles 

have been found in intermittent streams in Victoria (Boulton and Lake 1992), where 

benthic organic matter stocks were generally greater during summer and least during 

winter and spring when discharge (presumed to export organic matter) were greatest 

(Boulton and Lake 1992). The seasonal influence in that study was low rainfall in 

summer, which affects stream discharge, but also a concurrent peak in litter inputs 

(Boulton and Lake 1992). In the present study, season was not a significant variable 

predicting patterns in CPOM stocks. Rainfall is typically higher in summer in this region 

(Chapter 2), coinciding with assumed peak litter inputs. However, the streams in the 

present study have unpredictable flashy flows related to localised storms and sustained 

rainfall, and patterns in CPOM standing stocks are probably more closely related to the 

intensity of rainfall events (i.e. frequency and magnitude). Although storm and sustained 

rainfall are more frequent during summer, there is high inter-annual variability in rainfall 

patterns (Bureau of Meteorology 2008) and the temporal scale of the study may have 

limited the capacity to detect an overall general seasonal pattern. Sampling CPOM at a 

greater temporal scale (successive years), ideally in both wetter than average and drought 

years, would give an improved understanding of any patterns (seasonal and across years) 

in CPOM standing stocks. Greater sampling frequency (e.g. monthly) may also help to 

highlight any patterns through time (Boulton and Lake 1992). 

 

Standing stocks of CPOM in a stream at any given time are a result of allochthonous 

input, import from upstream, export downstream, and in stream processing. While this 

study did not attempt to quantify organic matter budgets for these streams as has been 

done in some studies (e.g. Fisher and Likens 1973), one aim was to examine the 

relationship of hydrology, in particular flood thresholds, with standing stocks of CPOM 

in these streams, and determine if CPOM standing stocks were significantly depleted by 
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particular floods. The majority of CPOM export has been shown in longer term studies 

of CPOM dynamics to occur during storms (Dewson et al. 2007b). This would also be 

expected for the streams in the present study, and CPOM standing stocks were generally 

lower in catchments C1, C2, T1 and T2 after floods of differing magnitudes. However, 

standing stocks of CPOM were marginally significantly lower in only two catchments: 

after a 5 year and 1 year recurrence interval flood in C1 and a 1 year recurrence interval 

flood in T1 respectively. A subsequent 5 year recurrence interval flood in stream T1 did 

not result in significant reduction in standing stocks of CPOM; this flood was within two 

months of the 1 year recurrence interval flood and it is likely CPOM did not accumulate 

within this time. However this study used three replicate sites within each stream, which 

would result in low statistical power to detect all but very large differences against the 

highly spatial and temporal inherent variability in these systems.  

 

The relationship between CPOM standing stocks and floods of differing magnitudes is 

complex, because material is also imported from upstream, and retention of CPOM 

within a stream section (e.g. different pools) is variable. Some pools had debris dams, 

resulting in an accumulation of organic matter during floods as material is trapped in 

transport. Other pools have few retention features and are less morphologically complex, 

and CPOM is probably transported downstream or redistributed in these. Frequency, 

magnitude and time between successive floods, and time of maximum leaf inputs also 

influence whether CPOM is significantly depleted after a flood of a given magnitude, as 

seen in catchment T1.  

 

While some floods in some streams resulted in significantly lower stocks of CPOM, 

import from upstream means that overall CPOM quantity was not significantly depleted 

in others. Floods have been found to not deplete particulate organic matter from 

intermittent streams in Victoria, and import from upstream presumed sufficient to 

sustain stored CPOM (Boulton and Lake 1992). Similarly, import of particulate organic 

matter from upstream reaches was deemed adequate to maintain particulate organic 

matter stocks in streams of selectively harvested catchments in Ontario, Canada 

(Kreutzweiser et al. 2004). Measuring transport and redistribution of CPOM in the 

streams of the present study, such as imports of CPOM and CPOM retention during 

floods would improve predictions of import and export of CPOM. Sampling would 



 
52 

probably need to be done at stratified spatial scales to understand the dynamics of 

CPOM in each stream. 

 

Patterns in CPOM composition within catchments  

Leaves from riparian trees are generally the largest component of organic matter inputs 

to headwater streams (Webster et al.  1999). In eucalypt-forested streams of south-east 

Victoria, allochthonous litter reaching streams was approximately 60% leaves, 20% small 

wood and 10% bark, with leaves exhibiting a strong summer seasonal pattern (Campbell 

et al. 1992a).) Very similar values for leaves, wood and bark inputs have been found to 

streams in central Victoria (Reid et al. 2008a). Litter fall was not quantified directly in the 

present study; however, strong correlations between volume of litter inputs and 

particulate organic matter in streams have been shown in many studies (Jones 1997, 

Webster et al. 1990, Webster et al. 1999). Excluding unidentifiable fragmented 

components of CPOM (1-2 mm fraction), in the present study contribution of leaves, 

wood and bark to standing stocks of CPOM were remarkably similar to the litter fall 

values reported by both Campbell et al.  (1992a) and Reid et al.  (2008a), although Reid et 

al.  (2008a) found the composition of benthic CPOM did not reflect the proportional 

composition of inputs. In that study, leaves comprised approximately 10% of the 

identifiable CPOM in benthic samples, with wood accounting for almost 65% (Reid et al.  

2008a). In contrast, leaves dominated the identifiable components of benthic CPOM in 

the present study, though only small wood was measured, and the inclusion of large 

wood (not measured in this study) would almost certainly alter this result. However, the 

proportion of unidentifiable (highly fragmented) CPOM in this study was comparable to 

that reported by Reid et al. (2008a). Measuring year-round leaf inputs to these streams 

would resolve the relationship between leaf litter inputs and CPOM standing stocks. 

 

In the present study, T3 had a lower proportion of bark and higher proportion of wood 

in benthic CPOM samples compared with the other four catchments. Vegetation in the 

catchment and riparian zone in T3 was distinct, with wet sclerophyll forest associations 

dominating (e.g. rainforest species), whereas the other four catchments were similar to 

one another and had dry sclerophyll vegetation associations in the riparian zone (Chapter 

2, Forestry Commission of NSW 1989). Composition of CPOM evidently reflects the 

composition of riparian vegetation, and differences in composition of litter inputs in T3 
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may result in differences in in-stream processes, such as leaf litter breakdown, and 

macroinvertebrate assemblages.  

 

Significantly greater quantities of leaves were sampled in CPOM in summer, consistently 

across all streams, and were the only component to show a seasonal peak. Similarly, 

Campbell et al.  (1992a) and Reid et al.  (2008a) reported a seasonal pulse of leaves in 

summer when quantifying allochthonous inputs to streams in Victoria, however wood 

and bark did not show seasonal patterns. The streams in the present study appear to 

reflect a seasonal summer pulse of leaves, and quantifying leaf litter fall throughout the 

year would verify these predictions.   

 

This study has highlighted that CPOM standing stocks are highly variable spatially and 

temporally in all these streams, and this variability is probably controlled by the 

interaction of many physical, climatic, and ecological processes, as well as random events. 

This high natural variability in CPOM among and within catchments has likely masked 

any effects the selective harvest operation has had on CPOM standing stocks and 

composition, at least in the short term (1 year) after harvesting.  
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Chapter 4. 

A comparison of  CPOM retention in headwater streams of  
selectively harvested and unharvested catchments 

4.1  Introduction  

Coarse particulate organic matter (CPOM) is a fundamental structural and functional 

component of forested headwater streams, influencing stream fluvial processes, nutrient 

cycling, and providing habitat and food resources for localised and downstream 

consumers (Chapter 3, Cordova et al. 2008).  However, to provide any of these functions, 

CPOM must first be retained in the stream (Quinn et al.  2007). Retention is the process 

of deposition and trapping or settling of CPOM, and thus links input with storage and 

processing (Speaker et al. 1984, Lamberti and Gregory 2006). Leaf litter and other 

allochthonous material enters streams through direct litter fall and to a lesser extent from 

lateral movement, travels in the water column for varying distances, and is either trapped 

on protruding obstacles such as boulders, tree roots, logs, and emergent vegetation, or, 

caught in the water column by turbulence and trapped on submerged features (Quinn et 

al.  2007, Cordova et al.  2008).  Particles can also be retained passively when they become 

waterlogged to the point where they sink, and the current velocity is insufficient to keep 

the particle moving in the water column or along the streambed (Lamberti and Gregory 

2006, Quinn et al.  2007).  

 

The distance that particles will travel once in the water column depends on the 

interaction of hydrological (e.g. current velocity and discharge), substrate-related (e.g. 

abundance and type of retention features, geomorphic complexity), riparian features of 

the stream and intrinsic properties such as buoyancy, flexibility and surface area of the 

particles (Speaker et al. 1984, Jones and Smock 1991, Quinn et al. 2007, Cordova et al.  

2008, Small et al.  2008). Stream channels that are complex and heterogeneous, with large 

substrate particle size and an abundance of wood (i.e. high roughness) tend to be highly 

retentive; however hydraulic conditions, for example stream discharge and flood 

frequency, also influence particle retention (Ehrman and Lamberti 1992, Small et al.  

2008).  Channel features, such as debris dams, often have a significant role in retention of 

CPOM; for example Ehrman and Lamberti (1992) compared leaf and wood retention in 

a third-order stream in northern Indiana, USA, and found both were retained in 
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significantly greater volumes in reaches with debris dams compared with reaches that did 

not have debris dams.  

 

Forested headwater streams are often highly retentive; typically they have relatively large 

substrate size and high volumes of wood debris, considerable leaf litter input, and, in 

many upland Australian streams, have low stream power (Gomi et al.  2002, Davies et al.  

2005b). As such, they can store significant quantities of CPOM, and heterotrophic 

processes dominate (Chapters 3 and 5, Davies et al. 2005b). It is predominantly during 

periods of high flow when CPOM is exported (Brookshire and Dwire 2003); large 

amounts of CPOM and processed organic matter are transported from headwaters to 

downstream networks (Gomi et al.  2002).  Retention is thus a key ecosystem process in 

stream headwaters, and any changes in the retention efficiency of headwater reaches can 

have consequences for both localised and downstream organic matter processing and 

stream food webs.   

 

Short-term (days and months) retention of CPOM is typically quantified in a stream 

reach by calculating the distances travelled by a known number of released leaves or 

sticks, or their analogues, and the retention structure of each released particle (Quinn et 

al.  2007). Particles that have been used in such experiments include riparian leaf species 

(e.g. Hoover et al. 2006), exotic leaf species such as gingko leaves (e.g. Brookshire and 

Dwire 2003, Cordova et al. 2008), plastic strips (e.g. Diez et al. 2000, Muotka and 

Laasonen 2002, Larrañaga et al. 2003, Lepori et al. 2005), water proof paper cut into 

triangles or rectangles (e.g. Webster et al. 1994, Cordova et al. 2008) and wood dowels 

(e.g. Ehrman and Lamberti 1992, Webster et al.  1994). The distance particles travel in the 

water column is a function of the retention efficiency of the stream (Cordova et al.  

2008). 

 

4.1.1 Aims and predictions  

To examine the capacity of these streams to retain CPOM, I conducted two retention 

experiments using marked brush box leaves [Lophostermon confertus (R.Br.) Myrtaceae] and 

leaf analogues cut into triangles made from waterproof paper. I hypothesized that 

streams would passively retain leaf litter at low flows, whereby leaves would become 

saturated and sink to the stream bed. I predicted that particle travel distance would be 

controlled to an extent by stream discharge i.e. the greater the stream flow the further the 
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distance leaves would travel downstream, and also the dimensions of the pool they were 

released into, as this would influence the volume of water available for leaves to disperse 

into. By comparing the retention of natural leaves and leaf analogues, I predicted that leaf 

analogues would be a good surrogate for natural leaves.  

 

4.2  Methods 

4.2.1 Field methods 

Retention rates of leaves were measured for each catchment using the single particle 

release method (Lamberti and Gregory 2006), using both natural leaves and leaf 

analogues. This method was considered appropriate for these streams as they are highly 

retentive, have high water clarity, and are narrow and shallow (Lamberti and Gregory 

2006). This method however, cannot use the exponential decay model to analyse the data 

(which is typically used in retention studies), as few or no particles may travel the entire 

stream reach (Lamberti and Gregory 2006).  

 

Abscised brush box leaves (Lophostermon confertus) were collected from the riparian zones 

from all five catchments, air dried, and marked with a line of fluorescent spray paint on 

both sides to enable identification. Brush box leaves were chosen as this tree species is 

ubiquitous in the riparian zones of all five streams and was sampled in considerable 

proportions from CPOM (Chapter 3). Artificial leaves consisted of ‘Rite in the Rain’ (J.L. 

Darling Corporation, Tacoma, Washington) paper, cut into triangles 5 x 5 x 10 cm. This 

size was chosen as it represented the average dimensions of the natural leaves (sensu 

Webster et al. 1994).  

 

Two release experiments were completed under baseflow conditions; the first in April 

2008 and the second in January 2009 to validate the first experiment. Site T3 was not 

used in the January 2009 experiment, as extensive track damage prevented access to the 

stream at the time. At each stream, a 50-m reach was marked out from upstream to 

downstream, with a pool habitat the start of each transect. These pools were of different 

dimensions in each catchment, as some streams were larger than others. Starting 

upstream at the beginning of the reach, 50 brush-box leaves and 50 artificial leaves were 

released slowly, one at a time into pools, and left for 2 hours (Appendix 7b). Two hours 

was considered sufficient time for particles to cease moving, as it was observed particles 
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were incapable of moving further than the wetted length of the pool. The distance each 

particle travelled, and the retention structure for each, such as pool edge, open water, 

logs or debris dams, was recorded. Leaves were not pre-soaked prior to release, although 

this is typically done in retention studies to impart neutral buoyancy during transport (e.g. 

Speaker et al. 1984). This is done essentially to mimic a waterlogged leaf entering a stream 

(Cordova et al. 2008). However, as riparian litter fall is usually dry when it enters a stream, 

the aim of the experiment was to understand how far particles would travel, under low 

flow conditions, if they were sourced from riparian litter fall.  

 

The abundance of wood that was in direct contact with the channel within the 50 m 

reach was estimated by direct count method. Pieces of wood longer than 1 m and > 10 

cm in diameter were counted, their length and diameter estimated, and it was noted if 

they were part of a debris dam (Lamberti and Gregory 2006). Along each transect at 1-m 

intervals, wetted width was measured and two depth measurements taken. Substrate 

composition was also calculated by estimating the percent cover of bedrock, cobble, 

pebble and gravel substrate. Debris dams, both partial and those spanning the entire pool 

were counted within each 50 m reach (Table 4.3.1). Mean daily flow data was obtained 

from gauging stations in all five streams and converted to m3 s-1 to enable comparisons 

with other retention studies (Table 4.3.2).  

 

4.2.2 Data analyses 

Differences in mean travel distance between leaves and leaf analogues and among 

catchments was explored for each experiment using a two-factor fixed effects 

Permutational Multi-variate Analysis of Variance (PERMANOVA) (Anderson 2001), 

with leaf type and catchment as fixed factors. Differences among sample times were not 

explored as this was not of primary interest; only two experiments were completed under 

similar flow conditions. The percentage of particles retained for each retention structure 

was calculated for both particle types for each stream. 

 

Mean daily flow, length, width and median depth of the pool into which the particles 

were released, density of logs and presence of debris dams were used as independent 

predictor variables in multiple step-wise regression analyses to select the best models for 

predicting distance travelled by particles. Data were analysed in the DISTLM procedure 

in PRIMERv6 (Anderson et al.  2008). DISTLM determines the relationship between a 
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response variable and one or more predictor variables (Anderson et al. 2008). Differences 

in particle travel distance were compared using Euclidean distance and tested using 9999 

permutations. Results are given for marginal tests (each predictor variable with the 

response variable) and sequential tests (the best combination of predictor variables 

explaining the pattern in the response variable (Anderson et al. 2008), and were 

considered significant at p≤0.05.  

 

4.3 Results 

4.3.1 Transport for leaves and leaf analogues  

Mean leaf travel distances differed significantly among catchments in both April 2008 

and January 2009 (Table 4.3.3). Neither particle type moved beyond the pool they were 

released into in all streams; either the water was too shallow at the end of each pool and 

the velocity insufficient to carry particles further, or accumulations of leaves at the 

downstream end of pools at the water surface prevented particles from travelling further.   

No difference in mean travel distance between leaves and leaf analogues was found, 

suggesting leaf analogues were useful substitutes for natural leaves. The non-significant 

catchment*leaf type interaction indicates these differences were consistent in all 

catchments (Table 4.3.3). In the April 2008 experiment, T2 and T3 were the only 

catchments that did not differ significantly in mean leaf travel distance (5 m) (Table 

4.3.4); particles travelled the least distance in C1 (2 m), and the furthest in C2 (14 m) 

(Figure 4.3.1). This pattern was repeated in January 2009, however, in this experiment the 

mean distance particles travelled was greater in C2 (19 m) and T2 (9 m), but similar in T1 

(10 m) compared with the April 2008 experiment.  

 

4.3.2 Retention features 

In the April 2008 experiment, approximately 50% of all released particles were retained 

along stream edges and the remaining particles were recorded in the open water (Figure 

4.3.2). Streams C2, T1 and T2 were the only streams where logs retained between 2 and 

10% of either particle, while in T3 debris dams retained between 10 and 20% of either 

particle. C2 was the only other stream where particles were recorded as retained on a 

debris dam (Figure 4.3.2).  
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In the experiment in January 2009, approximately 60% of released particles were retained 

along stream edges, with the remaining in the open water. The exception was C1, where 

this trend was reversed for brush box leaves (Figure 4.3.2). Wood retained only a small 

percentage of particles in T1 and T2 and no particles were retained on debris dams.  

 

4.3.3 Predictor variables to explain leaf retention  

In the April 2008 experiment, marginal tests for predictor variables against particle travel 

distance showed pool length as an individual predictor variable explained the most 

variation in the pattern (23.7%); pool width and volume respectively explained 18.9% 

and 21.5% of the patterns as individual predictor variables (Table 4.3.5). In the sequential 

tests, pool length and log density were significant predictor variables to explain leaf travel 

distance (24.5%) (Table 4.3.5). In the marginal tests for the January 2009 experiment, 

pool width as an individual predictor variable explained 34.89% of the variation (Table 

4.3.5); all remaining variables as individual predictor variables each explained > 25% of 

the pattern. In the sequential tests, pool width, log density and presence of debris dams 

was the best model for explaining the pattern (44.1%).  

 

 

Table 4.3.1: Physical dimensions of pools, composition of inorganic substrate, in-stream 
wood volume and number of debris dams in the study streams 

Stream Pool 
width 
(m) 

Pool 
length 

(m) 

Median 
depth 
(m) 

Bedrock 
(%) 

Boulder 
(%) 

Cobble 
(%) 

Pebble 
(%) 

Gravel 
(%) 

Wood 
density 

m3 * 

Wood 
density 
m3 ** 

# of 
debris 
dams

C1 2.5 16 0.2 35 5 45 10 5 0.11 0.01 0 
C2 7 40 0.5 35 5 20 25 15 1.59 1.08 1 
T1 3.5 28.5 0.5 70 0 5 15 10 0 0.02 0 
T2 3.5 13.5 0.3 25 5 30 25 15 0 0 0 
T3 2.9 22 0.25 0 5 20 40 35 1.96  1 

* April 2008 retention experiment 
** January 2009 retention experiment; no data could be collected from T3 
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Table 4.3.2: Stream discharge (m3 s-1) for the study streams 
in April 2008 and January 2009 retention experiments 

Experiment Site Discharge (m3 s-1) 
April 2008 C1 0.00150 
 C2 0.00602 
 T1 0.00150 
 T2 0.00046 
 T3 0.01921 
   
January 2009 C1 0.00116 
 C2 0.00764 
 T1 0.00255 
 T2 0.00104 

 
 
 
Table 4.3.3: PERMANOVA results for leaf distance travelled from April and January. 
Degrees of freedom are in parenthesis. Significant results are in bold.  
Experiment  Source Mean squares F P value
April 2008 Catchment (4) 2181.7 44.9 0.0001
 Leaf type (1) 131.2 2.7 0.0983
 Catchment*leaf type (4) 26.2 0.5 0.7025
 Residual (490) 48.6  
   
January 2009 Catchment (3) 4632.8 103.8 0.0001
 Leaf type (1) 14.9 0.3 0.5635
 Catchment*leaf type (3) 92.2 2.1 0.1011
 Residual (388) 44.7  
 

 

 

Table 4.3.4: Pair-wise tests for differences in leaf travel 
distance among catchments. Significant results are in bold. 
Experiment Pair-wise tests t p 
April 2008 C1 – C2 11.18 0.0001 
 C1 – T1 10.50 0.0001 
 C1 – T2 5.65 0.0001 
 C1 – T3 5.85 0.0001 
 C2 – T1 2.24 0.0269 
 C2 – T2 7.09 0.0001 
 C2 – T3 6.77 0.0001 
 T1 – T2 5.45 0.0001 
 T1 – T3 5.08 0.0001 
 T2 – T3 0.73 0.7342 
   
January 2009 C1 – C2 14.58 0.0001 
 C1 – T1 18.28 0.0001 
 C1 – T2 18.10 0.0001 
 C2 – T1 5.17 0.0001 
 C2 – T2 6.62 0.0001 
 T1 – T2 2.24 0.0262 
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Figure 4.3.1: Mean (+S.E.) travel distance in m of brush box and leaf analogues in each 
catchment in April 2008 and January 2009. Catchment T3 was not sampled in January 
2009.  

 

 

 

Figure 4.3.2: Percentage of brush box leaves and leaf analogues retained at pool edges, 
in the open water, on logs and debris dams in April 2008 and January 2009.  
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Table 4.3.5: Sequential and marginal tests for predictor variables against leaf travel 
distance. Significant results are in bold. 

Experiment Variable SS(trace) F P Percentage 
of variance

April 2008 Sequential tests  
 Pool length 7763.3 154.7 0.0001 23.7
 + log density 246.5 5.0 0.0248 24.5
 + debris dam 81.8 1.6 0.1982 24.7
 + mean daily flow 635.0 13.1 0.0004 26.6
 Marginal tests  
 pool length 7763.3 154.7 0.0001 23.7
 Pool width 6217.7 116.7 0.0001 18.9
 Pool volume 7048.5 136.5 0.0001 21.5
 Log density 860.5 13.4 0.0003 2.6
 Debris dams 4806.2 85.6 0.0001 14.6
 Mean daily flow 2.4 0.0 0.8516 0.007
   
January 2009 Sequential tests  
 Pool width 10995.0 211.1 0.0001 34.8
 + log density 2687.8 59.2 0.0001 43.4
 + debris dam 215.9 4.8 0.0275 44.1
 + pool length -2.14E-11 1E10 1 44.1
 Marginal tests  
 Pool length 9988.2 182.82 0.0001 31.7
 Pool width 10995.0 211.11 0.0001 34.9
 Pool volume 10522.0 197.48 0.0001 33.3
 Log density 8091.2 136.10 0.0001 25.7
 Debris dams 8146.4 137.35 0.0001 25.9
 Mean daily flow 9332.7 165.77 0.0001 29.6
 
 

  

4.4 Discussion 

Transport of riparian leaves and leaf analogues 

For all five streams in both experiments, the travel distance of natural particles and leaf 

analogues was similar. This finding is consistent with other studies where similar travel 

distances between natural and artificial particles were found. Cordova et al. (2008) 

reported no significant differences in mean travel distance between natural leaves (Ginkgo 

biloba leaves and white pine needles) and leaf analogues (water proof paper) in their study 

of three headwater streams in Michigan, USA. Likewise, plastic transparency sheets cut 

into triangles travelled similar distances to red maple leaves in first-order streams in 

North Carolina, USA (Wallace et al. 1995). Particle buoyancy can affect how far objects 

are transported once in the stream; dry leaves float on the surface of the water, whereas 

wetted leaves are neutrally buoyant after soaking, and are thus carried by turbulent flow 

to all depths (Speaker et al. 1984). I did not pre-soak leaves prior to release, as was the 

case in both these examples; however, it appears leaf analogues are also a suitable 
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surrogate for natural leaves when using dry particles, at least in these streams.  James and 

Henderson (2005) used dry Eucalyptus leaves and paper rectangles in their comparison of 

the retention efficiency of straightened and meandering stream reaches in New Zealand. 

They reported similar travel distances in similar proportions for both particle types. 

Water-proof paper may therefore be an ideal substitute for Eucalyptus and related leaf 

species (i.e. Lophostermon spp) for future retention studies in Australian forested streams.   

 

Variables affecting leaf transport 

Travel distance in this experiment was the distance leaves were carried downstream on 

the surface of the water until they were ‘trapped’ by an object, or until they stopped 

moving. Mean particle travel distance differed significantly among the catchments, but 

this was not an effect of harvesting. The distance particles moved was explained to an 

extent by physical attributes of the streams; pool length, width, debris dams and log 

density were all significant predictor variables in explaining travel distance. Mean daily 

flow was only a significant predictor variable in the January 2009 experiment, when flows 

were slightly higher in all streams, and therefore probably carried more particles further 

along in the pools. These findings are not surprising, as the dimensions of the pools 

influence the volume and surface areas of water within them, hence how far leaves are 

able to disperse into the pool. However, other unmeasured variables also probably 

influenced particle transport; among these, wind speed and direction were likely to have a 

considerable influence on leaf travel distance.  Wind speed and direction was not 

measured in the current study; however, it was noted in the larger, more open streams 

(such as C2 and T1) that in both experiments wind gusts moved particles further 

downstream.  

 

The methods and approach used in these experiments somewhat limits comparisons with 

findings from other short-term retention studies, primarily because leaves were not 

soaked prior to release. I therefore cannot account for how leaves would have travelled 

and their mechanism for retention if they were neutrally buoyant at release. It is doubtful, 

however, that leaves would be transported far, if at all, and I predict that pre-soaked 

leaves would also be passively retained because the current would be insufficient to keep 

the particle moving. When comparing stream discharge from these five streams to other 

stream retention studies, discharge was approximately half or less than that of the lowest 

discharge reported from one study, that of Hoover et al. 2006 (Table 4.3.6). The 
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exception to this was T3, which had a discharge of 0.0192m3/s in the April 2008 

experiment, and the current may well have been sufficient to carry buoyant leaves in this 

stream, although this was not explored. Furthermore, a number of the listed retention 

studies of small streams have been in flowing streams that are often dominated by riffles 

and have few pools (e.g. Ehrman and Lamberti 1992, Raikow et al. 1995, Cordova et al.  

2008). In contrast, the streams in this study consisted of narrow, relatively shallow pools 

separated by bedrock cascades, where low flow predominates for much of the year 

(Appendix 4.1). Under low flow conditions (<0.1 m3/s) such as those in these 

experiments, which persist for more then 95% of the time (Appendix 4.1), particles do 

not travel beyond pools.  

  

Retention features 

After the two hours in both experiments, more than 50% of particles were retained at the 

stream edges; the remainder were in the open water, with logs and debris dams trapping 

only a small percentage of particles occasionally. When particles become saturated, they 

would sink to the stream bed, therefore I would consider ‘passive’ retention a primary 

mechanism for CPOM retention within the streams i.e. leaves become water logged to 

the point where they sink (Quinn et al. 2007). Although passive retention is essentially 

interpreted to be when the current velocity is insufficient to keep the particle moving in 

the water column or along the streambed, I would predict, at low flow, pre-soaked leaves 

would also be retained passively in these streams as current velocity is insufficient to 

carry particles downstream. A comparison between pre-soaked and dry leaves in these 

streams would verify these predictions. 

 

It would be expected that gradient, channel depth, logs, debris dams and other channel 

features including substrate particle size would have a significant role in retaining leaves 

and other CPOM during floods and high flows, when current velocity would be 

sufficient to transport CPOM. Discharge, velocity, wood volume and density, stream 

depth and substrate complexity have all been demonstrated to influence particle retention 

to varying degrees in many retention studies (e.g. Jones and Smock 1991, Ehrman and 

Lamberti 1992, Webster et al. 1994, Hoover et al. 2006, Dewson et al. 2007b, Cordova et 

al. 2008, Small et al. 2008). Particles travel further when discharge is higher (Gordon et al.  

2004), however, the importance of geomorphic features, including channel roughness, 

and other in-stream features that trap CPOM, such as wood and debris dams, vary 



 
65 

among stream types. Wood volume and density, debris dams and channel form (depth) 

were important features for leaf retention in small streams in Michigan, USA (Cordova et 

al.  (2008); in these streams substrate particle size, primarily sand and gravel, were not 

important in retaining particles. In contrast, streams with complex and larger substrate 

particle sizes such as cobbles and boulders, have been shown to be important in particle 

retention (Webster et al. 1994; Muotka and Laasonen 2002). Particle retention is thus a 

complex interaction of retention structures, hydrological variability and geomorphology, 

and the influence of any of these vary among and within streams at different flows.  

 

Most transport of leaf litter occurs  during floods (Diez et al. 2000, Small et al. 2008), and 

in headwater streams such as the ones in the present study where low flow predominates, 

CPOM probably remains unmoved for much of the time until flows of sufficient 

magnitude redistribute it or move it downstream (Chapter 3). This is characteristic of 

many headwater streams in Australia (Gooderham et al. 2007). Most leaf litter reaching 

the stream is probably by direct accession from riparian litter fall, which accumulates 

within the stream where it is subjected to breakdown and processing, until it is 

redistributed or exported downstream when flows of high enough magnitude redistribute 

the CPOM at the stream bed. Evaluating the retention efficiency of these streams during 

higher discharges (i.e. floods) would further highlight trapping and retention mechanisms 

and their relative importance.  
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Table 4.4.6: Mean discharge (m3 s-1) and mean particle travel distance of streams 
where retention studies have been done. These studies were included for comparisons 
as they specified the discharge that retention experiments were undertaken.  

 
 
 

Stream location 

Mean discharge 
particles were 
released under 

(m3 s-1) 

 
Mean particle 
travel distance 

(m) 

 
 
 

Reference 
Palmerston North, New 
Zealand 

0.10000 
0.77000

32 and 88 James and Henderson 2005 

Indiana, USA 0.26000 
0.29000

109 and 168 Ehrman and Lamberti 1992 

Hilo, Hawaii 0.04390 
0.15200

150 and 200 Larned 2000 

Virginia, USA 0.06100 
0.15100

23 and 126 Jones and Smock 1991 

Michigan, USA 0.05060 
0.06100 
0.06410

7 Cordova et al.  2008 

North Carolina, USA 0.01100 
0.02650

0.10 to 22 Webster et al.  1994 

British Columbia, 
Canada 

0.01100 
0.01400

0.87 and 2.22 Hoover et al.  2006 
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Chapter 5. 

Leaf  breakdown and colonisation by macroinvertebrates in 
forested headwater streams: a comparison of  selectively 
harvested and unharvested catchments.  

5.1  Introduction 

In stream ecosystems, a primary source of energy for consumers is derived from organic 

matter produced outside the stream (allochthonous). Allochthonous sources consist 

primarily of dead leaves from senescent vegetation as well as fragments such as bark, 

twigs, flowers and fruits, which fall into the stream or are washed or blown in from the 

riparian zone (Campbell et al. 1992a, Thomas et al. 1992, Benfield 1997).  Once in the 

stream, leaves are usually carried downstream until they sink on the streambed where 

they accumulate and form ‘leaf packs’ (Cummins et al. 1989, Webster et al. 1994, Hoover 

et al. 2006). Physical, chemical and biological processes then break down leaves, resulting 

in readily available organic compounds for microbial and invertebrate communities 

(Findlay and Sinsabaugh 1999, Webster et al. 1999, Hoover et al. 2006).  

 

The processing of allochthonous material to release energy involves four key interacting, 

and often simultaneous processes: leaching, microbial colonisation, physical abrasion and 

invertebrate feeding (Boulton and Boon 1991, Gessner et al. 1999, Graça 2001). Within 

one to two days of leaf submergence, soluble nutrients such as sugars and amino acids 

are leached into the system (Petersen and Cummins 1974, Suberkropp et al. 1976), 

becoming a component of dissolved organic carbon (DOC) (Findlay 2006). Leaching 

results in weight loss of the leaf material and leaves then largely consist of structural 

components such as cellulose and lignin (Webster and Benfield 1986). Leaf surfaces are 

rapidly colonised by fungi and bacteria, which begin a ‘microbial conditioning’ process 

(Suberkropp and Klug 1976), using digestive enzymes that soften leaves and release 

simple compounds that can be assimilated by detritivores (Graça 2001). The microbial 

conditioning process alone can result in considerable mass loss and decomposition of 

leaves (Gessner et al.  1999). 

 

After the conditioning process, whole leaves, or coarse particulate organic matter 

(CPOM, > 1mm), are broken down in size to fine particulate matter (FPOM). This is 

facilitated by abiotic factors such as water currents and abrasion (Heard et al. 1999), but 
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more significantly from the feeding activities of ‘shredders’, a functional feeding group 

(FFG) defined by mouthpart morphology and feeding behaviour (Cummins 1974, 

Cummins and Klug 1979, Wallace and Webster 1996). Shredders accelerate 

fragmentation through physical breakdown and the production of faecal pellets, 

providing a source of food for microbes and macroconsumers from other FFG such as 

collector-gatherers and filter-feeders (Cummins et al. 1989, Webster et al. 1999, Graça 

2001). FPOM is also more amenable to downstream transport (Wallace et al. 1995, 

Wallace and Webster 1996), thus shredders have an important role in providing carbon 

sources for downstream consumers (Vannote et al.  1980, Graça et al.  2001).  

 

Leaf species break down at different rates, and this is largely determined by intrinsic 

properties of the leaves, such as toughness, nutrient content and the presence of 

inhibitory chemicals, for example tannins and polyphenols (Campbell and Fuchschuber 

1995, Ostrofsky 1997, Quinn et al. 2000a). Other environmental factors, such as current 

velocity, pH, water temperature, nutrient concentrations and substrate composition, and 

biological factors such as invertebrate and microbial communities also influence rates of 

leaf breakdown (Webster and Benfield 1986, Boulton and Boon 1991). For example, in a 

study in West Virginia USA, Rowe et al. (1996) tested the relative influence of stream 

temperature and pH on leaf breakdown by comparing processing rates at different times 

in three streams of differing water chemistry. They found that stream chemistry, in 

particular pH, contributed markedly to differences in breakdown rates of leaves. This 

highlights the interaction of physical, chemical and biological factors in controlling 

breakdown rates.   

 

Allochthonous material and its in-stream processing is considered to be a significant 

energy source in small forested streams (Fisher and Likens 1973, Petersen and Cummins 

1974, Vannote et al. 1980, Wallace et al. 1997), as shading from the riparian zone limits 

the light available to support in stream photosynthesis (Bunn et al. 1999). Conceptual 

models, notably the River Continuum Concept (RCC) (Vannote et al. 1980), highlight the 

importance of carbon derived from leaf litter and predict the dominance (as biomass) of 

macroinvertebrate FFG along the river continuum as a reflection of food resource type 

and location; FFG such as shredders and collectors dominate in headwaters because of 

the available quantity of CPOM. Various studies since the publication of the RCC have 

focussed on allochthonous material and its role in influencing the abundance, 
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composition and biomass of macroinvertebrate functional feeding groups (e.g. 

Richardson 1981, Boulton and Lake 1992, Wallace et al.  1997, Graça 2001). For 

example, Wallace et al.  (1997) excluded leaf litter inputs for three years from a forested 

stream in North Carolina USA, and reported significant reductions in biomass and 

abundance of shredders, gatherers and predators in response to the decreased resource.  

 

However, the application of models such as the RCC to streams elsewhere in the world, 

including arid, tropical and alpine streams, has been questioned (Nolen and Pearson 

1993, Boulton and Brock 1999). Bunn (1986) and Lake (1995) have reviewed some of 

the limitations of the RCC for Australian streams. The pulse of organic matter in many 

Eucalypt forests happens over summer (Thomas et al.  1992, Campbell et al.  1992a, Pozo 

et al. 1997), and leaves are often tough and contain tannins and phenols that may inhibit 

initial microbial colonisation and prolong the leaf conditioning process (Bunn 1988). 

Assigning the Northern American FFG classifications to macroinvertebrates has also 

proved difficult, as in Australian streams invertebrates appear to be more generalist in 

their feeding strategies (Cheshire et al.  2005). Furthermore, shredders appear to be 

poorly represented, and therefore may not be as important in the breakdown of CPOM 

as their counterparts from temperate streams in the Northern Hemisphere (Boulton 

1991, Lake 1995).  

                                                                                                                                                                         

Leaf breakdown is nevertheless an important aspect of stream function in forested 

streams as it links various elements of the stream system: biological factors such as 

riparian leaf species, microbial and invertebrate activity, physical properties including 

stream hydrology and temperature, and chemical properties such as nutrient 

concentrations and pH (Benfield 2006, Young et al. 2008). As such, disturbances at 

different temporal and spatial scales and changes in land use can influence rates of 

breakdown by affecting environmental variables that drive leaf breakdown (Sponseller 

and Benfield 2001, Imberger et al. 2008). Changes in riparian species composition, such 

as replacement of native vegetation with exotic species, can result in faster breakdown 

rates of leaves. For example, Parkyn and Winterbourn (1997) demonstrated that leaf 

breakdown rates of exotic leaves in the Waimakariri River in New Zealand were faster 

than those of native leaves, and hypothesised that shredders contributed to faster 

breakdown rates as they preferred leaves from introduced species.  



 
70 

Leaf breakdown has also been used to compare streams draining catchments of differing 

land use. For example, Paul et al. (2006) compared leaf breakdown rates among 

agricultural, urban, suburban and forested streams in the upper Chattahoochee River 

catchment in the eastern USA. They found rates of leaf breakdown were faster in urban 

and agricultural streams; however, the processes for accelerated breakdown in either 

stream type were different. In agricultural streams, it was enhanced biological activity 

from increased nutrients, while in urban streams increased breakdown was due to 

physical fragmentation from higher runoff (Paul et al. 2006). In contrast, Imberger et al. 

(2008) attributed faster leaf breakdown rates to enhanced microbial activity from higher 

water temperatures and nutrient loads in streams draining urban catchments in 

Melbourne, Australia.   

 

Leaf breakdown rates have also been used to measure stream ecosystem response to 

forest harvesting (for example Benfield et al. 2001, Kreutzweiser et al. 2008). Leaf 

breakdown rates were compared before, during, and five, nine and 17 years after clear-

cut catchment-scale harvesting in headwater streams in North Carolina, USA (Benfield et 

al. 2001). Leaf breakdown rates were slower during harvesting, which was attributed to 

burial from increased sediment loads (Benfield et al. 2001). However, throughout forest 

regeneration, leaf breakdown rates were consistently faster compared with before logging 

and a reference stream. Benfield et al. (2001) hypothesised increased breakdown was 

from increased nitrate concentrations enhancing microbial activity, changes in the quality 

of leaves from regenerating vegetation, and the interaction of these two factors, resulting 

in leaves being more attractive to shredding invertebrates, which hasten the breakdown 

process. Measuring rates of leaf breakdown is thus a useful measure to assess functional 

responses to disturbance and assess ecosystem health (Gessner and Chauvet 2002, 

Young et al.  2008). 

 

5.1.1 Aims and predictions  

A leaf breakdown experiment was undertaken to determine rates of leaf breakdown and 

colonisation by shredders, collector-gatherers and other FFG. I predicted that 

breakdown rates would be significantly faster in harvested streams compared with 

control streams due to higher stream flow in harvested catchments, resulting in greater 

physical fragmentation from abrasion. The density of invertebrate colonisers was 

predicted to be lower in harvested streams for these same reasons (higher stream flow 
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would delay colonisation), but was expected to increase in all streams over time. The 

assemblage composition of invertebrate colonisers was predicted to differ through time 

in harvested streams compared with control streams. However, temporal changes in the 

most abundant FFG were predicted to be consistent among control and harvested 

streams, with collector-gatherers expected to have the highest proportional abundance of 

any FFG, and shredders present in smaller proportions. Hydrological aspects, stream 

chemistry variables and invertebrate densities, were all expected to have a significant 

influence on leaf breakdown rates in all streams.  

 

5.2 Methods 

5.2.1. Field methods 

Initially, two leaf breakdown experiments were attempted; one in August 2007, and a 

second in February 2008. However, flooding during both experiments caused the 

majority of leaf packs to wash downstream, and they were not recovered. A final leaf 

breakdown experiment was attempted at the end of November 2008 to coincide with 

peak litter fall, reported as occurring throughout December to March in eucalypt forests 

(Pressland 1982, Campbell et al. 1992a, Thomas 1992). Brush box leaves, Lophostermon 

confertus (R.Br.) Myrtaceae, were selected for leaf breakdown as this species was abundant 

in the riparian zones at all five catchments (Chapter 2) and leaves were collected in 

substantial quantities in samples of benthic organic matter from all five streams (Chapter 

3). Freshly abscised leaves were collected from the ground in the riparian zones, selected 

on the basis they were whole and with few blemishes, and then air-dried at room 

temperature for 5 days. Leaves were weighed into 5 g (±0.05 g) packs, tied together using 

monofilament fishing line by threading it around the central rib of each leaf close to the 

petiole (Boulton 1991) and plastic identification tags were attached (Appendix 7.c). Each 

leaf pack averaged seven leaves. Mesh bags were not used to enclose leaf packs as they 

can have ‘cage effects’, such as excluding larger invertebrates, inhibiting microbial 

processing, and providing artificial substrate for some macroinvertebrates (Boulton and 

Boon 1991), resulting in underestimations of breakdown rates.  

 

Three streams were used in this experiment: C1, C2 and T1, as extensive road damage 

and fallen trees from storms prevented access to catchments T2 and T3 at the time of 

the experiment. For each stream, nine sets of three leaf packs were tied together at 0.5-m 
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intervals using monofilament fishing line. Each set of leaf packs was randomly placed on 

the stream bed (cobble-pebble substrate) and anchored using cable ties and fishing line 

to cobbles marked with fluorescent paint (Figure 7.d). Proximity to debris dams was 

recorded and water depth measured. Dissolved oxygen, temperature, and pH values were 

taken using a calibrated meter (Yeo-Kal Model 611).  

 

Leaves were recovered similar to the method of Swan and Palmer (2004); one set of 

three leaf packs were recovered from each stream after 0, 7, 14, 28, 56, 100 and 130 days, 

with downstream packs sampled first to minimize disturbance to packs remaining in the 

stream. For collection days 100 and 130, two sets of three packs were placed in the 

streams for collection as variability in pack weight and numbers of invertebrates usually 

increases with time (Boulton and Boon 1991).  Packs were gently lifted and placed into a 

small 250-µm mesh net, the line tether cut, sealed inside a large zip-lock bag and placed 

on ice until processing within 12 h of collection. To account for weight loss due to 

handling, day 0 leaf packs were transported to sites and returned to the laboratory 

without immersion in the stream (Clapcott and Bunn 2003). These packs were reweighed 

to the nearest 0.01g and then compared to their initial weights and the percentage loss 

calculated. An average weight loss was calculated and used in the data analyses.   

 

5.2.2 Laboratory processing  

In the laboratory, the contents of the zip-lock bags were rinsed into a 250-µm sieve, 

placed inside a 4-L white container. Leaf packs were dismantled by cutting the fishing 

line, and rinsed carefully over the sieve to dislodge macroinvertebrates and detritus.  

Leaves were oven dried at 60°C for 48h and weighed. Macroinvertebrates retained on 

the sieve were preserved in 70% ethanol, and later identified to genera and assigned to a 

functional feeding group as determined by Boulton and Brock (1999) and Gooderham 

and Tsyrlin (2002).  

 

To account for weight loss from leaves due to leaching, six leaf packs were submerged in 

buckets of water collected from the streams and left for 24h. Leaf packs were removed 

and oven dried at 60°C for 48h and weighed to the nearest 0.01g. Leaching losses were 

calculated by comparing initial weight with the weight after leaching.  
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5.2.3 Data analyses 

Linear and exponential models were tested for goodness of fit using regression 

(SPSSv15). Analysis of co-variance (ANCOVA) tested if there were significant 

differences in breakdown rates among streams, with pair-wise tests comparing slopes 

among the three streams where differences were significant. The mean density of 

invertebrates per gram of dry weight over time and site were analysed using a two-way 

crossed fixed-effects model (site and day). Data were analysed using permutational 

multivariate analysis of variance (PERMANOVA) (Anderson 2001), with each 

catchment as a covariate. To increase statistical power, differences were considered 

significant when p≤0.1 (see Fairweather 1991, Mapstone 1995, Downes et al. 2002, Field 

et al. 2007). Macroinvertebrate assemblage composition was plotted in ordination space 

using non-metric multi-dimensional scaling (MDS), following square root transformation 

of a Bray-Curtis dissimilarity matrix. Differences in macroinvertebrate assemblage 

composition among sites and through time were explored using a two-factor fixed-effect 

PERMANOVA. Pair-wise comparisons showed where significant differences were 

detected (p≤0.1) (see Fairweather 1991, Mapstone 1995, Downes et al.  2002, Field et al.  

2007). The relative abundance of macroinvertebrates categorised into five functional 

groups was calculated, and the temporal changes in the three most abundant FFG were 

compared among control and harvested streams.  

 

Mean daily flow data were analysed for the experimental period and flow metrics 

calculated for each set of days that leaves were in the stream (e.g. days 1 to 7, days 1 to 14 

etc.) using the Time Series Analysis module of the River Analysis Package (RAP) 

software (Marsh 2004).  Flow metrics calculated were mean daily flow, median daily flow, 

coefficient of variation (CV), number of rises, mean rate of rise, mean duration of rise, 

greatest rate of rise, mean duration falls and mean rate of falls. These metrics as well as 

depth of leaf packs, catchment size and pool size (as volume) were analysed using 

Spearman Rank correlation to determine variables that were significantly correlated with 

each other (Appendix 5.1). Variables from this analysis that were not significantly 

correlated, water chemistry variables (pH, temperature) and invertebrate density, 

shredder density and collector-gatherer density were used as independent predictor 

variables in multiple step-wise regression analysis to select the best models for predicting 

breakdown rate. Data were analysed using the DISTLM procedure in PRIMERv6 

(Anderson et al.  2008). Differences in percent weight remaining among sites were 
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compared using Euclidean distance and tested using 9999 permutations. Results are given 

for marginal tests (each predictor variable with the response variable) and sequential tests 

(the best combination of predictor variables explaining the pattern in the response 

variable (Anderson et al.  2008) and were considered significant at p≤0.05.  

 

5.3 Results 

5.3.1 Litter breakdown 

Between day 56 and day 100, all three streams flooded (Figure 5.3.1) (day 85) (T1: 209.59 

ML, C2:151.72 ML, C1: 51.33 ML), resulting in loss of all remaining leaf packs from site 

C2, all but three replicate packs from T1, with five remaining at site C1. Consequently, 

data from C2 could only be analysed up to day 56, and no packs were collected from any 

stream after day 100.  

 

Leaf packs lost approximately 7% of weight in the first 24 h because of initial leaching. 

Subsequent weight loss with time had significant linear relationships; however 

exponential relationships were also significant (Table 5.3.1). Breakdown rates of leaves 

differed significantly among streams (ANCOVA site*day interaction, F6, 48 = 5.825, p< 

0.001). Pair-wise comparison of slopes showed C1 leaf breakdown rate was significantly 

faster compared with C2 and T1 (Figure 5.3.2), with a significant site*day interaction 

(Table 5.3.2) indicating the rate of breakdown over time was not consistent between C1–

C2 and C1–T1. However, breakdown rates of leaves in stream C2 and T1 did not differ 

significantly through time, indicated by the non-significant site*day interaction (Table 

5.3.2).  

 

5.3.2 Macroinvertebrate density and assemblage composition 

Thirty-four taxa were collected from leaf packs throughout the experiment; of these, 12 

taxa contributed to >90% overall abundance (Table 5.3.3) with the most abundant taxon 

being the mayfly Koornonga spp from the Family Leptophlebiidae. The density of taxa 

increased with time in all streams, peaking at day 56 in C1, then decreasing between day 

56 and day 100 at C1 only (Figure 5.3.3.). PERMANOVA comparing the density of 

invertebrates on leaf packs in all streams showed a significant site*time interaction, 

indicating temporal changes in the density of invertebrates through time was not 
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consistent among streams (Table 5.3.4). Significant differences in density were found at 

Days 7, 14 and 56 (Table 5.3.4). At day 56, C1 had a significantly higher density of 

macroinvertebrates compared with T1 and C2, however at day 100 there was no 

difference in density between C1 and T1. 

 

Temporal patterns in macroinvertebrate assemblage composition differed significantly 

among streams (Figure 5.3.4), indicated by the significant site*day interaction (Table 

5.3.5). Pair-wise tests show C1 differed significantly in composition from C2 at all times 

except day 28, while C1 and T1 differed only at day 56 (Table 5.3.5). T1 and C2 did not 

differ in assemblage composition at all times.  

 

5.3.3 Functional feeding groups 

Collector-gatherers were the dominant FFG, both taxonomically and by abundance 

(Table 5.3.6). Collectively, collector-gatherers, predators and shredders accounted for 

more than 95% of the functional assemblage. Densities of collector-gatherers per g dry 

weight differed significantly among the three streams consistently through time (two-way 

crossed fixed-effects PERMANOVA 2, 30, F= 10.73, p<.005); C1 had significantly higher 

densities of collector gatherers compared with C2 and T1 (Figure 5.3.5a). Differences in 

predator densities among the streams were also consistent through time 

(PERMANOVA 2, 30, F= 3.248, p <0.005), increasing steadily until after Day 56 when 

densities declined at C1 and T1 (Figure 5.3.5b). Shredder densities, however, differed 

significantly among streams inconsistently through time (PERMANOVA 7, 30, F = 

5.2332, p<0.005). Subsequent pair wise tests showed differences in densities at day 14 

and day 56, with significantly greater densities of shredders at C1 at day 56 (Figure 

5.3.5c).  

 

Step-wise regression results indicate coefficient of flow variation (CV), depth, pH and 

density of shredders all contributed to a significant effect on breakdown rate explaining 

93.1% of the variation (Table 5.3.8). The addition of ‘site’ in the model produced a non-

significant result and contributed to less than 1% of variation, indicating that the same 

suite of predictor variables were consistent across all sites. In the marginal tests, CV as a 

single predictor variable explained 78.8% of the variation, with number of rises (76.2%) 

and pH (64.7%) also significant in explaining the pattern as individual predictor variables 

(Table 5.3.8).  
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Table 5.3.1: Coefficients of determination (r2) and F statistic for linear 
and exponential models describing leaf breakdown over time. All results 
are significant.  

Model  C1 C2 T1 
Linear  r2 

F 
0.972 
757.482 

0.654 
33.141 

0.801 
81.685 

 k -.706 -.322 -.459 
Exponential r2 

F 
0.933 
757.482 

0.687 
38.289 

0.718 
51.934 

 

 

 
Figure 5.3.1: Mean daily flow for C1, C2 and T1 from days 1 to 100 for the leaf 
breakdown experiment in summer 2008-2009.  Arrows indicate days where leaf packs 
were recovered from the streams.  
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Figure 5.3.2: Mean (±S.E) percent dry weight of leaf pack remaining 
with time at streams C1 ●, C2 ▲ and T1 ■. n = 3 in most cases. 
Arrow indicates the timing of floods in all catchments on day 85.  

 

 

 

Table 5.3.2: Results from pair-wise tests comparing leaf breakdown rate among sites. 
Degrees of freedom are in parentheses. Significant results are in bold. 

Pair wise test Source Mean squares F Significance 
C1-C2 Site (1) 2458.2 364.3 0.0001 

 Day (6) 2877.6 426.4 0.0001 
 Site*Day (6) 140.1 20.7 0.0001 
 Residual (28) 6.7  
   

C1-T1 Site (1) 1083.6 31.4 0.0001 
 Day (6) 3558.9 103.3 0.0001 
 Site*Day (6) 169.2 4.9 0.0006 
 Residual (30) 34.4  
   

C2-T1 Site (1) 311.2 9.3 0.0001 
 Day (6) 1073.0 32.1 0.0001 
 Site*Day (6) 12.1 0.4 0.8927 
 Residual (26) 33.4  
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Table 5.3.3: The relative abundance of common (>1%) taxa collected from leaf 
packs. FFG allocated are included. 
Taxon Family Relative abundance Feeding group 
Koornonga Leptophlebiidae 38.55 Collector-gatherer 
Anisocentropus Calamoceratidae 9.77 Shredder 
Triplectides Leptoceridae 8.51 Shredder 
Larsia Tanypodinae 8.40 Predator 
Tanytarsus Tanytarsini 7.35 Collector-gatherer 
Chironomus Chironomiinae 6.83 Collector-gatherer 
Paratanytarsus Tanytarsini 2.84 Collector-gatherer 
Episynlestes Synlestidae 2.52 Predator 
Atalophlebia Leptophlebiidae 2.00 Collector-gatherer 
Procladius Tanytarsus 1.68 Predator 
Ulmerophlebia Leptophlebiidae 1.58 Collector-gatherer 
Paratya Atyidae 1.58 Collector-gatherer 

 

 

 

 
Figure 5.3.3: Temporal changes in the density of individuals per 
gram of dry weight on leaf packs at C1 ●, C2 ▲ and T1 ■. Other 
details as per Figure 5.3.1   
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Table 5.3.4: PERMANOVA for temporal changes in the density of macroinvertebrates 
per gram of dry leaf weight among sites. Degrees of freedom are in parentheses. 
Significant p values are in bold.  
Source Mean squares F Significance
Site (2) 137.9 10.10 0.0009
Time (4) 84.5 6.19 0.0011
Site*time (7) 35.3 0.03 0.0281
Residual (30) 13.6
 Pair-wise  7 14 28 56 100 

test t P T P t P t P t P 
C1-C2 4.276 0.098 3.963 0.098 1.647 0.198 3.745 0.100  
C1-T1 2.175 0.199 0.377 1.000 1.097 0.396 3.224 0.094 0.238 0.719
C2-T1 1.228 0.206 9.943 0.094 1.212 0.399 2.050 0.100  

 

 

 

 
Figure 5.3.4: MDS of assemblage composition for days 7 to 100 for sites C1 ▲ and T1 
■; and for days 7 to 56 for C2● 
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Table 5.3.5: PERMANOVA and pair-wise tests for temporal changes in assemblage 
composition at sites C1, C2 and T1. Significant results are highlighted in bold.            
Source Mean squares F Significance
Site (2) 3969.1 3.1746 0.0001
Time (4) 4375.5 3.4998 0.0001
Site*time (7) 1956.2 1.5646 0.0072
Residual (30) 1250.2   
 Pair-wise  7 14 28 56 100 

test t P t P t P t P t P 
C1-C2 1.938 0.044 2.384 0.017 1.266 0.227 1.581 0.092  
C1-T1 1.401 0.160 1.408 0.160 1.619 0.089 1.444 0.138 1.035 0.387
C2-T1 0.677 0.723 1.939 0.388 0.678 0.742 0.857 0.578  

 

 
 
 
Table 5.3.6: The proportions of five functional feeding groups collected from 
the leaf packs from streams C1, C2 and T1. 

Feeding group Percentage by taxon Percentage abundance 
Collector-gatherer 43.56 61.45 
Shredder 22.11 19.54 
Predator 25.08 15.44 
Collector-scraper 4.62 1.89 
Scraper 3.63 1.26 
Filter-feeder 0.99 0.42 

 

 

 

 

 

Table 5.3.7: Pair-wise tests for density of shredders at C1, C2 and T1. Significant results 
are highlighted in bold         
Pair-wise  7 14 28 56 100 

test t P t P t P t P t P 
C1-C2 1.461 0.195 2.572 0.095 1.696 0.201 3.531 0.100  
C1-T1 1.012 0.507 1.313 0.596 0.976 0.398 3.196 0.100 1.364 0.180
C2-T1 2.494 0.207 2.183 0.100 0.040 1 0.765 0.692  
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Figure 5.3.5: Temporal changes in the density per g dry weight of a) collector-gatherers 
b) predators and c) shredders from C1 ●, C2 ▲ and T1 ■. Note different scales on y-
axis. Other details as per Figure 5.3.1 

 
Table 5.3.8: Sequential and marginal tests for predictor variables against 
breakdown rate (as percentage weight remaining). Significant results are 
highlighted in bold 

Variable SS(trace) F P Percentage 
of variance 

Sequential tests  
CV 33.90 156.540 0.0001 78.8 
+ Depth 3.40 24.494 0.0001 86.8 
+ pH 1.00 8.554 0.0051 89.1 
+ Shredders 0.65 6.296 0.0228 90.6 
+ Site 0.32 3.320 0.0754 91.4 
+ Mean daily flow 0.76 9.491 0.0054 93.1 
  
Marginal tests  
Temperature 0.009 0.01 0.948 0.0 
pH 27.826 77.02 <0.001 64.7 
Mean daily flow 1.967 2.01 0.155 4.6 
CV 33.904 156.54 <0.001 78.8 
Depth 0.021 0.02 0.892 0.0 
No. of rises 32.769 134.52 <0.001 76.2 
Mean duration falls 6.432 7.39 0.008 15.0 
Invertebrate density 11.115 14.64 0.001 25.9 
Shredder density 7.859 9.39 0.006 18.3 
Collector-gatherer density 13.205 18.62 <0.001 30.7 
Site 3.096 3.26 0.079 7.2 
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5.4  Discussion 

Litter breakdown rates among streams 

Leaf breakdown could be explained by both linear and exponential relationships for all 

streams; however, the relationship was best described by the linear model. Leaf 

breakdown rate in C1 was significantly faster compared with C2 and T1. Based on these 

data, there was no difference between control and harvested streams in this experiment, 

as leaves in T1 and C2 broke down at similar rates, at least until day 56, after which 

leaves were not recovered from C2. This result indicates that breakdown rate was 

influenced more by intrinsic factors of the stream where the packs were placed rather 

than whether they were in harvested or control catchments. However, the experiment 

would need to be repeated in control and harvested streams before and after harvesting 

to conclusively infer no effect from selective harvesting. T50 values, the time taken for 

leaves to lose half their initial mass, were 100 days for T1, which was approximately 

twice that for C1 (55 days). Campbell et al. (1992b) also found a wide range of processing 

rates for species of Eucalyptus leaves in different streams in their study of leaf breakdown 

in streams in south-east Victoria. However both values obtained in this study fit into the 

range for ‘medium’ processing category of leaves of Petersen and Cummins (1974), and 

are within the range reported for many Eucalyptus species (Boulton 1991),  which are 

widely used in leaf breakdown studies within Australia, and is a related genus to brush 

box.  

 

Leaching, microbial decomposition, invertebrate feeding and mechanical abrasion are the 

main processes controlling leaf breakdown rates (Graça 2001). In this study, a 

combination of flow variability (coefficient of variation, mean daily flow), depth, pH and 

shredder density were included in the best model explaining breakdown rates, accounting 

for 93% of the variation. In this model, coefficient of variation alone explained 78% of 

the total variation in breakdown rates. Streams C2 and T1 experienced 3 small spates 

between days 1 to 40, two of which were greater than 20 ML/day. Higher flows in these 

two streams during this time could be expected to accelerate the breakdown process 

through physical fragmentation. Strong correlations between current velocity and litter 

breakdown rates have been demonstrated in studies examining leaf breakdown rate in 

urban streams, as high flows  increase leaf fragmentation through abrasion (Chadwick et 

al. 2006, Paul et al. 2006). For example, red maple leaves had the highest breakdown rates 

in urban streams with the highest discharge and current velocities (Chadwick et al.  2006). 
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Likewise, in a comparison of breakdown rates of different leaf species in streams in 

North Carolina USA, faster breakdown of leaves in streams of logged catchments were 

attributed to abrasion and high flows (Benfield et al.  1991).  

 

However in this study, breakdown rates in both C2 and T1 were significantly slower than 

in C1, despite greater hydrological variability and stream discharge. I hypothesise this 

variability in flow may have delayed the initial breakdown process, by delaying either the 

microbial conditioning process, and then subsequent invertebrate colonisation, or 

invertebrate colonisation alone. Leaf packs recovered from streams C2 and T1 both had 

significantly lower densities of invertebrates, in particular lower densities of shredders 

and collector-gatherers at day 56 when compared with C1, which coincided with the 

greatest rate of breakdown in C1. Shredders have been shown to be important in leaf 

breakdown in numerous forested streams (Benfield and Webster 1985, Wallace and 

Webster 1996, Sponseller and Benfield 2001, Kreutzweiser et al. 2008), and leaves in 

general have been found to decompose faster at sites where leaf-eating invertebrates are 

more abundant (Young et al.  2008). Similarly, low densities of shredders have been used 

to explain slower breakdown rates of leaves in some non-forested streams (agricultural 

and urban/suburban) (Sponseller and Benfield 2001), although absence of shredders in 

one study of pasture streams in Victoria did not result in slowed breakdown rates 

(Danger and Robson 2004). Despite these contrasting findings, for this study, I speculate 

the more stable flow conditions in C1 throughout the first 28 days of the experiment are 

likely to have been one factor that favoured faster leaf breakdown; however, future 

breakdown experiments in these streams would need to account for this, including 

accounting for the influence of flow on microbial activity.  

 

Macroinvertebrate assemblage composition and functional feeding groups 

The spates in all streams at day 85 coincided with a decline in invertebrate densities, in 

particular shredders, but only in catchment C1. Whether this decline in densities was a 

result of flooding is unclear. In comparison, invertebrate density tended to increase in 

T1, where the flood was greater than four times the magnitude than that at C1; similarly 

Clapcott and Bunn (2003) found little effect of a spate on densities of invertebrate 

colonisers on leaf packs in their study. It is possible the observed pattern in C1 was 

natural succession in FFG densities frequently seen in leaf breakdown studies (for 

example Boulton 1991, Clapcott and Bunn 2003), where densities peak then rapidly 
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decline. Densities of predators at C1 were relatively stable from day 14 onwards, so it 

seems unlikely that predation would be solely responsible for declines in other 

invertebrate groups. As explained previously, conditions may not have been favourable 

for invertebrate colonisation in T1 and C2 (e.g. possible delayed microbial conditioning), 

and the trend for increase in invertebrate densities, in particular shredders in these 

streams, may be a lag in the trend observed for C1, regardless of flooding in all streams.  

 

Collector-gatherers were by far the most abundant feeding group on leaf packs (61% of 

total abundance), with shredders the second most abundant feeding group, contributing 

less than 20% to total abundance. Other leaf breakdown studies in Australian streams 

have reported similar patterns. Boulton (1991) found collector-gatherers and collector-

scrapers were the dominant functional feeding groups in intermittent streams in Victoria. 

Similarly, collector-gatherers were the main feeding group in a leaf breakdown 

experiment in a subtropical stream in SE Queensland (Clapcott and Bunn 2003), and 

collectors were the most abundant feeding group in a perennial stream in Victoria 

(Danger and Robson 2004). Despite their lower abundance in streams reported both in 

Australia and overseas (e.g. Wallace and Webster 1996), shredders are considered to 

account for leaf weight loss more so than collectors and collector-gatherers (Boulton 

1991), while collectors are thought to use leaf litter as a substrate for accumulated 

FPOM, rather than consuming them directly (Clapcott and Bunn 2003). In this study, 

shredders and collector-gatherers shared a similar trend in abundance through time in 

C1. Shredders may have facilitated the availability of FPOM for collector-gatherers, thus 

accounting for the observed pattern. 

 

The role of shredders in the breakdown of leaves in Australian forested streams has been 

debated, primarily because many taxa are poorly represented, and peaks in biomass do 

not coincide with periods of maximum leaf inputs, as in deciduous forests of the 

northern hemisphere (Bunn 1988, Lake 1995). Furthermore, in some studies, leaf 

breakdown has been attributed to other functional feeding groups (e.g. scrapers) 

(Boulton 1991). The relative importance of shredding invertebrates in the breakdown of 

leaves in these streams remains to be tested; however, it is apparent that 

macroinvertebrates do have a role in breakdown of leaf litter. Based on the data collected 

in this study, I speculate that shredders play a role in the breakdown process in these 

streams. The most abundant shredder found in this study, the calamoceratid caddisfly 
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Anisocentropus spp. has been demonstrated in laboratory and field experiments in both 

sub-tropical and tropical streams to consume leaves, including those of Eucalyptus spp, 

(Pearson and Tobin 1989, Clapcott and Bunn 2003, Boyero et al. 2006, Davies and 

Boulton 2009). Caddisflies from Leptoceridae (Triplectides spp.), the second most 

abundant taxon collected from leaves in this study,  has also been shown to break down 

and consume leaves (Pearson and Tobin 1989, Cheshire et al.  2005,  Reid et al.  2008b).  

   

Assemblage composition between C2 and T1 did not differ significantly; however 

catchment C1 differed in assemblage composition from the other catchments at some 

leaf pack recovery times. This was driven by differences in the relative abundance of taxa 

in this catchment compared with the other two catchments (C2 and T1). Similarly, 

differences in macroinvertebrate assemblage composition have been related to 

differences in leaf breakdown rates in clear-cut and reference streams, and these have 

been attributed to significantly lower abundances of key taxa (particular shredders) in 

harvested streams (Kreutzweiser et al. 2008). In the present study, densities of particular 

taxa on leaf packs in C1 at some points in time, may also be responsible for the higher 

rate of breakdown compared with the other two streams, however the relative 

importance of each taxa remains to be tested. 

   

Leaf breakdown has been used as a reliable indicator of disturbance for clear cut logging 

studies (e.g. Benfield et al. 2001, Kreutzweiser et al. 2008). The present study has found 

that selective harvesting in these catchments has no detectable effect on leaf breakdown 

rates, as the control and harvest streams did not differ in breakdown rates, assemblage 

composition and densities of macroinvertebrate colonisers through time. Flow variability 

and shredder densities were significant variables in explaining breakdown rates, but this 

was not related to changes from harvesting. It would be ideal to have breakdown rates 

among control and harvested streams both before and after harvesting, and future 

studies using this design would allow stronger inferences regarding effects from selective 

harvesting on leaf breakdown.   
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Chapter 6. 

The response of  macroinvertebrate assemblages to 
catchment-scale selective harvesting in a eucalypt forest  

6.1 Introduction  

Macroinvertebrates are an integral part of lotic systems, and their distribution and 

abundance within forested headwater streams is predominantly influenced by processes 

and terrestrial inputs from their surrounding catchments (Vannote et al. 1980, Gomi et al. 

2002, Kreutzweiser et al. 2005, Chapter 1). Climate patterns, landform and vegetative 

cover influence the stream through hydrology, effects on water chemistry and sediment 

delivery thereby influencing physical habitat dynamics for macroinvertebrates, for 

example substrate composition and velocity (Allan and Johnson 1997). Riparian 

vegetation regulates light through shading which controls primary production (Bunn et al. 

1999), and provides leaf litter as an energy resource that is processed by 

macroinvertebrate consumers (Wallace et al. 1997, Chapters 3 and 5). Riparian vegetation 

also contributes woody debris to the stream channel.  This wood affects the physical 

structure of the stream, influencing stream flow and retention of organic matter and 

therefore food resources and in-stream habitats for macroinvertebrates (Gooderham et al. 

2007, Chapter 4). Because of these strong linkages between the forested headwater 

stream and its terrestrial surrounds, disturbances such as forest harvesting can have 

significant effects on aquatic macroinvertebrate assemblages through changes to primary 

production, organic matter inputs, hydrological regime and sediment delivery.    

 

Forest harvesting has been widely demonstrated in numerous studies to change aquatic 

macroinvertebrate communities; however, the extent and trajectory of change is variable, 

as it is often largely dependent on both stream type and forest management practices, 

particularly harvesting intensity and the retention of riparian vegetation and buffer strips 

along stream margins (Davies et al. 2005a, Kreutzweiser et al. 2005b, Jackson et al. 2007, 

Thompson et al. 2009, Chapter 1). Harvesting that also includes removal of riparian 

vegetation has been shown to increase solar radiation and primary production, and 

reduce organic matter inputs and retention (Webster et al. 1990, Hutchens et al. 2004, 

Goodman et al. 2006), thereby altering food resources. Macroinvertebrate responses 

associated with increased insolation include significantly higher secondary production 
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from higher primary production. For example, Fuchs et al. (2003) reported approximately 

double the invertebrate biomass in streams flowing through clear-cut logged coupes 

compared with unlogged streams in coniferous forests in Canada. Increases in primary 

production have also been associated with changes in functional feeding group 

assemblage. Collector-gatherers and scrapers were reported to increase in response to 

higher primary production in streams draining clear-cut catchments compared with 

unharvested catchments in North Carolina (Gurtz and Wallace 1984, Stone and Wallace 

1998). Simultaneously, the abundance of some shredders were found to decline within 

one year of harvesting in response to reduced leaf litter inputs (Gurtz and Wallace 1984); 

however, as the forest regenerated, both shredder and collector-gatherer abundance 

increased in response to higher quality food resources from successional vegetation 

(Stone and Wallace 1998, Hutchens et al. 2004). Conversely, densities of 

macroinvertebrate collectors, and densities and biomass of shredders were significantly 

greater in clear-cut harvested streams of varying riparian buffer widths (0 to 21m) 

compared with before harvesting and with reference streams in the Washington Coastal 

Mountain Ranges (Haggerty et al. 2004). This response was attributed to an increase in 

detrital food resources from the logging slash that was not removed after harvest 

operations, and subsequently accumulated in the stream channels (Haggerty et al. 2004).  

 

Changes in macroinvertebrate assemblages have also been linked to removal of riparian 

vegetation in clear-cut harvest operations through alterations in stream channel form and 

habitats (Davies et al. 2005b, Jackson et al. 2007). Macroinvertebrate community 

composition and abundance were compared among reference and historically clear-cut 

streams in Tasmania, and were found to differ significantly from those in reference 

streams, with shifts in the community assemblage from sand and silt-dominated fauna 

towards a composition that is characteristic of coarser-grained stream beds (Davies et al. 

2005b). Davies et al. (2005b) attributed these differences to historical logging practices, as 

the logged streams also differed from the reference streams in channel form, riparian 

vegetation structure and sediment composition, and had lower quantities of stored 

FPOM. 

  

Other studies have demonstrated changes in macroinvertebrate assemblages in response 

to harvesting, despite the retention of riparian buffer strips, and this is mainly due to 

increased organic and inorganic sediment (Hutchens et al. 2004, Kreutzweiser et al. 2005). 
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Growns and Davis (1994) found that richness and abundance of macroinvertebrates in a 

stream draining a clear-cut logging coupe decreased in comparison to nearby unlogged 

streams in Western Australia. They linked this to high suspended inorganic sediment 

loads at the treatment sites, even though riparian buffer strips >30 m were retained. 

Significantly lower abundance of total macroinvertebrates and abundance of 

Ephemeroptera and Plecoptera taxa in logged streams with varying riparian buffer widths 

(0 to 50m) in Tasmania have also been found (Davies and Nelson 1994). However, in 

their study of headwater catchments in Ontario, Kreutzweiser et al. (2005) found 

significant increases in the abundance of gatherer taxa in a stream of a moderately-

intensively harvested (42% basal area removal) catchment in response to an increase in 

FPOM deposition from harvest activities, compared with a reference site. In that study, 

selective harvesting methods were used and canopy cover over the stream was retained 

This is in contrast to the majority of previous studies that assessed the effects from clear-

cut and intensive logging practices (Kreutzweiser et al. 2005), which may have more 

severe consequences for aquatic macroinvertebrates.  

 

6.1.1. Aims and Predictions 

The aims for this chapter were to quantify the effects of catchment-scale selective 

harvesting on the structural and functional assemblage composition of aquatic 

macroinvertebrates in depositional habitats (pools) in the five study streams. I 

hypothesised a significant reduction in macroinvertebrate abundance in harvested 

streams compared with control streams, due to greater stream flow from harvest 

operations. Macroinvertebrate assemblage composition in harvested streams was 

predicted to deviate from assemblage composition in control streams after harvesting, 

with lower diversity and abundance in harvested streams. I predicted significant changes 

in functional feeding group assemblage composition in harvested streams, with increases 

in abundance of collector-gatherers from greater deposition of FPOM. However, 

shredder abundance was predicted to be similar in control and harvested streams, as no 

changes in standing stocks of CPOM and leaves were detected in harvested streams 

(Chapter 3). Standing stocks of CPOM and leaves were hypothesised to be strongly 

positively correlated with shredder and collector-gatherer abundance, and FPOM 

strongly positively correlated with collector-gatherer abundance. Abiotic variables 

including flow metrics, CPOM standing stocks, leaves (Chapter 3) depth, substrate 

composition, season and time were expected to be significant predictor variables in 
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explaining macroinvertebrate abundance and functional feeding group assemblage 

composition.  

 

6.2 Methods 

6.2.1 Field data collection and laboratory processing for macroinvertebrates 

Macroinvertebrate samples were taken in conjunction with CPOM samples, as described 

in Chapter 3.1.2. In the laboratory, macroinvertebrate samples preserved in ethanol were 

separated from organic matter by pouring the preserved sample into a nest of sieves: 8-

mm, 2-mm, 1-mm and 250-µm. Invertebrates retained on the 8-mm sieve were picked 

out using fine forceps. The 2-mm sieve was rinsed into a white sorting tray, the contents 

suspended in water and macroinvertebrates picked out under lamp light. The 8 mm and 2 

mm samples were identified to the lowest taxonomic level possible using a 

stereomicroscope and the appropriate identification keys. The 1-mm sieve fraction was 

poured directly into counting tray containing ethanol; invertebrates were removed from 

the organic material in this fraction as they were identified and counted under the 

microscope. The 250-µm fraction was not identified.  

 

All macroinvertebrates were identified to genera or the lowest taxonomic level possible 

using a stereomicroscope and appropriate keys. Most taxa, including Chironomidae, were 

identified to genera. The exceptions were all other Diptera larva which were identified to 

family, and molluscs which were identified to class. Each taxon was assigned to a 

functional feeding group (FFG) as determined by Boulton and Brock (1999), Merritt and 

Cummins (2006) and Gooderham and Tsyrlin (2002). Appendix 6.1 lists each taxon 

recorded in the study and their associated FFG.  

 

6.2.2 FPOM and inorganic sediment accumulation  

FPOM and inorganic sediment accumulation was measured by burying 3 sediment traps 

in the stream bed, using modified methods from Kreutzweiser and Capell (2001) and 

Bond (2002). Silt traps were made of rectangular 500-ml plastic containers filled with 

white landscaping pebbles (30-60 mm) and medium gravel (4-8 mm) so that the contents 

were flush with the rim of the container. Traps were set by burying the container in the 

stream bed so that the top edge of the container was level with the stream bed. Each trap 
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was stacked inside another 500-ml container so that when containers were emptied for 

sampling and then reset, their position in the stream was retained.  Traps were emptied 

every 2 months before macroinvertebrates were sampled in each of the streams, and 

samples collected between March 2007 and July 2008. Traps were lifted carefully from 

the water and the contents poured through a 1-mm sieve into a 10-L bucket. The coarse 

material in the trap was repeatedly rinsed through the sieve into the bucket until all 

inorganic and organic material was collected. The < 1 mm sample in the bucket was left 

to settle for 1 h. Water was decanted from the sample and the fine material collected in 

250-ml plastic sample jars. After sediments had settled in the sample jar, water was 

decanted from the sample and the contents preserved in 70% ethanol to prevent organic 

matter decomposition.  

 

In the laboratory, samples were oven-dried at 60oC for 48 h, then poured through a nest 

of sieves (500 mm and 250 µm) and placed in a sieve shaker for 5 minutes to obtain 

sediment size fractions. The different size fractions were weighed to determine dry mass, 

and then samples were placed in a muffle furnace at 550°C for 4 h and reweighed to 

determine inorganic and organic fractions as ash free dry mass.  

 

6.2.3 Data Analysis 

Differences in total macroinvertebrate abundance among catchments and through time 

were explored using a four-factor, mixed model, permutational multivariate analysis of 

variance (PERMANOVA) (Anderson 2001) (Table 6.2.1) using the PRIMERv6 statistical 

software. Although data were univariate, PERMANOVA was used for the analysis as it 

can be done based on one response variable and Euclidean distance, and calculates p-

values using permutations, avoiding the assumption of normality (Anderson 2001). The 

factor ‘pool’ was treated as a random factor in this model, as detecting differences among 

catchments was of primary interest. Data were compared using Euclidean distance 

measure following square-root transformation, and tested using 9999 permutations. Pair-

wise comparisons were used to identify significant differences (p≤0.05).  

 

Macroinvertebrate assemblage composition and functional feeding group assemblage 

composition were examined among catchments and through time using the same four-

factor mixed model PERMANOVA (Table 6.2.1). Data in these analyses were restricted 

to taxa present in ≥ 25% of all samples to reduce the confounding effects of uncommon 
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taxa in the data (Marchant 2002, Kreutzweiser et al. 2005b). Data were compared using 

Bray-Curtis similarity measure following square-root transformation and standardisation 

of data to down-weigh the influence of abundant taxa (Kreutzweiser et al. 2005b). Mean 

assemblage composition (taxonomic and FFG) from samples before and after harvesting 

were plotted using non-metric multi-dimensional scaling (NMDS). Although the same 

ordination was used so that direct comparisons could be made, each catchment was 

plotted separately to improve visual interpretation. The functional feeding group 

assemblage composition was also analysed using one-way similarity percentage analysis 

(SIMPER). This analysis examined overall proportional contribution from the five 

functional feeding groups for each catchment.  

 

Temporal changes in collector-gatherer and shredder abundance were compared among 

catchments using the four-factor mixed model PERMANOVA (Table 6.2.1). Data were 

compared using Euclidean distance following square-root transformation, and tested 

using 9999 permutations. Relationships between shredder and collector-gatherer 

abundance with standing stocks of CPOM, leaves and FPOM were explored using 

regression. Data were analysed using the DISTL-M procedure in the PRIMERv6 

statistical software.  Shredder and collector-gatherer abundance were compared using 

Euclidean distance measures and tested using 9999 permutations. 

 

Total FPOM and inorganic sediment accumulation were compared among catchments 

and through time using two-factor fixed-effects PERMANOVA. Data were compared 

using Euclidean distance measures and tested using 9999 permutations. Pair-wise test 

comparisons were used to identify significant differences (p ≤ 0.05).  

 

Using the Time Series Analysis module of the River Analysis Package (Marsh 2004), 

mean daily flow data were analysed between each sample trip to calculate a maximum 

daily flow, mean daily flow, coefficient of variation, mean magnitude of rises, mean 

duration of rises, and mean rate of rise for the two months preceding each sample trip. 

These flow metrics were analysed using Draftsman’s plot in the PRIMERv6 statistical 

software to determine which metrics were highly correlated and could therefore be 

removed from the analysis (appendix 6.2). Flow metrics that were not correlated, as well 

as CPOM, leaves (Chapter 4), substrate composition, water depth, pool, season, 

catchment and time were used as independent predictor variables in multiple step-wise 
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regression analysis to select the best models for predicting total macroinvertebrate 

abundance and functional feeding group assemblage composition. FPOM and inorganic 

sediment were not used in this analysis as these variables not collected at all sampling 

times and would therefore limit the analysis. Data were analysed in the DISTL-M 

procedure in PRIMERv6 (Anderson et al. 2008). In this analysis for multi-variate data, 

sample composition was compared using Bray-Curtis dissimilarity. Results are given for 

marginal tests (each predictor variable with the response variable) and sequential tests 

(the best combination of predictor variables explaining the pattern in the response 

variable (Anderson et al.  2008).  

 

 

 
Table 6.2.1: PERMANOVA model for total macroinvertebrate abundance, 
macroinvertebrate assemblage composition and functional feeding group 
assemblage composition among control and harvested catchments 

Factor Abbreviation Type Levels 
Catchment Ca Fixed 5 
Pool [Catchment] Po Random 3 
Period (before/after harvesting) Pe Fixed 2 
Time Ti Fixed 11 

 

 

6.3 Results 

6.3.1 Abundance and assemblage composition  

The macroinvertebrate assemblage of all catchments across all time periods was 

dominated by the Insecta, accounting for between 95 to 99% of total abundance, with 

molluscs accounting for between 1 to 4 %, and crustaceans ranging from < 1 to 3% 

(Table 6.3.1). Of the Insecta, Orders Diptera, Ephemeroptera, Trichoptera and 

Coleoptera accounted for >90% of all taxa abundance across all streams with Diptera 

larvae the most abundant across all streams, except in C2 (Figure 6.3.1). 

 

Overall, catchment C1 had the highest mean macroinvertebrate abundance compared 

with the other four streams (Figure 6.3.2). Streams differed significantly from one 

another in mean macroinvertebrate abundance, but these differences were not consistent 

through time indicated by the significant catchment*time[period] interaction (Table 

6.3.2). Pair-wise tests comparing abundance among catchments for each sample time 
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showed only one stream pair differed significantly from one another in 5 out of 11 

sample times; this was a different stream pair each time, indicating harvested streams did 

not have significantly lower abundance of macroinvertebrates after harvesting (Appendix 

6.3).   

 

Macroinvertebrate assemblage composition differed significantly among catchments, but 

was inconsistent before and after harvesting and through time as indicated by the 

significant catchment*period interaction and catchment*time[period] interaction (Table 

6.3.3). Pair-wise tests comparing streams for each sample time showed C2 and T1 were 

the only streams that consistently did not differ significantly through time (Appendix 

6.4). All other stream pairs significantly differed inconsistently through time and included 

both control and harvest streams, indicating no detectable changes in macroinvertebrate 

assemblage composition from harvesting (Figure 6.3.3).   

 

6.3.2 Functional assemblage composition  

Significant differences in functional assemblage composition were found among 

catchments, but these were inconsistent through time (significant 

catchment*time[period] interactions, Table 6.3.4). Pair-wise tests showed a mix of 

control and harvest stream pairs, indicating no detectable effects from harvesting 

(Appendix 6.5) (Figure 6.3.4).  Collector-gatherers generally had the highest proportional 

contribution to functional feeding group assemblage composition, with shredders 

accounting for approximately 20% (Table 6.3.5).  

 

Mean shredder abundance did not differ among catchments (Figure 6.3.5), and this was 

consistent through time (Table 6.3.7). Collector-gatherer abundance did not differ 

significantly among catchments but did differ significantly among times and also had a 

significant catchment*time[period] interaction (Table 6.3.6). Pair-wise comparisons 

indicated only two sample times where significant differences were detected, indicating 

no effect of harvesting on collector-gatherer abundance (Appendix 6.6); variation in 

mean abundance was driven by site differences. Total standing stocks of CPOM and 

leaves as single factors explained between 16% and 22% of the variance in shredder and 

collector-gatherer abundance. These were significant, but weak positive relationships 

(Figure 6.3.6); however, the influence of outliers (particularly with leaves and collector-

gatherers) has likely leveraged the relationships.  
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In the sequential tests, total CPOM, leaves, season, flow variables and catchment 

collectively explained 43% of the variation in total macroinvertebrate abundance (Table 

6.3.9). Of this, CPOM alone explained 34% of total macroinvertebrate abundance, while 

leaves as an individual predictor variable explained 27.4% (Table 6.3.9). In the marginal 

tests for macroinvertebrate FFG composition, total CPOM explained 11% in FFG 

assemblage composition, with leaves as an individual predictor variable explaining 8% of 

the pattern (Table 6.3.8). Total CPOM with sampling time, catchment, CV, season, 

leaves, depth, and substrate, mean duration of rises, daily flow and number of rises was 

the best combination of predictor variables explaining 29% of FFG assemblage 

composition (Table 6.3.8).  

 

There was a significant catchment*time interaction for FPOM and inorganic sediment 

accumulation, indicating that catchments differed in both FPOM and inorganic sediment 

through time, however this was inconsistent among catchments (Table 6.3.10). Pair-wise 

tests showed pairs that differed were inconsistent through time, indicating no consistent 

effect from harvesting on FPOM and inorganic sediment accumulation (Appendix 6.7).  

 

 

Table 6.3.1: Percent total abundance of taxonomic groups from all five 
catchments from all sample times.  

Taxonomic % Total abundance 
group C1 C2 T1 T2 T3 

Insecta 94.7 96.4 95.7 99.0 96.6 
Mollusca 4.4 1.2 1.4 0.3 2.1 
Crustacea 0.8 2.2 2.7 0.6 1.2 
Other 0.1 0.3 0.2 0.1 0.2 
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Figure 6.3.1: Percent abundance of Diptera, Ephemeroptera, Trichoptera and 
Coleoptera from all catchments across all sample times.  

 

 

 

Table 6.3.2: Four-factor mixed model PERMANOVA for temporal changes in 
macroinvertebrate abundance among catchments. Factors of interest are highlighted in 
bold. Degrees of freedom are in parenthesis. Significant p-values are in bold 
Source Mean squares F Significance
Catchment (4) 490000 2.521 0.0133
Period (1) 67638 0.520 0.8193
Pool [Ca] (11) 114520 1.923 0.0958
Time [Pe] (9) 200370 3.364 0.0009
Catchment*Period (4) 23976 0.566 0.9211
Catchment*Time [Pe] (36) 103330 1.735 0.0188
Pool [Ca]*Pe (10) 44204 0.742 0.6065
Pool [Ca]*Time [Pe] (90) 59532 1.466 0.0096
Residual (330) 40369
 



 
96 

Figure 6.3.2: Mean (+ S.E) macroinvertebrate abundance in all five catchments 
from 11 sample times. Arrows indicate start of harvesting. n = 3 for each pool. 

 



 
97 

Table 6.3.3: Four-factor mixed model PERMANOVA for temporal changes in 
macroinvertebrate taxonomic assemblage composition among catchments. Factors of 
interest are highlighted in bold. Degrees of freedom are in parenthesis. Significant p-
values are in bold  
Source Mean squares F Significance
Catchment (4) 20243 6.33 0.0001
Period (1) 21822 14.99 0.0001
Pool [Ca] (10) 3199 3.66 0.0001
Time [Pe] (9) 7807 7.11 0.0001
Catchment*Period (4) 2931 2.01 0.0005
Catchment*Time [Pe] (36) 2085 1.90 0.0001
Pool [Ca]*Pe (10) 1456 1.67 0.0001
Pool [Ca]*Time [Pe] (90) 1098 1.26 0.0001
Residual (330) 873
 

Figure 6.3.3: MDS of mean macroinvertebrate assemblage composition for each 
pool from 11 sample times for the two control catchments C1 and C2 and the three 
harvested catchments T1, T2 and T3, showing before and after harvesting. 2D 
Stress: 0.21 
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Table 6.3.4: Four-factor mixed model PERMANOVA for temporal changes in 
macroinvertebrate functional feeding group assemblage composition among catchments. 
Factors of interest are highlighted in bold. Degrees of freedom are in parenthesis. 
Significant p-values are in bold 
Source Mean squares F Significance
Catchment (4) 7486 4.64 0.0001
Period (1) 7388 12.95 0.0001
Pool [Ca] (10) 1614 3.79 0.0001
Time [Pe] (9) 4527 8.93 0.0001
Catchment*Period (4) 940 1.65 0.1192
Catchment*Time [Pe] (36) 1057 2.09 0.0001
Pool [Ca]*Pe (10) 571 1.34 0.0934
Pool [Ca]*Time [Pe] (90) 507 1.19 0.0207
Residual (330) 426
 

Figure 6.3.4: MDS of mean macroinvertebrate functional feeding group 
assemblage composition for each pool from 11 sample times for each control 
catchment C1 and C2 and the three harvested catchments T1, T2 and T3 showing 
before and after harvesting. 2D Stress: 0.2 
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Table 6.3.5: SIMPER of percent contribution of FFG for each catchment (70%) 
 
Catchment 

 
FFG 

Average 
abundance 

Consistency 
ratio 

Contribution 
% 

Cumulative 
% 

C1 predator 3.34 3.97 24.9 24.89
 collector-gatherer 3.31 2.59 23.8 48.69
 shredder 3.02 3.39 22.1 70.80
     
C2 collector-gatherer 2.90 3.62 33.9 33.87
 shredder 2.31 2.77 25.7 59.60
 predator  1.67 3.14 20.3 79.85
     
T1 collector-gatherer 3.05 3.65 32.4 32.40
 shredder 2.30 2.69 22.6 55.00
 scraper 2.32 1.37 18.6 73.57
     
T2 collector-gatherer 3.44 3.40 36.3 36.34
 predator  2.24 2.62 21.8 57.12
 shredder 2.15 2.37 19.3 76.39
     
T3 collector-gatherer 3.47 3.82 27.3 27.27
 shredder 2.93 3.35 22.5 49.77
 predator 2.38 3.91 19.3 70.10
 

 

 

 

 

Table 6.3.6: Four-factor mixed model PERMANOVA for temporal changes in 
collector-gatherer abundance among catchments. Factors of interest are highlighted in 
bold. Degrees of freedom are in parenthesis. Significant p-values are in bold 
Source Mean squares F Significance
Catchment (4) 40249 1.228 0.3490
Period (1) 54356 2.544 0.1414
Pool [Ca] (10) 32774 5.474 0.0001
Time [Pe] (9) 56189 8.487 0.0001
Catchment*Period (4) 31747 1.486 0.2752
Catchment*Time [Pe] (36) 12004 1.813 0.0144
Residual (330) 5988
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Figure 6.3.5: Mean (+ S.E) shredder abundance in all five catchments from 11 
sample times. Arrows indicate start of harvesting. n = 3 for each pool. 
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Table 6.3.7: Four-factor mixed model PERMANOVA for temporal changes in shredder 
abundance among catchments. Factors of interest are highlighted in bold. Degrees of 
freedom are in parenthesis. Significant p-values are in bold 
Source Mean squares F Significance
Catchment (4) 10862 1.978 0.1426
Period (1) 80677 37.486 0.0002
Pool [Ca] (10) 5493 2.027 0.0480
Time [Pe] (9) 15041 2.430 0.0121
Catchment*Period (4) 1291 0.600 0.6738
Catchment*Time [Pe] (36) 8646 1.397 0.0778
Residual (330) 2710

 

 
Table 6.3.8: Sequential and marginal tests for predictor variables against 
macroinvertebrate functional feeding group assemblage composition. Significant p-
values are in bold 

Variable SS(trace) F P Percentage of  
variance 

Sequential tests 
Total CPOM 39145 62.30 0.0001 11.22
+ time 16527 27.73 0.0001 15.96
+ catchment 10636 18.48 0.0001 19.00
+ coefficient of variation 7829 13.96 0.0001 21.25
+ season 5965 10.85 0.0001 22.96
+ leaves 5339 9.89 0.0001 24.49
+ depth 4954 9.33 0.0001 25.91
+ substrate 3696 7.05 0.0001 26.97
+ mean duration of rises 3780 7.30 0.0001 28.05
+ mean daily flow 1877 3.65 0.0056 28.59
+ no. rises 1767 3.45 0.0090 29.09
+ pool  871 1.70 0.1404 29.34
 
Marginal tests 
Total CPOM 39145 62.30 0.0001 11.22
Leaves 29366 46.31 0.0001 8.42
Mean daily flow 7739 11.18 0.0001 2.22
Coefficient of variation 8066 11.67 0.0001 2.31
No. rises 2473 3.52 0.0062 0.71
Mean magnitude rises 6789 9.78 0.0001 1.95
Mean duration of rises 6222 8.95 0.0001 1.78
Catchment 10885 15.87 0.0001 3.12
Pool 1545 2.19 0.0614 0.44
Substrate 2221 3.16 0.0135 0.64
Depth 8775 12.72 0.0001 2.51
season 6462 9.30 0.0001 1.85
time 16080 23.82 0.0001 4.61
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Table 6.3.9: Sequential and marginal tests for predictor variables against 
macroinvertebrate abundance. Significant p-values are in bold.   

Variable SS(trace) F P Percentage of  
variance 

Sequential tests 
+Total CPOM 10133000 258.03 0.0001 34.35
+Leaves 1049200 28.191 0.0003 37.91
+Season 690760 19.248 0.0001 40.25
+mean duration rises 334760 9.4895 0.0037 41.39
+Coefficient of variation 231230 6.6299 0.0108 42.18
+Depth 165200 4.7731 0.0283 42.73
+Catchment 247760 7.2506 0.0077 43.57
+Substrate 96428 2.8325 0.0921 43.90
+Time 78492 2.3119 0.1349 44.17
 
Marginal tests 
Total CPOM 10133000 258.03 0.0001 34.35
Leaves 8085300 186.19 0.0001 27.41
Mean daily flow 781520 13.419 0.0017 2.65
Coefficient of variation 769020 13.199 0.0003 2.61
No. rises 208500 3.5101 0.0587 0.71
Mean magnitude rises 1040200 18.023 0.0001 3.53
Mean duration rises 613130 10.466 0.0015 2.08
Catchment 210710 3.5474 0.0591 0.71
Pool 307780 6.1989 0.0241 1.04
Substrate 308.78 6.16E-03 0.9471 0.00
Depth (cm) 2777 4.64E-02 0.8303 0.01
Season 250640 4.2255 0.0415 0.85
Time 50483 0.84531 0.3512 0.17
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Figure 6.3.6: Shredder and collector-gatherer abundance with leaves and CPOM 
across all catchments and sample times .  
 
 
Table 6.3.10: Two-factor mixed model PERMANOVA for temporal changes in 
FPOM and inorganic sediment accumulation among catchments. Factors of interest 
are highlighted in bold. Degrees of freedom are in parenthesis. Significant p-values 
are in bold.  
FPOM    
Source Mean squares F Significance 
Catchment (4) 8.2033 1.7747 0.1343 
Time (8) 94.102 20.359 0.0001 
Catchment*time (31) 10.181 2.2026 0.0225 
Residual (79) 4.6222   
Inorganic    
Source Mean squares F Significance 
Catchment (4) 0.1241 1.6034 0.1822 
Time (8) 3.2124 41.513 0.0001 
Catchment*time (31) 0.3365 4.3487 0.0002 
Residual (79) 0.0773   
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6.4 Discussion 

Few studies have demonstrated the effects of selective harvesting in experimental designs 

replicated at the catchment scale, and often inferences regarding ecological effects are 

drawn from comparisons between reference and impact sites after harvesting is 

completed. The present study found no significant declines in overall macroinvertebrate 

abundance in harvested streams compared with both before harvesting and with control 

streams, within one year from harvesting. Declines in total macroinvertebrate abundance 

were found within one year following clear-cut harvest operations in a stream in Western 

Australia, and these decreases attributed to increases in suspended inorganic sediment 

from logging operations (Growns and Davis 1994). In the present study, however, no 

increases in inorganic sediment accumulation in streams of harvested catchments were 

found. Similarly, Kreutzweiser et al. (2005) reported no declines in macroinvertebrate 

abundance in streams of selectively harvested catchments in Canada, and also found no 

significant increases in inorganic sediments (Kreutzweiser and Capell 2001). It is likely 

that the scale of the logging operation, and the selective harvesting methods and the 

environmental protection measures, such as restrictions on harvesting in riparian areas, 

have minimised any effects on macroinvertebrate abundance within 1 year from 

harvesting. 

 

Previous logging impact studies have revealed varied responses in macroinvertebrate 

assemblages, often showing higher diversity and abundance in some taxa in logged 

catchments (e.g. Fuchs et al. 2003, Kreutzweiser et al. 2005, Haggerty et al. 2007). 

However, some studies have reported decreases in abundance and diversity of 

assemblages and changes in taxa dominance. For example, marked differences were 

found in macroinvertebrate assemblage composition in headwater streams that were 

historically clear cut compared with unlogged streams, and these differences related to 

changes in substrata from logging operations (Davies et al.  2005). In the present study, 

no consistent significant differences in macroinvertebrate assemblage composition 

among control and harvested streams were detected; i.e. there were no consistent shifts 

in macroinvertebrate assemblages in any of the harvested streams within one year from 

harvesting. Interestingly, pair-wise tests comparing differences in catchments through 

time showed catchments C2 and T1 (a control and harvest pair) were consistently similar 

in taxonomic assemblage composition at all sample times. This is likely a consequence of 

the close geographical proximity of the reaches sampled in both streams (allowing for 
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dispersal of adults insects between streams, for example) and the similarity in catchment 

size, hence similar hydrological conditions. Conversely, catchment T3 differed 

significantly to all other streams in assemblage composition, and this is probably due to 

its geographic isolation relative to the other four streams, as well as differences in 

catchment size, hydrology, and vegetation composition, particularly in the riparian zone 

(Chapter 2). Catchment-scale variation among the five catchments is relatively large 

compared with variation associated with harvesting, thus potentially masking any logging 

effect (Downes et al. 2002).  

  

More predictable and consistent findings from logging impact studies are shifts in 

functional feeding group assemblage composition, particularly increases in collector-

gatherers and grazers (Stone and Wallace 1998, Kreutzweiser et al. 2005, Thompson et al. 

2009), often in response to an increase in primary production from reduced canopy 

cover. However, Kreutzweiser et al. (2005) also reported an increase in the abundance of 

collector-gatherers in response to higher FPOM accumulation in moderate-intensity 

selectively harvested streams; in that study,  the streams had no significant reductions in 

canopy cover (Kreutzweiser et al. 2004). In the present study, no consistent differences in 

functional feeding group composition before and after harvesting were detected, and any 

differences through time appeared due to natural variability in functional assemblage 

composition. Furthermore, while collector-gatherers were the most abundant FFG 

overall, their abundance did not increase in harvested streams. Likewise, FPOM also did 

not increase significantly in logged streams, and it is likely the intensity of the operation 

as well as the environmental protection measures in place have minimised any changes to 

macroinvertebrate FFGs within one year after harvesting.  

  

As predicted, shredder abundance did not change in both control and harvested streams, 

as there were no decreases or increases in stored benthic CPOM among control and 

harvested streams (Chapter 3). In previous logging studies, increases in shredders have 

been reported within one year from harvesting, mainly due to slash and debris left in the 

stream from felling operations (Haggerty et al. 2007, Thompson et al. 2009), but some 

studies have shown declines when riparian vegetation is removed (e.g. Gurtz and Wallace 

1984). In the present study, riparian buffers were retained and no harvesting took place 

within prescribed zones along streams and drainage lines (Chapter 2) resulting in no 

changes to canopy cover or increases in slash debris in channels. This has likely 
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minimised any changes to CPOM inputs and retention within the study reaches, and 

therefore reduced any potential changes to shredder abundance. 

 

Macroinvertebrate densities have been highly correlated with the amount of CPOM in 

several stream studies (e.g. Smock et al. 1989, Wallace et al. 1999). However, significant 

relationships with densities of macroinvertebrate detritivore groups (e.g. shredders, 

collector-gatherers) and CPOM have been found to be habitat specific in some studies of 

Australian streams (Boulton and Lake 1992). In the Lederderg River in Victoria, densities 

of detritivores had strong positive relationships in riffle habitats, but not depositional 

habitats, where it was hypothesised to reflect an ‘over-abundance’ of detritus in this 

habitat (Boulton and Lake 1992). Total CPOM and abiotic variables including season, 

hydrological regime and depth were significant predictor variables in explaining the 

variation in total macroinvertebrate abundance across all catchments in this study. Of 

this, total CPOM explained the highest variation as an individual predictor variable in the 

step-wise model. Similarly, CPOM explained the highest variation as an individual 

predictor variable in FFG assemblage composition, and abiotic variables including flow 

variables, season, depth and substrate were also significant predictor variables; this model 

however, explained less variation in the pattern of FFG assemblage composition. 

Likewise, total CPOM and leaves had significant positive relationships with total 

shredders and total collector-gatherer abundance; the influence of outliers however has 

probably exaggerated the relationships and therefore significance of the result. 

Nonetheless, overall, CPOM is an important variable in the abundance of 

macroinvertebrates and their functional assemblage composition in these streams, and 

undoubtedly, many other variables operating over spatial and temporal scales outside the 

limits of this study, are also responsible for patterns in both total abundance and 

functional assemblage composition. 

  

The findings from the present study indicate that selective harvesting in these catchments 

has had no detectable effect on macroinvertebrate assemblages within one year from 

harvesting.  There are two main reasons why this may be so. Firstly, the selective 

harvesting methods, intensity of the operation, and management practices such as 

restrictions on harvesting e.g. protection of riparian buffer strips, are likely to be 

sufficient, and appear to have minimised any direct and indirect changes to 

macroinvertebrate assemblages. Secondly, the dynamics of the catchment and streams 



 
107 

themselves has influenced the macroinvertebrate fauna and their capacity to recover 

from both natural and human disturbances. Many headwater stream systems are naturally 

subjected to various disturbances, including hydrological extremes of flash flooding and 

drought (Gooderham et al. 2007); consequently, the biota have evolved life history 

characteristics that favour flexibility and adaptability (Downes et al. 2002, Gooderham et 

al. 2007). Consequently, detecting any effects from harvesting would be difficult to 

separate from the inherent variability of the system. However, continued monitoring of 

macroinvertebrate assemblages would need to be done to verify no effect on assemblages 

in the longer (one to five years) term, as previous logging impact studies have 

demonstrated that effects can be temporally variable (Gomi et al. 2002, Davies et al. 

2005b).   
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Chapter 7. 

A conceptual model for ecological effects from selective 
harvesting on headwater streams in the Kangaroo River State 
Forest, Northern NSW 

7.1 Advantages of using a multiple before-after control-impact experimental 

design 

This thesis used a MBACI-design to quantify the short-term (1-yr) effects of catchment-

scale selective harvesting on benthic organic matter standing stocks and 

macroinvertebrate assemblages within headwater streams of a dry sclerophyll forest by 

comparing two control catchments with three harvested catchments before and after 

harvesting. This thesis also examined and compared the retention of organic matter and 

breakdown rates of leaves among control and harvested streams.  Replication of 

treatments (harvesting and control) at the catchment scale increases statistical power, 

therefore improving the ability to detect real differences among treatments and controls, 

rather than natural variation among streams (Downes et al. 2002). This MBACI design 

can also indicate if differences are consistent within all control and harvest sites while 

avoiding the issues of psuedoreplication (Hurlbert 1984). Often, many published studies 

examine the effects of disturbances, such as forest harvesting, by comparing between one 

treatment and one control, or are drawn from inferences from historically logged and 

reference streams (e.g. Growns and Davis 1991, Davies et al. 2005a,b, Thompson et al. 

2009).  Such designs also limit generalisation of effects among stream types in similar 

regions i.e. climate, geology, and vegetation.  

 

7.2 Minimal effect of selective harvesting on instream CPOM standing stocks 

and composition 

Changes in CPOM composition and volume in streams of clear-cut harvested 

catchments have been reported in previous studies (e.g. Golladay et al. 1989, Webster et 

al. 1990), primarily due to harvesting of riparian vegetation. This results in either a 

decline in CPOM inputs and subsequent long term change in CPOM composition 

(Webster et al. 1990), or, increases in CPOM volume due to slash and debris in the 

channels (Jackson et al. 2007). As riparian vegetation was not harvested in the present 

study, I hypothesised that CPOM standing stocks would be significantly lower in 
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harvested streams due to increased stream flow, which would deplete stores (Figure 1.2). 

However, while standing stocks and composition of CPOM differed among streams, no 

significant declines in CPOM standing stocks or significant changes in CPOM 

composition were detected among control and harvested streams. Similarly, no difference 

in CPOM accumulation was found in streams of selectively harvested catchments in 

deciduous forests of Canada (Kreutzweiser and Capell 2003), where stream side 

vegetation was also not removed. It is likely that in the present study, restrictions on 

harvesting, particularly in the riparian zones, and the intensity of the operation (i.e. 

selective harvest methods) has limited any short-term changes on CPOM volume and 

composition in the streams of the Kangaroo River State Forest (Figure 7.1). As this study 

used only three replicate sites within each stream, this results in low statistical power to 

detect all but very large differences against the highly spatial and temporal inherent 

variability in these systems.  

   

7.3 CPOM retention in the study streams 

Forested headwater streams typically retain large quantities of CPOM as they receive 

considerable leaf litter and wood input, but often have low stream power (Gomi et al. 

2002). As such, most CPOM is exported during periods of high flow (Diez et al. 2000, 

Gooderham et al. 2007), and CPOM accumulates under low flows. Single particle release 

experiments were completed in the study streams to explore stream retention, factors 

that may influence retention, and compare retention efficiencies among the catchments 

(Figure 1.2). Streams did differ significantly in particle travel distance; however this was 

not related to any harvesting effects (Figure 7.1).  In all five streams, low flow (< 0.1 

m3/s) persisted for more than 95% of the time, and the experiments demonstrated that 

particles did not travel further than the length of the pool they were released into. 

Physical attributes of the pools that particles were released into, in particular size and log 

density, were significant predictor variables in explaining particle travel distance; however 

mean daily flow was not. As such, CPOM within the streams almost certainly remains 

unmoved for much of the time, where it accumulates in some reaches more so than 

others, and is subject to instream breakdown and processing, until flows of sufficient 

magnitude redistribute it or move it downstream. Longer term retention studies would 

need to be done to establish patterns in retention and CPOM budgets for these streams.  
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7.4 No differences in leaf breakdown rates and colonisation of 

macroinvertebrates among control and harvested streams 

Leaf breakdown rates and colonisation of macroinvertebrates have been used to 

measure effects from clear-cut harvest operations. Breakdown rates in previous studies 

were found to be slower in streams of harvested catchments, and attributed to either 

burial from increased sediment loads (Benfield et al. 2001), or to differences in 

macroinvertebrate assemblage composition, where slower breakdown rates were 

ascribed to lower abundances of key shredders (Kreutzweiser et al. 2008). I predicted leaf 

breakdown rates would be faster in streams of selectively harvested catchments, due to 

greater physical fragmentation from abrasion from increased flow (Figure 1.2). The 

results from a leaf breakdown experiment using brush box leaves showed no difference 

in breakdown rates among control and a harvested stream (Figure 7.1); however there 

were significant differences in breakdown rates among streams, which were significantly 

associated with variability in flow, density of shredders and pH. Similarly, 

macroinvertebrate colonisers did not differ significantly among control and harvested 

streams, but did differ among streams. I speculate that in this experiment, a more stable 

stream flow in one of the catchments (compared with the other catchments) facilitated 

faster invertebrate breakdown. Flashier flows may have delayed invertebrate colonisation 

through physical means, or through delaying the microbial conditioning process. Such 

experiments would need to be repeated in all catchments, along with microbial analyses 

to fully appreciate the mechanisms behind the breakdown rates. Further, this experiment 

would need to be completed both before and after harvest in all streams to infer no 

effect from harvesting.   

 

7.5  Minimal effect on macroinvertebrate abundance and structural and 

functional assemblage composition.  

Previous studies from clear-cut harvesting have shown both reductions and increases in 

macroinvertebrate abundance, as well as significant changes in taxonomic and functional 

assemblage composition, with declines in FFG such as shredders and increases in 

collector-gatherers (e.g. Growns and Davis 1994, Fuchs et al. 2003, Haggerty et al. 2004, 

Davies et al. 2005b). In the present study, I predicted significant reductions in total 

macroinvertebrate abundance and shifts in taxonomic and functional assemblage 

composition of selectively harvested streams (Figure 1.2). However, no significant 
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declines in macroinvertebrate abundance, changes in taxonomic assemblage composition 

or changes in FFG assemblage composition were detected among harvest and control 

streams, within 1-yr from harvesting. The variation in these metrics among the 

catchments was greater than any effects from harvesting. Similarly, collector-gatherer and 

shredder abundances did not increase or decrease among control and harvested streams. 

Significant increases in some collector-gatherer taxa were the only changes detected in 

macroinvertebrate assemblages in selectively harvested catchments of hardwood forests 

in Ontario (Kreutzweiser et al. 2005), and it was reasoned that selective harvesting in 

those catchments had overall minimal effect on stream insect communities (Kreutzweiser 

et al. 2005). The present study also indicates that selective harvesting at the intensities of 

the harvest operation used in these catchments, has had minimal effect on 

macroinvertebrate communities within 1 year from harvesting (Figure 7.1). Longer term 

monitoring in these study streams would be necessary to determine if effects were 

detected >1 year.  

 

In all of the indicators measured in this study, no effect from selective harvesting could 

be detected in these streams within 1-yr from harvesting. Headwater streams such as the 

ones in this study are frequently subject to various disturbances, including hydrological 

extremes such as flash flooding and periods of low flow. As such, CPOM distribution, 

storage and breakdown are variable within and among streams, and controlled by a 

multitude of factors interacting at different spatial (reach to catchment) and temporal 

(days to years) scales. Likewise, the macroinvertebrate biota have evolved life history 

characteristics that favour flexibility and adaptability to such disturbance (Gooderham et 

al. 2007). Any effects that selective harvesting may have on the indicators measured in 

this study are probably within the range of disturbance they experience through natural 

processes and events. Consequently, detecting any effects from the selective harvesting at 

the intensity and scale used in the operation throughout this study, would be difficult to 

separate from the inherent variability of the system.   
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Figure 7.1: A conceptual model for ecological responses from selective harvesting 
measured in the Kangaroo River State Forest. Responses measured in this thesis are 
highlighted in bold.  
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Appendices 

Appendix 2.1: Forest Types in New South Wales 

Description of vegetation associations for forest types in the Kangaroo River Water 

Quality Monitoring Catchments: extract from Forestry Commission of New South Wales 

(1989). 

 

2. Yellow Carabeen 

Composition: Subtropical rainforest of very mixed and complex composition, with a 

marked tendency for dominance by Yellow Carabeen (Sloanea woollsii), with Booyong 

(Argyrodendron spp.) occurring as only a subordinate species in the stand. Other common 

associates include Rosewood (Dysoxylum fraseranum), Giant Stinger (Dendrocnide excelsa), 

Prickly Ash (Orites excelsa) and Red Cedar (Toona australis).  

 

5. Booyong Coachwood 

Composition: A type combining the composition of subtropical rainforest and 

Coachwood with Crab-apple types, and often occurring in intimate mixture with stands 

of the Flooded Gum and Brush Box types. Strangling Figs (Ficus spp.) are often most 

conspicuous. Common species include Black Booyong (Argyrodendron actinophylla), White 

Booyong (Argyrodendron trifoliata), White Beech (Gmelina leichhardtii), Yellow Carabeen 

(Sloanea woollsii), Tamarind (Diplogglottis australis), Coachwood (Ceratopetalum apetalum), 

Sassafras (Doryphora sassafras), Prickly Ash (Orties excelsa), Corkwood (Caldcluvia paniculosa) 

and various Laurels (Lauraceae spp.). Maiden’s Blush (Sloanea australis) and Polyosma 

cunninghamii are common in the understorey, with patches of Palms.  

 

21. Hoop pine 

Composition: A dense understorey typically composed of many species of Sapindaceae 

and Euphorbiaceae, with Yellow Tulipwood as one of the most consistent species, 

though more valuable species such as Ivorywood and Yellow Boxwood may also be 

present. Above the understorey there is a scattered emergent storey containing Hoop 

Pine, together with Native Teak, Yellowwood, Silver Ash, Lacebark and other species. 

The emergents are typically xerophytic, deciduous or semi-deciduous. Past exploitation 

has removed much of the Hoop Pine and other large species in many stands, though 

their regeneration is usually common in the understorey.   
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26. Viney scrub 

Composition: Consisting of low (3 to 8 m high), dense scrub interlaced with vines to 

form virtually impenetrable thickets. This association tends to represent an early stage in 

the secondary succession back to rainforest. Species include Lantana, Cockspur 

(Curdrania), Burny Vine (Malaisia), and Stinger (Dendrocnide spp).  Where Lantana is clearly 

dominant with few native species it is recognised as Introduced Scrub. 

 

37. Dry Blackbutt 

Composition: Associated species include Tallowwood, White Mahogany, Red 

Mahogany, Grey Gum, Turpentine, Sydney Blue Gum, Bloodwood, Grey Ironbarks, 

Stringybarks, Roughbarked and Smoothbarked Apples, Woollybutt and Mountain Grey 

Gum. Forest Oak is a common understorey associate. Moist Blackbutt type carries an 

understorey of typically mesophytic shrubs and herbs which may be converted to ferns 

by burning; the Dry Blackbutt type has a more xeric and open understorey which is 

converted to grasses by burning.  

 

47. Tallowwood – Sydney blue gum 

Composition: Tallowwood and Sydney Blue Gum with Brush-box, Turpentine, 

Narrowleaved White Mahogany, Flooded Gum, Silvertop Stringybark, and New England 

Blackbutt, usually with rainforest understorey.  

 

53. Brush Box 

Composition: Contains over 50 per cent or more of Brush Box (Lophostemon confertus), 

associated with Sydney Blue Gum (Eucalyptus saligna), Flooded Gum (Eucalyptus grandis), 

Tallowwood (Eucalyptus microcorys), Blackbutt (Eucalyptus pilularis), Spotted Gum 

(Eucalyptus maculate), Turpentine (Syncarpia glomulifera) and other species of the eucalypt 

types, together with various rainforest species in the understorey.  

 

60. Narrowleaved White Mahogany, Red Mahogany, Grey Ironbark, Grey Gum 

Composition: Narrowleaved White Mahogany, Red Mahogany, Grey Ironbark, Grey 

Gum in mixed composition, also includes Tallowwood, Turpentine, Red Bloodwood, 

Stringybarks, Brush Box and Sydney Blue Gum, commonly with Forest Oak and 

frequently with a dense understorey of rainforest plants.  
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62. Grey Gum, Grey Ironbark, White Mahogany 

Composition: Grey Gum, Grey Ironbark, White Mahogany associated with 

Smoothbarked Apple, Red Bloodwood, Tallowwood, Spotted Gum, Blackbutt, New 

England Blackbutt, Red Mahogany, Sydney Blue Gum, Grey Box, and Whitetopped Box, 

with a  sparse undergrowth.  

 

74. Spotted Gum, Ironbark/Grey Gum 

Composition: Spotted Gum, Grey Gum, Ironbark in a dry sclerophyll forest up to 35 m 

high.   

 

216. Improved pasture and cropland 

Composition: Areas that have been converted to permanent and improved pasture 

 

234. Rock 

Seldom occurs over extensive areas but highlights local outcrops  
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Appendix 2.2: Conditions for operations in and around streams: filter strips, 

operational zones and protection zones 

Extracted from the Integrated Forest Operations Approval accessed July 2009: 

http://www.environment.nsw.gov.au/forestagreements/agreementsIFOAs.htm 

 

Operations within native forest filter strips 

• Trees located in a filter strip must not be felled, except for the purpose of 

constructing a road crossing, extraction track crossing or snig track crossing. 

• Trees must not be felled into filter strips 

• Trees that have been accidentally felled into a filter strip may be removed from 

the filter strip. The crown must be left where it has fallen unless the tree is lifted 

out of the filter strip, or lifted and moved within the filter strip, using a 

mechanical harvester. 

o Where a log is removed from a filter strip, the log furrow produced by 

this extraction must be: infilled with soil; or drained onto a stable surface 

capable of handling concentrated water flow. At least 70% ground cover 

must then be achieved within 5 days of the creation of the furrow. 

o Seventy percent ground cover must be achieved on all disturbed soil 

surfaces in a filter strip within five days of the creation of the disturbance. 

This level of ground cover must not be achieved by the addition or 

spreading of gravel or rock. 

o State Forests must document the location of and date on which the tree 

was accidentally felled into the filter strip and the date and type of remedial 

work completed to comply with 19A and 19B. 

• Machinery must not enter a filter strip, except for the purpose of constructing or 

using a road crossing, extraction track crossing or snig track crossing. 

 

Operations within protection zones for native forests 

• Trees may be felled into a protection zone. 

• Where a tree is felled into a protection zone, the crown must be left where it has 

fallen, unless the tree is lifted out of the protection zone, or lifted and moved 

within the protection zone, using a mechanical harvester. 
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• Trees in a protection zone must not be felled, except for the purpose of 

constructing a road crossing, extraction track crossing or snig track crossing. 

• Machinery may operate within 5 metres of the boundary of the protection zone 

and the adjoining operational zone (but at no greater distance from that 

boundary) for the following purposes: 

o felling and removing a tree located in the operational zone; 

o reinstating ground cover in the protection zone and its adjoining filter 

strip; 

o removing trees felled into the protection zone; 

o removing trees accidentally felled into the filter strip. 

• Machinery must not operate in a protection zone when the soil is saturated. 

• Machinery may enter a protection zone for the purpose of constructing or using a 

road crossing, extraction track crossing or snig track crossing. 

• Machinery must not enter a protection zone to construct or use a road, extraction 

track or snig track, except in connection with the construction or use of a 

crossing referred to in condition 20F. 

• Machinery operating within a protection zone for any of the purposes outlined 

must: 

o use walkover techniques 

o minimise the skewing of machinery tracks to the greatest extent 

practicable; and 

o operate with any blades, rippers or any other attachments in a position 

that does not disturb the ground surface. 

• Log furrows produced by log extraction from a protection zone must be 

o infilled with soil; or 

o drained onto a stable surface capable of handling concentrated water 

flow. 

o At least 70% ground cover must then be achieved within 5 days of the 

creation of the furrow 

• Seventy percent ground cover must be achieved on all disturbed soil surfaces in a 

protection zone within five days of the creation of the disturbance. This level of 

ground cover must not be achieved by the addition or spreading of gravel or 

rock. 
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Operations within operational zones for native forests 

• Trees may be felled into an operational zone 

• Where a tree is felled into an operational zone, then the crown may be removed 

from the operational zone. 

• Trees located in an operational zone are permitted to be felled 

• Where a tree is felled from within an operational zone then the crown may be 

removed. 

• Machinery is permitted to operate in an operational zone 

• Machinery must not operate in an operational zone when the soil is saturated. 

• Machinery operating within operational zones must (except when being used to 

construct or when using a snig track, extraction track or road): 

o use walkover techniques; and 

o minimise the skewing of machinery tracks to the greatest extent 

practicable. 

• Machinery must not be used to construct a snig track in an operational zone, 

except where: 

o the construction of a snig track immediately adjacent to the operational 

zone would result in a sidecut; or 

o the snig track is to be used to access a snig track crossing 

• State Forests must document the location of any snig track that has been 

constructed in an operational zone, and the date on which it was constructed, 

under condition 20R. 

• Where a log furrow within an operational zone (produced by log extraction) is 

located, wholly or partly, within 10 metres of an area of disturbed soil in the 

adjoining protection zone or adjoining filter strip (in the case of land classified as 

inherent hazard level 3), the log furrow must be: 

o infilled with soil; or 

o drained onto a stable surface capable of handling concentrated water 

flow. 

o At least 70% ground cover must then be achieved within 5 days of the 

creation of the furrow 

• Where soil has been disturbed in a protection zone or a filter strip (in the case of 

land classified as inherent hazard level 3), then 70% ground cover must also be 



 
119 

achieved on disturbed soil in the adjoining operational zone in all of the 

following areas within that zone 

o any area adjacent to soil disturbed in the protection zone or the filter 

strip; 

o any area within 10 metres of any soil disturbed in the protection zone or 

the filter strip. 

• The required ground cover must be achieved within 5 days of the creation of the 

disturbance. Groundcover must not be achieved by the addition or spreading of 

gravel or rock. 
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Appendix 3.1: SIMPER analysis for CPOM composition within catchments 

 C1 
Pool 1 average similarity: 42.97 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
1-2 mm CPOM 25.38 27.47 1.76 63.94 63.94
Leaves 10.39 9.83 1.17 22.89 86.83
wood 3.05 2.87 0.68 6.68 93.51
Pool 2 average similarity: 46.33 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
1-2 mm CPOM 6.88 29.93 2.12 64.6 64.6
Leaves 3.27 9 1.05 19.43 84.03
wood 2.43 3.21 0.56 6.93 90.96
Pool 3 average similarity: 50.22 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
1-2 mm CPOM 14.04 31.52 1.93 62.76 62.76
Leaves 8.81 15.38 1.45 30.62 93.38
C2 
Pool 1 average similarity: 42.93 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
1-2 mm CPOM 21.11 30.29 1.64 70.57 70.57
Leaves 7.41 5.99 0.97 13.95 84.52
wood 5.72 4.03 0.81 9.39 93.91
Pool 2 average similarity: 47.89 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
1-2 mm CPOM 15.13 36.63 1.77 76.48 76.48
Leaves 2.71 6.22 0.77 13 89.48
wood 2.68 2.99 0.78 6.24 95.72
Pool 3 average similarity: 50.68 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
1-2 mm CPOM 3.56 39.14 1.93 77.22 77.22
Leaves 1.44 9.22 0.96 18.19 95.41
T1 
Pool 1 average similarity: 49.31 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
CPOM 1-2 mm 11.01 31.45 1.92 63.78 63.78
leaves 4.89 11.73 1.23 23.78 87.57
bark 1.26 3.01 0.91 6.1 93.66
Pool 2 average similarity: 38.44 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
CPOM 1-2 mm 8.67 24.99 1.47 65 65
leaves 2.86 9.08 1.08 23.62 88.62
bark 1 1.93 0.64 5.03 93.65
Pool 3 average similarity: 51.12 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
CPOM 1-2 mm 10.96 32.62 2.34 63.82 63.82
leaves 6.21 11.79 1.27 23.07 86.89
wood 1.51 2.59 0.69 5.06 91.95
T2 
Pool 1 average similarity: 46.44 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
CPOM 1-2 mm 14.37 31.35 1.75 67.5 67.5
leaves 6.37 7.79 1.4 16.76 84.26
bark 3.28 3.7 1.1 7.98 92.24
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Pool 2 average similarity: 47.33 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
CPOM 1-2 mm 10.77 31.79 1.84 67.16 67.16
leaves 6.99 7.69 0.93 16.25 83.41
bark 1.81 3.33 1.29 7.04 90.45
Pool 3 average similarity: 39.67 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
CPOM 1-2 mm 5.91 22.31 1.56 56.24 56.24
leaves 4.72 12.41 1.11 31.29 87.53
wood 0.67 2.06 0.55 5.2 92.73
T3 
Pool 1 average similarity: 35.73 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
CPOM 1-2 mm 27.82 21.12 1.39 59.12 59.12
wood 18.36 7.08 0.73 19.83 78.95
leaves 8.74 6.64 0.8 18.58 97.53
Pool 2 average similarity: 53.99 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
CPOM 1-2 mm 7.29 32.13 2.53 59.51 59.51
leaves 3.92 17.03 1.49 31.55 91.06
Pool 3 average similarity: 59.14 
Component Av. Abund Av.Sim Sim/Sd Contrib % Cum. %
CPOM 1-2 mm 7.38 45.15 2.72 76.35 76.35
leaves 2.77 10.93 1.29 18.49 94.84
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Appendix 4.1: Time weighted stream discharge duration curves (cubic 

metres/second) for the five streams based on flow data from 1st January 2002 to 

31st December 2008. 

C1 

  

C2 
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T1 

  

 

T2 
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T3 

 

 

 



 

Appendix 5.1: Spearman rank correlations for flow metrics from leaf breakdown experiment  

 Catch. 
size 

Depth CV Dur. 
rises 

Great. 
rise 

Mag. 
rise 

Max 
daily f 

Dur. 
falls 

Mean 
daily f 

Median 
daily f 

Min 
daily f 

Rate of 
fall 

# rises Pool 
size 

Rate of 
rise 

Depth 0.1690               
p-value 0.5526               

CV -0.3401   -0.0266              
 0.2334 0.9276              
Dur.rises 0.7736 0.3256 -0.3682             
 0.0017   0.2530   0.1917             
great rise 0.6035   0.2313   0.2498   0.5927           
 0.0237   0.4175   0.3825   0.0275           
Mag. rise 0.8386   0.3920   -0.3495   0.9195   0.6909           
 0.0002   0.1651   0.2210   0.0000   0.0078           
Max daily 0.7847   0.3118   0.1283   0.6864   0.9505   0.7944          
 0.0013   0.2735   0.6595   0.0084   0.0000   0.0010          
Dur.falls 0.3502 -0.1548   0.3558   0.2439   0.4141   0.1149   0.4141        
 0.2149   0.5944   0.2089   0.3911   0.1412   0.6930   0.1412        
Mean  0.8596   0.4696   0.2089   0.8578   0.7066   0.9473   0.8304 0.0796        
 0.0000   0.0904   0.2271   0.0001   0.0060   0.0000   0.0003 0.7849        
Median  0.8605   0.2938   -0.6315   0.8157   0.3289 0.8559   0.5181 0.0265   0.8229       
 0.0000   0.3024   0.0182   0.0005   0.2463   0.0001   0.0591 0.9276   0.0005      
Min daily 0.8423   0.0545   -0.7285   0.6844   0.1729   0.6556   0.3763 0.1865   0.6623   0.8740     
 0.0002   0.8438   0.0045   0.0084   0.5423   0.0129   0.1808 0.5121   0.0115 0.0000     
Rate fall 0.7501   0.3765   -0.3846   0.9173   0.6954   0.9604   0.7516 0.0751   0.9341   0.7657   0.6071     
 0.0027   0.1808   0.1755   0.0000   0.0073   0.0000   0.0027 0.7966   0.0000   0.0021   0.0237     
# rises -0.2982   -0.1730   0.9192   -0.4711   0.2846   -0.3544   0.1497 0.2873   -0.3566   -0.6020   -0.7097   -0.4186    
 0.2950   0.5526   0.0000   0.0904   0.3176   0.2149   0.6051 0.3099   0.2089   0.0249   0.0060   0.1367    
Pool size 1.0000   0.1690   -0.3401   0.7736   0.6035   0.8386   0.7847 0.3502   0.8596   0.8605   0.8423   0.7501   -0.2982   
 0.0000   0.5526   0.2334   0.0017   0.0237   0.0002   0.0013 0.2149   0.0000   0.0000   0.0002   0.0027   0.2950   
Rate rise 0.7944   0.4474   -0.2923   0.8710   0.7584   0.9780   0.8371 0.0906   0.9516   0.7789   0.5629   0.9648   -0.2813   0.7944  
 0.0010   0.1081   0.3099   0.0000   0.0023   0.0000   0.0002 0.7500   0.0000   0.0016   0.0384   0.0000   0.3253   0.0010  
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Appendix 6.1: Total macroinvertebrate taxon abundance and assigned functional 
feeding groups     
Order Family Genera FFG Total 

Abundance 
Coleoptera Dytiscidae Barrethydrus (L) predator 9
  Barrethydrus (A) predator 1
  Chostonectes (L) predator 22
  Chostonectes (A) predator 81
  Bidessini  (L) predator 1
  Necterosoma (A) predator 2
  Rhantus (A) predator 4
  Sternopriscus (L) predator 18
  Sternopriscus (A) predator 19
 Elmidae Austrolimnius (L) shredder 5266
  Kingolus shredder 20
  Simsonia shredder 20
  Elmidae adult scraper 51
 Gyrinidae Macrogyrus ( L) predator 406
  Macrogyrus (A)  predator 15
 Hydraenidae Hydraenus (A)  scraper 4
 Hydrophilidae Berosus L) predator 1121
  Berosus (A) collector-gatherer 123
 Psephenidae Sclerocyphon scraper 3240
 Scirtidae Scirtidae (L) collector-gatherer 39
Diptera Athericidae Athericidae predator 52
 Ceratopogonidae Ceratopogoninae predator 346
  Dasyheleinae predator 13
 Culicidae Culicidae filter feeder 44
 Dolichopodidae Dolicophodidae 85 predator 2
  Dolicophodidae 95 predator 1
 Empididae Empididae predator 82
  Empididae 107 predator 72
 Psychodidae Psychodidae 88 collector-gatherer 20
 Stratiomyidae Stratiomyidae collector-gatherer 21
 Tabanidae Tabanida 91 predator 5
  Tabanidae 84 predator 2
Chironomids Chironomini Chironomus  collector-gatherer 8999
  Dicrotendipes collector-gatherer 463
  Dicrotendipes type 2 collector-gatherer 5
  Harnishchia  collector-gatherer 49
  Harrisius collector-gatherer 392
  Polypedilum collector-gatherer 344
  Chironomini 23 collector-gatherer 32
 Orthocladiinae Botryocladius  scraper 2
  Cricotopus scraper 6
  Eukiefferiella  scraper 4
  Parametricnemus scraper 2
  Thienemanniella scraper 22
  Orthocladniiae 20 scraper 2
 Tanypodinae Larsia  predator 4047
  Procladius  predator 13059
 Tanytarsini Paratanytarsus  predator 2353
  Tanytarsus  predator 22468
  Tanytarsini 18 predator 15
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Appendix 6.1 Continued 
Order Family Genera FFG Total 

Abundance 
Ephemeroptera Baetidae Baetid genus 2 collector-gatherer 5
  Bungona  collector-gatherer 165
 Caenidae Tasmanocoenis collector-gatherer 435
 Leptophebiidae Atalomicria collector-gatherer 4
  Atalophlebia collector-gatherer 9916
  Austrophlebiodes   collector-gatherer 1442
  Koornonga collector-gatherer 5614
  Ulmerophlebia collector-gatherer 16816
Hemiptera Corixidae Micronecta collector-gatherer 20
 Gelastocoridae Nertha  predator 1
 Gerridae Gerridae predator 3
 Notonectidae Anisops  predator 190
 Veliidae Veliidae predator 99
Megaloptera Corydalidae Archicauliodes  predator 128
 Sialidae Stenosialis  predator 59
Odonata Austrocorduliidae Austrocordulia  predator 460
 Gomphidae Austrogomphus  predator 93
  Hemigomphus  predator 20
 Cordulephydae Cordulephya predator 1
 Synthemistidae Synthemis  predator 110
 Telephlebiidae Austroaeschna  predator 196
  Dendroaeschna predator 3
 Isostictidae Neosticta  predator 106
 Megapodagrionidae Austroargiolestes  predator 544
 Synlestidae Episynlestes  predator 2585
Plecoptera Gripopterygidae Dinotoperla collector-gatherer 31
Trichoptera Antipodoeciidae Antipodocea collector-gatherer 8
 Calamoceratidae Anisocentropus  shredder 6367
 Ecnomidae Ecnomina collector-gatherer 144
 Helicophidae Alloecella  collector-gatherer 1
 Helicopsychidae Helicopsyche  scrapers 1979
 Hydrobiosidae Apsilochorema predator 3
  Austrochorema predator 1
  Taschorema predator 8
 Hydroptilidae Hellyethira  piercer 1445
  Orthotrichia piercer 10
  Hydroptila piercer 1
 Leptoceridae Leptorussa  shredder 964
  Triplectides shredder 14816
  Oecetis spp predator 95
 Odontoceridae Barynema collector-gatherer 25
  Marilia  collector-gatherer 2693
 Philopotamidae Chimarra collector-gatherer 1
  Hydrobiosella collector-gatherer 2
 Philorheithridae Aphilorthethrus predator 2
 Polycentropodidae Neureclipsis predator 2
 Tasmiidae Tasmiagma scraper 6
Isopod Isopod Isopod shredder 5
Decapoda Atyidae Paratya  collector-gatherer  1491
 Parastacidae Parastacidae collector-gatherer 24
Mollusca Ancylidae Ferrissia  scraper 419
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Appendix 6.1 Continued  
Order Family Genera FFG Total 

Abundance 
 Planorbidae Planorbidae/physidae scraper 54
  Planorbidae  scraper 2
 Corbiculidae Corbiculiidae collector-filterer 2139
Oligochaeta  Oligochaeta collector-gatherer 123
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Appendix 6.2: Correlation coefficients for flow metrics    

 Max Mean CV No. rises Mag. rises Dur. rises Rate rise 

max        

Mean 0.932207    

CV 0.406746 0.141298   

No. rises -0.05293 -0.00681 -0.32932   

Mag. rises 0.964323 0.935943 0.364369 -0.16404   

Dur. rises -0.10908 -0.13777 0.158869 -0.46831 -0.06304   

Rate rise 0.966744 0.923526 0.4011 -0.13371 0.98494 -0.09063  
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Appendix 6.3: Pair-wise tests comparing total macroinvertebrate abundance 

among streams    

CaxTi(Pe) for pairs of levels of factor ‘catchment’ 
Before : November 2006  
Groups t P 
C1, C2 1.8572 0.134 
C1, T1 2.4205 0.0753 
C1, T2 1.0011 0.3598 
C1, T3 1.2464 0.285 
C2, T1 1.2195 0.2921 
C2, T2 1.317 0.2704 
C2, T3 0.66557 0.5418 
T1, T2 2.2669 0.0854 
T1, T3 1.4827 0.2193 
T2, T3 0.4185 0.7028 
Before : January 2007  
Groups t P 
C1, C2 3.4673 0.0266 
C1, T1 1.9334 0.1266 
C1, T2 0.48785 0.6519 
C1, T3 1.5326 0.2057 
C2, T1 2.4756 0.0678 
C2, T2 1.5195 0.1971 
C2, T3 4.5289 0.0095 
T1, T2 0.70627 0.5145 
T1, T3 0.81186 0.469 
T2, T3 0.40991 0.6978 
After : March 2007  
Groups t P 
C1, C2 1.4096 0.2231 
C1, T1 1.3768 0.2387 
C1, T2 1.0001 0.3659 
C1, T3 1.2666 0.2781 
C2, T1 0.12126 0.9078 
C2, T2 2.3448 0.0755 
C2, T3 0.8057 0.4625 
T1, T2 1.8906 0.1311 
T1, T3 0.57287 0.592 
T2, T3 1.5498 0.1978 
After : May 2007  
Groups t P 
C1, C2 3.3033 0.0295 
C1, T1 2.2419 0.0915 
C1, T2 0.13138 0.9002 
C1, T3 2.4133 0.0772 
C2, T1 1.6357 0.1798 
C2, T2 3.0542 0.0423 
C2, T3 2.5422 0.0624 
T1, T2 2.0238 0.1101 
T1, T3 0.16751 0.8703 
T2, T3 2.1597 0.0946 
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After : July  2007  
Groups t P 
C1, C2 3.1931 0.0319 
C1, T1 3.3255 0.0268 
C1, T2 1.2967 0.2647 
C1, T3 1.5267 0.2043 
C2, T1 0.23156 0.8252 
C2, T2 2.6949 0.0621 
C2, T3 2.3438 0.0831 
T1, T2 2.9156 0.0445 
T1, T3 2.5594 0.0604 
T2, T3 0.30958 0.7737 
After : September  2007  
Groups t P 
C1, C2 0.62428 0.566 
C1, T1 0.31108 0.7672 
C1, T2 2.4969 0.0697 
C1, T3 1.0152 0.3646 
C2, T1 0.13042 0.9022 
C2, T2 1.5697 0.1928 
C2, T3 0.27873 0.7929 
T1, T2 1.1203 0.3213 
T1, T3 0.32652 0.7642 
T2, T3 1.6466 0.1801 
After : November  2007  
Groups t P 
C1, C2 1.1834 0.3067 
C1, T1 1.7663 0.1538 
C1, T2 4.2261 0.0146 
C1, T3 1.2982 0.2611 
C2, T1 7.48E-02 0.9435 
C2, T2 1.1487 0.3214 
C2, T3 0.46141 0.6624 
T1, T2 1.6201 0.1835 
T1, T3 0.80124 0.4667 
T2, T3 3.4491 0.0257 
After : January 2008  
Groups t P 
C1, C2 2.9217 0.0439 
C1, T1 2.7033 0.0531 
C1, T2 0.88802 0.4265 
C1, T3 1.1259 0.3223 
C2, T1 1.1688 0.3048 
C2, T2 3.2038 0.0334 
C2, T3 1.3881 0.2385 
T1, T2 2.8829 0.043 
T1, T3 1.1475 0.3086 
T2, T3 0.48618 0.6506 
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After : March 2008 
Groups t P 
C1, C2 0.49578 0.6458 
C1, T1 1.5551 0.1968 
C1, T2 0.37665 0.7321 
C1, T3 0.34141 0.7477 
C2, T1 1.2229 0.2848 
C2, T2 0.52143 0.6252 
C2, T3 0.46108 0.6672 
T1, T2 0.99504 0.3766 
T1, T3 0.8637 0.4328 
T2, T3 2.34E-02 0.9834 
After : May 2008  
Groups t P 
C1, C2 0.78646 0.47 
C1, T1 0.63964 0.5532 
C1, T2 1.5529 0.19 
C1, T3 0.35845 0.7408 
C2, T1 0.3166 0.7715 
C2, T2 0.88915 0.4211 
C2, T3 1.1138 0.3282 
T1, T2 1.3674 0.2385 
T1, T3 1.0119 0.3557 
T2, T3 1.8147 0.143 
After : July 2008  
Groups t P 
C1, C2 1.7669 0.1515 
C1, T1 1.55E-02 0.9885 
C1, T2 2.4794 0.0656 
C1, T3 1.0461 0.3631 
C2, T1 1.333 0.255 
C2, T2 1.4675 0.209 
C2, T3 1.6931 0.1684 
T1, T2 2.0336 0.1149 
T1, T3 0.99583 0.3688 
T2, T3 2.0847 0.1079 
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Appendix 6.4: Pair-wise tests comparing taxa assemblage composition among 

streams              

Ca*Ti(Pe) for pairs of levels of factor ‘catchment’ 
Before : November 2006  
Groups t P 
C1, C2 2.021 0.0075 
C1, T1 2.3119 0.0021 
C1, T2 1.497 0.0605 
C1, T3 2.094 0.0064 
C2, T1 1.2794 0.1759 
C2, T2 2.1084 0.0076 
C2, T3 2.0877 0.0061 
T1, T2 2.5152 0.0016 
T1, T3 3.0808 0.0005 
T2, T3 2.0096 0.0084 
Before : January 2007  
Groups t P 
C1, C2 1.8109 0.015 
C1, T1 1.3993 0.1042 
C1, T2 1.7811 0.018 
C1, T3 1.5492 0.0455 
C2, T1 1.0224 0.4161 
C2, T2 1.9671 0.0078 
C2, T3 2.3701 0.0022 
T1, T2 1.3859 0.1051 
T1, T3 1.8034 0.0284 
T2, T3 2.4431 0.0008 
After : March 2007  
Groups t P 
C1, C2 1.5206 0.0587 
C1, T1 1.7076 0.035 
C1, T2 1.4526 0.0776 
C1, T3 1.8303 0.0172 
C2, T1 0.86166 0.6077 
C2, T2 1.8164 0.023 
C2, T3 2.0393 0.0077 
T1, T2 1.6875 0.0428 
T1, T3 2.0273 0.0094 
T2, T3 1.6269 0.0449 
After : May 2007  
Groups t P 
C1, C2 1.7428 0.0289 
C1, T1 1.3367 0.146 
C1, T2 1.2988 0.1678 
C1, T3 1.577 0.0517 
C2, T1 1.0295 0.4042 
C2, T2 1.9859 0.0108 
C2, T3 2.4331 0.0026 
T1, T2 1.413 0.112 
T1, T3 1.7513 0.0355 
T2, T3 1.7738 0.0263 
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After : July  2007  
Groups t P 
C1, C2 1.6288 0.0486 
C1, T1 1.7736 0.0304 
C1, T2 1.3729 0.1149 
C1, T3 1.7607 0.0213 
C2, T1 0.8349 0.6255 
C2, T2 1.7755 0.0262 
C2, T3 1.9675 0.011 
T1, T2 1.8581 0.0232 
T1, T3 1.9863 0.0174 
T2, T3 1.5288 0.0673 
After : September  2007  
Groups t P 
C1, C2 1.9103 0.0157 
C1, T1 1.7699 0.0338 
C1, T2 1.439 0.1001 
C1, T3 1.8178 0.0178 
C2, T1 1.6147 0.055 
C2, T2 3.0187 0.0005 
C2, T3 2.3551 0.0033 
T1, T2 2.8617 0.0006 
T1, T3 2.6114 0.0026 
T2, T3 2.3182 0.0028 
After : November  2007  
Groups t P 
C1, C2 1.923 0.0112 
C1, T1 1.4093 0.1013 
C1, T2 1.9441 0.0168 
C1, T3 2.4965 0.003 
C2, T1 0.99131 0.4508 
C2, T2 1.9427 0.0133 
C2, T3 2.3539 0.0035 
T1, T2 1.576 0.0563 
T1, T3 1.8772 0.0185 
T2, T3 2.4296 0.0026 
After : January 2008  
Groups t P 
C1, C2 1.7896 0.0232 
C1, T1 1.828 0.022 
C1, T2 1.1171 0.3116 
C1, T3 1.6907 0.0408 
C2, T1 1.1723 0.2543 
C2, T2 1.5712 0.0608 
C2, T3 1.5776 0.0524 
T1, T2 1.4094 0.1066 
T1, T3 1.7016 0.034 
T2, T3 1.1452 0.2905 
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After : March 2008 
Groups t P 
C1, C2 2.3839 0.0037 
C1, T1 2.3189 0.0058 
C1, T2 1.1227 0.3036 
C1, T3 2.516 0.0012 
C2, T1 0.84257 0.6218 
C2, T2 1.8277 0.0226 
C2, T3 2.3506 0.0023 
T1, T2 1.6006 0.0634 
T1, T3 2.4767 0.0017 
T2, T3 1.9947 0.0082 
After : May 2008  
Groups t P 
C1, C2 1.7615 0.031 
C1, T1 2.0057 0.0078 
C1, T2 1.4478 0.0925 
C1, T3 2.111 0.0064 
C2, T1 0.92539 0.5275 
C2, T2 1.3232 0.1559 
C2, T3 1.9854 0.013 
T1, T2 1.6423 0.033 
T1, T3 2.4581 0.0015 
T2, T3 1.7532 0.0313 
After : July 2008  
Groups t P 
C1, C2 2.1409 0.0146 
C1, T1 2.0748 0.0061 
C1, T2 1.8438 0.0243 
C1, T3 2.1123 0.0123 
C2, T1 0.91193 0.5505 
C2, T2 1.5858 0.0597 
C2, T3 2.0447 0.0142 
T1, T2 1.618 0.047 
T1, T3 1.8372 0.0229 
T2, T3 2.213 0.0082 
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Appendix 6.5: Pair-wise tests comparing functional feeding group assemblage 

composition among streams    

 
Ca*Ti(Pe) for pairs of levels of factor ‘catchment’ 
Before : November 2006  
Groups t P 
C1, C2 1.8771 0.062 
C1, T1 2.2259 0.0271 
C1, T2 2.0963 0.0254 
C1, T3 1.6432 0.1037 
C2, T1 0.67202 0.7118 
C2, T2 0.94645 0.4544 
C2, T3 1.1277 0.324 
T1, T2 1.6424 0.0959 
T1, T3 1.6619 0.0833 
T2, T3 1.3908 0.1765 
Before : January 2007  
Groups t P 
C1, C2 2.8561 0.0036 
C1, T1 1.8907 0.0387 
C1, T2 2.3267 0.0119 
C1, T3 0.70206 0.7275 
C2, T1 1.9846 0.0377 
C2, T2 1.8677 0.059 
C2, T3 2.4731 0.0136 
T1, T2 1.6184 0.0953 
T1, T3 1.1563 0.3116 
T2, T3 2.0171 0.0225 
After : March 2007  
Groups t P 
C1, C2 1.4329 0.1557 
C1, T1 1.5975 0.1069 
C1, T2 1.7794 0.055 
C1, T3 1.8363 0.054 
C2, T1 0.27481 0.9544 
C2, T2 1.2494 0.2413 
C2, T3 1.275 0.2339 
T1, T2 1.2546 0.2528 
T1, T3 1.4166 0.1666 
T2, T3 2.5432 0.0106 
After : May 2007  
Groups t P 
C1, C2 1.6982 0.082 
C1, T1 1.3019 0.2047 
C1, T2 1.7795 0.0571 
C1, T3 1.5049 0.1128 
C2, T1 0.75326 0.6585 
C2, T2 1.5605 0.1158 
C2, T3 1.4667 0.1271 
T1, T2 1.2683 0.2389 
T1, T3 0.97416 0.4548 
T2, T3 2.1655 0.0134 
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After : July  2007  
Groups t P 
C1, C2 2.021 0.0359 
C1, T1 1.8936 0.0419 
C1, T2 1.6417 0.0818 
C1, T3 1.5532 0.091 
C2, T1 0.51731 0.855 
C2, T2 1.3728 0.1947 
C2, T3 2.2425 0.0239 
T1, T2 1.5536 0.1096 
T1, T3 1.8922 0.0412 
T2, T3 1.9749 0.0381 
After : September  2007  
Groups t P 
C1, C2 1.6759 0.0838 
C1, T1 1.4581 0.1413 
C1, T2 2.6815 0.0076 
C1, T3 2.3114 0.016 
C2, T1 2.0826 0.0309 
C2, T2 2.2552 0.0226 
C2, T3 2.272 0.0127 
T1, T2 2.5406 0.01 
T1, T3 2.4826 0.0085 
T2, T3 2.4947 0.0136 
After : November  2007  
Groups t P 
C1, C2 2.2666 0.0147 
C1, T1 1.382 0.1669 
C1, T2 2.7336 0.0057 
C1, T3 1.9057 0.0446 
C2, T1 1.206 0.283 
C2, T2 1.41 0.1643 
C2, T3 2.6281 0.0076 
T1, T2 1.6927 0.0732 
T1, T3 0.68081 0.7086 
T2, T3 2.6011 0.0108 
After : January 2008  
Groups t P 
C1, C2 2.3839 0.0184 
C1, T1 2.2448 0.0201 
C1, T2 1.7622 0.0893 
C1, T3 1.7261 0.1014 
C2, T1 1.5386 0.1279 
C2, T2 2.0253 0.0509 
C2, T3 2.0486 0.041 
T1, T2 1.8786 0.0534 
T1, T3 1.4329 0.1526 
T2, T3 0.99734 0.4192 
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After : March 2008 
Groups t P 
C1, C2 0.93605 0.4841 
C1, T1 1.2145 0.2634 
C1, T2 1.0847 0.3556 
C1, T3 0.73464 0.6878 
C2, T1 0.74885 0.6381 
C2, T2 0.87611 0.5227 
C2, T3 1.0328 0.3989 
T1, T2 0.79205 0.6007 
T1, T3 1.6076 0.1075 
T2, T3 1.1878 0.2904 
After : May 2008  
Groups t P 
C1, C2 1.5407 0.1233 
C1, T1 1.0952 0.3486 
C1, T2 1.5706 0.1128 
C1, T3 0.90269 0.5119 
C2, T1 1.0062 0.4045 
C2, T2 1.789 0.0691 
C2, T3 1.7078 0.0831 
T1, T2 2.0777 0.0249 
T1, T3 1.3112 0.2119 
T2, T3 1.6546 0.0973 
After : July 2008  
Groups t P 
C1, C2 1.0635 0.3795 
C1, T1 0.84683 0.5793 
C1, T2 1.9985 0.0581 
C1, T3 1.0665 0.3731 
C2, T1 0.71296 0.7005 
C2, T2 1.8484 0.0638 
C2, T3 1.758 0.0817 
T1, T2 1.6792 0.0878 
T1, T3 1.0691 0.368 
T2, T3 1.9201 0.0548 
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Appendix 6.6: Pair-wise tests comparing collector-gatherer abundance among 

streams  

CaxTi(Pe) for pairs of levels of factor ‘catchment’ 
Before : November 2006  
Groups t P 
C1, C2 1.0714 0.344 
C1, T1 1.6804 0.1672 
C1, T2 0.34407 0.7481 
C1, T3 0.88598 0.428 
C2, T1 1.2915 0.2684 
C2, T2 1.3903 0.2335 
C2, T3 0.19502 0.8504 
T1, T2 2.1301 0.1032 
T1, T3 1.2164 0.2899 
T2, T3 0.90488 0.4234 
Before : January 2007  
Groups t P 
C1, C2 1.6252 0.177 
C1, T1 0.60601 0.5669 
C1, T2 1.1989 0.2942 
C1, T3 0.13639 0.9029 
C2, T1 2.1286 0.1048 
C2, T2 1.4869 0.2122 
C2, T3 1.8346 0.1382 
T1, T2 1.0542 0.3511 
T1, T3 0.4905 0.6514 
T2, T3 1.1716 0.3022 
After : March 2007  
Groups t P 
C1, C2 0.93259 0.4135 
C1, T1 0.66624 0.5392 
C1, T2 0.89141 0.4234 
C1, T3 1.0531 0.3514 
C2, T1 0.30508 0.7754 
C2, T2 2.896 0.0415 
C2, T3 0.15082 0.893 
T1, T2 2.2134 0.0892 
T1, T3 0.45156 0.6763 
T2, T3 3.2601 0.0347 
After : May 2007  
Groups t P 
C1, C2 0.74891 0.5023 
C1, T1 0.59495 0.5884 
C1, T2 1.7913 0.1416 
C1, T3 1.0003 0.3682 
C2, T1 1.1381 0.3265 
C2, T2 2.2902 0.0828 
C2, T3 2.0379 0.1087 
T1, T2 1.0864 0.3501 
T1, T3      1 
T2, T3 1.3606 0.2492 
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After : July  2007  
Groups t P 
C1, C2 1.3148 0.2528 
C1, T1 1.0436 0.3561 
C1, T2 0.20298 0.8496 
C1, T3 0.29465 0.7768 
C2, T1 0.73069 0.5016 
C2, T2 1.773 0.1527 
C2, T3 2.1022 0.1027 
T1, T2 1.4694 0.2158 
T1, T3 1.7654 0.1529 
T2, T3 8.78E-02 0.9346 
After : September  2007  
Groups t P 
C1, C2 0.5556 0.6094 
C1, T1 0.87402 0.4307 
C1, T2 0.36275 0.748 
C1, T3 0.43248 0.689 
C2, T1 0.5005 0.6499 
C2, T2 1.4632 0.2091 
C2, T3 0.12343 0.9075 
T1, T2 1.545 0.1959 
T1, T3 0.56822 0.6026 
T2, T3 1.1347 0.3256 
After : November  2007  
Groups t P 
C1, C2 0.81997 0.4625 
C1, T1 1.7284 0.1594 
C1, T2 2.5678 0.0631 
C1, T3 0.29828 0.7855 
C2, T1 0.40424 0.7068 
C2, T2 0.97855 0.3773 
C2, T3 0.6727 0.5406 
T1, T2 1.0258 0.3722 
T1, T3 1.7964 0.1476 
T2, T3 2.9266 0.0427 
After : January 2008  
Groups t P 
C1, C2 2.0578 0.1096 
C1, T1 2.1419 0.0978 
C1, T2 0.56767 0.6 
C1, T3 3.54E-02 0.973 
C2, T1 0.2441 0.8229 
C2, T2 3.186 0.0335 
C2, T3 0.91214 0.4139 
T1, T2 3.5088 0.026 
T1, T3 0.87779 0.4338 
T2, T3 0.23419 0.8206 
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After : March 2008 
Groups t P 
C1, C2 1.736 0.1577 
C1, T1 0.85586 0.4497 
C1, T2 0.56873 0.5999 
C1, T3 0.23022 0.8288 
C2, T1 2.127 0.1016 
C2, T2 0.20804 0.8427 
C2, T3 0.90527 0.4148 
T1, T2 0.81753 0.456 
T1, T3 0.2394 0.8253 
T2, T3 0.62225 0.5653 
After : May 2008  
Groups t P 
C1, C2 0.58261 0.6022 
C1, T1 0.22126 0.8367 
C1, T2 1.8582 0.1339 
C1, T3 0.48256 0.6498 
C2, T1 0.53427 0.624 
C2, T2 1.6516 0.1741 
C2, T3 0.93336 0.4009 
T1, T2 2.2581 0.0837 
T1, T3 0.69118 0.5296 
T2, T3 1.8413 0.1397 
After : July 2008  
Groups t P 
C1, C2 0.97526 0.3842 
C1, T1 1.3177 0.2588 
C1, T2 0.89951 0.4156 
C1, T3 2.7621 0.051 
C2, T1 0.74006 0.4956 
C2, T2 1.3316 0.254 
C2, T3 1.9426 0.1249 
T1, T2 1.6228 0.1699 
T1, T3 0.84466 0.4467 
T2, T3 2.7001 0.0565 
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Appendix 6.7: Pair-wise tests comparing FPOM and inorganic sediment 

accumulation among control and harvested streams     

Catchment*Time for pairs of levels of factor ‘catchment’ 
FPOM    Inorganic  
Groups t P  t P 
March 2007    
C1, C2 1.4605 0.2168  1.6624 0.1672 
C1, T1 1.5066 0.2071  2.349 0.08 
C1, T2 1.1594 0.311  1.9451 0.1286 
C1, T3 0.37726 0.7311  9.70E-02 0.9265 
C2, T1 0.32962 0.7662  0.85299 0.4474 
C2, T2 2.6033 0.0614  4.0141 0.0173 
C2, T3 1.5587 0.1932  1.0766 0.3406 
T1, T2 2.4419 0.0754  4.6347 0.0087 
T1, T3 1.6246 0.1826  1.6011 0.1795 
T2, T3 0.57524 0.5949  1.5035 0.2113 
May 2007     
C1, C2 0.56332 0.6155  1.3918 0.2586 
C1, T1 1.5299 0.2273  5.5758 0.0106 
C1, T2 7.9636 0.0048  5.8207 0.0108 
C1, T3 1.3431 0.272  3.6384 0.035 
C2, T1 2.0217 0.1127  3.4022 0.027 
C2, T2 6.0818 0.0037  3.5823 0.0233 
C2, T3 0.28275 0.7865  1.2397 0.2788 
T1, T2 2.7345 0.0539  0.33204 0.7492 
T1, T3 2.574 0.0602  6.6085 0.0035 
T2, T3 8.8718 0.0008  7.7422 0.0011 
July 2007     
C1, C2 0.53558 0.6199  1.8447 0.1445 
C1, T1 1.2007 0.2999  1.7096 0.1641 
C1, T2 1.5697 0.1896  2.9316 0.0434 
C1, T3 1.8451 0.1418  0.42639 0.6917 
C2, T1 1.054 0.357  8.05E-02 0.9398 
C2, T2 2.2752 0.0844  1.4788 0.2104 
C2, T3 1.4495 0.2253  1.9829 0.1128 
T1, T2 1.5432 0.1976  1.422 0.2336 
T1, T3 0.49584 0.6418  1.88 0.1351 
T2, T3 3.0862 0.034  2.8286 0.0456 
September 2007    
C1, C2 1.3079 0.2539  3.059 0.0382 
C1, T1 2.5875 0.0561  0.18666 0.8667 
C1, T2 0.57296 0.5966  2.403 0.0724 
C1, T3 0.30931 0.7791  0.26548 0.8003 
C2, T1 9.7774 0.0007  5.717 0.0051 
C2, T2 5.3841 0.0073  0.60926 0.5779 
C2, T3 0.83576 0.4464  4.2367 0.0127 
T1, T2 8.5421 0.0011  3.7794 0.0207 
T1, T3 1.3351 0.2475  0.20253 0.8514 
T2, T3 9.64E-02 0.9293  3.0232 0.0392 
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November 2007 
C1, C2 0.71708 0.5084  1.1723 0.3023 
C1, T1 0.18453 0.8609  0.64271 0.547 
C1, T2 3.0214 0.0587  13.312 0.0008 
C1, T3 1.9402 0.1456  0.46994 0.6641 
C2, T1 0.3346 0.7572  1.5267 0.2024 
C2, T2 3.0104 0.0591  10.915 0.0013 
C2, T3 1.6217 0.2029  0.5917 0.5918 
T1, T2 3.0169 0.056  12.956 0.0011 
T1, T3 1.6046 0.2022  0.87783 0.4381 
T2, T3 2.2011 0.1609  9.6624 0.0109 
January 2008     
C1, C2 1.5852 0.2633  1.0224 0.4068 
C1, T1 3.5581 0.0674  0.9089 0.4603 
C1, T2 7.9562 0.0012  2.2404 0.0905 
C1, T3 6.2154 0.0084  2.122 0.1214 
C2, T1 No test         No test        
C2, T2 121.95 0.0001  1.7856 0.2193 
C2, T3 46.833 0.0126  0.80775 0.5703 
T1, T2 21.436 0.0014  3.8239 0.0651 
T1, T3 8.797 0.0742  1.0202 0.4967 
T2, T3 1.3852 0.2568  1.4271 0.251 
March 2008     
C1, C2 0.30239 0.7766  1.1671 0.3214 
C1, T2 3.6303 0.0396  0.78921 0.4769 
C1, T3 2.4078 0.094  0.68643 0.5439 
C2, T2 2.9549 0.0425  2.0166 0.1105 
C2, T3 2.1077 0.1012  1.5587 0.1942 
T2, T3 0.6328 0.5644  0.23477 0.8254 
May 2008     
C1, C2 5.2284 0.0065  2.7415 0.0529 
C1, T1 3.7435 0.0185  3.5072 0.0222 
C1, T2 2.6715 0.0526  4.3335 0.0103 
C1, T3 1.7144 0.1574  1.9998 0.1151 
C2, T1 2.8787 0.0443  7.38E-02 0.9474 
C2, T2 4.0162 0.0154  2.183 0.0978 
C2, T3 1.5037 0.2142  1.4972 0.2044 
T1, T2 3.5851 0.0236  2.8063 0.0479 
T1, T3 0.74489 0.4983  1.4885 0.211 
T2, T3 1.6757 0.162  1.9042 0.1326 
July 2008     
C1, C2 2.6839 0.0566  4.0627 0.0162 
C1, T1 0.31121 0.78  2.4212 0.0687 
C1, T2 1.007 0.3692  0.77794 0.48 
C1, T3 0.4813 0.6491  0.78911 0.4766 
C2, T1 2.9161 0.0434  2.6987 0.0538 
C2, T2 3.2165 0.033  2.1212 0.1011 
C2, T3 2.3594 0.0823  1.3468 0.2506 
T1, T2 0.74915 0.4943  0.19117 0.8591 
T1, T3 0.29334 0.7771  0.14616 0.892 
T2, T3 0.23126 0.8315  0.23882 0.8233 
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Appendix 6.8: Four-factor mixed model PERMANOVA for temporal changes in 
macroinvertebrate taxonomic assemblage composition among catchments with 
all assemblage data and with rare taxa excluded (taxa present in ≥ 25% of 
samples). Factors of interest are highlighted in bold. Degrees of freedom are in 
parenthesis. Significant p-values are in bold 

 All assemblage data Rare taxa removed 
 
Source 

Mean 
squares 

 
F

 
Significance

Mean 
squares 

 
F 

 
Significance

Catchment (4) 83602 6.48 0.0001 20243 6.33 0.0001
Period (1) 25891 17.41 0.0001 21822 14.99 0.0001
Pool [Ca] (10) 32221 4.08 0.0001 3199 3.66 0.0001
Time [Pe] (9) 77767 8.03 0.0001 7807 7.11 0.0001
Catchment*Period (4) 15757 2.71 0.0001 2931 2.01 0.0005
Catchment*Time [Pe] (36) 71920 1.85 0.0001 2085 1.9 0.0001
Pool [Ca] * Pe (10) 14535 1.84 0.0001 1456 1.67 0.0001
Pool [Ca]*Time [Pe] (90) 96820 1.36 0.0001 1098 1.26 0.0001
Residual (330) 259980 873  

 
 
 
Appendix 6.9: Pair-wise tests comparing taxa assemblage composition among 
streams with all assemblage data and rare taxa excluded (taxa present in ≥ 25% of 
samples). Significant p-values are highlighted in grey. Marginally significant 
values are highlighted in bold 
 
Ca*Ti(Pe) for pairs of levels of factor ‘catchment’ 
Before: November 2006 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 2.16 0.0053 2.02 0.0075
C1, T1 2.42 0.0022 2.31 0.0021
C1,T2 1.45 0.0786 1.50 0.0605
C1,T3 2.52 0.0008 2.09 0.0064
C2,T1 1.21 0.2193 1.28 0.1759
C2,T2 2.31 0.0048 2.11 0.0076
C2,T3 1.94 0.0100 2.09 0.0061
T1,T2 2.70 0.0009 2.52 0.0016
T1,T3 3.13 0.0001 3.08 0.0005
T2,T3 2.58 0.0015 2.01 0.0084
Before: January 2007 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 1.88 0.0118 1.81 0.0150
C1, T1 1.53 0.0685 1.40 0.1042
C1,T2 2.15 0.0048 1.78 0.0180
C1,T3 1.76 0.0158 1.55 0.0455
C2,T1 0.96 0.4706 1.02 0.4161
C2,T2 1.88 0.0165 1.97 0.0078
C2,T3 2.05 0.0067 2.37 0.0022
T1,T2 1.43 0.0979 1.39 0.1051
T1,T3 1.86 0.0232 1.80 0.0284
T2,T3 2.92 0.0004 2.44 0.0008
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After: March 2007 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 1.75 0.0247 1.52 0.0587
C1, T1 1.63 0.0443 1.71 0.0350
C1,T2 1.28 0.1635 1.45 0.0776
C1,T3 1.66 0.0423 1.83 0.0172
C2,T1 0.85 0.6294 0.86 0.6077
C2,T2 1.80 0.0217 1.82 0.0230
C2,T3 2.02 0.0089 2.04 0.0077
T1,T2 1.68 0.0396 1.69 0.0428
T1,T3 2.04 0.0098 2.03 0.0094
T2,T3 1.58 0.0520 1.63 0.0449
After: May 2007 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 1.98 0.0160 1.74 0.0289
C1, T1 1.46 0.0960 1.34 0.1460
C1,T2 1.45 0.0886 1.30 0.1678
C1,T3 2.10 0.0093 1.58 0.0517
C2,T1 0.96 0.4969 1.03 0.4042
C2,T2 2.19 0.0056 1.99 0.0108
C2,T3 2.21 0.0040 2.43 0.0026
T1,T2 1.52 0.0685 1.41 0.1120
T1,T3 1.70 0.0383 1.75 0.0355
T2,T3 2.23 0.0034 1.77 0.0263
After: July 2007 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 1.93 0.0159 1.63 0.0486
C1, T1 1.85 0.0193 1.77 0.0304
C1,T2 1.44 0.0869 1.37 0.1149
C1,T3 2.13 0.0100 1.76 0.0213
C2,T1 0.77 0.7229 0.83 0.6255
C2,T2 1.80 0.0222 1.78 0.0262
C2,T3 1.94 0.0189 1.97 0.0110
T1,T2 1.76 0.0299 1.86 0.0232
T1,T3 1.93 0.0157 1.99 0.0174
T2,T3 1.62 0.0525 1.53 0.0673
After: September 2007 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 2.12 0.0069 1.91 0.0157
C1, T1 1.97 0.0152 1.77 0.0338
C1,T2 1.69 0.0395 1.44 0.1001
C1,T3 2.11 0.0064 1.82 0.0178
C2,T1 1.45 0.0941 1.61 0.0550
C2,T2 2.73 0.0010 3.02 0.0005
C2,T3 2.39 0.0013 2.36 0.0033
T1,T2 2.59 0.0004 2.86 0.0006
T1,T3 2.77 0.0009 2.61 0.0026
T2,T3 2.26 0.0028 2.32 0.0028
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After: November 2007 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 2.14 0.0070 1.92 0.0112
C1, T1 1.57 0.0561 1.41 0.1013
C1,T2 2.35 0.0040 1.94 0.0168
C1,T3 3.15 0.0007 2.50 0.0030
C2,T1 0.98 0.4637 0.99 0.4508
C2,T2 1.71 0.0288 1.94 0.0133
C2,T3 2.20 0.0055 2.35 0.0035
T1,T2 1.66 0.0440 1.58 0.0563
T1,T3 2.10 0.0082 1.88 0.0185
T2,T3 2.42 0.0048 2.43 0.0026
After: January 2008 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 2.00 0.0101 1.79 0.0232
C1, T1 1.76 0.0270 1.83 0.0220
C1,T2 1.17 0.2514 1.12 0.3116
C1,T3 1.65 0.0441 1.69 0.0408
C2,T1 1.07 0.3556 1.17 0.2543
C2,T2 1.68 0.0435 1.57 0.0608
C2,T3 1.47 0.0799 1.58 0.0524
T1,T2 1.43 0.1011 1.41 0.1066
T1,T3 1.46 0.0879 1.70 0.0340
T2,T3 1.01 0.4083 1.15 0.2905
After: March 2008 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 1.833 0.0196 2.384 0.0037
C1, T1 2.002 0.0098 2.319 0.0058
C1,T2 1.009 0.4314 1.123 0.3036
C1,T3 1.939 0.0075 2.516 0.0012
C2,T1 0.737 0.7621 0.843 0.6218
C2,T2 1.484 0.0788 1.828 0.0226
C2,T3 2.018 0.0074 2.351 0.0023
T1,T2 1.551 0.0649 1.601 0.0634
T1,T3 2.282 0.0037 2.477 0.0017
T2,T3 1.553 0.0546 1.995 0.0082
After: May 2008 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 1.57 0.0594 1.76 0.0310
C1, T1 1.85 0.0125 2.01 0.0078
C1,T2 1.53 0.0613 1.45 0.0925
C1,T3 1.85 0.0130 2.11 0.0064
C2,T1 0.90 0.5593 0.93 0.5275
C2,T2 1.27 0.1819 1.32 0.1559
C2,T3 1.84 0.0224 1.99 0.0130
T1,T2 1.70 0.0293 1.64 0.0330
T1,T3 2.45 0.0014 2.46 0.0015
T2,T3 1.70 0.0337 1.75 0.0313
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After: July 2008 All assemblage data Rare taxa removed 
Groups t p t p
C1,C2 2.25 0.0083 2.1 0.0146
C1, T1 2.00 0.0076 2.1 0.0061
C1,T2 1.92 0.0174 1.8 0.0243
C1,T3 1.73 0.0381 2.1 0.0123
C2,T1 1.00 0.4384 0.9 0.5505
C2,T2 1.62 0.0500 1.6 0.0597
C2,T3 2.13 0.0114 2.0 0.0142
T1,T2 1.67 0.0361 1.6 0.0470
T1,T3 1.82 0.0275 1.8 0.0229
T2,T3 2.15 0.0117 2.2 0.0082
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Appendix 7: Photographs of field sampling equipment and experiments 

   

 
Figure 7.a: Stovepipe sampler, net and sieve used for sampling CPOM and benthic 
macroinvertebrates in the study streams 
 

Figure 7.b: Leaf retention study with paper triangles (leaf analogues) and marked brush-
box leaves 
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Figure 7.c: Leaf packs of brush box leaves tied together with 
monofilament fishing line 

 

Figure 7.d: Leaf packs anchored to painted cobbles in the study streams 
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