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Abstract   

Clearfell, burn and sow (CBS) forestry is a major disturbance to headwater 

streams flowing through wet eucalypt forests in southern Tasmania involving 

clearfelling trees around them and the burning of remaining slash within a year of 

harvest. The aim of this research was to assess the short-term (<19 years) effects of 

CBS forestry on several key structural (woody debris and dissolved organic matter 

source and composition) and functional (nutrient uptake and organic matter 

processing) characteristics of headwater streams in southern Tasmania. I evaluated 

these using a combination of replicated space-for-time surveys and an MBACI 

(multiple before-after control-impact) experiment in headwater stream reaches 

flowing through old-growth and CBS-affected forest. 

My findings show that CBS forestry increased available light, elevated water 

temperatures (between 0.25 and 0.94°C), and significantly increased the quantity of 

woody debris situated in the stream channel. I also used fluorescence 

characterisation of dissolved organic matter (DOM) to show that forest harvesting 

did not affect the relative contributions of autochthonous and allochthonous stream 

DOM despite the major reach-scale disturbance that clearfell forestry represents. 

However, there was conflicting evidence for changes in DOM composition after 

harvesting. It is likely that catchment-scale processes are more important than 

reach-scale processes (i.e. forest harvesting) in determining stream DOM 

biogeochemistry, because only a small proportion of the total channel length (<100 

m) is affected by clearfell forestry. 

The large physical structural changes to headwater streams caused by CBS 

forestry led to changes in stream function. Nutrient addition experiments showed 

greater phosphorus uptake in CBS-affected relative to old-growth (OG) stream 

reaches, which was likely due to increased biotic activity (algae and bacterial 

biofilms) related to greater in-stream light availability and quantity of in-stream 
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woody debris. However, sorption to sediment and charred woody debris may also 

have contributed to the greater phosphorus uptake after harvesting. The impact of 

CBS forestry on organic matter decomposition differed among years and benthic 

habitats, with evidence for an increase in bacterial carbon production (BCP) in fine 

sediment habitat but a decrease in BCP and cellulose decomposition in coarse gravel 

habitat. Contrary to most previous research, increasing contribution of terrestrial 

DOM was the strongest variable driving in situ benthic BCP. 

Some of the structural changes from CBS may be beneficial in reducing 

impacts at the catchment-scale. For instance, the observed increase in the amount 

of woody debris and light availability after harvesting may prevent elevated 

phosphorus export to downstream ecosystems by increasing phosphorus uptake 

and retention in headwaters. While these effects characterised the short-term 

responses to CBS in these headwater streams, the longer-term (>19 years) and 

catchment-scale impacts require further research. Many variables (e.g. the quantity 

of woody debris) will take decades to recover to pre-disturbance levels and the 

cumulative impacts of harvesting multiple coupes throughout the landscape needs 

to be determined to ensure that CBS operations are managed in space and time to 

minimise impacts on downstream ecosystems. 
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Chapter 1. General Introduction 

 

A small headwater stream flowing through old-growth wet eucalypt forest in southern 
Tasmania. (Image: R.M. Burrows.) 
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Freshwater ecosystems and anthropogenic disturbance 

Freshwater ecosystems cover approximately 0.8% of the planet’s surface, 

containing less than 0.01% of the world’s freshwater (Wetzel, 1975; Dudgeon et al., 

2006). Of these freshwater systems, humans arguably rely most heavily on streams 

and rivers. Consequently, they have become some of the most altered and 

threatened ecosystems in the world; dam construction, irrigation, riparian clearing, 

and waste disposal all directly affect streams and rivers (Malmqvist and Rundle, 

2002). However, our impact extends beyond direct interactions with them because 

the water contained within streams and rivers is ultimately derived from the 

surrounding catchment. Freshwater ecosystems are therefore inextricably linked 

with their catchments. This is particularly true for headwater streams which are 

highly integrated with the surrounding terrestrial environment (Wipfli et al., 2007). 

This thesis focuses on the impact of clearfell, burn, and sow (CBS) forestry on 

some key structural (woody debris and dissolved organic matter composition) and 

functional (OM decomposition and nutrient uptake) characteristics of forested, 

headwater streams flowing through wet eucalypt forest in southern Tasmania. 

Ensuring that forest harvesting does not adversely affect headwater streams and 

downstream ecosystems is important because human use of headwater streams 

and their surrounding catchment is only expected to increase as our population 

expands. In light of this expanding population, not only will it become increasingly 

difficult to preserve their biota and ecological processes, it will become difficult to 

secure them for human use (Downes et al., 2002). It is therefore important that 

anthropogenic disturbance to headwaters is monitored and assessed so that we can 

develop sustainable management strategies that minimise any negative effects and 

maintain their ecological integrity. 
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1.1. Assessing disturbance in streams and rivers 

A disturbance, whether natural or anthropogenic, is just one event 

constituting a perturbation upon an ecosystem. The second event following a 

perturbation is the response of an ecosystem (Glasby and Underwood, 1996). The 

response of an ecosystem to disturbance can be described in terms of resistance or 

resilience stability. Resistance is a measure of an ecosystem’s ability to resist or 

remain unchanged after disturbance and resilience describes an ecosystem’s ability 

to recover or return to its pre-disturbance state (Holling, 1973; Lake and Barmuta, 

1986; Power, 1999). Measuring the response of streams and rivers to anthropogenic 

disturbance is critical if they are to be managed to best maintain their ecological 

integrity and reduce adverse whole-catchment impacts (Downes et al., 2002; Wipfli 

et al., 2007). Ecological integrity has many definitions but has recently been defined 

as:  

‘the degree to which the physical, chemical and biological components 

(including composition, structure and process) of an ecosystem and their 

relationships are present, functioning and maintained close to a reference condition 

reflecting negligible or minimal anthropogenic impacts’ (Schallenberg et al., 2011).  

However, an important question that arises is what variables of running 

waters should be measured to best capture any response that occurs after 

anthropogenic disturbance and assess ecological integrity? The measurable 

variables within an ecosystem can ultimately be categorised as either structural or 

functional. Structural variables refers to spatiotemporal patterns describing the 

physical (channel morphology and organic matter), chemical (nutrient 

concentrations), and/or biological (species diversity and abundance) components of 

an ecosystem (Fisher et al., 2007; Sandin and Solimini, 2009). Functional attributes 

have many definitions but can generally be defined as the rates and processes 

within an ecosystem (Meyer, 1997; Jax, 2005).  Accurately assessing the response of 

a freshwater ecosystem to anthropogenic disturbance requires measurement of 
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both structural and functional variables (Gessner and Chauvet, 2002; Young et al., 

2008).  This is because disturbance can cause changes to structural but not 

functional variables (Death et al., 2009), to functional but not structural variables 

(McKie and Malmqvist, 2009), or to both (Kreutzweiser et al., 2008). Without 

measuring both the structural and functional response of an ecosystem to 

anthropogenic disturbance it is difficult to make informed assessments regarding 

changes in ecological integrity. It is also important to recognise that natural 

ecosystems are dynamic and their structural and functional components vary in 

response to environmental conditions and natural disturbance (e.g. climate, 

wildfire, and species lifecycles). In some instances, changes due to natural 

disturbance (i.e. wildfire) can be greater than occurs after anthropogenic 

disturbance (i.e. forest harvesting) (Chen et al., 2005). Therefore, when assessing 

and discussing the impact of natural disturbance it is necessary to view the 

structural and functional response of an ecosystem in context of any natural 

variability (Downes et al., 2002; Schallenberg et al., 2011). 

1.2. Headwater streams 

Forested headwater streams are an important ecological component of the 

landscape. They are very abundant, contributing up to 80% of the channel length of 

a river system (Bryant et al., 2007; Richardson and Danehy, 2007), and provide a 

variety of ecosystem services to downstream aquatic and near-shore terrestrial 

habitats including water, nutrients, invertebrates, and organic matter (Richardson 

and Danehy, 2007; Wipfli et al., 2007). Despite their importance to catchment-scale 

ecological processes, they are perhaps the most poorly understood and neglected 

component of a river system (Richardson and Danehy, 2007). Their obscurity results 

from two main reasons. First, these small channels are often hidden from view 

beneath the forest canopy in steep terrain, and are thus largely unmapped (Bryant 

et al., 2007; Richardson and Danehy, 2007) and difficult to study. Second, there is no 

universal definition of headwater streams in the literature (Benda et al., 2004).  
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A universal definition of headwater streams, like many other aquatic 

ecosystems, is difficult because their geomorphic (discharge and catchment area) 

and biological (species diversity and abundance) components depend on local and 

regional environmental factors, such as climate, geology and topography 

(Richardson and Danehy, 2007). As such, definitions vary geographically. For 

instance, in Tasmania headwater streams are defined as wetted channels with a 

catchment of less than 50 ha (Forest Practices Board, 2000), whereas in the Pacific 

Northwest headwater streams are classified as catchments less than 100 ha with a 

bankfull width of <3 m (Richardson and Danehy, 2007). A more general way to 

define headwater streams is using a channel-ordering system such as the Strahler 

system (Gordon et al., 2004). In the Strahler system a first order stream is the 

smallest collection channel of water (Figure 1.1). This system may be overly simple, 

but it provides a good conceptual framework when describing the size of streams. 

 

Figure 1.1. A schematic representation of an upland catchment showing the drainage divide (dashed black 

line) with stream channels labelled using the Strahler channel ordering system.  

According to the River Continuum Concept, forested headwater streams are 

closely connected to riparian vegetation and upland terrestrial systems because of 

their low ratio of surface area to channel length (Vannote et al., 1980; Richardson 

and Danehy, 2007). This close connection with the surrounding terrestrial landscape 
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means that they are subject to large inputs of allochthonous (i.e. originating outside 

the stream) OM and nutrients relative to stream size (Wipfli et al., 2007). A closed 

canopy in most forested headwater streams leads to primary production being low 

(Kiffney et al., 2004), and they are generally dominated by heterotrophic activity 

(Clapcott and Barmuta, 2009). Consequently, their structure and function are 

strongly influenced by the supply of allochthonous OM and nutrients (Vannote et 

al., 1980). Figure 1.2 shows some of the major structural and functional components 

of forested, headwater streams that are influenced by their close connection with 

the surrounding terrestrial environment. 

Riparian vegetation is a major source of stream OM input to headwater 

streams, contributing leaf litter (often termed CPOM: coarse particulate organic 

matter), fine and large woody debris (FWD and LWD respectively), and invertebrates 

(Figure 1.2) (Richardson and Danehy, 2007). As much as 99% of OM entering 

headwater streams can be attributed to riparian vegetation (Fisher and Likens, 

1973). Leaf litter input is particularly important as an energy source in these 

heterotrophic systems. Fungi and bacteria breakdown leaf litter and make it more 

palatable for aquatic invertebrates (Gulis and Suberkropp, 2003). These aquatic 

invertebrates, along with those originating from the terrestrial ecosystem, become 

an energy source for other invertebrates and vertebrates either in the same stream 

reach or in downstream ecosystems (Figure 1.2) (Ormerod et al., 2004; Romaniszyn 

et al., 2007).  

Woody debris is a major source of OM derived from riparian vegetation 

(Reeves et al., 2003; Hassan et al., 2005), and is essential for providing structural 

complexity in stream channels (Montgomery et al., 1995), contributing to sediment 

storage (Smock et al., 1989; Gomi et al., 2001), and maintaining biodiversity through 

the creation and maintenance of habitat (Wilkins and Peterson, 2000; Jones and 

Daniels, 2008; Rinella et al., 2009). Although woody debris itself is not a labile 

energy source to stream biota, the attached algal and bacterial biofilms and the 
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processing of leaf litter and sediment stored behind woody debris increase biotic 

processing and nutrient retention (Figure 1.2) (Valett et al., 2002; Bernhardt et al., 

2003; Bond et al., 2006; Roberts et al., 2007). 

Dissolved organic matter (DOM) can also contribute a substantial proportion 

of the total OM entering a forested headwater stream, constituting greater than 

80% of the total mass of OM export (Wallace et al., 1995; Kiffney et al., 2000; 

Karlsson et al., 2005). DOM consists of a complex mixture of carbon (DOC), nitrogen 

(DON), and phosphorus (DOP). DOM is essential to headwater stream ecosystems 

because the assimilation of DOM by stream heterotrophic life is one of the principle 

ways that carbon (C) is incorporated into the aquatic food web (Findlay and 

Sinsabaugh, 1999). In forested streams, a large proportion of DOM is derived from 

the leaching of terrestrial plant and soil OM, and the biotic processing of terrestrial 

particulate inputs (Findlay and Sinsabaugh, 1999; McKnight et al., 2001).  

Coupled with the input and processing of OM is the input and processing of 

nutrients. The fate of input nutrients is important because large fluxes of nutrients, 

such as nitrogen (N) and phosphorus (P), to downstream freshwater and marine 

ecosystems can lead to adverse environmental impacts, such as eutrophication and 

acidification (Alexander et al., 2007), and even the deterioration of water quality for 

human consumption (Dodds and Oakes, 2008). However, the low ratio of surface 

area to channel length in headwater streams means that there is large opportunity 

for headwater streams to processes nutrients and mediate their export (Peterson et 

al., 2001). The uptake and processing of nutrients, as well as DOM, in headwater 

streams are controlled by a combination of biotic and abiotic processes that occur 

predominately on the stream bottom or benthos (Webster and Valett, 2006). The 

abiotic processes are linked mostly to the sediment characteristics of a stream and 

include adsorption, desorption, precipitation, and dissolution (Webster and Valett, 

2006). The biotic processes controlling uptake and processing include autotrophic 
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(i.e. benthic algae) and heterotrophic (i.e. sediment bacteria and microbial biofilms) 

uptake (Webster and Valett, 2006).  

 

Figure 1.2. Schematic showing the close connection that forested, headwater streams have with their 

surrounding terrestrial environment. The figure highlights the dominant input sources of organic matter (OM) 

and nutrients, their processing, and export. Woody debris and coarse particulate organic matter (CPOM) are 

input into the stream directly from riparian vegetation or transported with water flow from upstream. Algal 

and bacterial biofilms, as well as fungi then grow on their surfaces. Sediment and CPOM are trapped behind 

woody debris where they become processed by bacteria, algae, and aquatic invertebrates. Terrestrial 

invertebrates fall into the stream and become an energy source for other biotia. Aquatic invertebrates can 

also emerge from the stream, becoming energy sources for terrestrial biotia. DOM and nutrients are leached 
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from terrestrial OM and soils or input via groundwater recharge. The uptake and cycling of OM and nutrients 

occurs while they are being continuously transported downstream. This illustration has been adapted from 

Richard and Danehy (2007). 

In streams and rivers the uptake and processing of nutrients and DOM is best 

explained by the nutrient spiralling concept (Webster, 1975; Webster and Patten, 

1979; Newbold et al., 1981). This concept describes the unique spatial and temporal 

process whereby molecules are assimilated from the water column into benthic 

biomass, temporarily retained, and mineralised (i.e. conversion from organic to 

inorganic molecule) back into the water column whilst being continuously 

transported downstream (Figure 1.2) (Webster, 1975; Webster and Patten, 1979; 

Newbold et al., 1981). Thus, the movement of DOM and nutrient molecules 

downstream is a function of its abiotic and biotic demand and the quantity and 

velocity of water movement. The cumulative effect of the abundance of headwater 

streams and their ability to mediate OM and nutrient retention is that they strongly 

influence energy and nutrient fluxes to downstream aquatic and near-shore coastal 

ecosystems (Peterson et al., 2001; Alexander et al., 2007; Richardson and Danehy, 

2007). 

1.3. Impact of forest harvesting on headwater streams 

The close connection forested headwater streams have with their 

surrounding riparian and upland terrestrial environment (Figure 1.2) makes these 

systems particularly vulnerable to catchment disturbances, such as forest 

harvesting. Forest harvesting can dramatically alter the structure of headwater 

streams by increasing light availability (Moore et al., 2005), altering woody debris 

input (Gomi et al., 2001; Chen et al., 2005), elevating stream temperature (Johnson 

and Jones, 2000; Moore et al., 2005), and increasing nutrient input and export 

(Swank et al., 2001; Gravelle et al., 2009). These large physical changes can reduce 

the abundance and diversity of aquatic macroinvertebrates (Kreutzweiser et al., 

2008; Lecerf and Richardson, 2010). Forest harvesting can also cause changes to the 

functioning of headwater streams by altering OM and nutrient processing by stream 
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biota (Sabater et al., 2000; McKie and Malmqvist, 2009; Clapcott and Barmuta, 

2010; Kreutzweiser et al., 2010). Given that headwaters strongly influence energy 

and nutrient fluxes to downstream aquatic and near-shore coastal ecosystems, 

changes to the structure and function of headwater streams caused by forest 

harvesting may have profound implications not only for the ecological integrity of 

headwater streams, but the whole catchment. 

1.4. Tasmanian headwater streams and clearfell, burn and sow 

(CBS) forestry 

In southern Tasmania headwater streams flowing through wet eucalypt 

forests are numerous, contributing over 50% of the channel length of river systems 

(Clapcott, 2007; Gooderham et al., 2007). They lack a defined riparian zone, are 

characterised by an evergreen closed canopy, with the major form of energy from 

riparian organic matter inputs (Clapcott, 2007; Clapcott and Barmuta, 2009). Mean 

daily flow is low (≈ 1 to 3 L s-1) but they are commonly ‘flashy’ and perennial 

(Clapcott, 2007; Clapcott and Barmuta, 2009). These small headwater streams have 

a high morphological diversity and their structure and function can be highly 

heterogeneous, relying strongly on local environmental characteristics such as the 

presence of exposed rocks or tree roots (Gooderham et al., 2007; Clapcott and 

Barmuta, 2009). The great physical complexity that characterises Tasmanian 

headwater streams places them within the upstream heterogeneous zone (UHZ); as 

proposed by Gooderham et al. (2007). 

Vegetation disturbance due to CBS forestry is a major stressor on headwater 

streams flowing through southern Tasmanian wet eucalypt forests. CBS is the 

standard silvicultural operation for lowland wet eucalypt forests on hillsides with 

slopes less than 20° (Hickey and Wilkinson, 1999; Forest Practices Board, 2000). As 

the name suggests, CBS forestry involves clearfelling areas of forest (called coupes), 

burning the harvested coupe to provide a receptive mineral seedbed, and aerial 

sowing to supplement eucalypt regeneration (Hickey and Wilkinson, 1999). Eucalypt 
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coupes are usually re-harvested after 80 to 100 years of regeneration (Hickey et al., 

2001).  

When CBS forestry occurs in the upper catchment, headwater streams often 

originate or flow through sections of CBS-affected coupes (Figure 1.3). The 

CBS-affected study streams in this thesis either originate in, or are affected by, only 

one harvesting operation. The Tasmanian Forest Practices Code (2000) currently 

provides for the protection of headwater streams at the landscape- and reach-scale. 

At the landscape-scale, CBS coupes are dispersed across the landscape and through 

time (termed ‘coupe dispersal’). At the reach-scale, government legislation 

stipulates a 10 m machinery exclusion zones (MEZ) around first- and second-order 

headwater streams, but still with harvesting of riparian vegetation where practical 

(Figure 1.3) (Forest Practices Code, 2000). Often the MEZ is burnt during the 

regeneration burn because a fire of this intensity is difficult to control, and 

consequently much of the remaining riparian vegetation is scorched and killed 

(Figure 1.4). This practice represents a major structural change in the terrestrial 

environment surrounding a stream (Figure 1.5), which may influence in-stream 

structure and functioning. 
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Figure 1.3. The riparian protection from CBS forestry provided to different size streams in Tasmania. Class 4 

streams refer to 1
st

 order headwater streams. Source: Tasmanian Forest Practices Code (2002). 

 

Figure 1.4. A picture of scorched vegetation within a machinery exclusion zone (MEZ) of a headwater stream 

flowing through a CBS-affected coupe (<1 year since harvesting) in southern Tasmania. 
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Figure 1.5. Photograph of a stream in (a) old-growth (OG) and (b) CBS-affected forest. 

The importance of headwater streams in the landscape has led to concern by 

both foresters and the general public about the impacts of CBS forestry, which was 

raised during a review of the Soil and Water provisions of the Tasmanian Forest 

Practices Code (Forest Practices Board, 2000). A better understanding of how CBS 

forestry affects the structure and functioning of headwater streams was needed, 

with the aim of enhancing the potential to reduce whole-catchment adverse 

impacts. Consequently, research was initiated that assessed the impact of CBS 

forestry on forested headwater streams, and more specifically its effects on stream 

metabolism at different scales of measurement (Clapcott, 2007). This research 

identified that the metabolic signature of headwater streams flowing through wet 

eucalypt forest was highly heterogeneous in space and time, being shaped by 

stream temperature, hydrology, and the physical and chemical properties of benthic 

sediment (Clapcott, 2007). Furthermore, the research found that 2 to 5 years after 

harvesting, autotrophic activity was stimulated, and led to increased metabolic 

rates.  
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Only autotrophic processes displayed a recovery, with key measures of 

heterotrophic activity showing an increase in variability over time (2–15 y), 

suggesting a short-term lack of resistance and resilience of heterotrophic activity to 

CBS forestry (Clapcott, 2007). However, because headwater streams are structurally 

and functionally heterogeneous in space and time and forest practices 

simultaneously alter many environmental variables, it can be difficult to isolate 

individual effects (Walters et al., 1988). Therefore, a key recommendation of this 

research was further investigation using a multiple before-after control-impact 

(MBACI) study. In 2007 this was initiated with special emphasis on measures of 

organic matter (OM) decomposition of benthic sediment. This MBACI study 

represents one of the first replicated studies contrasting OM decomposition before 

and after clearfell forestry carried out under industry best practice. Chapter 5 of my 

thesis summarises the findings of this research.  

Although part of my thesis deals with the impact of CBS forestry on OM 

decomposition in headwater streams, there is a lack of information regarding other 

important structural and functional characteristics. As such, the remaining chapters 

of my thesis will focus on the impact that CBS forestry has on several key structural 

(woody debris and dissolved organic matter composition) and functional (nutrient 

uptake) characteristics.  

1.5. Contributing to the understanding of how disturbance 

influences the structure and function of headwater streams 

This thesis contributes to the theoretical framework regarding how major 

reach-scale anthropogenic disturbances influence the structure (physical and 

chemical) and function of forested, headwater streams. It will also contribute to the 

understanding of the resistance and resilience of some structural and functional 

measures to anthropogenic disturbance. Small headwater streams flowing through 
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the wet eucalypt forest in southern Tasmania are an ideal ecosystem to study the 

impact of forest harvesting on structural and functional variables, because these 

streams are not influenced by transient effects associated with landscape 

anthropogenic disturbances other than forest harvesting, such as urban 

development and agriculture. 

1.6. Thesis aims 

Ensuring that forest harvest practices do not adversely affect headwater 

streams is fundamental if we want to develop sustainable management strategies 

that minimise the loss of ecological integrity and whole catchment impacts. My 

overall aim is to measure several key structural (woody debris and dissolved organic 

matter composition) and functional (OM processing and nutrient uptake) 

characteristics of small headwater streams flowing through wet eucalypt forest in 

southern Tasmania and to investigate the influence that CBS forest harvesting has 

upon these characteristics. To achieve this aim, my thesis forms four research 

chapters focusing on woody debris input and function, stream dissolved organic 

matter, benthic OM decomposition, and reach-scale nutrient uptake. The 

integration of these complimentary areas of research should enable a more 

comprehensive understanding of the impact of CBS forestry on the ecology of 

headwater streams. This thesis will primarily focus on the short-term (<19 years 

after harvesting) impact of CBS forestry on headwater streams because the current 

CBS prescriptions for headwater streams only became operational in 1993. The 

precise timeframe will depend on the experiment design described in each 

individual chapter. The potential longer-term (>19 years after harvest) impacts and 

implications will be discussed throughout. 

 Chapters 2 to 5 of this thesis are written as individual research manuscripts, 

which have either been submitted or are intended for submission for publication. 

These are presented as four distinct chapters as follows: 
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Chapter 2. Woody debris input and function in old-growth and clearfell forestry 

modified headwater streams  

Woody debris is a fundamental structural characteristic of headwater streams. 

My aim in Chapter 2 was to quantitatively assess the short-term (<7 years) 

difference in the quantity (abundance and volume) and functional role of woody 

debris pieces between CBS-affected and old-growth (OG) headwater streams in 

southern Tasmania. To do this I surveyed five OG and five CBS-affected headwater 

streams flowing through wet eucalypt forest in southern Tasmania. 

Chapter 3. Greater phosphorus uptake in forested headwater streams modified by 

clearfell forestry 

Nutrient uptake is an important functional process in headwater streams 

which as implications for the whole catchment. Chapter 3 determines if in-stream 

nutrient uptake varies between individual reaches flowing through OG and 

CBS-affected streams. This chapter builds on Chapter 2 by investigating whether 

woody debris characteristics, along with other environmental variables, influences 

rates of nutrient uptake. To do this, I measured key stream environmental variables 

(e.g. light, and wood debris) and used short-term nutrient addition experiments to 

measure the uptake length, uptake velocity and uptake rate of ammonium (NH4) 

and phosphate (as soluble reactive phosphorus; SRP) in three OG and four 

CBS-affected headwater stream reaches.  

Chapter 4. Allochthonous dissolved organic matter controls bacterial carbon 

production in forested, headwater streams 

Chapter 4 used fluorescent characterisation of DOM to investigate how DOM 

source and composition, along with various reach environmental variables, 

influence rates of benthic BCP in twenty headwater streams in southern Tasmania. 

Furthermore, this chapter also assesses whether CBS forest harvesting of headwater 

stream reaches influence DOM source and composition.  
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Chapter 5. Effect of clearfell harvesting on organic matter decomposition differs 

among benthic habitats in forested, headwater streams 

Chapter 5 assesses the impact that CBS forestry has upon rates of OM 

decomposition in benthic sediment of headwater streams. This chapter summarises 

part of the MBACI study initiated in 2007 by focusing on two complimentary 

measures of OM decomposition; bacterial carbon production (BCP) was used to 

measure the productivity of bacterial populations and cotton strip assays were used 

to assess cellulose decomposition by microbial (aquatic hyphomycetes, bacteria, 

and algae) processes. As such, this chapter assesses how a key stream function, OM 

decomposition, is altered by the structural change caused by forest harvesting. 

Chapter 6. General discussion 

Chapter 6 provides a synthesis of the key findings from Chapters 2 to 5 and 

highlights the important ecological concepts that have implications for the 

management of headwater streams that are affected by CBS forestry. 
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Chapter 5. Effect of clearfell harvesting on organic 

matter decomposition differs among benthic habitats 

in forested, headwater streams 

 

Top: harvesting of the coupes that one of study stream flows through. 
Lower left: a CBS forestry coupe two weeks after the regeneration burn. 
Lower right: stream flowing through an old-growth wet eucalypt forests (upper picture) and 
cotton strips incubating in fine sediment (lower picture). 
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5.1. Abstract 

Organic matter (OM) decomposition of coarse gravel and fine benthic 

sediment, along with water temperature, were assessed in four clearfell harvested 

and two undisturbed headwater streams flowing through Tasmanian wet eucalypt 

forest. Bacterial carbon production and cellulose decomposition (together referred 

to as OM decomposition throughout) were recorded seasonally 3–5 years before 

and 2–4 years after harvesting. A staircase design (staggered harvesting treatments) 

was employed to distinguish transient (natural variability) from harvesting effects. 

Clearfell harvesting altered the stream temperature regime, raising the yearly mean 

between 0.25 and 0.94°C, and raising the maximum between 0.84 and 1.6°C. The 

response in OM decomposition to clearfell harvesting differed between years and 

among benthic habitats. In coarse gravel habitat, there was a significant decrease in 

rates of cellulose decomposition in the 2nd and 4th year after harvesting, and a 

significant decrease in bacterial carbon production in the 3rd year after harvesting. 

However, I found a significant increase in rates of bacterial carbon production of 

fine sediment habitat in the 2nd and 4th year after harvesting. The contrasting 

response of OM decomposition between habitats suggests that habitat-specific 

changes are occurring after clearfell harvesting, such as physical substrate 

disturbance in coarse gravel but not fine sediment. My findings highlight the need 

for staircase study designs when assessing the impact of disturbance on ecological 

variables which are likely to show high spatial and temporal heterogeneity in their 

response. Without accounting for this variability it may be difficult to detect any 

response to a disturbance. 

5.2. Introduction 

The availability and decomposition of organic matter (OM) in freshwater 

streams is largely driven by  ecosystem processes associated with the activity of 

benthic heterotrophic aquatic fungi, bacteria, and algae (Gulis and Suberkropp, 

2003). For instance, the assimilation of dissolved organic carbon (DOC) by aquatic 



97 
 

heterotrophs represents one of the principal ways that OM is incorporated into the 

aquatic food web (Findlay and Sinsabaugh, 1999). The decomposition of terrestrially 

derived OM is particularly important in forested, headwater streams where it is the 

dominant source of energy for aquatic food webs (Young et al., 2008) and strongly 

influences particulate and dissolved OM fluxes to downstream aquatic and near-

shore coastal ecosystems (Peterson et al., 2001). Measurements of OM 

decomposition in headwater streams can thus provide important information about 

the functional integrity of the entire fluvial network (Tiegs et al., 2007; Young et al., 

2008). 

 Natural variation in the stream environment can alter OM decomposition. 

For example, OM decomposition can be influenced by surface water and sediment 

nutrient concentration (Gulis and Suberkropp, 2003; Clapcott and Barmuta, 2009; 

Gravelle et al., 2009), temperature (White et al., 1991; Menéndez et al., 2003; 

Clapcott and Barmuta, 2009), light availability (Lagrue et al., 2011), and autotrophic 

activity (Rees et al., 2005; Guillemette and del Giorgio, 2011). Seasonal variability in 

many of these variables can lead to different patterns of OM decomposition 

throughout the year. For example, during the winter months lower temperatures 

(Clapcott and Barmuta, 2009) and greater streams flows (Laćan et al., 2010) can 

reduce OM decomposition. However, anthropogenic disturbance can also alter 

stream environmental variables, such as benthic organic matter and discharge, 

which, in turn, can affect OM processing (Tuchman and King, 1993; Wipfli et al., 

2007; Woodcock and Huryn, 2007). 

Forest clearfell harvesting is one such anthropogenic disturbance that can 

cause large changes to the stream environment (Swank et al., 2001; Gravelle et al., 

2009) with implications for OM decomposition (McKie and Malmqvist, 2009; 

Clapcott and Barmuta, 2010; Lecerf and Richardson, 2010). It is critical that land 

managers understand the influence of forest harvesting on OM decomposition so 

that deleterious effects downstream, such as an altered energy supply, can be 
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mitigated. However, research on the impact of clearfell harvesting on OM 

decomposition in streams is conflicting. Previous research has found increased OM 

decomposition after harvesting (McKie and Malmqvist, 2009), while others found a 

decrease (Kreutzweiser et al., 2008; Lecerf and Richardson, 2010), or no difference 

(Kreutzweiser et al., 2010). These conflicting findings may be because small streams 

are structurally and functionally heterogeneous in space and time (Vannote et al., 

1980; Gooderham et al., 2007). Without accounting for this variability it is difficult to 

isolate effects caused by forest harvesting from natural variability (Walters et al., 

1988; Downes et al., 2002).  

Multiple before-after control-impact (MBACI) experiments are commonly 

recommended for the assessment of perturbations in streams because they account 

for spatial and temporal variability  between streams (Downes et al., 2002). 

However, standard MBACI designs have been criticised because they do not 

distinguish between deliberate treatment effects and transient effects due to 

natural changes (i.e. a time-treatment interaction) (Walters et al., 1988). For 

instance, the response of OM decomposition to forest harvesting may have 

previously been influenced by post-logging drought (Benfield et al., 2001; 

Kreutzweiser et al., 2010). To control for this time-treatment interaction, Walters et 

al. (1998) recommended that disturbances to treated locations be staggered over 

time, and termed these ‘staircase designs’. 

Clearfell, burn and sow (CBS) forestry represents a major disturbance to 

headwater streams flowing through the wet eucalypt forests of southern Tasmania 

(Figure 1.5). CBS is a form of forest harvesting that involves the felling of all trees 

from a specific area, the burning of this area to provide a receptive mineral 

seedbed, and the sowing of seed to ensure eucalypt regrowth (Hickey and 

Wilkinson, 1999; Forest Practices Board, 2000). There are no formal buffer strips, 

but a 10 m machinery exclusion zone (MEZ) is required around small headwater 

streams (Forest Practices Board, 2000). Despite this, the vegetation in the MEZ is 
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often scorched and killed during the regeneration burn (Clapcott and Barmuta, 

2010). Previous space-for-time surveys in these headwater streams identified that 

CBS forestry causes a short-term (<5 years) increase in bacterial and microbial OM 

decomposition, and that this was strongly associated with increased sediment 

temperature (Clapcott, 2007; Clapcott and Barmuta, 2010). This study builds on this 

previous research but uses an MBACI approach that includes staggered treatments 

in time (i.e. staircase analysis).  

Two complementary measures of OM processing were used:  bacterial 

carbon production (BCP) assessed the activity of benthic bacterial populations 

(Buesing and Gessner, 2003b), and cellulose decomposition potential measured the 

activity of benthic microbial populations (aquatic fungi, bacteria, and algae) 

(Boulton and Quinn, 2000). Based on previous research I expected that CBS forestry 

would increase the short-term (<4 years) rates of BCP and microbial cellulose 

decomposition, driven largely by elevated sediment temperature. This study 

represents the first replicated study with staggered treatments contrasting organic 

matter-related measures of ecosystem processes before and after clearfell forestry 

carried out under industry best practice. 

5.3. Methods 

5.3.1. Study region and streams 

The study was conducted in the Warra Long Term Ecological Research (LTER) 

Site (Neyland et al., 2000), which is situated within the Tasmanian Southern Ranges 

(TSR) bioregion, as described by the Interim Biogeographic Regionalisation for 

Australia (IBRA) (Thackway and Cresswell, 1995). The study region has a rugged 

topography and a temperate climate with a mean annual minimum and maximum 

temperatures of 5.4 and 13.7°C, respectively.  Mean annual rainfall exceeded 

1600mm during the study period (Table 5.1) (Bureau of Meteorology, 2012). The 

geology of the region is dominated by Permo-Triassic sediments and Jurassic basic 
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igneous rocks (dolerite) (Sharples, 1994; Laffan, 2001). Soils are well to moderately 

drained and are generally acidic with a pH range of 4-6 (Thackway and Cresswell, 

1995; Wells and Hickey, 1999).  

Table 5.1. The yearly mean, mean maximum, and mean minimum air temperature (°C) as well as the rainfall 

total (mm) for each year. Data sourced from the Warra weather station (Bureau of Meteorology, 2012). 

Hyphens denote missing data. 

Year Mean air 
temperature 
(°C) 

Mean minimum 
air temperature 
(°C) 

Mean maximum 
air temperature 
(°C) 

Rainfall 
total (mm) 

2004 - - - 1561 

2005 9.3 6.0 13.8 1760 
2006 8.3 4.7 13.1 1663 
2007 9.3 5.8 14.2 1625 

2008 6.6 5.0 13.5 1555 
2009 8.4 - 13.6 2044 

2010 9.0 5.3 14.0 1624 
2011 - - - - 

In January 2004, seven experimental small headwater streams were selected 

(Table 5.2; Figure 5.1). Four ‘treatment’ streams (Streams A, B, D, and E) were 

subjected to CBS forestry conducted under the provisions of the Tasmanian Forest 

Practices Code (Forest Practices Board, 2000). The forest coupes adjacent to 

streams A and B were harvested in March 2007 and burnt in April 2008, while the 

forest coupes adjacent to streams D and E were harvested in April 2009 and burnt in 

April 2010 (Table 5.2). The remaining three streams (Streams F, G and H) were left 

as controls (Table 5.2). Data collection ceased from stream G in 2009 because the 

stream was altered by road construction. All stream reaches were selected to 

comply with the following criteria to minimize among-stream variability: 1st order 

streams (catchment size <50 ha) in wet eucalypt forest dominated by Eucalyptus 

obliqua (L’Hér), located below 600 m above sea level, and on dolerite-sedimentary 

complex soils.  The areas of the catchments of the study streams could not be 

accurately determined due to the complex geology (old glacial scree deposits) of the 

region that results in sub-surface channels and flow across the topographic divide. 
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Figure 5.1. Map of the seven study streams in southern Tasmania labelled streams A, B, and D to H. Only 

higher order streams (> 4) and rivers are shown. 
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Table 5.2. Description of the seven study streams. The ranges of the water and sediment physiochemical characteristics are given where available. BD refers to 

concentrations below detection level for NH4 (0.002 mg N L
-1

), water TN (0.02 mg N L
-1

), SRP (0.002 mg N L
-1

), and water TP (0.005 mg N L
-1

). 

 A B D E F G H 

Coordinates at weirs 47 285°S, 152 
350°E 

47 274°S, 152 
351°E 

47 256°S, 152 
351°E 

47 245°S, 152 
351°E 

48 165°S, 152 
190°E 

48 158°S, 152 
191°E 

47 560°S, 152 
232°E 

Harvest month/year March/2007 March/2007 April/2009 April/2009 NA NA NA 
Burn month/year April/2008 April/2008 April/2010 April/2010 NA NA NA 
Altitude (m asl) 450 450 460 470 450 520 150 
Dominant aspect N N N N E E E 
Slope (°) (average) 0-24 (8.6) 0-45 (16.6) 0-28 (9.2) 2-80 (11.9) 1-50 (15.3) 2-61 (16.6) 1-31 (13.1) 
Mean daily flow (Q; L s

-1
) 2.10 1.79 2.17 1.80 1.73 2.63 1.90 

Base flow index (BFI) 0.357 0.327 0.506 0.358 0.221 0.405 0.154 
        
Water        
Temperature (°C) 5.7-13.4 3.7-13.5 6.2-9.7 5.4-12.4 4.2-12.2 2.8-14.1 5.2-13.1 
NH4 (mg N L

-1
) 0.003-0.006 0.003-0.006 0.003-0.012 0.003-0.004 0.003-0.009 0.003-0.009 BD-0.009 

NO3 (mg N L
-1

) 0.016-0.077 0.002-0.144 0.035-0.076 0.032-0.088 0.003-0.011 0.002-0.022 0.002-0.076 
TN (mg N L

-1
) BD-0.11 BD-0.18 0.049-0.14 BD-0.16 0.062-0.49 0.088-0.155 0.05-0.15 

DON (mg N L
-1

) 0.03 0.03 0.05 0.07 0.07 NA 0.03 
SRP (mg P L

-1
) BD-0.003 0.002-0.005 BD-0.003 BD-0.003 0.002-0.003 0.003-0.004 0.003-0.006 

TP (mg P L
-1

) BD-0.008 BD-0.009 BD-0.008 BD-0.013 BD-0.035 BD-0.012 BD-0.009 
DOC (mg C L

-1
) 1.0 2.8 1.5 1.7 4.9 NA 2.1 

        
Sediment         
Temperature (°C) 6.5-12.9 6.0-11.8 6.1-9.7 6.8-10.2 5.3-10.2 4.9-10.7 6.3-11.3 
TN (mg N kg

-1
) 350-1600 710-2800 500-4000 430-1000 280-3300 300-2200 530-2300 

TP (mg N kg
-1

) 73-220 94-300 77-740 100-240 210-610 180-400 76-190 
TOC (%) 0.6-3.0 1.1-6.0 0.9-6.9 0.7-3.0 0.3-9.5 0.6-5.0 0.1-5.5 
AFDM (%) 9.4-18.2 11.3-27.6 12.1-39.0 10.3-22.8 6.8-21.4 7.2-16.2 10.2-17.4 
Mean particle size (µm) 366-1152 382-935 495-1355 244-1175 202-1150 482-1033 566-1410 

  



103 
 

5.3.2. Field procedures 

5.3.2.1. Organic matter decomposition 

Cellulose decomposition potential (CDP) and BCP of coarse gravel and fine 

sediment habitat was assessed every three months (February, May, August, and 

November) between 2004 and 2011 using identical procedures to those employed 

previously by Clapcott and Barmuta (2009) in these streams. Coarse gravel habitat 

consists of gravely sediment (<5 mm) that is generally located in high flow areas of 

headwater streams, whereas fine sediment consists of well-sorted, depositional 

sediment (<2 mm) in more protected areas of streams. CDP of sediment was 

assessed using cotton strip assays (Boulton and Quinn, 2000). These were used 

instead of leaf-packs because their breakdown (i.e. OM decomposition) is not 

confounded by chemical variability in leaf age and/or species, thus providing a 

standardised measure of organic matter decomposition (Boulton and Quinn, 2000; 

Tiegs et al., 2007; Young et al., 2008). Unbleached cotton fabric (EMPA, Dübendorf, 

Switizerland) was used for all assays, and the method was fully described by 

Clapcott and Barmuta (2009). Briefly, ten cotton strips (35 × 60mm), held on plastic 

rulers with rubber bands, were placed in pairs just beneath the surface of the 

chosen habitat (either coarse gravel or fine depositional sediment) at the beginning 

of each sample period. After 28 days the rulers and strips were collected, gently 

rinsed and transported back to laboratory on ice. A set of cotton strips of varying 

widths were soaked in stream water for 1 hour and the processed in the same way 

as the other cotton strips for use as procedural controls (Clapcott and Barmuta, 

2009).  

BCP of coarse gravel and fine sediment was measured using the 

incorporation of C14-leucine into bacterial protein (Buesing and Gessner, 2003a). 

Field sampling was identical to that previously used by Clapcott and Barmuta (2009).  

On the same day that the cotton strips were retrieved, approximately 50 g of 
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sediment was randomly collected from the top 10 mm of the benthic surface along 

each reach and in each habitat, and placed in a 250 mL glass jar. The sediment was 

gently homogenized using a sterile metal spoon and then 0.5 mL aliquots were 

transferred into four plastic test tubes, one control and three replicates. Three 

drops of buffered formalin (0.1% w/v sodium pyrophosphate) was added to the 

control to inhibit microbial activity and 0.5 ml of C14-leucine was added to the 

control and the three replicates. The test tubes were sealed and then placed in 

stream water for incubation. After 60 mins, the test tubes were retrieved and the 

incubation was stopped with 1 ml of 50% TCA (trichloroacetic acid) and 8 ml of 

Milli-Q water. Test tubes were then stored on ice until transfer to the laboratory 

refrigerator. The remaining sediment samples were stored on ice in the dark and 

frozen upon return to the laboratory for later sub-sampling for chemical (total 

nutrients and carbon) and physical (AFDM) characteristics. 

5.3.2.2. Environmental variables 

In each stream, 90° v-notch weirs were constructed at the downstream end 

of each stream reach (Appendix 1) and continuous stage-height data recorded using 

Odyssey capacitance water level probes (Dataflow Systems, New Zealand). Rating 

curves for each weir were established with manual measurements of water level at 

least every 3 months, and the River Analysis Package (Marsh et al., 2003) was used 

to generate mean daily flow (l s-1) and base flow index (BFI). Water temperature was 

recorded at 10 min intervals using iButton© temperature loggers (OnSolution, 

Sydney, Australia). Fine sediment temperature was recorded using iButton© 

temperature loggers, placed just beneath the sediment surface, at 10 min intervals 

during the cotton strip incubations. Stream water was collected intermittently (1 to 

4 times per year) for analysis of ambient concentrations of ammonium (NH4), nitrate 

(NO3), total nitrogen (TN), total dissolved nitrogen (TDN), soluble reactive 

phosphorus (SRP), and total phosphorus (TP). Samples were transferred into pre-

cleaned 50mL Sarstedt® PP reagent tubes, stored on ice and refrigerated upon 
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return to the laboratory. Samples for dissolved nutrients were filtered in the field 

using Millex® HN nylon membrane filters (0.45 µm; Merck Millipore, Billerica, USA).  

5.3.3. Laboratory procedures 

Cotton strips were first air dried and the number of cotton threads 

remaining was recorded. The tensile strength of each cotton strip was measured 

using a tensiometer (University of Tasmania; Figure 5.2) constructed from digital 

ElectroSamson hand held scales (Brecknell, Fairmont, USA). Cotton tensile strength 

(kg) was recorded as the initial breaking point of each strip and the results recorded 

as the cotton tensile force ratio (CTFR) by dividing the cotton tensile strength of 

incubated strips with that of procedural controls. Force ratio values closer to one 

represent less cellulose decomposition than values closer to zero. Previous studies 

(Clapcott and Barmuta, 2009; Clapcott and Barmuta, 2010) have represented CDP as 

arithmetic difference between incubated and control strips, termed cotton tensile 

strength loss (CTSL; kg). However, CTFR was better behaved statistically and has an 

intuitive interpretation as the proportion of tensile strength remaining after 

incubation. 

 

Figure 5.2. Photograph of the tensiometer used to measure the tensile strength of cotton strips. 
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The extraction of bacterial protein followed Buesing and Gessner (2003b) as 

modified by Clapcott and Barmuta (2009). Samples were washed four times in 5% 

TCA, 40 mM leucine, 80% ethanol, and nanopure water, filtered, and centrifuged 

before being incubated in 1 mL of alkaline solution for 60 min at 90°C.  Upon 

completion of protein extraction, a 0.1 mL aliquot of the remaining sample was 

transferred to 2.5 ml of EcoLite™ scintillation fluid (MP Biomedicals, Santa Ana, USA) 

and allowed to rest overnight. Radioactivity was then measured on a Beckman 

LS6500 scintillation counter (Beckman Coulter, Indianapolis, USA) and the moles of 

exogenous leucine incorporated into bacterial protein            was used to 

calculate BCP (mg C m-2 d-1) using the following formula (Clapcott and Barmuta, 

2009): 

         
   

   
              

where 100/7.3 is the mol percentage of leucine in protein, 131.2 is the 

molecular weight of leucine, 1 is a theoretical isotope dilution of leucine (Marxsen, 

1996; Fischer and Pusch, 1999; Buesing and Gessner, 2003b), and 0.86 is the ratio of 

cellular carbon to protein. 

Stream water TN (mg N l-1), NH4 (mg N l-1), NO3 (mg N l-1), TDN (mg N l-1), SRP 

(mg P l-1), and TP (mg P l-1) were analysed using standard colorimetric methods 

(APHA, 2005). TOC (%) in sediment samples was determined by NEPC Method 105 

(National Environment Protection Council, 1999), while TN (mg N kg 1) and TP (mg P 

kg 1) were analysed by NEPC Method 202 (National Environment Protection Council, 

1999). Ash free dry mass (AFDM) of the sediment samples was determined by 

drying a sub-sample (5–10 mg) at 60 °C for 48 hours, ashed for 4 hours at 550 °C, 

then re-wetted and dried at 60 °C for a further 48 hours. AFDM was calculated by 

subtracting the re-wetted from the dried sample weight. 
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5.3.4. Data analysis 

5.3.4.1. Data preparation 

There were gaps over the seven years in sediment temperature, water 

temperature, and discharge data mostly due to failures or losses of loggers. Missing 

discharge data were estimated using the multiple linear regression function in the 

River Analysis Package (Marsh et al., 2003) using data from nearby streams with a 

similar disturbance history. Differences in discharge were not assessed in this study. 

Throughout the entire sampling period (2004 to 2011), there were 34 OM sampling 

occasions with missing sediment temperatures. I estimated the sediment 

temperatures of 24 of these occasions using the coefficients from regressions 

between sediment and water temperature because they were significantly and very 

strongly related (R2 > 0.90, P < 2 × 10-16 for all streams). There were no 

corresponding water temperatures for the remaining 12 sampling occasions; for 

these I estimated sediment temperature using periodic regression of sediment 

temperature on time within each site (Shumway and Stoffer, 2011) (Appendix 2). 

5.3.4.2. Assessing the response of temperature and OM decomposition 

to CBS forestry 

To determine whether there was a significant change in water temperature 

and OM decomposition after CBS forestry, I followed a sequence of decisions and 

tests summarised in (Figure 5.3). First, to ensure that the sites varied synchronously 

before CBS harvesting, I conducted two-way ANOVAs (stream × year) using pre-

harvesting data. The stream × year interactions for all ANOVA tests were not 

significant (all P > 0.4) which indicated that the changes in the response variables 

through time were consistent across all the sites (Downes et al., 2002).   

Linear mixed-effects models (LMMs) were used to account for the hierarchical 

structure of the sampling design, which had streams nested within treatments and 

repeated observations nested within years (Pinheiro and Bates, 2000). I used a 

staircase design (Walters et al., 1988) with LMMs to contrast patterns of water 
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temperature, BCP, and CTFR before and after CBS forestry in control and impact 

streams (Figure 5.3). A staircase design controls for time × treatment interactions 

and allows for time since treatment effects (i.e. response of OM decomposition in 

years since CBS forestry) to be isolated from site and/or year effects (Walters et al., 

1988). Staggered treatments in time are required in a staircase design, with 

measurements for a minimum of one year before treatment in all streams, and a 

minimum of one untreated control stream monitored for the entire duration of the 

study (Walters et al., 1988).  

In this study, streams F and H were the untreated control streams, and the 

treated streams (Streams A, B, D, and E) had three to five years of data collection 

before CBS forestry (Table 5.3). The response to CBS forestry was initially assessed 

from the first period after the burning for each forest coupe because for streams A 

and B there was no data collected between the harvesting (March 2007) and 

burning period (April 2008) owing to occupational health and safety reasons. Values 

for BCP and CSFR were averaged for each combination of stream, habitat and 

sampling occasion, and the staircase analyses used average values for each year. I 

fitted separate models for each habitat type (coarse gravel, fine sediment) for the 

BCP and CSFR data. Sediment temperature was included as a covariate for initial 

models of BCP and CSFR in the LMMs because previous research in this region 

identified them as important correlates of OM decomposition (Clapcott, 2007; 

Clapcott and Barmuta, 2009). If sediment temperature did not significantly improve 

the fit of preliminary models estimating the response of OM decomposition to CBS 

forestry it was not included in the final models. 
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Table 5.3. The sampling design for cotton strip assays and BCP in the six study streams. Sampling years before 

CBS forestry are labelled ‘NH’ and sampling years after CBS forestry are labelled ‘Rk’ where k represents years 

since harvesting and burning (highlighted in grey). Sampling dates falling in the period between harvesting 

and burning of the forest coupe are labelled ‘CBS’. 

 Year 

Stream 2004 2005 2006 2007 2008 2009 2010 2011 

A NH NH NH CBS R1 R2 R3 R4 
B NH NH NH CBS R1 R2 R3 R4 
D NH NH NH NH NH CBS R1 R2 
E NH NH NH NH NH CBS R1 R2 
F NH NH NH NH NH NH NH NH 
H NH NH NH NH NH NH NH NH 
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Figure 5.3. Flow chart showing the decisions and sequence of tests used to assess whether there was evidence for a significant change in OM decomposition after clearfell, 

burn, and sow (CBS) operations. 
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The response variable (either BCP or CSFR)     for stream    in year t was 

analysed using the following linear mixed model: 

       
    

                       

         
            

               

where   
     –     is the estimated mean value of the response variable in the 

absence of CBS forestry;   
          is the estimated year effect shared by all 

streams independent of whether or not they were subject to CBS forestry;     is the 

effect of CBS forestry in stream i in year t;     is the mean sediment temperature 

experienced before sampling; and     is the within-stream error assumed 

independent for different i, t and independent of the random effects. The random 

effects           are assumed independent with zero means and variances   
    

  

and    respectively, and these assumptions were checked using standard 

procedures (Pinheiro and Bates, 2000). The coefficients for each fixed effect were 

tested for significant deviations from 0, with the coefficients for the     providing 

the test for differences between controls and CBS streams t years after CBS 

operations. Positive coefficients indicate the response was elevated relative to 

controls, negative values indicated declines. As noted by Walters et al. (1988) tests 

for the last two years are less powerful than for the first two years because fewer 

streams were available to estimate those coefficients. 

Water temperatures showed strong seasonal variation and so periodic terms 

(cosine and sine of the proportion of the year expressed in radians) were included in 

LMMs. Water temperature data were summarized as the mean, minimum, and 

maximum temperatures for each calendar day of the year. The water temperature 

     for stream   at proportional time of the year     in year t was analysed using the 

following linear mixed model with the trigonometric terms included to fit the 

periodic trends in temperature: 
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where   
     –     is the estimated mean response of the water temperature in the 

absence of CBS forestry;   
          is the estimated year effect shared by all 

streams independent of whether or not they were subject to CBS forestry;     is the 

effect of CBS forestry in stream i at year t; and      is the within-stream error 

assumed independent for different i, j, t and independent of the random effects. 

The coefficients       , and    are fixed effects, and the random effects         are 

assumed independent with variances   
  and   

  respectively. 

All analyses were carried out in R version 2.12.2 (R Development Core Team, 

2011) using package ‘lme4’ (Bates et al., 2011). Parameter estimates for the fixed 

effects were based on the design matrix (Appendix 3) which followed that specified 

by Walters et al. (1988) (see also Ridgway et al., 2012), and fixed effects were tested 

by computing 95% highest posterior density (HPD) intervals for coefficients using 

10000 MCMC (Markov Chain Monte Carlo) samples following procedures outlined 

by Faraway (2002).  

The staircase analyses for BCP and CSFR treated the first sampling time after 

the burning of the forest coupe adjacent to each stream as the beginning of the 

response period. However, changed safety procedures enabled data to be collected 

from streams D and E in the period between harvesting (April 2009) and burning 

(April 2010). I therefore assessed the impact of harvesting before burning for 

streams D and E using a standard multiple before-after control-impact (MBACI) 

model because there was only one treatment period (Table 5.4; Figure 5.3) (Downes 

et al., 2002). I fitted separate LMMs models for each substrate type (coarse gravel, 

fine sediment) for the BCP and CSFR data. Sediment temperature was also included 

as a covariate in the LMMs. The fixed effects for the LMMs for the OM 

decomposition variables were the periods Before-After CBS forestry (2 levels), the 
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Control-Impact treatments (2 levels), sediment temperature as a covariate, and 

subsequent interactions between all these. Random effects were individual streams 

nested within treatments, and the proportion of the year. A significant interaction 

between Control-Impact treatments and Before-After times would signify a change 

in OM decomposition in the period immediately after harvest, but before burning 

(Downes et al., 2002). 

Table 5.4. The MBACI sampling design for cotton strip assays and BCP in four study streams to determine 

whether there is a response of OM decomposition in the period immediately after harvest, but before 

burning. Sampling years before CBS harvesting are labelled ‘NH’ and sampling years after CBS harvesting are 

labelled ‘CBS’. 

 Year 

Stream 2004 2005 2006 2007 2008 2009 

D NH NH NH NH NH CBS 
E NH NH NH NH NH CBS 
F NH NH NH NH NH NH 
H NH NH NH NH NH NH 

5.4. Results 

5.4.1. Stream environmental characteristics 

All seven streams displayed similar hydrographs during the study period with 

greater peak flows during winter (Figure 5.4). The average base flow index for the 

study streams ranged from 0.15 to 0.50 (Table 5.2), with streams F and H being the 

most ‘flashy’, and stream D having the most consistent base flow. Water 

temperature displayed a strong seasonal pattern (Figure 5.5), although the average 

diurnal and yearly range in water temperature for all streams was only 0.43°C and 

7.3°C, respectively. Concentrations of dissolved, organic, and total nutrients did not 

vary greatly between streams (Table 5.2), and were often below the detection limit 

of 0.002 mg L-1. Likewise, concentrations of sediment total nutrients, % TOC, AFDM, 

and mean particle size were broadly similar between streams (Table 5.2). 
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Figure 5.4. Average daily stream discharges (Q; L sec
-1

) for each of the seven study streams between 2004 and 

2012. Gaps in the data exist were data could not be estimated with linear regression due to failure of water 

level loggers. 
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Figure 5.5. Average daily stream temperatures (°C) for each of the seven study streams between 2004 and 

2012. Gaps in the data exist due to failure of temperature loggers. Vertical lines represent the harvest (red) 

and burn (brown) dates for harvested streams. 
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5.4.2. Temperature response to CBS forestry 

Mean water temperature generally increased between 0.25 and 0.94 °C with 

each successive year after CBS forestry (Table 5.5). The third and fourth year 

resulted in a significant increase in mean water temperature (Table 5.5). The 

maximum water temperature significantly increased (between 0.84 and 1.6 °C) in 

every year after CBS operations (Table 5.6), but there was no significant change in 

minimum water temperature (Table 5.7). 

Table 5.5. Summary of the sine and cosine, year, and effects coefficients predicting mean yearly water 

temperature after CBS forestry. Effects of CBS forestry are labelled Rk where k is the response period in years. 

Parameter Coefficient  Lower 95% Upper 95% P 

Sine 0.991   0.808 1.18  <0.001 
Cosine 1.36   1.03  1.68  <0.001 
2005  8.38   7.91  8.84  <0.001 
2006  7.83   7.35  8.30  <0.001 
2007  8.38   7.89  8.89  <0.001 
2008  7.92   7.39  8.51  <0.001 
2009  7.57   6.80  8.32  <0.001 
2010  8.56   7.95  9.18  <0.001 
2011  8.06   7.38  8.70  <0.001 
R1  0.248  -0.497  0.987  0.535  
R2  0.398  -0.385  1.18  0.330  
R3  0.886   0.0338  1.61  0.0300  
R4  0.938   0.0653  1.77  0.0342  
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Table 5.6. Summary of the sine and cosine, year, and effects coefficients predicting mean maximum water 

temperature for each year after CBS forestry. Effects of CBS forestry are labelled Rk where k is the response 

period in years. 

Parameter Coefficient  Lower 95% Upper 95% P 

Sine  1.00  0.818  1.21  <0.001 
Cosine 1.48  1.14  1.84  <0.001 
2005  8.51  7.99  8.99  <0.001 
2006  8.03  7.54  8.54  <0.001 
2007  8.61  8.07  9.15  <0.001 
2008  7.96  7.41  8.62  <0.001 
2009  7.76  6.98  8.58  <0.001 
2010  8.61  8.02  9.29  <0.001 
2011  8.15  7.48  8.88  <0.001 
R1  0.842  0.008  1.56  0.0448  
R2  1.05  0.154  1.81  0.0162  
R3  1.55  0.698  2.34  0.0006  
R4  1.34  0.400  2.20  0.0054  
 

Table 5.7. Summary of the sine and cosine, year, and effects coefficients predicting mean minimum water 

temperature for each year after CBS forestry. Effects of CBS forestry are labelled Rk where k is the response 

period in years. 

Parameter Coefficient  Lower 95% Upper 95% P 

Sine 0.994  0.806  1.18  <0.001 
Cosine 1.29  0.957  1.66  <0.001 
2005  8.27  7.79  8.75  <0.001 
2006  7.74  7.28  8.22  <0.001 
2007  8.27  7.77  8.80  <0.001 
2008  7.89  7.32  8.47  <0.001 
2009  7.41  6.57  8.15  <0.001 
2010  8.42  7.82  9.03  <0.001 
2011  7.95  7.28  8.61  <0.001 
R1  -0.0675  -0.867  0.670  0.829  
R2  -0.0648  -0.902  0.755  0.894  
R3  0.602  -0.241  1.36  0.168  
R4  0.558  -0.281  1.47  0.213  
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5.4.3. Response of cotton strip decomposition to CBS forestry 

The average CSFR varied from 0.32 to 0.96 (interquartile range: 0.67 to 0.86) 

in coarse gravel sediment (Figure 5.6) and 0.38 to 0.98 (interquartile range: 0.72 to 

0.85) in fine sediment (Figure 5.7). The response in cotton strip decomposition to 

CBS forestry differed between benthic habitats. In coarse gravel sediment there was 

evidence for a decrease (i.e. an increase in CSFR) in cellulose decomposition due to 

CBS forestry (Table 5.8). However, this negative effect was not apparent until the 

second year after burning (R2 in Table 5.8), with the effect weakening in the third 

year but becoming stronger in the fourth year. In contrast, there were no detectable 

effects of CBS forestry in fine sediments (Table 5.9).  

The collection of CTFR data for streams D and E in the period between 

harvesting (April 2009) and burning (April 2010) allowed the short-term (1 year) 

assessment of the impact of tree removal before burning. There was, however, no 

detectable effect of harvesting on cotton strip decomposition in this short period 

before burning in coarse gravel and fine sediment habitat (BA × CI P-values > 0.3). 

When pooled across all streams and times, cotton strip decomposition was not 

correlated with sediment temperature in coarse gravel (R2 = 0.007, P = 0.3) or fine 

sediment (R2 = 0.003, P = 0.5) (Figure 5.8).  
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Figure 5.6. Average cotton strip force ratio (CSFR) in coarse gravel sediment for each of the seven study 

streams in each sampling occasion between 2004 and 2012. Vertical lines represent the harvest (red) and burn 

(brown) dates for impacted streams. CSFR sampling dates not subject to harvesting are represented by a solid 

circle (control; c) and those after harvesting are represented by a different symbol for each year after CBS 

forestry. 
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Figure 5.7. Average cotton strip force ratio (CSFR) in fine sediment for each of the seven study streams in each 

sampling occasion between 2004 and 2012. Vertical lines represent the harvest (red) and burn (brown) dates 

for impacted streams. CSFR sampling dates subject to no harvesting are represented by a solid circle and 

those after harvesting are represented by a different symbol for each year after CBS forestry. 
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Table 5.8. Summary of the coefficients predicting the ratio (CSFR) of cotton tensile strength between control 

and treated cotton strips in coarse gravel sediment. Effects of CBS forestry are labelled Rk where k is the 

response period in years. 

Parameter Coefficient   Lower 95%  Upper 95% P 

  2004    0.742    0.640   0.839  <0.001 
  2005    0.736    0.636   0.847  <0.001 
  2006    0.751    0.644   0.851  <0.001 
  2007    0.805    0.696   0.905  <0.001 
  2008    0.594    0.498   0.702  <0.001 
  2009    0.707    0.600   0.817  <0.001 
  2010    0.756    0.641   0.866  <0.001 
  2011    0.731    0.616   0.852  <0.001 
  R1   -0.022   -0.104   0.0702  0.734  
  R2    0.110    0.0260   0.194  0.0092  
  R3    0.088   -0.0267   0.186  0.125  
  R4    0.163    0.0468   0.276  0.0066  

 

Table 5.9. Summary of the coefficients predicting the ratio (CSFR) of cotton tensile strength between control 

and treated cotton strips in fine sediment. Effects of CBS forestry are labelled Rk where k is the response 

period in years. 

Parameter Coefficient   Lower 95%  Upper 95% P 

  2004    0.743    0.654   0.833  <0.001 
  2005    0.779    0.686   0.879  <0.001 
  2006    0.774    0.674   0.868  <0.001 
  2007    0.825    0.734   0.922  <0.001 
  2008    0.664    0.567   0.754  <0.001 
  2009    0.772    0.672   0.865  <0.001 
  2010    0.835    0.735   0.934  <0.001 
  2011    0.880    0.773   0.984  <0.001 
  R1   -0.0733   -0.139   0.0133  0.107  
  R2   -0.0246   -0.0967   0.0429  0.486  
  R3   -0.0160   -0.104   0.0816  0.844  
  R4   -0.0636   -0.160   0.0408  0.211  
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Figure 5.8. The linear relationship between benthic cotton strip force ratio and sediment temperature in a) 

fine sediment and b) coarse gravel habitat. A line of best fit is overlaid (solid blue line). 

5.4.4. Response of bacterial carbon production to CBS forestry 

The average BCP varied from 59.0 to 586 mg C m-2 d-1  (interquartile range: 

206 to 391 mg C m-2 d-1) in coarse gravel sediment (Figure 5.9) and 60.2 to 717 mg C 

m-2 d-1  (interquartile range: 260 to 448 mg C m-2 d-1) in fine sediment (Figure 5.10). 

The response in bacterial carbon production to CBS forestry showed opposite 

effects between fine and coarse gravel habitats. In coarse gravel, the effect of CBS 

forestry on BCP was negative, but not apparent until the third year, with this 

negative response weakening in the fourth year (Table 5.10; Figure 5.9). In contrast, 

there was a positive response in BCP in fine sediment although this was apparent 

only in the second and fourth years after CBS forestry (Table 5.11; Figure 5.10). 

Analysis of BCP data for streams D and E in the year after harvesting (April 

2009) but before burning (April 2010) revealed that BCP was not significantly 

affected in this short period before burning in coarse gravel and fine sediment 

habitat (BA: CI P-values > 0.4). BCP in both stream habitats was weakly correlated 
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with sediment temperature (Figure 5.11), but the correlation was stronger in coarse 

gravel (R2 = 0.15, P < 0.001) than fine sediment habitat (R2 = 0.04, P= 0.01).  

 

Figure 5.9. Average BCP in coarse gravel sediment for each of the seven study streams in each sampling 

occasion between 2004 and 2012. Vertical lines represent the harvest (red) and burn (brown) dates for 

impacted streams. BCP sampling dates subject to no harvesting are represented by a solid circle and those 

after harvesting are represented by a different symbol for each year after CBS forestry. 
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Figure 5.10. Average BCP in fine sediment for each of the seven study streams in each sampling occasion 

between 2004 and 2012. Vertical lines represent the harvest (red) and burn (brown) dates for impacted 

streams. BCP sampling dates subject to no harvesting are represented by a solid circle and those after 

harvesting are represented by a different symbol for each year after CBS forestry. 
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Table 5.10. Summary of the coefficients predicting rates of bacterial carbon production in coarse gravel 

sediment. Effects of CBS forestry are labelled Rk where k is the response period in years. 

Parameter  Coefficient   Lower 95%  Upper 95% P 

  2004   250    169   329  <0.001 
  2005   305    229   398  <0.001 
  2006   326    240   412  <0.001 
  2007   355    268   442  <0.001 
  2008   154     70.5   255  0.008 
  2009   242    146   335  <0.001 
  2010   385    289   471  <0.001 
  2011   364    279   463  <0.001 
  R1    38.3    -52.1   101  0.466  
  R2     8.84    -69.5    83.2  0.828  
  R3   -94.4   -192   -15.9  0.018  
  R4   -84.8   -178    18.7  0.092  
  Temperature (°C)    17.1     11.5    37.3  0.004  

 

Table 5.11. Summary of the coefficients predicting rates of bacterial carbon production in fine sediment. 

Effects of CBS forestry are labelled Rk where k is the response period in years. 

Parameter  Coefficient  Lower 95%  Upper 95% P 

  2004   365   277  466 <0.001 
  2005   398   287   497  <0.001 

  2006   416   309   526  <0.001 
  2007   423   321   534  <0.001 

  2008   173    49.1   296  0.012  
  2009   236   123   360  0.002  

  2010   354   229   464  0.002  
  2011   310   203   445  <0.001 

  R1    34.9   -70.8   136  0.502  
  R2   133    21.7   224  0.018  

  R3    68.4   -42.0   195  0.244  
  R4   156    19.8   277  0.018  
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Figure 5.11. The linear relationship between benthic bacterial carbon production (BCP; mg C m
-2

 d
-1

) and 

sediment temperature in a) fine sediment and b) coarse gravel habitat. A line of best fit is overlaid (solid blue 

line). 

5.5. Discussion 

5.5.1. Elevated water temperature after CBS forestry 

In the first 4 years after harvest, CBS forestry raised daily mean and 

maximum water temperatures, with the magnitudes of the changes similar to those 

found in other temperate forested headwater streams impacted by clearfell 

harvesting (Johnson and Jones, 2000; Moore et al., 2005; Gomi et al., 2006b). These 

changes are likely a direct consequence of the large reduction in stream canopy 

cover after CBS forestry (Clapcott and Barmuta, 2010) because decreased shading 

and increased solar radiation to the stream channel are key mechanisms elevating 

stream temperature after clearfelling (Johnson and Jones, 2000; Groom et al., 

2011). Interestingly, increases in mean water temperature were not significant in 

the first and second year after CBS forestry. It is possible that the large amounts of 

logging slash (i.e. leaves, branches, bark, and wood) put into the stream channel 

during CBS operations (see Chapter 2) moderated any immediate temperature 
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increases by shading the stream (Jackson et al., 2001; Janisch et al., 2012). However, 

by the third year after CBS operations much of the smaller logging slash (i.e. leaves, 

braches, and bark) may have been transported downstream because CBS-affected 

headwater streams retain less fine material than old-growth streams (Watson and 

Barmuta, 2010). The reduced covering of finer material could have increased the 

amount of light reaching the stream surface, subsequently elevating the water 

temperature. 

5.5.2. Contrasting response of OM decomposition to CBS forestry 

The response of OM decomposition to CBS forestry differed between years 

and among benthic habitats. Benthic habitats in small, headwater streams are 

strongly influenced by external factors (such as sediment transport and deposition) 

and consequently their distribution and characteristics are highly heterogeneous 

over space and time (Vannote et al., 1980; Gooderham et al., 2007; Clapcott and 

Barmuta, 2009). Therefore, it is not surprising that the response of OM 

decomposition to CBS forestry was also heterogeneous in space and time.  

Generally, there was either a modest reduction or no change in OM 

processing in the four years after harvesting, with only BCP in fine sediments 

displaying a significant increase in the third year after harvesting. Research in similar 

sized streams in Canadian boreal forests also found no effect of clearcutting on 

microbial decomposition of OM (Kreutzweiser et al., 2008; Kreutzweiser et al., 

2010): although harvesting practices is this region had substantially larger riparian 

buffers (Table 5.12). The findings in my study are, however, opposite to the 

expectations generated from previous space-for-time surveys in these streams 

which found greater BCP and CTFR in coarse gravel and fine sediments less than five 

years after CBS forestry (Clapcott, 2007; Clapcott and Barmuta, 2010). These 

contrasting findings may be because, unlike the MBACI study, the space-for-time 

surveys did not account for the spatial and temporal heterogeneity that exists in 

these streams. For instance, this MBACI study showed that the variability in CTFR 
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after CBS forestry in fine sediments was no different from that prior to operations 

(Table 5.9). However, space-for-time surveys do not account for this temporal 

variability, and therefore any observed response cannot be solely attributed to the 

disturbance itself but also to variation that occurs naturally (Downes et al., 2002). 

Greater OM decomposition was expected after CBS operations because of 

elevated stream temperatures which have  previously been found to increase the 

activity of benthic bacteria, fungi and invertebrates (González and Graça, 2003; 

Dang et al., 2009; Clapcott and Barmuta, 2010; Ferreira and Chauvet, 2011a). 

Surprisingly, stream temperature in this study was not related to cotton strip 

decomposition and was only weakly correlated with rates of BCP in coarse gravel 

sediment (Figure 5.8; Figure 5.11). While temperature is commonly viewed as a 

major factor influencing ecosystem processes in streams (Bergfur et al., 2007; Young 

et al., 2008), the average water temperature range in this study (diurnal range = 

0.43°C and yearly range = 7.3°C) was much narrower than most studies that 

document the importance of temperature (González and Graça, 2003; Dang et al., 

2009; Ferreira and Chauvet, 2011a). Furthermore, several studies have 

demonstrated that variations in other environmental variables (e.g. stream flow, 

dissolved nutrients and seasonality in OM inputs) are better correlated with rates of 

OM decomposition than water temperature at both local (Benstead and Huryn, 

2011; Pozo et al., 2011) and regional scales (Pérez et al., 2011). The source of DOM 

may have been more influential in determining OM decomposition than water 

temperature in the study streams, because variation in DOM source was shown in 

Chapter 4 to better describe rates of BCP than variation in water temperature. 
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Table 5.12. Comparison of the response of OM decomposition to clearfelling for this research and other studies. Only the findings of studies assessing OM decomposition by 

bacteria, fungi, and algae (i.e. fine mesh leaf litter bags) are presented. 

Reference Location Forest type Stream 
order 

Buffer size (m) Measure of OM 
decomposition 

Habitat Effect of 
clearfelling 

This paper Southeast 
Tasmania 

Wet eucalypt  1 10 m MEZ* Bacterial carbon production Fine sediment Increase 

This paper Southeast 
Tasmania 

Wet eucalypt  1 10 m MEZ* Microbial - cotton tensile 
strength loss  

Fine sediment None 

This paper Southeast 
Tasmania 

Wet eucalypt  1 10 m MEZ* Bacterial carbon production Coarse gravel 
sediment 

Decrease 

This paper Southeast 
Tasmania 

Wet eucalypt  1 10 m MEZ* Microbial - cotton tensile 
strength loss  

Coarse gravel 
sediment 

Decrease 

Clapcott et al (2007) Southeast 
Tasmania 

Wet eucalypt  1 10 m MEZ* Bacterial carbon production Fine and coarse 
gravel sediment 

Increase 

Clapcott & Barmuta (2010) Southeast 
Tasmania 

Wet eucalypt  1 10 m MEZ* Microbial - cotton tensile 
strength loss (CTSL) 

Fine and coarse 
gravel sediment 

Increase 

McKie & Malmqvist (2009) Northern 
Sweden 

Mixed boreal  1 or 2 None Microbial - Fine mesh leaf 
litter bags 

Water column Increase 

Kreutzweiser et al (2008) Ontario, 
Canada 

Mixed boreal 1 to 4 30 - 90 Microbial - Fine mesh leaf 
litter bags 

Water column None 

Kreutzweiser et al (2010) Ontario, 
Canada 

Mixed boreal 1 to 3 30 – 100 (with 50 % 
harvesting) 

Microbial - Fine mesh leaf 
litter bags 

Water column None 

 

*10 m machinery exclusion zone (MEZ) applied to small, headwater streams harvested by CBS in Tasmania (Forest Practices Board, 2000). 
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An important question that remains is: why did OM decomposition decrease 

in coarse gravel habitats but show some evidence for an increase in fine sediment 

habitats after CBS forestry?  This differential response between the two habitats 

could be due to differences in physical disturbance between the habitats. For 

instance, increased flow in agriculturally impacted streams in Brazil reduced benthic 

microbial biomass and community respiration in the central channel, but not in 

along the flow-protected margins of the channel (Gücker et al., 2009).  It is 

suggested that the reduced OM decomposition in coarse gravel habitat was due to 

scouring and abrading resulting from greater peak flows and particulate organic 

matter (POM) transport after clearfelling (Jones and Grant, 1996; Jones, 2000; 

Abdelnour et al., 2011). Elsewhere, physical habitat disturbance has been shown to 

inhibit development of bacterial and microbial populations on surficial sediments 

(Lake, 2000; Atkinson et al., 2008; Gücker et al., 2009; O'Connor et al., 2012), and 

these disturbances can slow organic matter processing (Entrekin et al., 2008). 

Aquatic fungi are especially sensitive to intermittent flow and high flow events 

because these fungi are thin-walled and delicate (Bruder et al., 2011). On the other 

hand, fine sediment habitats are less exposed to physical scour and abrasion 

because fine sediments accumulate at slow flowing, protected sections of stream 

reaches (Clapcott, 2007; Clapcott and Barmuta, 2009).  

5.5.3. Cotton strips and BCP assays as reach-scale bio-indicators of 

stream perturbation 

When assessing the functional response of ecosystems to anthropogenic 

disturbance it is necessary to choose functional measures that are most likely to 

respond to the stressor(s) of interest in each stream (Young and Collier, 2009), and it 

is preferable to use an array of functional measures that provide a comprehensive 

assessment of stream function (Gessner and Chauvet, 2002). Consequently, I 

recommended that both BCP and CTFR be used for future reach-scale monitoring of 

forested stream disturbances for two reasons. First, using BCP and CTFR in tandem 

enabled this study to assess a broader spectrum of stream ecosystem processes 
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than if only one measures was used: BCP assess the activity of bacterial populations 

specifically and CTFR assesses the cellulose decomposition by aquatic fungi, 

bacteria, and algae. Second, both measures were differentially responsive to 

disturbance and between benthic habitats. Therefore, these results support the 

notion of Gessner and Chauvet (2002) that multiple functional measures should be 

used when assessing the functional response of a stream to disturbance. 

5.5.4. Catchment implications 

The drainage geometry of streams means that increased water temperature 

after CBS forestry in the headwaters may have downstream implications (Vannote 

et al., 1980) because there is the potential for warmer water temperatures to 

increase downstream (Moore et al., 2005). For example, upstream forestry 

operations in Oregon increased downstream maximum and minimum water 

temperatures by 6 and 2°C, respectively (Beschta and Taylor, 1988). Whilst modest 

water temperature increases (1 to 3°C) can increase invertebrate growth rates 

(Hogg and Williams, 1996), more extreme temperatures can be lethal to vertebrate 

(Thomas et al., 1986) and invertebrate species (Ward and Stanford, 1982; Sweeney 

et al., 1986) and have consequences for species composition and distribution 

(Vannote and Sweeney, 1980). However, higher stream temperatures are usually 

beneficial to microbial populations which are generally more productive under 

warmer conditions (Rajashekhar and Kaveriappa, 2000; Ferreira and Chauvet, 

2011b; Ferreira and Chauvet, 2011a).  

Temperature changes downstream of clearfelled reaches can, however, be 

variable, stream-specific, and depend on factors such as groundwater or tributary 

inflows and the thermal regimes of downstream reaches (Zwieniecki and Newton, 

1999; Story et al., 2003; Moore et al., 2005). For example, research on the 

downstream cooling of two harvested streams in central British Columbia showed 

that the magnitude of cooling was stream-specific and depended on the degree of 

stream-groundwater interaction and response to rainfall events (Story et al., 2003). 
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Variability in the shading of downstream reaches may also contribute to 

temperature changes. For example, research on five 2nd order Australian streams 

showed that large changes in riparian cover (40 to 70%) over just 600m of channel 

led to 4°C increases in stream temperature (Rutherford et al., 2004). Clearly, 

building predictive models for downstream changes in thermal regimes will require 

better, stream- and catchment-specific information on groundwater and tributary 

inflows as well as calibrated modelling of riparian shading. 

Similarly, alterations to OM decomposition in headwaters may also have 

implications for downstream ecosystems, but the potentially differential responses 

between headwater habitats may inhibit attempts to predict quantitatively these 

cumulative effects. For instance, reduced OM decomposition in coarse gravel 

habitat may lead to an increased export downstream of unprocessed CPOM, 

especially given that CBS-affected reaches retain less CPOM than undisturbed 

streams (Watson and Barmuta, 2010).  This may have negative consequences for 

the abundance and diversity of aquatic macroinvertebrates because many aquatic 

macroinvertebrates feed on CPOM which is made more palatable by microbial 

processes (Bunn, 1988; Pozo et al., 1998). On the other hand, more rapid OM 

decomposition in fine sediments may represent a more rapid transfer of energy 

through detrital pathways as was observed in clearcut Scandinavian streams (McKie 

and Malmqvist, 2009), and possibly increase the export of more processed OM from 

this habitat. Scaling up the habitat-specific responses will not only require estimates 

of the relative abundances of the distinct habitats, but may also require research 

into how different spatial configurations of habitats may affect reach- and 

catchment-scale estimates of microbial activity and decomposition (Levin, 1992). 

While this study detected short-term (<4 years) responses of OM 

decomposition to CBS forestry, an important question remains: is the magnitude of 

the response ecologically important? It is possible that the changes to OM 

decomposition caused by CBS forestry may not affect the energy transfer in the 
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aquatic food web or alter downstream ecosystem functioning. For instance, even 

though Mckie and Malmqvist (2009) found forest clearcutting significantly increased 

the energy transfer through stream microbial pathways there was no change to the 

composition, abundance, and diversity of stream invertebrates. Even if CBS forestry 

did affect energy transfer to higher organisms or alter downstream ecosystem 

functioning, would this be any different than occurs after a severe natural 

disturbance such as a wildfire? In order to understand the local and catchment 

ecological consequences of CBS forestry, research must assess how changes in 

microbial-mediated OM decomposition affect the aquatic food web, but also how 

any changes in ecosystem structure and functioning compare with severe, natural 

disturbances. 

5.5.5. Forest management implications 

There are two main management actions that are open to foresters for 

managing the impact of CBS forestry on headwater streams. The first is to alter 

prescriptions for riparian buffers (either by making them wider, or protecting them 

burning), and the second is to increase the space between harvesting operations 

across catchments and to stagger harvesting operations over greater periods of time 

(termed ‘coupe dispersal’). Riparian buffers have previously been shown to mitigate 

changes to the stream environment after forest harvesting (Davies and Nelson, 

1994; Zwieniecki and Newton, 1999; Thompson et al., 2009), although their 

effectiveness is not universal (Hewlett and Fortson, 1982; Jackson et al., 2001; 

Janisch et al., 2012). Currently, the only formal requirement for small headwater 

streams is a 10 m machinery exclusion zone (MEZ) (Forest Practices Board, 2000). 

This is less stringent that some other buffer prescriptions because trees can still be 

harvested and understorey vegetation in the MEZ is often scorched and killed during 

the high intensity, regeneration burn (Clapcott and Barmuta, 2010). The abundance 

of headwater streams flowing through CBS coupes means that increasing the width 

of riparian buffers is impractical because this would leave little forest to harvest, 

and further complicate regeneration burning. Another option for foresters may be 
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to minimise the burning of the MEZ, because the retention of even small areas of 

understory vegetation (<10 m) can mitigate elevated temperatures and increased 

overland flows (Lynch et al., 1984; Johnson, 2004; Gravelle and Link, 2007; 

Thompson et al., 2009). However, the burning of the harvested coupe is an essential 

component of CBS operations because it provides a receptive mineral seedbed and 

ensures an adequate supply of viable seed (Gilbert, 1959; Cunningham, 1960; Hickey 

and Wilkinson, 1999), and reducing the burning of the MEZ may be impractical 

because a fire of this intensity is difficult to control. 

The difficulty in retaining effective riparian protection means that dispersal 

of CBS operations through space and time may be the only feasible management 

option available to minimise catchment-wide effects. Forest practices in Tasmania 

currently recommends the dispersal of forest coupes in space and time (Forest 

Practices Board, 2000) with the premise that this mitigates downstream impacts 

through dilution from inflowing tributary streams draining catchments that are 

either unharvested or are well advanced in their recovery from previous harvest. 

However, there is no empirical evidence for the efficacy of this strategy in mitigating 

downstream ecological impacts on water temperature or OM decomposition and 

export. Research is therefore required to 1) quantify the downstream, cumulative 

sizes of the effects (such as for water temperature and OM decomposition) for 

different coupe dispersal regimes through space and time, and 2) determine the 

thresholds for cumulative impacts that can be tolerated. 

5.6. Acknowledgements 

I thank K. Hawkes, E. Polymeropoulos, T. Hollings, J. Haag, J. Fountain, S. 

Griffin, A. Brüniche-Olsen, J. Kramer, J. Goon, K. Kreger, C. Spencer, M. Burrows, and 

B. Burrows for their field assistance. I also thank Forestry Tasmania who granted 

access to the study sites and the staff at Geeveston for their support. RMB received 

a postgraduate scholarship funded by the CRC for Forestry and the School of 

Zoology, University of Tasmania. Further financial and in-kind support was provided 



135 
 

by the Forest Practices Authority Tasmania and School of Zoology at the University 

of Tasmania. Dr S. Munks (Forest Practices Authority), Professor P.E. Davies 

(University of Tasmania) and Dr. S. Roberts (Forestry Tasmania) provided comments 

and advice throughout the project.  

  



136 
 

5.7. Appendix 

Appendix 1. Photographs of the v-notch weirs in streams A, B, and D to H shortly after installation. 

Photographs are courtesy of Joanne Clapcott. 

  

Stream A    Stream B 

  

Stream D    Stream E 
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Appendix 2. The intercept, sine and cosine coefficients, R
2
, and P-values from the periodic regression of 

sediment temperature for each stream. 

Stream Intercept sine cosine R2 P-value 

A 8.3 1.4 1.2 0.62 <2.2 × 10-16 
B 8.7 1.9 1.3 0.81 <2.2 × 10-16 
D 8.0 0.91 0.56 0.74 <2.2 × 10-16 
E 8.1 0.61 0.68 0.63 <2.2 × 10-16 
F 7.8 1.5 1.4 0.90 <2.2 × 10-16 
G 7.7 1.3 1.7 0.85 <2.2 × 10-16 
H 8.9 1.2 0.96 0.72 <2.2 × 10-16 
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Appendix 3. The design matrix for the staircase experiment on the impact of clearfell, burn and sow (CBS) 

forestry on patterns of BCP and the ratio of cotton tensile strength loss between control and incubated cotton 

in both control and impact sites (i.e. an MBACI analysis). Shaded areas correspond to CBS treated streams and 

periods.  Effects of CBS forestry are labelled Rk where k is the response period in years. Matrix elements with 

zeros are blank. 

Year 2004 2005 2006 2007 2008 2009 2010 2011 R1 R2 R3 R4 

Y2004 A 1            

Y2005 A  1           

Y2006 A   1          

Y2007 A    1     1    

Y2008 A     1     1   

Y2009 A      1     1  

Y2010 A       1     1 

Y2011 A        1     

Y2004 B 1            

Y2005 B  1           

Y2006 B   1          

Y2007 B    1     1    

Y2008 B     1     1   

Y2009 B      1     1  

Y2010 B       1     1 

Y2011 B        1     

Y2004 D 1            

Y2005 D  1           

Y2006 D   1          

Y2007 D    1         

Y2008 D     1        

Y2009 D      1   1    

Y2010 D       1   1   

Y2011 D        1     

Y2004 E 1            

Y2005 E  1           

Y2006 E   1          

Y2007 E    1         

Y2008 E     1        

Y2009 E      1   1    

Y2010 E       1   1   

Y2011 E        1     

Y2004 F 1            

Y2005 F  1           

Y2006 F   1          

Y2007 F    1         

Y2008 F     1        

Y2009 F      1       

Y2010 F       1      

Y2011 F        1     

Y2004 H 1            

Y2005 H  1           

Y2006 H   1          

Y2007 H    1         

Y2008 H     1        

Y2009 H      1       

Y2010 H       1      

Y2011 H        1     
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Chapter 6. General discussion 

 

Top: a managed landscape in southern Tasmania with forests of different regeneration 
stages and a regeneration burn visible in the distance. 
Lower left: the Picton River – one of the rivers draining this landscape. 
Lower right: a study weir on a headwater stream after harvesting before (upper picture) 
and after the regeneration burn (lower picture). 
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6.1. Synthesis - The effect of CBS forestry on the structure and 

function of southern Tasmanian headwater streams 

I investigated the impact of CBS forestry upon headwater streams flowing 

through wet eucalypt forest in southern Tasmania using an integrated approach that 

measured several key structural (woody debris and dissolved organic matter 

composition) and functional (OM decomposition and nutrient uptake) 

characteristics. I used this approach because ecosystem condition can be described 

in a number of ways, and the integration of these different structural and functional 

characteristics (i.e. Chapters 2 to 5) enables a more comprehensive understanding 

of the impact of CBS forestry on the ecology of headwater streams. 

The general response of all measured stream variables after CBS forestry, in 

the short-term (<19 years after harvest), are summarised by the schematic in Figure 

6.1. The relatively large and immediate response of many of these variables can be 

directly attributed to the major physical changes that occur in stream channels after 

CBS forestry (Figure 6.2). This was expected given that, as described by the River 

Continuum Concept, forested headwater streams are tightly connected to their 

surrounding terrestrial environment (Vannote et al., 1980; Wipfli et al., 2007). The 

principal structural change in the short-term was an increase in light reaching the 

stream channel after harvesting (Chapters 2 and 3) which subsequently contributed 

to elevated daily mean and maximum temperatures (Chapter 4). Elevated stream 

temperatures are common after clearfell harvesting in other regions of the world 

(Johnson and Jones, 2000; Mellina et al., 2005; Moore et al., 2005; Gomi et al., 

2006b). At least for the period covered by this survey (1 to 19 years after harvest), 

these changes and others, such as greater concentrations of dissolved inorganic 

nutrients (Clapcott, 2007; Clapcott and Barmuta, 2010), likely led to more algal 

biomass (as measured by chlorophyll a) (Chapter 5). 
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Figure 6.1. Schematic of the response effect size of the measured stream variables in my thesis to CBS forestry 

(0 to 19 years after CBS), relative to reference conditions. Arrows represents the time of CBS forestry. Solid 

lines denote actual data (significant or not) while dotted lines denote the predicted response. 
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Another prominent structural change after CBS forestry was increased 

quantities of in-stream woody debris (Chapter 2). This represents a substantial 

transfer of OM from the terrestrial compartment of the catchment to the stream 

channel. This is consistent with research in headwaters affected by CBS forestry in 

northeast Tasmania (Davies et al., 2005) and in similar-sized streams in the Pacific 

Northwest of North America (Gomi et al., 2001; Chen et al., 2005; Abdelnour et al., 

2011). Importantly, a significant proportion of this woody debris input into 

CBS-affected streams was in contact with the stream, thereby influencing stream 

morphology and, potentially, biological functioning (Chapter 2 and 3).  

Despite these large physical, structural changes to headwater streams after 

CBS forestry, there was no unequivocal change to the chemical composition of 

stream water. In particular, there was no apparent change in the main source of 

stream DOM after clearfelling (Chapter 4), although there was some change in the 

composition of DOM after clearfelling, with a greater relative abundance of protein-

like and a lower relative abundance of humic-like fluorescence in CBS-affected than 

in old-growth reaches (Chapter 4). Furthermore, over the 19 years after harvest, the 

relative abundance of humic-like fluorescence tended to increase while protein-like 

fluorescence tended to decrease; although neither of these trends were statistically 

significant (Chapter 4). This suggests that it may take longer than nineteen years for 

DOM composition to recover to pre-harvest configurations (Chapter 4), and this is 

supported by recent research which found long lasting (up to 50 years after 

disturbance) effects of harvesting on stream DOM composition in western North 

Carolina (Yamashita et al., 2011).  

However, robust conclusions regarding the impact of CBS forestry on DOM 

characteristics can only be made once more extensive sampling is undertaken 

spanning more than nineteen years after harvesting and across multiple seasons. 

Sampling stream water for DOM characteristics should include streams affected by 

CBS forestry spanning 80 to 100 years post-harvest because this is the typical 
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rotation period for harvesting in wet eucalypt forest. This would enable forest 

managers to determine if certain DOM characteristics, such as humic-like and 

protein-like compounds, could return to pre-harvest levels before the next harvest 

cycle. Furthermore, because my results indicate that terrestrially derived DOM 

controls benthic bacterial activity (Chapter 4), it is critical that we understand if the 

contribution of terrestrially derived DOM to headwater streams changes as the 

surrounding forest regenerates. An increase in the contribution of terrestrially 

derived DOM, for instance, may increase heterotrophic activity, affecting the 

aquatic food web and the quantity and lability of DOM transported downstream.
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Figure 6.2. Schematic showing the changes to the physical and chemical structure of small, headwater streams in southern Tasmania after CBS forestry. This illustration has 

been adapted from Richard and Danehy (2007). 
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The large structural changes to headwater streams caused by CBS forestry led 

to changes to their functioning (Figure 6.2). My results are consistent with those 

from other forested ecosystems where severe riparian disturbance was found to 

increase nutrient uptake regardless of whether this disturbance was natural 

(Bernhardt et al., 2003) or anthropogenic (Sabater et al., 2000). Additionally, the 

pattern of SRP uptake followed that proposed in the nutrient retention succession 

model as proposed by Valett et al. (2002). Greater SRP uptake in CBS-affected 

reaches was likely due to increased algal and microbial biofilm activity related to the 

greater availability of light and surface area of submerged woody debris (Chapter 3). 

It is also likely that sorption to charred woody debris and sediment contributed to 

the greater SRP uptake in CBS-affected than OG streams (Chapter 3). Burning is 

integral to this silvicultural system and contributes much in-stream charcoal. 

Therefore, the input of charred woody debris may be a distinctive feature (Figure 

6.2), and an important mechanism (Figure 6.3), in regulating uptake and export of P 

in these streams. Any changes to silvicultural practices for wet eucalypt forest that 

reduces the burning of clearfelled coupes, and presumably the quantity of charred 

woody debris in streams, could potentially increase the export of SRP downstream. 

Research is needed focusing on SRP sorption to charred woody debris and the role 

that this plays in mediating P export. Additionally, research is also required to 

determine if SRP flux is actually reduced downstream of CBS coupes because the 

effectiveness of a headwater stream’s buffering capacity will depend on whether 

the increase in SRP uptake is greater than its flux following CBS forestry operations. 

Research can then focus on the potential downstream impacts of any changes in 

SRP export. For example, if stream SRP export was significantly reduced in the 

immediate years following CBS forestry then this may actually have negative 

consequences, such as P deficiencies for downstream ecosystems.  

The uptake mechanisms for NH4, and the influence that CBS forestry has upon 

them, remains unclear and requires further investigation. Knowledge of the uptake 

mechanisms of NH4 is important because, if nitrification was elevated in harvested 
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reaches, this may increase export of N as NO3, because NO3 is a more mobile (i.e. 

less bioavailable) form of N than NH4 (Peterson et al., 2001; Bernot and Dodds, 

2005). 

The decomposition of OM was also affected by the large structural change to 

headwater streams after CBS, but the response differed between years and 

between benthic habitats (Chapter 5). Generally there was either a reduction or no 

change in OM decomposition in the four years after CBS operations, with only BCP 

in fine sediment increasing in the third year. The reduction in OM decomposition in 

coarse gravel but not fine sediment after CBS was likely a consequence of increased 

disturbance (i.e. greater peak flows) to coarse gravel sediment after CBS operations. 

This is because physical habitat disturbance has been shown to inhibit development 

of bacterial and microbial populations and OM processing on surficial sediments 

(Lake, 2000; Atkinson et al., 2008; Entrekin et al., 2008; Gücker et al., 2009; 

O'Connor et al., 2012). However, the reasons for the short-term changes in OM 

decomposition are uncertain and research is required to determine whether 

increased physical habitat disturbance, or other mechanisms, contributes to the 

differential response of OM decomposition between habitats. Furthermore, it is not 

known whether the short-term changes in OM decomposition have any ecological 

consequences for impacted streams and/or downstream ecosystems. For instance, 

greater OM decomposition in harvested streams may represent a more rapid 

transfer of energy through detrital pathways, as was observed in clearcut 

Scandinavian streams (McKie and Malmqvist, 2009), and may increase the export of 

more processed, and less labile, organic matter downstream. Research is thus 

needed focusing on the ecological consequence of the observed short-term changes 

in OM decomposition in both impacted and downstream reaches. If the observed 

changes in OM decomposition were found to have ecological consequences, then a 

greater understanding of the mechanisms involved will help guide future revisions 

to the Forest Practices Code (2000) in order to minimise changes to benthic OM 

decomposition in headwater streams and downstream ecosystems. 
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Figure 6.3. Schematic showing the likely short-term (<19 years) interactions between changes to the structure (left of stream) and function (right of stream) of small, 

headwater streams in southern Tasmania immediately after CBS operations. Arrows represent the direction of the response of that variable after CBS operations (yellow 

arrow = increase, red arrow = decrease). The hollow tilde symbol represents no change in that variable after CBS operations. 
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6.2. Context: how does CBS forestry compare to other 

disturbances in wet eucalypt forests of southern Tasmania? 

Headwater streams are tightly coupled with their surrounding terrestrial 

environment (Vannote et al., 1980; Richardson and Danehy, 2007), and 

subsequently there are many natural and anthropogenic disturbances that may 

directly affect them. It is important to consider the impact of CBS forestry on 

headwater streams in the context of other disturbances because many can cause 

structural and functional changes similar to CBS. In southern Tasmanian wet 

eucalypt forests, disturbances to headwater streams include storm damage, the 

introduction of superb lyrebirds (Menura novaehllandiae), and wildfire. While these 

disturbances may differ in their magnitude and extent from CBS, it is possible to 

contextualise the response of stream characteristics to these disturbances using the 

findings of my thesis. 

6.2.1. Storm damage 

Downed trees and branches after severe storms can have major implications 

for the structure and functioning of headwater streams. Figure 6.4 shows the 

aftermath of a storm whereby a large tree fell directly over a headwater stream in 

southern Tasmania. This increased the woody debris and CPOM in the stream 

channel as well as the availability of light. In Chapter 3, I showed that these changes 

may enhance the biotic demand for nutrients such as phosphorus, partly due to 

increased heterotrophic and algal activity. Studies of storm damage separate from 

forestry impacts illustrate these mechanisms. In the Hubbard Brook Experimental 

Forest, a severe ice storm caused a large structural change to the stream including 

an increased quantity of in-stream woody debris and CPOM and increased light 

penetration due to the reduced canopy (Bernhardt et al., 2003). The authors posited 

that an increase in algal production and the processing of terrestrial litter stored by 

the organic debris were the mechanisms for the observed increase in NO3 retention 

efficiency. Therefore, storm damage can change the structure and functioning of 
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headwater streams as much as CBS forestry. However, storm damage on this scale is 

probably infrequent and highly localised, and it is likely that only extremely large 

and destructive storms can cause disturbance to headwater streams similar to that 

of CBS forestry. There is a clear need to quantify the frequency and extent of severe 

storm damage to headwater streams so that any impacts can be more precisely 

compared to those caused by CBS forestry. 

 

Figure 6.4. Photograph of a tree that has fallen directly over a headwater stream in southern Tasmania. 

6.2.2. Superb lyrebirds 

Superb lyrebirds (Menura novaehllandiae) were introduced to Tasmania 

from mainland Australia in the 1930s, and are abundant in the study region 

(Hingston and Grove, 2010) because the wet eucalypt forests are similar to those 
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where they occur naturally (Ashton and Bassett, 1997). Superb lyrebirds feed mainly 

on terrestrial invertebrates and seeds that they find by scratching through the leaf 

litter (Ashton and Bassett, 1997). The process of scratching in search of food can 

impact headwater streams by disturbing OM and surface soil close to or even in the 

stream channel (Figure 6.5). Although the frequency and extent of their disturbance 

in headwater stream beds remains unquantified, lyrebirds are capable of 

considerable activity: Ashton and Bassett (1997) found that in a single year they can 

displace 188.5 t ha-1 of soil and 80.5 t ha-1 of leaf litter.  

When lyrebirds scratch up the soil and litter near the stream channel they 

are providing a source of fresh soil organic material that can easily be transported 

into the stream via overland flow during storm events, which will have at least three 

major implications. First, this fresh soil organic material will likely be highly 

bioavailable, because it has undergone minimal microbial processing (Likens et al., 

1970; Fellman et al., 2009), and may increase the activity of benthic bacteria (as was 

seen in Chapter 5). Second, the soil and CPOM that lyrebirds transfer into the 

stream may accumulate behind debris dams and become an additional source of 

energy for fungi, heterotrophic bacteria and invertebrates. A third implication is that 

future investigators of these streams need to be aware of lyrebird disturbances 

within headwater streams because it would be easy to inadvertently confound 

lyrebird effects with those attributed to CBS activities, by, for example, accidentally 

co-locating sampling patches with those disturbed by lyrebirds (Figure 6.5). 

 Overall, lyrebird damage to the stream channel may increase the activity of 

stream heterotrophic bacteria which could lead to a greater processing of OM and 

even a more rapid transfer of energy and nutrients in headwaters affected by 

lyrebirds (McKie and Malmqvist, 2009). However, unlike other stream disturbances 

(i.e. harvesting, wildfire and storm damage), lyrebirds will not cause large episodic, 

physical changes to stream and forest structure. Instead the damage will likely be 

patchy and continuous throughout the year. Future research should quantify how 
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patchy lyrebird damage to headwaters is, and how these patches affect energy and 

nutrient dynamics because their cumulative impact may be substantial. 

 

Figure 6.5. A photograph of a southern Tasmanian headwater stream with evidence of superb lyrebird 

(Menura novaehllandiae) activity (white outlined area). 

6.2.3. Wildfire 

Wildfire can potentially cause reach- and catchment-scale changes to 

headwater streams similar in magnitude to those of CBS forestry. Soil erosion, 

woody debris and nutrient input, and increased light availability are common 

structural changes to streams following wildfire (Schindler et al., 1980; Kobziar and 

McBride, 2006; Arkle and Pilliod, 2010). Changes to the quantity of in-stream woody 

debris, in particular, can be greater than from clearfelling (Chen et al., 2005), and, as 

with storm damage, the structural change will likely be associated with changes to 

stream functioning. For example, in central Idaho, greater sediment respiration in 

burnt (<20 years after wildfire) compared to undisturbed forested streams was 
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associated with the greater sediment organic matter that occurs after wildfire 

(Robinson et al., 2005).  

Over a longer time period (>19 years), however, the structure and function 

of CBS-affected and wildfire-affected streams may diverge (Figure 6.6). In particular, 

the dead riparian trees and snags in wildfire affected streams will continuously 

supply woody debris for many decades (Figure 6.6) (Chen et al., 2005; Robinson et 

al., 2005; Jones and Daniels, 2008). For example, Jones and Daniels (2008) found an 

increase in the recruitment of LWD after wildfire in headwater streams in Alberta, 

Canada. In contrast, there can be little continued input of woody debris in logged 

streams until there is sufficient regrowth of riparian vegetation (Figure 6.6) (Chen et 

al., 2005). Associated with this structural difference between logged and wildfire 

affected streams may be a difference in their functioning. For instance, in a wildfire-

affected stream, the continuous input of woody debris and CPOM will act as an 

energy source and/or provide debris dams that will accumulate soil and CPOM that 

can be processed by biotic life. Whereas in a logged stream, the biotic processes 

associated with in-stream woody debris may be suppressed until the riparian 

canopy regenerates.  

The relative frequencies of wildfire and CBS operations within a catchment 

are very different in southern Tasmania and should be considered when comparing 

their impacts. The interval of wildfire in wet eucalypt forests is between 100 and 

400 years (Gilbert, 1959), whereas CBS generally occurs at an interval of 80 to 100 

years (Hickey et al., 2001). The greater frequency of CBS could mean that many 

structural changes will not recover to pre-disturbance levels before the next 

harvesting cycle. In particular, the biomass of woody debris may still be greater than 

pre-harvest levels before the next harvesting cycle because it may take centuries for 

woody debris to be completely decayed (Chen et al., 2005). Eucalypt wood 

decomposes slower than wood from other regions of the world where softwood 

species (i.e. coniferous species) are dominant (Grove et al., 2009). Therefore it is 
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possible that over many harvesting cycles there could be a vastly greater biomass of 

woody debris in CBS-affected than wildfire-affected streams. 

 

Figure 6.6. A conceptual diagram showing the difference in the frequency of woody debris input between 

headwater streams affected by wildfire (a) and (b) harvesting. 

6.3. Paradigms for assessing disturbance 

The broad aim of this thesis was to assess the short-term structural and 

functional changes to headwater streams caused by CBS forestry. The chapters are 

shaped around the most important ecological theories and concepts relevant to my 

research. In particular, my work provides a contribution to experimental design for 

impact assessment and theories of ecological resistance, resilience (Holling, 1973; 

Lake and Barmuta, 1986; Power, 1999) and ecological integrity impacts (Downes et 

al., 2002; Schallenberg et al., 2011). Additionally, concepts, such as the River 

Continuum Concept (Chapter 1 and 6), upstream heterogeneous zone (UHZ; Chapter 
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1), the nutrient retention succession model (Chapter 3), and landscape ecology 

(Chapters 4 and 5), were integral in the design and development of the thesis 

experiments and also in the discussion of management implications to do with CBS 

forestry. 

6.3.1. Resistance and resilience of individual stream variables to CBS 

forestry 

The resistance (ability to resist or remain unchanged after disturbance) and 

resilience (ability to recover or return to its pre-disturbance state) of individual 

stream variables to CBS forestry is important to understand because it describes the 

response of headwater to harvesting (see Chapter 1). The majority of the structural 

and functional components measured in southern Tasmanian headwater streams 

showed no resistance or resilience to CBS in the short-term (1 to 19 years after 

operations) (Table 6.1). The lack of resistance of many stream variables is not 

surprising given the large physical change that CBS represents and as documented 

frequently in other studies of clearfell harvesting (Johnson and Jones, 2000; Gomi et 

al., 2001; Swank et al., 2001; Chen et al., 2005; Moore et al., 2005; Clapcott, 2007; 

Kreutzweiser et al., 2008; Gravelle et al., 2009; McKie and Malmqvist, 2009; Clapcott 

and Barmuta, 2010; Watson and Barmuta, 2010).  

Nevertheless, one structural and two functional components did show 

evidence for resistance after CBS forestry (Table 6.1). The source of DOM did not 

appear to be affected by CBS operations (Chapter 5). Similarly, the spiralling length 

of NH4 and the cellulose decomposition of fine sediment were also not affected by 

CBS (Chapters 3 and 4, respectively). However, the apparent resistance of DOM 

source to CBS was likely due to the relatively small proportion of the stream channel 

that is impact by harvesting operations. An increase in the intensity and extent of 

CBS operations (i.e. greater proportion of the catchment harvested) may therefore 

cause a change to the source of DOM by increasing the contribution of 

autochthonous DOM production.  
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For the other variables measured, the resilience to CBS forestry was difficult 

to assess because the oldest coupes harvested under the current prescriptions were 

only 19 years old. Nevertheless, there was evidence for short-term resilience of algal 

activity (as chlorophyll a) and SRP nutrient spiralling. Chlorophyll a initially increased 

after harvesting but appeared to decline, recovering to near old-growth levels six 

years after clearfelling (Figure 6.1). Correspondingly, the SRP uptake velocity in the 

CBS-affected streams approached that of OG streams seven years after clearfelling 

(Figure 3.4; Chapter 3), indicating that algal uptake is likely an important mechanism 

for SRP uptake in these streams. This decline in SRP nutrient spiralling after seven 

years is similar to that proposed by Valett et al. (2002) who suggested that after five 

years nutrient retention would decline rapidly due to a decrease in primary and 

heterotrophic in-stream production associated the depletion of stream organic 

matter and/or light availability as the surrounding riparian vegetation regrows.  

The resilience of stream responses is probably of most interest to forest 

managers given that it is difficult to prevent changes (i.e. loss of resistance) to many 

stream components after clearfelling. To gain a better understanding of resilience 

after CBS forestry, many of the structural and functional measures will need to be 

assessed over a much longer time period than was assessed in this thesis. This is 

because many of the structural changes caused by CBS forestry may take decades to 

return to a pre-disturbance state. For example, woody debris deposited after 

disturbance can decay very slowly (Chen et al., 2005) and continue influencing the 

stream for over six decades (Wallace et al., 1991; Gomi et al., 2001). Furthermore, 

changes in DOM composition can linger for up to 50 years after forest harvesting 

due to continued changes in soil OM characteristics and OM inputs (Yamashita et 

al., 2011). Given that many of the functional changes observed in this study were 

related to the large structural changes, it may be expected that the recovery of the 

functional variables will follow that of the structural ones. Clearly, a longer time 

span of survey-based research is needed (>19 years after harvesting) which would 

be strengthened by the inclusion of a long-term MBACI study. Space-for-time 
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surveys incorporating harvested streams greater than 20 years since harvesting will, 

however, require careful consideration of the fact that the current CBS prescriptions 

for headwater streams only became operational in 1993, and it is difficult to assess 

which streams in catchments harvested before 1993 were subjected to in-stream 

disturbances by machinery, snigging and other activities now proscribed by the 

Code. Furthermore, caution must be taken when assessing the recovery of stream 

attributes over extended time periods because it increases the chance of 

confounding events, such as drought, influencing the recovery trajectory (Power, 

1999).  
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Table 6.1. Summary of the evidence for resistance and resilience of the structural and functional attributes of headwater streams after CBS operations (<19 years after 

harvest). 

 Evidence for resistance? Evidence for resilience? 

Structural measures     

Quantity of woody 

debris 

No Greater woody debris in harvested streams. No However, only surveyed 2 and 7 years after harvesting. 

DOM source Yes No change in the source of DOM between harvested and old-

growth streams or along gradient of years since harvest. 

NA NA.  

DOM composition Ambiguous Differences in composition between harvested and old-

growth streams but no relationship with years since harvest. 

Maybe Evidence for a longer-term (>19 years) recovery after 

harvesting. 

Chlorophyll a No Greater chlorophyll a in the immediate years after harvesting. Yes Yes. Return near old-growth values after 6 years. 

Functional measures     

SRP uptake No Greater SRP uptake after harvesting. Yes SRP uptake in harvested streams approaches that of OG after 

7 years. 

NH4 uptake Yes No change in NH4 uptake after harvesting. However, uptake 

mechanisms are not yet understood. 

NA NA. 

BCP Ambiguous Resistance only for first year after harvesting in coarse gravel 

and fine sediment habitat. Increasing or decreasing 

thereafter. 

No However, only surveyed four years after harvesting. 

Cellulose 

decomposition. 

Ambiguous Resistance every year after harvesting in fine sediment 

habitat. But decrease after first years in coarse gravel habitat. 

No However, only surveyed four years after harvesting. 
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6.3.2. Stream ecological integrity 

The measurement of various structural and functional components of 

headwater streams and their response to CBS forestry allowed me to make 

informed assessments regarding changes to the ecological integrity of headwater 

streams. This is because ecological integrity is assessed as the maintenance of the 

structure and function of an ecosystem similar to reference condition reflecting 

minimal anthropogenic impacts (Meyer, 1997; Schallenberg et al., 2011). Based on 

this definition, it can be concluded that CBS forestry altered the ecological integrity 

of headwater streams in the short-term (1 to 19 years after harvesting) because 

there were changes to the structure and function that were significantly different 

from reference streams.  

However, it is important to recognise that conclusions drawn using this 

definition depends on the approach used to classify the reference condition, and 

more specifically whether the reference condition accounts for natural variability 

within an ecosystem. Natural ecosystems do not maintain a static state but rather 

their structural and functional components vary in response to environmental 

conditions (e.g. climate, wildfire, and species lifecycles). For instance, as mentioned 

in Section 6.2.3, wildfire can cause changes to stream ecosystems to the same 

extent as clearfelling and, without including this natural variability in the description 

of a reference condition, we lack context to judge the severity of anthropogenic 

disturbance upon an ecosystem. Therefore, future research assessing the resistance, 

resilience, and ecological integrity of headwater streams must not take a static view 

of the ecosystems, but characterise the natural variability that may occur over time 

and incorporate this into assessments of anthropogenic disturbance. 

6.4. Management implications 

Altering prescriptions for riparian buffers and dispersing CBS operations in 

space and time were suggested in Chapter 5 to be the main management actions 

available for forest managers to reduce the impact of CBS forestry on headwater 
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streams. Riparian buffers mitigate changes to the stream environment after forest 

harvesting (Davies and Nelson, 1994; Zwieniecki and Newton, 1999; Thompson et 

al., 2009), but they were considered impractical because the high frequency of 

headwater streams flowing through CBS coupes would leave little remaining forest 

to harvest. Furthermore, reducing the burning of the MEZ to retain some living 

vegetation may also not be feasible because it is difficult to control a fire of the 

intensity needed for eucalypt regeneration. Despite their impracticality, riparian 

buffers or reducing the burning of the MEZ would be the actions most likely to 

reduce the impact of CBS forestry at the reach-scale.  

The problems with implementing effective riparian protection (buffer strips 

or reducing the burning of the MEZ) means that dispersing CBS operations in space 

and time may be the only feasible management option available for forest 

managers. The dispersal of CBS coupes in space and time is currently employed in 

Tasmania to mitigate downstream impacts through dilution from inflowing tributary 

streams (Forest Practices Board, 2000). However, it is not yet known if this strategy 

is effective in mitigating downstream ecological impacts associated with forest 

operations (i.e. elevated downstream water temperature). An understanding of how 

the dispersal of CBS coupes in space and time affects downstream ecosystems is 

critical because intensification of CBS operations in the landscape could amplify 

downstream impacts. For instance, Chapter 4 showed that the source of DOM was 

not influenced by harvesting operations. It was suggested that the contribution of 

DOM from the entire catchment was much greater than that of the CBS-affected 

reach because only a small proportion of the stream channel is usually affected by 

CBS operations. However, if there was an increase in the intensity or extent of CBS 

operations in the landscape, then we may begin to detect changes to the source of 

DOM that reflects a more intensively harvested catchment (i.e. more 

autochthonous DOM production). Careful planning of the intensity and extent of 

CBS coupes in the landscape will ensure that localised, reach-scale impacts will not 

adversely impact downstream ecosystems. 
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One important finding of my research was that some of the structural 

changes to headwaters that occur under current forest practices may actually be 

beneficial in reducing some negative effects for downstream ecosystems. 

Consequently, forest managers could manipulate these mechanisms to reduce 

downstream impacts. For example, the greater woody debris input and light 

available after harvesting operations may reduce excess SRP export to downstream 

ecosystems by increasing SRP uptake and retention (Chapter 3). Elsewhere, 

enhanced NO3 retention was found in a headwater stream after a severe ice storm 

that increased woody debris, light penetration, and presumably biotic uptake 

(Bernhardt et al., 2003). Without the increase in NO3 retention, the export of NO3 

would have been 80 to 140% higher (Bernhardt et al., 2003). In this instance, a 

combination of 1) reducing the potential for excess nutrient input via the retention 

of riparian vegetation and 2) increasing stream nutrient demand via greater light 

availability and woody debris input, may benefit both headwaters (reduced excess 

nutrient input) and downstream ecosystems (reduced excess nutrient export).  

6.5. Future directions 

The findings in this thesis of the response of headwater streams to CBS 

forestry are unique to small, headwater streams flowing through wet eucalypt 

forest in predominately doleritic catchments of southern Tasmania. While a small 

number of the potential structural and functional aspects of headwater streams 

were examined in this thesis, there are many more which, if assessed, could 

contribute to the understanding of the impact of CBS forestry on headwater stream 

ecosystems and their recovery. Importantly, the community structure of these 

small, headwater streams has not yet been examined, and this should be the 

immediate focus of future research. Aquatic macroinvertebrates play a critical role 

in forested, headwater streams because they process CPOM into fine particulate 

organic matter (FPOM) which becomes available as a food source for other aquatic 

organisms and can be more easily exported downstream (Wipfli et al., 2007). 
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Furthermore, the longitudinal movement of macroinvertebrates from headwater 

streams can be an important food source for downstream vertebrates such as fish 

(Ormerod et al., 2004; Romaniszyn et al., 2007).  Consequently, macroinvertebrates 

link terrestrial OM input with the productivity of upstream and downstream aquatic 

and riparian food webs. I recommend that research should focus on 1) the 

abundance and diversity of aquatic macroinvertebrates in small, headwater streams 

flowing through wet eucalypt forest, 2) the impact that CBS forestry has upon their 

abundance and diversity, and 3) quantifying the downstream dispersal of aquatic 

macroinvertebrates. Understanding the role of aquatic invertebrates in headwater 

streams flowing through wet eucalypt forest and the impact of CBS forestry will 

allow forest practices to be designed that maximise their diversity and functional 

role. 

Of the structural and functional attributes of headwater streams that were 

assessed in this study, many require continued research. First, more research is 

needed focusing on the uptake mechanisms of NH4. Although this study identified 

that the large structural change to CBS-affected stream reaches increased SRP 

uptake, the uptake of NH4 was not affected and the uptake mechanisms for NH4 

remain unknown (Chapter 3). It was suggested that rapid nitrification of NH4 in the 

CBS-affected streams may be masking its detection during the nutrient addition 

experiments (Chapter 3). If nitrification was high within the CBS forestry streams, 

this may increase the export of N as NO3 to downstream ecosystems. Therefore, it is 

a high priority to quantify rates of nitrification, its drivers, and also its reach-scale 

impact on NH4 uptake in benthic sediment of undisturbed and CBS-affected 

streams. Second, research is needed to assess the spatial distribution and temporal 

variation of benthic habitats and the impact of CBS forestry because habitats may 

respond differently to CBS operations (Chapter 5). Moreover, it is important to 

determine if streams show the same pattern of response (i.e. rates of OM 

decomposition) at the reach-scale to ensure that the observed response of OM 

decomposition in habitats are not scale-dependent.  
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Continued research is needed focusing on the trajectories and recovery 

times of stream variables after CBS forestry, because many of the structural and 

functional characteristics of headwater streams showed no resilience to CBS 

forestry in the short-term (<19 years after harvesting) (Table 6.1). As previously 

mentioned, however, any results from space for time research incorporating CBS 

impacted streams greater than 19 years since harvesting will require careful 

interpretation because the current CBS prescriptions for headwater streams only 

became operational in 1993. Research is also required on the adequate dispersal of 

CBS operations in space and time to ensure that headwaters are managed to 

minimise impacts on downstream ecosystems.  

It is imperative that any future research incorporates how changes in 

ecosystem structure and functioning that are caused by CBS forestry compares with 

natural disturbances such as wildfire or storm damage. Assessing the response of 

headwaters due to CBS forestry in the context of this natural variability will allow 

quantification of the degree of change from that which occurs naturally. This 

information could allow wet eucalypt forests and headwater streams to be 

managed in a way that follows the emulation of natural disturbance (END) 

paradigm. In the context of streams, END aims to harvest forested catchments in a 

way that results in its structural and functional features, and their temporal and 

spatial patterns, resembling what would occur due to natural disturbance 

(Kreutzweiser et al., 2012; Sibley et al., 2012). However, adopting this harvesting 

approach would likely reduce the role of CBS in wet eucalypt forests, primarily 

because wildfire, which is the main natural process that CBS forestry emulates, 

occurs over much longer time intervals (100 to 400 years; Gillbert, 1959) than CBS 

forestry (80 to 100 years; Hickey et al., 2001).  
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