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Abstract 
 

Decomposition is a key ecosystem process that regulates carbon and nutrient cycling, 

and relies on links between above ground and below ground ecosystem components.  

The decomposition system is complex and consists of multiple interacting trophic 

groups. It has long been recognized that litter decomposition is controlled by 

environmental conditions, litter quality, and by these trophic groups (hereafter 

‘decomposers’). More recently, understanding of litter decomposition has increased 

with the study of modified ecosystems where one or more of these three factors is 

altered and compared with unmodified ecosystems.   In particular, invasion by exotic 

plants has highlighted the influence of litter quality and environmental conditions on 

decomposition.  Furthermore, with increasing focus on the restoration of ecosystem 

functions to modified ecosystems it has become more critical to understand the controls 

on decomposition to know how to restore this function.  Despite some advances in this 

research area, our understanding of the influence of environmental conditions, litter 

quality, decomposers and invasive plant species on decomposition is constantly 

evolving. Understanding is particularly limited for Mediterranean-climate ecosystems. 

This PhD study aims to further our understanding of these factors by addressing the 

following overarching questions in the context of modified Mediterranean-climate 

ecosystems:  

1. How do changes in the quality, quantity, and timing of litter inputs associated 

with exotic plant invasions affect decomposition? 

2. Is the successional progression of litter invertebrates affected by exotic plant 

invasions? 

3. Do fungi prime sclerophyllous litter for decomposers? 

 

I completed a large field experiment (Chapters 2 and 3) and a microcosm experiment 

(Chapter 4) to address these questions. The litter bag experiment was replicated at two 

sites, one located in an old-field undergoing woodland restoration and the other a 

remnant woodland. Both systems contained a mix of native and exotic species, and both 

sites contained the same native plant species but in different densities, ages, and stages 
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of ecosystem development. It has been hypothesised that the most likely influence of 

exotic plant species invasions on decomposition processes are impacts associated with 

changes in the quality, quantity, and timing of litter inputs. I examined the interaction 

between seasonal timing of exotic plant cover and litter fall on decomposition rates of 

both native and exotic litter (Chapter 2). Different patterns of mass loss associated with 

the growth and death of exotic species were observed for both litter types. My results 

were in agreement with several other studies that have found that exotic species 

decompose more quickly than native species, and increases in understory biomass and 

subsequent litter inputs have significant accelerating effects on native and exotic litter 

decomposition rates which persist year round. I suggest this positive effect is likely the 

result of changes to the litter microclimate (shading and humidity) and subsequent 

microbial activity. However, the positive influence of increases in understory biomass 

on decomposition was only evident at the restoration site, not the remnant woodland. 

This lack of response to significant increases in understory ground cover at the remnant 

woodland may be caused by either an ‘invasion lag’ whereby changes in nutrient cycling 

lag substantially behind the establishment of the invader, or exotic biomass thresholds 

before which decomposition processes remain unaltered.  

I used the litter bag experiment to determine if invertebrate community temporal 

dynamics on native and exotic litter are driven by successional processes or if they are 

simply a reflection of seasonal population dynamics (Chapter 3). I used an adapted 

version of the experimental staircase design of Walters et al. (1988) to effectively 

discriminate between seasonal dynamics and longer-term temporal dynamics due to 

litter invertebrate succession. To my knowledge this is the first time this experimental 

methodology has been used to measure successional changes in invertebrate 

communities. I analysed the invertebrate data at increasing scales of resolution 

beginning with order, followed by functional groups across orders, then functional 

groups within Coleoptera. Although season was an important determinant of litter 

invertebrate community composition and litter detritivore abundance, successional 

changes were also evident. Furthermore, there were significant effects of exotic ground 

cover treatments on Coleoptera-fungivore richness, and different temporal patterns in 

fungivore abundance between native and exotic leaf litter types. 
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The results from Chapter 3 added weight to the suggested importance of the interaction 

between fungi and litter invertebrates in determining decomposition of sclerophyllous 

litter in Mediterranean-climate systems. I tested this idea in a microcosm experiment 

with brown-and white-rot fungi, two of the sclerophyllous leaf litters used in the litter 

bag experiment and a common exotic decomposer millipede (Diplopoda). Specifically, 

this experiment was designed to test if a fungal-mediated change in plant litter 

increased its nutritive value, and if a change in cell wall structural compounds reduced 

the toughness of leaves, resulting in increased feeding activity by invertebrates and 

ultimately, litter decomposition (Chapter 4). I found that fungal colonization had 

significant and diverse effects on the inorganic and organic chemical characteristics of 

the leaf litter-fungi complex. However, significant decreases in leaf toughness and 

increases in mass loss and leaf fragmentation associated with millipede activity only 

occurred in white-rot primed microcosms relative to the control. Furthermore, the 

mechanisms by which the white-rot fungus affected both leaf toughness and millipede 

feeding activity differed between leaf litters. My results suggested that, in the early 

stages of decomposition, fungal-priming effects on leaf litter nutrients were a more 

important determinant of litter–invertebrate interactions than changes to litter cell wall 

structural compounds. Furthermore, different species of fungi interacted with 

invertebrates in functionally different ways.  

In the decomposition literature there is a strong bias towards research in temperate and 

boreal forests on the one hand, and agricultural systems on the other. My focus has 

been disturbed and restored systems in a Mediterranean-climate region, where 

seasonal precipitation patterns are marked. The sclerophyllous vegetation characteristic 

of this climate is distinctly different from the exotic plants invading the understory, and 

the litter inputs from these vegetation communities are interacting with the other two 

controls of decomposition in very different ways. Changes in the decomposition 

environment associated with exotic understory biomass and changes in litter quality due 

to differences in plant growth form have a significant effect on the interactions between 

fungi and litter invertebrates, and ultimately decomposition, and potentially nutrient 

cycling rates.  In summary, my research highlights the influence of climate, litter type 

and decomposition environment on the process of litter decomposition. It has improved 
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understanding of the factors that affect invertebrate decomposers and their 

interactions with fungi that colonise leaf litter. 
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1. General Introduction 
 

This thesis examines selected factors controlling litter decomposition in modified 

Mediterranean-climate ecosystems in southwestern Australia. In this chapter I present 

a review of the main concepts and issues underlying the overarching questions 

addressed in the thesis.  

1.1 What is decomposition and how is it controlled? 
 

Decomposition is a process by which dead organic matter is transformed through a 

series of chemical and physical pathways leading to the mineralization of part of the 

resource and the storage of recalcitrant compounds as soil organic matter (Cadisch and 

Giller 1997). The decomposition of organic materials is the catabolic compliment of 

photosynthesis (Barrios 2007). Thus decomposition is a key ecosystem process that 

regulates C and nutrient cycling (Aerts 1997; Meentemeyer 1978), and the 

decomposition subsystem is an important interface linking above ground and below 

ground ecosystem components (Bardgett and Wardle 2010; Wardle et al. 2004). It has 

long been recognized that litter decomposition rates are controlled by environmental 

conditions (Aerts 1997; Powers et al. 2009), litter quality (Heal et al. 1997; Zhang et al. 

2008), and soil organisms (Seastedt 1984). The generally accepted hierarchical 

organization of these controls is climate > litter quality > soil organisms (Hattenschwiler 

et al. 2005b; Lavelle et al. 1993; Swift et al. 1979), and these controls interact with one 

another over various temporal and spatial scales.  

Climactic conditions are deemed the most important factor influencing litter 

decomposition rates because there are temperature and moisture thresholds 

determining rate and completeness of decomposition (Prescott 2010). If climatic 

conditions are suitable, then differences in litter quality defined by parameters such as 

C:N ratios, nutrient concentrations, lignin concentrations (Swift et al. 1979), litter types 

(Zhang et al. 2008), functional traits (Cornwell et al. 2008), and growth forms (Hobbie 

1996) have a strong effect on decomposition rates. For example in one study, pine 

needles, which are a low quality resource, decomposed more slowly than aspen leaves, 

which are a high quality resource, except under very cold and dry conditions, when the 



2 
 

pine needles decomposed more quickly (Taylor and Parkinson 1988). Furthermore, 

different elements of the microbial community, which is the component of the soil 

organism community primarily responsible for the majority of decomposition, 

differentially interact with climactic variables (e.g. Cornejo et al. 1994; Yuste et al. 2011) 

and litter quality (e.g. Strickland et al. 2009) to determine decomposition rates. Climate 

is the main regulator of the metabolism of different communities of decomposer 

bacteria and fungi (Lavelle et al. 1993), with potentially different microbial communities 

operating during winter and summer months (Bardgett et al. 2005). Litter quality 

determines the resources available for these decomposers, with litter rich in 

carbohydrates and sugars (high quality) enhancing bacterial growth (Bowman and 

Steltzer 1998), and low quality litter characterized by high concentrations of lignin and 

phenolic compounds dominated by fungi (Wardle et al. 2004). Additionally, the 

structure and activity of these microbial communities can be modified through the 

activity of soil fauna (Hattenschwiler et al. 2005b). Reports on the extent to which soil 

animals contribute to decomposition processes across different climate types are 

limited (but see Makkonen et al. 2012; Powers et al. 2009). However, one recent global 

study found that soil animals increase decomposition rates in temperate and wet 

tropical climates, but have non-significant effects where temperature and moisture 

constrain biological activity (Wall et al. 2008). 

1.2 Do interactions between decomposition controls differ between 

Mediterranean-climate systems and more mesic systems? 
 

Mediterranean climate regions are characterised by cool, wet winters and hot, dry 

summers, and a range of plant communities including sclerophyllous and fire-prone 

types. Dry-Mediterranean climate systems with prolonged seasonal drought, average 

annual precipitation ≤ 450mm, high UV indices, and highly heterogeneous vegetation 

with patches of ‘bare’ soil share several important characteristics with arid and semi-

arid systems, and hence information from these different systems is likely to be relevant 

to this study and is included in the following discussion. Within dry-Mediterranean 

climate systems, fires are recurrent and are considered the major mechanism for soil 

nutrient mineralization (Raison et al. 1986). However, in the intervals between fires, 

nutrient cycling is determined by the decomposition of litter (Schlesinger and Hasey 

1981). As with other systems, substantial physical decomposition can occur via the 
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leaching of water soluble compounds in the early phase of decomposition (Pérez-Suárez 

et al. 2012; Sullivan et al. 1999), and thus there is a general positive relationship between 

precipitation and decomposition rates (Pucheta et al. 2006; Weatherly et al. 2003). 

However, within dry-Mediterranean climates, the nature of the interactions between 

climate, litter quality, and soil biota can be markedly different from the more often 

studied temperate and boreal forests in several important ways.  

The highly seasonal temperature and precipitation patterns in dry-Mediterranean 

climates not only directly influence the decomposition environment, but also indirectly 

influence litter quality parameters through their impact on the type of vegetation 

communities that develop over time (Grime 1988; Swift and Anderson 1989; Zhang et 

al. 2008). For example, in old climatically buffered infertile landscapes such as those in 

southwestern Australia (Hopper 2009), a low P supply through the weathering of parent 

material combined with harsh climatic growing conditions has resulted in the evolution 

of sclerophyllous vegetation types specifically adapted to these conditions (Lambers et 

al. 2008; Specht and Rundel 1990). Many dry-Mediterranean climate plant species 

produce leaf litter with chemical (e.g. high lignin) and physical (e.g. leaf toughness) 

properties that make them relatively resistant to decay (Choong et al. 1992; Gallardo 

and Merino 1993; Guo and Sims 2002; Meentemeyer 1978). 

Dry-Mediterranean and semi-arid vegetation is also often very spatially heterogeneous 

with   characteristic ‘bare’ patches in the understorey, and this may be an important 

determinant of some decomposition processes (Throop and Archer 2009). For example, 

photodegradation, which is the photochemical mineralization of organic matter caused 

by solar radiation, has been shown to be an important abiotic control of decomposition 

in these systems (Austin 2011; Austin and Vivanco 2006). Not only have there been 

observed reductions in lignin content with solar radiation exposure (Day et al. 2007), but 

also lignin acts as a facilitator of light absorption for photochemical reactions resulting 

in litter mass loss (Austin and Ballaré 2010). However, UV radiation may only increase 

decomposition rates under dry conditions in low quality litter (Brandt et al. 2010), and 

the efficacy of photodegradation processes is dependent on both litter depth and 

vegetation cover (Henry et al. 2008b).  Additionally, litter in ‘open’ patches may be more 

susceptible to abrasion and fragmentation by soil movement, which may increase the 

surface area for microbial attack (Throop and Archer 2007). Thus climate is a ‘two-track’ 
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control of litter decomposition: first, through its direct effects on abiotic conditions and 

second through indirect effects on vegetation characteristics including litter resource 

quality (Aerts 1997). 

The role of organisms as drivers of decomposition and the identity of the functional 

groups involved in decomposition processes are poorly understood and highly variable 

in dry-Mediterranean and semi-arid ecosystems (Doblas-Miranda et al. 2007; Throop 

and Archer 2009). Spatial and temporal variation in litter invertebrate communities is 

accentuated by seasonal variation which causes significant micro-migrations between 

the litter environment and soil profile (Legakis 1994). This seasonal variability in the 

activity of different litter invertebrate assemblages may have important implications for 

community dynamics because changes in composition and trophic structure may affect 

species interactions and food web dynamics over time (Doblas-Miranda et al. 2007) with 

flow through effects on decomposition processes.  

It has been shown that fungal diversity in Mediterranean-type systems is less sensitive 

to seasonal changes in moisture and temperature than bacterial diversity, and on the 

other hand, fungal communities may be able to dynamically adapt to climatic conditions 

throughout the seasons (Yuste et al. 2011). Furthermore, Dighton (1995) suggests that 

when resource quality is low, and climatic constraints such as drought are present, fungi 

tend to play a greater role in the decomposition of sclerophyllous litter compared with 

bacteria. However, the interactions between these microorganisms and litter 

invertebrates within these environments are less clear. When they are present, 

invertebrates may exert a strong indirect control on decomposition via their regulation 

of decomposer bacteria and fungi (e.g. Santos et al. 1981). Alternatively, fungal priming 

of woody litter through enzyme activities, improved carbon to nutrient ratios, and the 

breakdown of inhibitory compounds may be necessary for subsequent colonization of 

saprophagous invertebrates (Wardle and Lavelle 1997). Furthermore, in the context of 

very tough sclerophyllous litter, fungal activity may reduce the physical resistance of leaf 

litter for comminution by degrading plant cell wall structural compounds, particularly 

lignin, cellulose, and hemicellulose. There is some evidence that litter invertebrates 

require a preliminary transformation of litter substrates prior to colonization and 

comminution (David and Gillon 2002; Pande and Berthet 1973; Zimmer et al. 2003). 

However, both the interaction between fungi and invertebrates, and the spatial and 
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temporal dynamics of litter invertebrates within Mediterranean-type systems are not 

well known.  

1.3 How have exotic species invasions altered the factors controlling 

decomposition?  
 

It is clear that both photodegradation and soil movement in ‘open’ patches can influence 

decomposition dynamics in semi-arid and dry-Mediterranean environments, and that 

these processes are both a function of vegetation structure (Throop and Archer 2009). 

Therefore, it follows that change in vegetation structure associated with exotic plant 

invasions may exert substantial control on biogeochemical processes (Austin 2011). 

Additionally, we might expect exotic plant invasions to have a strong influence on biotic 

interactions within these systems. For example, labile soil carbon may be as important 

a limiting factor as water for microbial activity in semi-arid ecosystems (Gonzalez-Polo 

and Austin 2009; Sponseller 2007). Because labile soil C pools are determined by both 

the quality and distribution of vegetation within these ecosystems (Gonzalez-Polo and 

Austin 2009), exotic plant invasions likely impact these pools and indirectly microbial 

activity (Van der Putten et al. 2007). Furthermore, plant litter quality is a major driver of 

invertebrate community structure, because different types of litter favour different 

faunal components (Wardle et al. 2006). Thus one can expect plant community 

composition effects associated with plant invasion to propagate down into the 

decomposer subsystem (Wardle et al. 2003), particularly when the litter quality of the 

invader is substantially different from the native vegetation. Moreover, exotic plant 

invasions may increase ground-cover density and hence buffer litter and resident 

decomposer organisms from high temperatures, UV exposure, and low moisture (Eviner 

et al. 2006), and prolong windows of environmental conditions suitable for decomposer 

activity. 

1.4 How can the study of modified systems increase our understanding 

of interacting factors in Mediterranean climate systems? 
 

In the decomposition literature there is a strong bias towards research in temperate and 

boreal forests on the one hand, and agricultural systems on the other. Thus our 

understanding of the controls and dynamics of litter decomposition in dry-
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Mediterranean and semi-arid ecosystems are considerably less well understood than in 

these mesic systems (Throop and Archer 2009). Understanding of litter decomposition 

in these systems can be extended with the study of modified ecosystems where one or 

more of the three factors controlling decomposition have been altered. In particular, 

changes in environmental conditions via changes in vegetation structure, and changes 

in litter quality associated with exotic species invasions provide an opportunity to 

investigate the spatial and temporal dynamics of both the biotic and abiotic controls of 

decomposition. Furthermore, with increasing focus on the restoration of ecosystem 

functions to modified ecosystems, it has become more critical to understand the 

controls on decomposition to know how to restore this function.  Despite some 

advances in this research area, our understanding of the influence of environmental 

conditions, litter quality, decomposers and invasive plant species on decomposition is 

constantly evolving.  

1.5 Key research questions 
 

This PhD study aims to further our understanding of the factors controlling 

decomposition by addressing the following overarching questions in the context of 

modified dry-Mediterranean climate ecosystems:  

1. How do changes in the quality, quantity, and timing of litter inputs associated 

with exotic plant invasions affect decomposition? 

2. Are the temporal dynamics of litter invertebrates affected by exotic plant 

invasions? 

3. Do fungi prime sclerophyllous litter for decomposers? 

1.6 Thesis outline 
 

I conducted an extensive field based litter bag experiment (Chapters 2 and 3) and a 

microcosm experiment (Chapter 4) to address these questions. The litter bag 

experiment was replicated at two sites, an old-field undergoing woodland restoration 

and a disturbed remnant woodland. Both systems contained a mix of native overstorey 

species and exotic understorey species, and both sites contained the same vegetation 

elements but in different densities, ages, and stages of ecosystem development. I nested 
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the litter bag experiment in an adapted version of the experimental staircase design of 

Walters et al. (1988) in which both litter bag placements and harvests were staggered 

across seasons over multiple years to examine the temporal dynamics of factors 

controlling leaf litter decomposition. 

Exotic plant species invasions likely influence decomposition processes via changes in 

the quality, quantity, and timing of litter inputs to the decomposition subsystem. I used 

the afore mentioned staircase design to explicitly address the interaction between 

seasonal timing of exotic plant cover and litter fall on decomposition rates of both native 

and exotic litter (Chapter 2). Within the leaf litter environment, it is also thought that 

invertebrate community assembly may be driven by successional processes. However, 

successional changes in litter invertebrate communities during litter decomposition in 

the field can be confounded or superseded by seasonal effects on species composition. 

I used the litter bag experiment to determine if invertebrate community temporal 

dynamics on native and exotic litter are in fact driven by successional processes, or if 

they are simply a reflection of seasonal population dynamics (Chapter 3).  

The results from Chapter 3 lent support to the importance of interactions between fungi 

and litter invertebrates in determining decomposition of sclerophyllous litter in 

Mediterranean climate systems. I tested this idea in a microcosm experiment with 

brown– and white–rot fungi, two of the sclerophyllous leaf litters used in the litter bag 

experiment and a common exotic invertebrate decomposer (Diplopoda). Specifically, 

this experiment tested if a fungal-mediated change in plant litter increased the nutritive 

value of the food source, and if a change in cell wall structural compounds reduced the 

toughness of leaves, resulting in increased feeding activity by invertebrates and, 

ultimately, litter mass loss (Chapter 4).  

1.7 Thesis structure 
 

This thesis is in accordance with the Postgraduate and Research Scholarship Regulation 

1.3.1.33 of the University of Western Australia, and is written as a series of three 

scientific papers wedged between a general introduction and general discussion. All of 

the research presented has resulted from work done towards this thesis. There are five 

chapters in total. The general introduction has provided the broad context of the thesis 
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and justification for the research objectives presented above. A more focused literature 

review is presented in the introduction of each experimental chapter. Each experimental 

chapter includes a summary, introduction, methods, results, discussion and references 

section. This “thesis as a series of papers” format results in some unavoidable repetition 

in the materials and methods sections of chapters two and three, but I have kept 

repetition elsewhere to a minimum. The general discussion draws together the main 

findings of the thesis in the context of previous research, and establishes the significance 

of the work. 
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2. Effect of Exotic Annuals on Decomposition Dynamics in 

Modified Ecosystems in Southwestern Australia 

Summary 

1. It is well recognized that the most likely influence of exotic plant species 

invasions on decomposition processes are impacts associated with changes in 

the quality, quantity, and timing of litter inputs, yet few studies explicitly address 

the temporal relationship between exotic biomass growth and death, and native 

litter decomposition rates. 

2. Within water limited systems, season is the overarching context in which these 

interactions need to be considered because changes in temperature and 

precipitation, which are inherently seasonal, are important drivers of the timing 

of growth and death of annual exotics, and decomposition rates of both native 

and exotic litter types. 

3. We assessed temporal dynamics at two sites, a restored woodland and 

woodland remnant, using an experimental staircase design whereby both litter 

bag placements and harvests were staggered across seasons over multiple years. 

This enabled us to tease apart the relationship between temporal decomposition 

dynamics and the seasonal timing of both exotic plant cover and litter inputs to 

the decomposition subsystem.  

4. Litter decomposition dynamics at the restoration site were strongly affected by 

exotic herbaceous understory invasion, with decomposition rates and percent 

mass loss consistently significantly higher in the plots with high exotic ground 

cover. However, exotic understory effects persisted year round, suggesting total 

biomass rather than the timing of biomass inputs is a more important 

determinant of decomposition dynamics within this system. 

5. Regardless of increases in understory biomass and subsequent litter inputs in 

invaded plots in the woodland remnant, there was not a corresponding 

consistent significant increase in native litter decomposition. This may be the 

result of an ‘invasion lag’ whereby changes in nutrient cycling lag substantially 

behind the establishment of the invader. Alternatively, there may be an invasive 
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exotic biomass threshold before which the decomposition processes of 

sclerophyllous recalcitrant litter remain unaltered. 

 

2.1 Introduction 

 

It is well documented that decomposition rates are controlled by environmental 

conditions, litter quality, and by soil organisms (Cadisch and Giller 1997; Seastedt 1984; 

Swift et al. 1979). Exotic plant species invasions can interact with these controls both 

directly and indirectly thus influencing decomposition processes. For example, large 

inputs of high quality exotic litter can directly affect litter flora and fauna community 

composition and associated activity (Allison and Vitousek 2004), and therefore indirectly 

affect decomposition rates. Additionally, changes in ground cover associated with some 

exotic plant species invasions can alter the litter microenvironment (Standish et al. 2004) 

and indirectly impact decomposition rates via more or less favourable temperature and 

moisture conditions for litter decomposers (Lindsay and French 2006; Simao et al. 2010). 

Furthermore, differences in the growth phenology and/or timing of leaf senescence 

between exotic and native plant species has the potential to extend both growing 

season (Fridley 2012) and favourable microclimatic conditions for decomposition. Thus 

the extent to which exotic species influence decomposition dynamics is partially 

dependent on how different the exotic plant is from the existing native plant community 

(Ehrenfeld 2003; Levine et al. 2003). Moreover, the most likely influence of exotic plant 

species invasions on decomposition processes are impacts associated with changes in 

the quality, quantity, and timing of litter inputs (Ehrenfeld 2003).  

Within the Western Australian wheat belt, most native plant communities were 

historically composed mainly of woody perennial species (Pate 1984), with a 

heterogeneous annual understory flora. Today, exotic grasses and forbs in disturbed 

woodland remnants can be extremely dense and frequently exceed 50 % of the 

understory plant cover (Abensperg-Traun et al. 1998; Hobbs and Atkins 1988; Hobbs and 

Atkins 1991). The exotic plants in wheatbelt woodlands are generally very different from 

native Australian flora in several respects. They are often fast growing, short lived, 

adapted to nutrient rich disturbed sites, and produce litter with a high nutrient status, 

few secondary metabolites, high specific leaf areas, and more seeds (Díaz et al. 2009; 
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Ehrenfeld 2003; Thompson and Davis 2011). The Western Australian flora, on the other 

hand, is notable for the abundance of sclerophyllous species which produce leaf litter 

that is nutrient poor, tough and rich in secondary metabolites (Cooper 2001). 

Furthermore these structural traits of living leaves likely persist after senescence when 

they enter the decomposition system (Kazakou et al. 2006). Irrespective of ‘exotic’ 

species status, herbaceous plants tend to have lower C:N ratios and lignin content than 

woody species (Hobbie 1992). As litter disappearance rates are negatively correlated 

with toughness (Gallardo and Merino 1993), initial Lignin and C content, and positively 

correlated with initial N content (Hobbie 1992; Schädler and Brandl 2005), we can expect 

the litter from the exotic grasses and forbs to decompose more quickly than the native 

sclerophyllous litter. Differences in litter quality can be attributed not only to plant 

species chemistry but also physiognomic growth forms, and decomposition in 

woodlands may be particularly sensitive to changes in plant species and growth form 

composition (Hobbie 1992; Mack and D’Antonio 2003). Several studies have found that 

the rapidly decomposing litter of exotics can facilitate more rapid decomposition of co-

occurring native species (Ashton et al. 2005; Hughes and Uowolo 2006; Rodgers et al. 

2008); thus rapidly decomposing grasses and forbs may facilitate the decomposition of 

more sclerophyllous species.  

Furthermore, large differences in the phenology of exotic grasses and forbs versus 

native woody vegetation are likely to contribute to changes in ecosystem processes. 

Litter in Australian eucalypt woodlands falls throughout the year, although litter fall is 

positively correlated with temperature and solar radiation, and peak litter fall (33-54 %) 

occurs during the summer months (Lamb 1985; Pressland 1982) when seasonal drought 

is common. In contrast, the vast majority of exotic net primary production occurs in the 

wet winter months, with plant senescence and litter input in the spring. Thus the annual 

production of a large pulse of high quality litter associated with exotic winter annual 

mortality compared with the relatively continual leaf senescence associated with native 

woodlands may affect the interlinking dynamics of C, nutrients and water (Ehrenfeld 

2010). This ‘decoupling’ in native litter dynamics may be particularly evident during the 

early phase of exotic species decomposition when the leaching of litter compounds is 

principally caused by rainfall events (Couteaux et al. 1995; Martin et al. 1997; Murphy 

et al. 1998) which are not uncommon in late spring. These leached C compounds might 
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contribute to a priming effect of more reclacitrant litter as they provide the required 

energy for the microbial production of enzymes that subsequently allow the breakdown 

of more complex C compounds (Hättenschwiler and Jørgensen 2010). Where substrates 

of different quality are layered, recalcitrant substrates may create platforms for the 

more labile constituents.  Within this context, it may be expected that the introduction 

of litter with high quantities of these C compounds (exotics) into a system charecterized 

by plant litter containing low levels of these compounds (natives) could result in changes 

to decomposition rates, particularly in times of high rainfall and high exotic litter 

biomass.  

This study investigates the interactions between seasonal timing of litter fall and exotic 

plant cover on decomposition rates of both native and invasive litter in a remnant 

woodland and an old-field undergoing woodland restoration. Both systems contain a 

mix of native and exotic species, and both sites contain the same plant species but in 

different densities, ages, and stages of ecosystem development. With this experiment 

we ask the following questions: 

1. Does exotic plant cover influence decomposition rates of both native and exotic 

litter types? 

 

2. If exotic plant cover influences decomposition rates, is there a temporal 

dependence of these processes linked to the varying seasonal timing of litter fall? 

 

 

2.2 Methods and materials 
 

2.2.1 Staircase design 

An adapted version of the experimental staircase design of Walters et al. (1988) was 

used to tease apart the relationship between temporal decomposition dynamics and the 

seasonal timing of both exotic plant cover and litter inputs to the decomposition 

subsystem. Litter bags were placed in a randomized design in (10 x 10 m) plots at three 

month intervals corresponding with the spring (November), summer (February), 

autumn (May), and winter (August) seasons; the bags were subsequently harvested, 

using a different randomized sampling design which was nested in placement date, 
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every three months over an 18 month period (Table 1), except for the final collection 

which was 15 months. The randomized design was used to accommodate any 

confounding effects of spatial variation on litter decomposition, and the four annual 

sampling dates take into consideration peak exotic ground cover (August), seasonal 

timing of native (February) and exotic (November) litter fall, and seasonal shifts in 

temperature and precipitation. If decomposition rates proceeded in a uniform manner 

irrespective of variation in exotic plant cover and or time of litter fall, then there would 

be a significant effect of time since litter bag placement, but no effect of placement date 

or plot type, and no interactions between these factors.  

 

Table 1. Experimental staircase design schematics. P1-P4 represent placement dates 

and H1-H8 represent harvest dates. Cell numbers show the length of time (months) the 

litter bags had been in the field. 

  H1 H2 H3 H4 H5 H6 H7 H8 

 Nov. 

2011 

Feb. 

2012 

May 

2012 

Aug. 

2012 

Nov. 

2012 

Feb. 

2013 

May 

2013 

Aug.

2013 

Nov. 

2013 

P1 (Nov. 2011) 0 3 6 9 12 15 18   

P2 (Feb. 2012)  0 3 6 9 12 15 18  

P3 (May 2012)   0 3 6 9 12 15 18 

P4 (Aug. 2012)    0 3 6 9 12 15 

 

 

This experiment was repeated in two different contexts; one was located in an old–field 

undergoing woodland restoration (Ridgefield), the other a remnant woodland invaded 

by exotic grasses and forbs (Nalya Reserve). Both field experiments followed an identical 

protocol. Each experiment consisted of eight plots, half of which had high exotic 

understorey cover and half of which had low exotic understorey cover. Within the old-

field restoration site, plot treatment was achieved through regular herbicide additions 

(see below); in the remnant woodland, plots were selected in invaded and uninvaded 

locations. A total of 736 litter bags were placed in the field, with 46 litter bags per plot. 
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Litter bags were pinned to the mineral layer, below the existing litter layer, in a 

randomized 0.4 m spacing grid. 

2.2.2 Site selection 

The Ridgefield experiment (32◦29’S 116◦58’E) and Nalya Reserve (32◦22’S 117◦12’E) are 

26 km apart at an average elevation of 250 m in a Mediterranean–climate region. Given 

their proximity to each other, it is assumed the two sites experience similar weather 

conditions. The average summer (January) daily maximum temperature is 33.0 ◦C, and 

the average minimum winter (August) daily temperature is 4.6 ◦C at Brookton (1966–

2014 averages). Precipitation occurs primarily in the winter, and average annual rainfall 

is 450.2mm (1907-2014, Bureau of Meteorology, 2014). Mean maximum monthly 

temperature (◦C) and rainfall (mm) spanning the duration of our study are shown in 

Figure 1 (St # 010524, Bureau of Meteorology, 2014). 

 

 

 
 
Figure 1. Mean maximum monthly temperature (◦C) and rainfall (mm) spanning the 

duration of our study. The weather data was recorded at the Brookton weather station 

(St # 010524, Bureau of Meteorology, 2014) which is approximately equidistant from 

Ridgefield Farm (14 km) and Nalya Reserve (18 km). 
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Within the Ridgefield Multiple Ecosystem Services Experiment (For full details see 

Perring et al. 2012), a subset of the eight-species plots were used for this litter bag 

experiment (A10, B10, E10, G10). The restoration site was planted in August 2010, thus 

the restored system is relatively young. Restoration plantings included two tree species, 

Eucalyptus loxophleba ssp loxophleba (hereafter E. loxophleba), E. astringens, and six 

shrub species, Acacia acuminata, A. microbotrya, Banksia sessilis, Hakea lissocarpha, 

Calothamnus quadrifidus, and Callistemon phoeniceus. Prior to agricultural clearing, E. 

loxophleba– A. acuminata woodlands were the dominant native vegetation community 

on loamy sand and clay sand (5–10% clay) soil textures (Beard 1990) which are 

characteristic of the Ridgefield site. The litterbag experiment was nested within both the 

herbicide and no-herbicide sub–plot (10 x 10 m) treatments (Fig. 2); the adjacent 

nitrogen addition sub–plots were not used in this experiment. Herbicide (haloxyfop and 

glyphosate) was applied in the early winter to remove exotic herbaceous species; this 

application resulted in ‘open’ patches in the understory where bare mineral soil was 

exposed. The dominant exotic species at the site include Avena spp., Bromus spp., 

Erodium spp., and Arctotheca calendula.  

 

 

Figure 2. Herbicide (a) and no-herbicide (b) sub–plot treatments within the Ridgefield 

Multiple Ecosystem Services Experiment.  

 

Nalya Reserve is a remnant E. loxophleba– A. acuminata woodland and is approximately 

0.5 square kilometres in size. The understory conditions within the reserve are 

characterized by a patchwork of exotic annuals, native perennials, and ‘open’ areas with 

(a) (b) 
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very little understorey vegetation. The dominant exotic understory species at the site 

include Avena spp., Bromus spp., Erharta ssp., Aira cupaniana, Ursinia anthemoides, and 

Arctotheca calendula. Paired plots (10 x 10 m) no further than 10 meters apart with the 

same landscape position (e.g. Fig. 3) were subjectively located within exotic dominated 

understories (>60 % exotic cover) and native dominated understories (< 10 % exotic 

cover). All plots had patchy canopy cover and contained between 1-2 E. loxophleba, and 

3-5 A. acuminata. Although tree age is unknown, this E. loxophleba– A. acuminata 

woodland fragment is mature and typical of the majority of degraded remnants in the 

wheatbelt (Hobbs 2001). The reserve is bisected by a road, surrounded by agricultural 

fields, and experiences regular disturbances through invasive rabbit (Oryctolagus 

cuniculatus) burrowing activity. 

 

 

Figure 3. An example of paired plots located within native dominated understories (a) 

and exotic dominated understories (b) at Nalya Reserve. 

 

(a) 

(b) 
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2.2.3 Leaf litter selection and collection 

For the native and non-native litter treatments we used mixtures of three of the most 

common species at the sites. We used litter mixtures rather than single species litter 

bags because one or only a few litter types might poorly represent local variation in leaf 

traits and associated decomposition rates (Hättenschwiler et al. 2010). For native litter 

mixture, we used the dominant overstory species E. loxophleba, A. acuminata, and 

ancillary shrub species Banksia sessilis. For the non–native litter mixtures we used the 

dominant exotic grass at both sites, Avena spp., and the common herbaceous annuals 

Erodium spp., and Arctotheca calendula. Previous studies have shown that the native 

litter has higher C : Nutrient ratios and higher lignin concentrations than the leaf litter 

of the exotic species used in this study (Chapter 4; Brown 1977; Hamadi et al. 2000; 

Kazakou et al. 2009). Leaf litter was collected between August and October 2011. Leaves 

of woody species were collected from naturally-fallen branches where the leaves were 

not in contact with the ground. Leaves from abscised branches were used rather than 

litter traps for logistical reasons. Leaves from herbaceous species were collected after 

the plants had set seed. Litter from each species was air dried and stored at room 

temperature. The collected litter was thoroughly mixed to limit any influence of state of 

decomposition associated with different times of collection or branch abscission from 

trees. Leaf litter was apportioned into lots of 6, 4, and 2 (+/- 0.05g) grams for E. 

loxophleba, A. acuminata, and Banksia sessilis respectively for the native mix, and lots 

of 6, 4, and 2 (+/- 0.05g) grams for Avena spp., Erodium spp., and Arctotheca calendula 

respectively for the exotic mix. These ratios approximate the relative quantity of 

dominant and lesser contributors to the litter profile.  We used air–dried leaf samples in 

the litter bags because of the possibility that oven drying may alter the chemical 

composition of the litter (Bastow et al. 2008b). In order to calculate a dry litter weight 

conversion factor, we took a subsample of each litter mixture (n = 10) and weighed 

them, then dried them at 60◦C, and reweighed them.  

2.2.4 Litter bag construction 

The polyethylene mesh litter bags used in this study were 15 x 15 cm with a coarse 7mm 

mesh on one side and a fine 1mm mesh on the other. Litter bags were placed on the 

ground with the fine mesh on the bottom (Milton and Kaspari 2007) in order to both 
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prevent the extraneous loss of litter fragments but still allow the entry of all litter 

dwelling animals through the top of the bags. “Traveller bags” (n = 10) were used to 

quantify litter loss from litter bags during transport, placement, and retrieval (Harmon 

et al. 1999), and litter mass loss was corrected by subtracting mean handling  losses for 

each litter bag type. After litter bag harvesting and transportation to the lab, the bags 

were dried at 60◦C until no additional changes in mass were detected. The litter was 

removed from the bags The litter bags were then gently cleaned of mineral soil and 

external organic matter, and weighed to calculate mass loss. 

2.2.5 Understory vegetation sampling and sample processing 

We used quadrat sampling just prior to exotic plant senescence (end of September – 

beginning of October 2013) to estimate understory vegetation cover (0.5 m2 quadrats), 

richness (1m2 quadrats), and aboveground biomass and native species litter (0.25m2 

quadrats). Two replicate quadrats for each vegetation measurement were randomly 

located within each plot. Cover classes were estimated using the modified EcoData 

system (Elzinga et al. 2001). All aboveground understorey biomass and native litter 

biomass within each 0.25m2 quadrat was harvested, transported back to the lab in paper 

bags, and oven dried at 60◦C for 7 days prior to weighing. 

  

2.3 Statistical analysis 

 

Variation in above ground understorey biomass, native litter biomass, and native plant 

species richness between low ground cover (herbicide) vs high exotic ground cover (no-

herbicide) plots (Ridgefield) and low exotic ground cover (uninvaded) vs high exotic 

ground cover (invaded) plots (Nalya Reserve) was tested using a general linear model 

(GLM; SPSS). With the litter bag analysis we measured variation in mass loss trajectories 

through time as a function of placement date. All rate calculations and analysis were 

done on the mean of the four bags collected at the restoration site and the remnant 

woodland for each placement date, incubation period and litter bag mixture 

combination. Decomposition (mass loss) was compared across litter type (two levels: 

native or exotic, fixed), ground cover (two levels: uninvaded or invaded (Nalya Reserve); 

herbicide or no-herbicide (Ridgefield), fixed), placement date (four levels: November 
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2011, February 2012, May 2012, August 2012, fixed), and length of time in the field (six 

levels: three, six, nine, twelve, fifteen, and eighteen months, fixed) using a four-way 

general linear model (GLM; SPSS v 22). The data were analysed separately for the 

restoration site and the remnant woodland. Homogeneity of variances was checked 

using Levene’s test, and data were log transformed as necessary to meet the 

assumptions of ANOVA. Where interaction terms were significant, pairwise comparisons 

within each interaction term were used to identify which of the treatments differed. 

Holm’s sequential Bonferroni was applied to minimise Type 1 error rates (Holm 1979). 

The decomposition constant (k) was determined for each litter type x placement date x 

plot type combination using a single exponential decay model (Olson 1963):  

Mt = M0e-kt 

where Mt and M0 are the dry mass of the litter at time t and time 0. 

 

2.4 Results 

 

Data reporting mass loss of exotic and native litter through time revealed evidence for 

positive effects of exotic ground cover, and strong seasonal effects associated with litter 

bag placement date.  The hierarchical organization of our treatment effects on 

decomposition was litter type > the length of time the litter bags had been incubated in 

the field > season of litter bag placement ≥ exotic ground cover. However, at both sites 

these treatment effects interacted with one another to determine decomposition 

patterns through time. 

2.4.1 Vegetation response to herbicide and exotic plant species invasion 

At the remnant woodland, aboveground understorey biomass (Fig. 4a) was significantly 

higher in the invaded plots versus the uninvaded plots (F1,16 = 39.194, P < 0.001), and 

native plant species richness was significantly higher in uninvaded plots in comparison 

to the invaded plots (F1,16 = 14.993, P = 0.002). There was a well-developed litter layer 

in both plot types, with marginally more native litter in the uninvaded plots then the 

invaded plots, but this difference was not statistically significant. At Ridgefield, the 

understory above ground biomass (Fig. 4b) in the plots were herbicide had not been 
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applied was significantly higher than the herbicide plots (ANOVA, F1,16 = 16.098, P = 

0.001), as was total species richness (F1,16 = 10.604, P = 0.006). Only one native plant 

species (Bromus arenarius) was found during our understory vegetation survey, and thus 

the difference in species richness between plot treatments at Ridgefield can be 

attributed to a higher number of exotics in the plots where no-herbicide was applied. 

There was no difference in native litter biomass between non-herbicide and herbicide 

plots (F1,16 = 4.078, P = 0.065).  

 
 

 
 

 
Figure 4. Mean (± SE) understory biomass (light grey bars) and litter biomass (dark grey 

bars) within each plot type for the (a) remnant woodland and (b) restoration site. Within 

sites, different uppercase letters show significant (P > 0.05) differences in understory 

biomass and different lowercase letters show significant differences in litter biomass 

between plot types. 

 

2.4.2 Decomposition response to exotic understorey cover 

The influence of site on exotic litter mass loss rates was evident with consistently higher 

mass loss over time at the restoration site versus the remnant woodland regardless of 

litter type (Fig. 5). The litter decay constants (Fig. 6; k per year: - 0.14 – - 0.36) and mass 

loss percentages (20.8 –38.7) of the native litter after 18 months in the field at both sites 

were in the range found in some other Mediterranean ecosystems (e.g. Mitchell et al. 
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1986; Schlesinger 1985), but generally lower than those reported for sclerophyllous 

litter in eucalyptus forests in Australia (e.g. Maheswaran and Attiwill 1987; O'Connell 

1987). Litter mass loss for both sites and litter types decreased with time following the 

exponential decay model (Appendix 1). However, different mass loss patterns over time 

were observed between both litter types and placement dates (Fig. 5). Furthermore, 

exotic understory cover only had a strong significant effect on litter mass loss at the 

restoration site (Table 2). 
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Figure 5. Percent mass remaining over time for both the restoration plantings (column 

1; a, c, e, g) and the remnant woodland (column 2; b, d, f, h). Each row corresponds with 

a seasonal placement date; November: a, b; February: c, d; May: e, f; and August: g, h. 

Dashed lines represent native (remnant) and herbicide (restoration site) plots; solid lines 

represent invaded (remnant) and no-herbicide (restoration site) plots. Open symbols 

show the mean (± SE) mass remaining for the native litter, and closed symbols show the 

mean for the invasive litter mixtures. Grey arrows point to mass loss during May –August 

which corresponds with the growing season and winter precipitation.  

 
 
 
 

 
 
Figure 6. Average decay constants (k; Eq. 1) and standard errors (SE) for exotic (light 

grey bars) and native (dark grey bars) litter in the two land uses / sites. Within sites, means 

with different uppercase letters differ significantly (P > 0.05) between litter mixtures. 
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Table 2. General Linear model results showing differences in mass loss between 

experimental treatments and their interactions. Plot type represents invaded vs native 

plots in the remnant woodland and no herbicide vs herbicide plots in the Oldfield 

restoration plantings; LB type denotes invasive vs native litter mixtures; PD signifies 

placement date; and AGE refers to the length of time the litter bags have been incubated 

in the field. Significant treatment effects and there interactions are in bold. 

 
  Remnant Woodland Restoration Site 

Treatment df F P F P 

      

Plot Type 1 3.863 0.050 37.580 0.000 
LB Type 1 3500.335 0.000 3303.794 0.000 
PD 3 23.751 0.000 22.732 0.000 
AGE 5 189.449 0.000 247.643 0.000 
      
Plot Type * LB Type 1 0.609 0.436 3.981 0.047 
Plot Type * PD 3 1.551 0.202 1.012 0.388 
Plot Type * AGE 5 1.382 0.231 7.213 0.000 
LB Type * PD 3 8.305 0.000 6.920 0.000 
LB Type * AGE 5 78.548 0.000 40.956 0.000 
PD * AGE 14 6.521 0.000 7.240 0.000 
      
Plot Type * LB Type * 
PD 

3 1.093 0.353 0.431 0.731 

Plot Type * LB Type * 
AGE 

5 0.348 0.883 3.378 0.006 

Plot Type * PD * AGE 14 0.377 0.980 0.831 0.635 
LB Type * PD * AGE 14 3.967 0.000 2.211 0.008 
Plot Type * LB Type * 
PD * AGE 

14 0.447 0.958 0.722 0.752 

      

 
 

At Ridgefield there was a significant three way interaction (Table 2) between plot type, 

litter bag type, and the length of time the litter bags had been in the field (F 5,352 = 3.378, 

P = 0.006). In general, both native and exotic litter types decomposed more rapidly in 

plots with high exotic ground cover. Within the high exotic ground cover plots, mean 

mass loss of the exotic litter was substantially higher during the first 9 months of 

decomposition irrespective of placement date (Fig. 5 a-d). However, by the 12th month 

of litter bag incubation these differences were reduced, and by the 18th month there 
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were no differences in % mass loss between the low ground cover (92.2 ± 2.2) and high 

exotic ground cover (92.1 ± 2.3) plots. In contrast, the native litter consistently 

decomposed more quickly in the plots with high exotic ground cover, with a higher % 

mean mass loss at both three months (13.0 ± 1.9 vs. 9.3 ± 1.8) and 18 months (37.5 ± 

2.0 vs. 33.3 ± 2.4).  At Nalya Reserve plot type was only marginally significant (P = 0.05), 

with no consistent trend associated with exotic understory invasion. Decomposition 

rates (Appendix 1), were only marginally higher in the invaded plots for the May and 

August placements. 

2.4.3 Seasonal effects on decomposition 

Mass loss among native and exotic litter mixtures was best described by models that 

included three way interactions between litter type, the length of time the litter bags 

had been in the field, and the season the litter bags were placed in the field (Table 2) at 

both Nalya Reserve (F 14,362 = 3.967, P < 0.001) and Ridgefield (F 14,352 = 2.211, P = 0.008). 

Within the exotic litter at Nalya Reserve, % mass loss in the May placement (43.5 ± 3.7 ; 

mean ± S.E.) in the first three months of litter bag incubation was approximately two 

fold higher than the November (23.8 ± 4.3), February (19.0 ± 1.7) and August (18.9 ± 1.8) 

litter placements for the same length of time (Fig. 5, column 2). However, after 15 

months of incubation in the field differences in % litter mass loss between placement 

dates became less noticeable with the largest mean percent mass loss in the August 

placement (81.4 ± 3.4) and the lowest in the November placement (75.3 ± 1.9) indicating 

there was little to no flow through effect of initial placement date on mass loss over 

time. In contrast, the initial % mass loss of the native litter was fairly consistent between 

the May (12.0 ± 0.9) and August (10.1 ± 1.4) placements, and somewhat lower for the 

February (7.9 ± 1.7) and November (6.2 ± 0.9) placements. The order of placement dates 

with the highest mass loss was reversed after the litter had been in the field for 15 

months, with the November placement having the highest % mean mass loss (21.9 ± 1.8) 

and August the lowest (16.1 ± 2.8).  

Similarly, at Ridgefield the highest % mass loss in the exotic litter mixture at 3 months 

(Fig. 5, column 1) was in the May placement (51.2 ± 4.9), and mass loss in the May 

placement was double that of the February placement (23.4 ± 3.8). However, unlike the 

exotic litter at Nalya reserve, there was no substantial decrease in the differences in % 
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litter mass loss between the May placement (94.8 ± 1.6) and February placement (74.9 

± 1.2) after the litter bags had been in the field for 15 months indicating flow through 

effects of placement date on mass loss over time. Within the native litter mixtures, 

similar trends in % mass loss were observed with the highest mass loss at 3 moths in the 

August placement (15.9 ± 0.9) and the lowest in the February placement (7.7 ± 4.0).  At 

15 months this trend persisted with the highest % mass loss in the August placement 

(36.8 ± 2.2) and the lowest in the February placement (27.2 ± 2.7). Thus for both litter 

types, the season in which the litter enters the decomposition system at the restoration 

site impacts nutrient cycling processes. 

 

2.5 Discussion 

 

2.5.1 Exotic understorey effects on decomposition processes 

We can deduce from our mass loss data that the rate of energy flow and nutrient cycling 

was substantially lower in the remnant woodland then the restoration site. Within the 

invaded plots in the remnant woodland, understorey biomass was significantly higher (P 

< 0.001), understory richness was significantly lower (P = 0.002), and native litter 

biomass was lower. These data show that the understorey vegetation structure in the 

invaded plots at the remnant woodland was fundamentally different from the 

uninvaded plots which more closely represent historical understorey communities in 

this ecosystem type. Accordingly we hypothesized decomposition rates would change 

in response to this difference. Yet it is apparent that decomposition processes at this 

site have remained for the most part unaltered. Regardless of increases in understory 

biomass and subsequent litter inputs, there was not a corresponding consistent 

significant increase in native litter decomposition.  

As previously mentioned, decomposition rates (Appendix 1) were only marginally higher 

in the invaded plots for the May and August placements. This is in contrast to other 

studies which have found that rapidly decomposing leaf litter from exotic plant species 

can facilitate an increase in the rate of decomposition of co-occurring native species 

(Ashton et al. 2005; Hughes and Uowolo 2006; Rodgers et al. 2008), in part due to the 

positive non-additive effects of exotic litter mixed with native litter on decomposition 

(Chen et al. 2013). However, it has been suggested that the faster decomposition rates 
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usually associated with low C:N exotic litter may be retarded when decomposing in 

association with higher C:N native litter, and this mediating effect may be the cause of 

an ‘invasion lag’ whereby changes in nutrient cycling lag substantially behind the 

establishment of the invader (Hickman et al. 2013). Thus a potential reason we did not 

see significantly higher decomposition rates in the invaded vs uninvaded plots at Nalya 

reserve may be that decomposition processes are in a lag phase. Alternatively, it is 

possible there is an exotic biomass threshold before which the decomposition processes 

of sclerophyllous recalcitrant litter remain unaltered (Claeson et al. 2014), and the exotic 

plants at Nalya have yet to pass said threshold. Moreover it is conceivable that the lower 

quantity of standing native litter in the invaded plots is a legacy of a disturbance which 

facilitated the understory invasion rather than a consequence of said invasion. 

In comparison to the effects of understory plants on decomposition processes in the 

remnant woodland, litter decomposition dynamics at the restoration site were strongly 

affected by the application of herbicide. Although exotic and native litter decomposition 

dynamics changed through time, decomposition rates and % mass loss were consistently 

significantly higher in the plots with high exotic ground cover for the first 12 months of 

decomposition for both litter types (Fig. 4). Presumably leaching processes associated 

with precipitation were similar in both low ground cover and high exotic ground cover 

plots; however, abiotic factors such as higher shading and or humidity (Facelli and 

Pickett 1991) in the high exotic ground cover plots may have contributed to the higher 

decomposition rates within these plots. Additionally, these factors may have affected 

the microbial community within the leaf litter and thus indirectly affected 

decomposition rates. The microbial communities in invaded sites often differ not only in 

composition but also functionally from those found in native vegetation (Belnap et al. 

2005; Ehrenfeld et al. 2001; Holly et al. 2009). For example, within Californian 

grasslands, exotic grasses Avena spp and Bromus spp have been shown to increase the 

microbial biomass and abundance of ammonia–oxidizing bacteria in the soil (Hawkes et 

al. 2005). Thus the exotic species at Ridgefield may provide unique resources and or 

microhabitats for litter decomposers, thus indirectly stimulating decomposition. The 

convergence in decomposition rates between plot types after the litter bags had been 

in the field for 12 months may be related to the litter’s more advanced stage of decay 
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where only the recalcitrant portions of the litter remain and decomposers could be 

limited by litter-microbe substrate quality (Papa et al. 2008).  

2.5.2 Seasonal effects on decomposition processes 

One of the less studied yet often mentioned (Ehrenfeld 2003; Ehrenfeld et al. 2001) 

effects of exotic species on decomposition processes is the potential interaction 

between the timing of exotic biomass growth and death, and native litter decomposition 

rates. Within water limited systems invaded by exotic grasses and forbs, season is the 

overarching context in which this interaction needs to be considered. This is because 

changes in temperature and precipitation, which are inherently seasonal, are important 

drivers of the timing of growth and death of these exotics, and decomposition rates of 

both native and exotic litter types (Ngatia et al. 2014; Orsborne and Macauley 1988). 

Where rainfall is markedly seasonal, precipitation is known to affect decomposition 

through its effects on microbial activity (Cornejo et al. 1994), litter invertebrate 

abundance and diversity (Frith and Frith 1990), and / or leaching of soluble compounds 

(Austin and Vitousek 2000; De Santo et al. 1993; Pérez-Suárez et al. 2012). When 

precipitation declines and temperatures begin to rise, the exotic species undergo 

senescence and large quantities of understory biomass enter the litter system. This 

‘additional’ biomass, particularly that of exotic grasses, has the potential to promote 

higher than average decomposition rates via its positive effects on soil temperature and 

moisture. For example, it has been shown that the insulative thatch produced by grasses 

can mediate microclimate conditions by reducing the average temperature and the 

magnitude of temperature fluctuations at the soil surface (Cater and Chapin 2000; 

Eviner and Chapin 2001), as well as impact soil moisture (Eviner et al. 2006), and likely 

decreases soil moisture evaporation when temperatures begin to rise. For this reason 

we might expect to see higher decomposition rates in invaded and no-herbicide plots 

from August to November. Our results show that the rates at which both native and 

exotic leaf litter decompose varies throughout the year, with substantially higher mass 

loss and decomposition rates in the high exotic ground cover plots during the growing 

season (Fig. 3, grey arrows) which corresponds with the wetter winter months (May – 

August). However, there was not a consistent trend in decomposition rates 

corresponding with the senescence of the exotic species into the spring (August – 

November). Nor was there an increase in litter mass loss in ‘open’ understory conditions 
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(herbicide plots) during periods of peak UV radiation (November – February) which 

suggest that photodegradation, which is the photochemical mineralization of organic 

matter caused by solar radiation (Austin 2011; Austin and Vivanco 2006), is not the 

dominant abiotic control of decomposition in these systems. Notably, the interaction 

between season of placement and plot type was not statistically significant indicating 

the effects of plot level differences on mass loss associated with herbicide application 

persist year round.  

2.5.3 Differences in exotic vs native litter decomposition 

Mass loss was significantly different between the native and exotic litter mixtures. The 

exotic litter decomposition rate was approximately 6.5 times faster than the 

sclerophyllous native litter at Ridgefield, and 6.8 times faster than the native litter at 

Nalya Reserve. We expected that the herbs and forbs used in this study, which are 

species typical of productive systems, would decompose more rapidly then the native 

woody species charecteritic of southwestern Australia’s  less productive environment 

(Pérez-Harguindeguy et al. 2000). This is because the chemical properties that promote 

high physiological activity and growth, such as high tissue N content and low lignin 

content, also stimulate rapid decomposition (Hobbie 1992).These species, that have a 

high production of biomass, produce litter rich in labile compounds and thus decompose 

more quickly (Kazakou et al. 2006). Our results are consistent with other studies which 

have noted that many invaders tend to have chemical characteristics associated with 

high photosynthetic and growth rates, and correspondingly high litter decomposition 

rates (Ehrenfeld 2003; Liao et al. 2008). However, it is important to recognize that these 

effects are not directly attributed to ‘exoticness’ per se, but rather the link between 

plant phenology and physiology with ecosystem processes (Mack and D’Antonio 2003).  

 

2.6 Conclusion 

 

The results from this study suggest that exotic ground cover can regulate the outcome 

of the interactions between native litter and the physical and chemical environment, 

and ultimately, decomposition and nutrient cycling within the Mediterranean-climate 

systems of southwestern Australia. Furthermore, the temporal variability in 

decomposition observed in this study was not only a reflection of seasonal variation, but 



36 
 

also reflected differences between the restoration and remnant woodland sites. This 

may be the result of differences in the distribution of plant species amongst growth 

forms, and the total litter inputs produced by overstory and understory plants and 

subsequent decomposer community composition. At both sites, current vegetation 

community characteristics are in part a response to human intervention associated with 

disturbance and restoration, and these changes were superimposed on features of 

community structure inherited from events such as recent drought (Lavelle et al. 1997) 

and land use legacies. The results from this study suggest that the effects of season and 

time on decomposition dynamics of these altered plant communities differs between 

land use legacies. However, we do recognize the limitations of this study. The contrast 

between the natural experiment at Nalya Reserve and the manipulative experiment at 

Ridgefield makes it difficult to identify and compare the underlying mechanisms of the 

observed patterns at both sites. Furthermore, pseudoreplication at the site level 

prevents us from extrapolating our findings on the potential interaction between our 

different land use legacies and decomposition processes to the landscape scale. Further 

experimental research using more sites could explicitly test the potential mechanisms 

driving the interaction between the quality, quantity, timing of exotic species litter 

inputs and land use legacy effects on decomposition. Furthermore, a more complete 

understanding of invasion lag effects and exotic biomass thresholds would help us 

conserve and restore these threatened woodland communities. 
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2.8 Appendix 

2.8.1 Appendix 1. Exponential decay curves  
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Figure 1a. Exponential decay curves for each plot type * exotic litter* placement date 

combination at Nalya Reserve. 
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(b)           Nalya Reserve – Native  Litter 

            (Invaded Plot) 

       Nalya Reserve – Native Litter 

         (Native Plot) 
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Figure 1b. Exponential decay curves for each plot type * native litter* placement date 

combination at Nalya Reserve. 
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(c)           Ridgefield – Invasive Litter 

          (No Herbicide Plot) 

         Ridgefield – Invasive Litter 

         (Herbicide Plot) 
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Figure 1c. Exponential decay curves for each plot type * exotic litter* placement date 

combination at Ridgefield. 
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(d)           Ridgefield – Native  Litter 

        (No Herbicide Plot) 

       Ridgefield – Native Litter 

           (Herbicide Plot) 
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Figure 1d. Exponential decay curves for each plot type * native litter* placement date 

combination at Ridgefield. 
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3. Temporal Dynamics of Invertebrate Decomposers in 

Native versus Exotic Litter Types and Understorey 

Communities 

Summary 

1. Succession describes the process of change in species composition in ecological 

communities over time. It is hypothesized that successional processes may differ 

between native and exotic litter types, and within invaded versus uninvaded 

understory communities. Although there have been several studies on 

successional changes in litter microarthropod communities, few studies have 

tested the impact of invasive plant litter on invertebrate community assembly 

processes. 

2. We tested the effects of native and exotic litter types, litter age, and exotic 

ground cover on successional trends in the composition and abundance of 

invertebrate taxa through time, after accounting for potential confounding 

effects of season on successional processes. We used a staircase design whereby 

both litter bag placements and harvests were staggered across seasons over 

multiple years. Thus the turnover of litter invertebrate communities was tracked 

in litter bags placed in the field at the same time (i.e., season), and were 

compared over successive years within the same season. 

3. Although season was an important determinant of litter invertebrate community 

composition, successional processes were also evident. The age of the litter bags 

within seasons was a significant factor contributing to differences in litter 

invertebrate community composition over time, with some orders preferentially 

colonizing the litter bags during either the early or later stages of litter 

decomposition. Furthermore, different litter invertebrate communities were 

found in the different litter types that had been in the field for the same length 

of time and were harvested in the same season. This indicated that these litter 

types provide different habitats and or food resources for litter invertebrates 

during the early (3-9 months) phase of decomposition. Moreover, differences in 

exotic ground cover propagate down into the decomposer subsystem with large 
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effects on the temporal dynamics of invertebrate detritivores (Collembola, 

Psocoptera, Diplopoda, Isoptera, Isopoda and Annelida) and beetle fungivores. 

 

3.1 Introduction 
 

Succession is an important concept in ecology because it describes the process of change 

in species composition in ecological communities over time. Successional theory was 

originally developed through observations of plant communities (Cowles 1899), and has 

subsequently been applied to the succession of communities of other organisms 

including decomposer organisms on litter substrates (e.g. Santos et al. 1981). There is 

particular interest in the application of successional theory to decomposer communities 

because it has been proposed that it may shed some light on the ‘enigma’ of 

decomposer diversity. The  ‘enigma’ is that while there is a huge diversity within the 

decomposer community (Anderson 1975a), most decomposers (i.e., bacteria, fungi, soil 

and litter invertebrates) appear to be food generalists suggesting there is considerable 

overlap in resource use by these organisms (Maraun et al. 2003). Anderson (1975b) 

proposed explanation for this ‘enigma’ was that decomposers (and detritivores) 

specialize on particular decomposition stages of their resource. Thus despite litter 

appearing to offer just one resource, it may actually offer several resources for 

decomposers depending on the stage of litter decay, which in turn determines the 

successional sequence of the litter consumers.  

There are several proposed mechanisms that might be structuring successional 

processes of litter decomposers on litter substrates. These mechanisms include changes 

in resource and habitat quality over time, colonization rates and competition between 

decomposers, and/or development rates of these organisms (Bastow 2013). In 

accordance with the successional theory proposed by Connell and Slayter (1977),  

decomposer interactions may be facilitative, inhibitory, or tolerant (Moore et al. 2004). 

It is generally accepted that fungi and bacteria are the first colonizers of litter substrates, 

and through successional processes they interact with one another on shared litter 

resources (e.g. Bardgett and Walker 2004). Many studies have demonstrated directional 

changes in litter decomposer bacteria and fungi as leaves senesce, enter the 

decomposition subsystem, age and decay (Cahyani et al. 2002; Frankland 1998; e.g. 
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Macauley and Thrower 1966). Furthermore, litter priming by fungi (chapter 4) and/or 

bacteria appears to be necessary for subsequent colonization by litter invertebrates 

(Hedde et al. 2007; Pande and Berthet 1973; Sadaka-Laulan et al. 1999). However, 

relationships between leaf litter quality, habitat and the successional progression of 

decomposer invertebrates on litter substrates are less clear. For example, there have 

been mixed results on how different taxonomic groups differentiate between fresh and 

aged litter, which taxonomic groups constitute pioneer groups during the initial stages 

of decomposition, and how much overlap there is between taxonomic groups on a litter 

substrate over time (Anderson 1975b; Hasegawa 1995; Santos et al. 1981; Wardle et al. 

1995). Furthermore, results from studies that have successfully demonstrated 

successional processes on buried litter (e.g. Santos et al. 1981) may not be applicable to 

litter on the soil surface because environmental conditions, particularly fluctuations in 

temperature and moisture, are much more pronounced above ground than below 

ground (Fierer et al. 2003). 

Despite emerging evidence of successional patterns in decomposer communities, 

seasonal effects can sometimes swamp longer term successional effects, making it 

difficult to differentiate the two in datasets reporting temporal patterns. This is because 

many of the invertebrate taxa observed in successional studies have been shown to be 

sensitive to seasonal moisture conditions (e.g. Greenslade 2007), and within these 

taxonomic groups, families may fluctuate with season (e.g. Vossbrinck et al. 1979). 

Similarly, in seasons when temperature and moisture limit decomposer fauna activity, 

sporadic precipitation events have been shown to increase microarthropod abundance 

on leaf litter (van Vliet et al. 2000) indicating that litter invertebrate temporal dynamics 

can be influenced by stochastic weather events. Given the apparent impact of 

temperature and moisture on litter invertebrate activity, several authors have 

recognized that potential successional changes in litter invertebrate communities during 

litter decomposition in the field were either confounded or superseded by seasonal 

effects on species composition (Fagan et al. 2006; Lindo and Winchester 2007; Osler et 

al. 2004).  

Bastow (2013) pointed out several methods for distinguishing between the effects of 

seasonality and changes in litter resources and habitat associated with decomposition. 

First, it is possible to compare the turnover of litter invertebrates in litter bags placed in 
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the field in different seasons (e.g. Santos et al. 1981). Using this approach, decomposer 

succession would be inferred if there were similar litter invertebrate communities on 

similarly aged leaf litter material at the same stage of decomposition irrespective of 

season of litter bag placement (Osler et al. 2004). Second, the turnover of litter 

invertebrate communities can be tracked in litter bags placed in the field at the same 

time (i.e., season), and can be compared over successive years within the same season 

(e.g. Wardle et al. 1995). With this methodology, decomposer succession would be 

inferred if different litter invertebrate communities colonised the litter material at 

different stages of decomposition (i.e., according to litter age), even though the season 

was held constant. Finally, a combination of these two approaches can be used to detect 

successional versus seasonal changes in litter invertebrate communities over time using 

a ‘staircase design’ in which both litter bag placements and harvests are staggered 

across seasons over multiple years (Walters et al. 1988). 

As previously noted, most decomposer invertebrates appear to be food generalists 

(Maraun et al. 2003), and thus changes in plant species composition and associated litter 

inputs might not be expected to have a large effect on litter invertebrate composition 

or temporal dynamics. However, it has been shown that plant litter quality can be a 

major driver of invertebrate community structure as different types of litter favour 

different faunal components (Wardle et al. 2006). Consequently, situations in which the 

phenology and litter quality of plants change substantially from those within existing 

native plant communities, such as through exotic plant invasions (Ehrenfeld 2003; 

Levine et al. 2003), may propagate down into the decomposer subsystem (Wardle et al. 

2003). Furthermore, differences in leaf size, leaf shape, leaf-surface structures, and leaf 

colours, all contribute to differences in decomposer habitat because of their distinct 

geometric organization, water holding capacity, and radiative energy balance 

(Hättenschwiler et al. 2005). Thus when the litter quality of an exotic invader is 

substantially higher than the native vegetation, invertebrate community composition 

will likely differ between leaf litter types and may go through different directional 

changes in composition as the litter ages. For example, detritivores could initially be 

more abundant on higher quality exotic litter, and their numbers may decrease over 

time as labile C and N in the plant litter is consumed and mineralized. In native 

sclerophyllous litter on the other hand, detritivore abundance may initially be very low 
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due to its low resource quality, but may increase over time as bacteria and fungi 

colonized the litter and make nutrients more available to these invertebrates. 

Furthermore, detritivore abundance may be higher both during the growing season and 

in sites with high exotic ground cover due to favourable temperature and moisture 

conditions. Hence an analysis of changes in litter invertebrates within different habitats 

and across litter types associated with exotic plant invasion may also contribute to our 

understanding of successional changes in decomposer communities. In a time of 

unprecedented environmental change associated with land use conversion and plant 

species invasions (Hobbs et al. 2009; Sala et al. 2000) understanding how decomposer 

fauna interact with environmental changes is particularly relevant. 

In the present study we used an adapted version of the experimental staircase design of 

Walters et al. (1988) to effectively discriminate between seasonal versus successional 

processes within a temporal dataset of litter invertebrate communities (Table 1). To our 

knowledge this is the first time this experimental methodology has been used to 

measure successional changes in invertebrate communities. Litter bags were deployed 

in a staircase design at two sites, a restored old field and a woodland remnant, both with 

patches of exotic plant species in the understorey, to determine if successional dynamics 

of invertebrates colonising the litter bags differed between native versus exotic litter 

types in sites either dominated or not-dominated by exotic plant ground cover. In this 

study I ask the following questions: 

1. Are invertebrate community temporal dynamics within leaf litter driven by 

successional processes or are they simply a reflection of seasonal population 

dynamics? 

2. Do invertebrate community temporal dynamics differ between native and exotic 

litter types, and or with increasing exotic plant ground cover? 

 

3.2 Methods and materials 
 

3.2.1 Site selection 

 

This study included two field sites to compare the successional trajectories of 

invertebrate decomposers at a restoration site and a eucalypt woodland remnant, which 
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was representative of the benchmark for restoration. The restoration site (Ridgefield) 

was an old-field that had been planted with trees ~2 years prior to the start of our study. 

The Ridgefield experiment (32◦29’S 116◦58’E) and Nalya Reserve (32°22’S 117°12’E) are 

26 km apart at an average elevation of 350 m in a Mediterranean-climate region. Given 

their proximity to each other, it was assumed the two sites experienced similar weather 

conditions. The average summer (January) daily maximum temperature was 33.0 °C, and 

the average minimum winter (August) daily temperature was 4.6 °C at Brookton (1966–

2014 averages), which is approximately equidistant between the sites. Precipitation 

occurs primarily in the winter, and average annual rainfall is 450 mm (1907-2014, Bureau 

of Meteorology, 2014). 

The Ridgefield Multiple Ecosystem Services Experiment consists of replicated plots 

planted with differing combinations of woody native species (For full details see Perring 

et al. 2012). For this study, a subset of the experimental plots were used (A10, B10, E10, 

G10). Each plot was 23 m × 23m and was planted with 110 individuals comprising eight 

species of native woody plants 2.5 meters apart. Species planted were two tree species, 

Eucalyptus loxophleba ssp loxophleba (hereafter E. loxophleba), E. astringens, and six 

shrub species, Acacia acuminata (henceforth A. acuminata), A. microbotrya, Banksia 

sessilis, Hakea lissocarpha, Calothamnus quadrifidus, and Callistemon phoeniceus. 

Subplots (10 m x 10 m) within each main plot consisted of herbicide/no herbicide and 

nitrogen addition/no nitrogen addition treatments. The litterbag experiment was 

nested within the herbicide versus no herbicide sub–plots which had no nitrogen added. 

As invertebrates generally operate at small spatial scales (Abensperg-Traun et al. 2000), 

this plot size was deemed sufficient to determine treatment effects on invertebrate 

community composition. Herbicide (haloxyfop and glyphosate) was applied in the early 

winter (the plant growing season in this Mediterranean climate) to remove exotic 

herbaceous species (the dominant exotic species at the site include Avena spp., Bromus 

spp., Erodium spp., and Arctotheca calendula).  

Nalya Reserve is a 0.5km2 remnant E. loxophleba– A. acuminata woodland, bisected by 

a road, and surrounded by agricultural fields. This woodland was selected for study 

because it had a patchwork of uninvaded areas versus areas invaded by exotic annuals 

in the understory, and because of its relatively close proximity to the restoration site. 

The dominant exotic understory species at the site included Avena spp., Bromus spp., 
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Erharta ssp., Aira cupaniana, Ursinia anthemoides, and Arctotheca calendula. Eight 

paired plots (10 x 10 m) no further than 10 meters apart were subjectively located within 

areas in the reserve dominated by exotic understory species (>60 % exotic cover) versus 

native understory species (< 10 % exotic cover) respectively (n = 16 plots total). All plots 

contained between 1-2 mature canopy E. loxophleba, and 3-5 sub-canopy A. acuminata. 

3.2.2 Staircase design 

 

We nested our litter bag experiment in an adapted version of the staircase design of 

Walters et al. (1988) to effectively discriminate between the effects of season and litter 

invertebrate succession. Litter bags were placed in a randomized design in the plots at 

three month intervals corresponding with the spring (November), summer (February), 

autumn (May), and winter (August) seasons, and subsequently harvested every three 

months over a 15-18 month period (Table 1). The four annual sampling dates take into 

consideration factors that influence the quality, quantity, and timing of aboveground 

biomass inputs into the litter layer , namely seasonal shifts, with more invertebrate 

activity and litter decomposition expected in the wetter winter months (Paoletti et al. 

2007), and the growth and mortality of winter-active weeds. . This design allowed us to 

compare litter invertebrate communities across different litter bag ages within a season, 

and litter invertebrate communities associated with particular stages of litter decay (as 

indicated by litter age) across seasons. In comparison to the previous chapter (chapter 

2), we used harvest date as the relevant treatment factor, instead of placement date, 

because our null expectation was that we were interested in detecting significant effects 

of successional age over and above simple seasonal differences in invertebrate activity 

patterns at each harvest date. For analysis, the eight harvest dates (Table 1) were re-

coded as four season categories (i.e. combining across years) because it was not possible 

to have a complete 18-month span of litter bag ages within the same season in a single 

year. 
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Table 1. Experimental staircase design. P1-P4 represent placement dates and H1-H8 

represent harvest dates. Cell numbers show the length of time (months) the litter bags 

had been in the field. 

  H1 H2 H3 H4 H5 H6 H7 H8 

 Nov. 

2011 

Feb. 

2012 

May 

2012 

Aug. 

2012 

Nov. 

2012 

Feb. 

2013 

May 

2013 

Aug.

2013 

Nov. 

2013 

P1 (Nov. 2011) 0 3 6 9 12 15 18   

P2 (Feb. 2012)  0 3 6 9 12 15 18  

P3 (May 2012)   0 3 6 9 12 15 18 

P4 (Aug. 2012)    0 3 6 9 12 15 

 

3.2.3 Leaf litter selection and collection 

 

Given that plant species usually coexist in mixtures rather than monocultures (Wardle 

2006), and litter from different plant species has been shown to support differing 

diversities of decomposer invertebrates (Hansen 2000), we used litter mixtures in this 

experiment to more closely mimic natural litter environments. Leaves of three native 

sclerophyllous species, E. loxophleba, A. acuminata, and Banksia sessilis, were used in 

the native litter mixture. These species were chosen because E. loxophleba, and A. 

acuminata were the dominant overstorey species in the woodland remnant and 

restoration planting, and B. sessilis is an ancillary species at both sites. Three exotic 

annual herbaceous species, Avena sp., Erodium sp., and Arctotheca calendula, were 

used in the exotic litter mixture. These understory components were selected because 

they were common at both sites. Previous studies have shown that this exotic litter 

generally has much lower C : N ratios and lower lignin concentrations (Brown 1977; 

Henry et al. 2008b; Kazakou et al. 2006) than the leaf litter of the native species used in 

this study (Chapter 4), thus these leaf litter types likely provide different resources for 

the decomposer community. Leaf litter was collected between August and October 

2011. Leaves of woody species were collected from naturally-fallen branches where the 

leaves were not in contact with the ground. Leaves from herbaceous species were 

collected after they had set seed. Litter from each species was air dried and stored at 



57 
 

room temperature. The collected litter was thoroughly mixed to limit any influence of 

state of decomposition associated with different times of collection or branch abscission 

from trees. Leaf litter was apportioned into lots of 6, 4, and 2 (+/- 0.05g) grams for E. 

loxophleba, A. acuminata, and B. sessilis respectively for the native mix, and lots of 6, 4, 

and 2 (+/- 0.05g) grams for Avena spp., Erodium spp., and A. calendula respectively for 

the exotic mix. In order to separate out the effects of litter type and ground cover, a full 

reciprocal transplant of both exotic litter and native litter was performed. Our factorial 

experimental design allowed us to test for variation in litter invertebrate communities 

between exotic and native litter mixtures, invaded and uninvaded ground cover 

treatments, and any interaction between ground cover and litter type. A subsample of 

each litter mixture (n = 10) was weighed, dried at 60◦C, and reweighed to obtain a dry 

weight conversion factor; because of the possibility that oven drying may alter the 

chemical composition of the litter, the litter used in the litter bags was not oven dried 

(Bastow et al. 2008a).  

3.2.4 Litter bag construction 

 

The litter bags used in this study were made out of 7 mm and 1 mm polyethylene mesh. 

The two mesh screens (15 cm x 15 cm) were sown together with polyester thread on 

three sides, filled with the leaf litter mixture, and then stapled to close the bag. Litter 

bags were placed on the ground below the existing litter layer with the smaller mesh on 

the soil surface. This construction was used to both prevent the extraneous loss of litter 

fragments from the underside of the bags, and to allow entry of litter dwelling 

invertebrates through the top of the bags. Within each plot (10 m x 10 m), the litter bags 

were pinned to the mineral soil layer, in a randomized 0.4 m spacing grid. Litter bags 

were also harvested using a randomized sampling design which was nested within 

placement date. This design was used to minimise any confounding effects of spatial 

variation on litter decomposition. Litter mass was corrected for transportation losses 

using the “Traveller bag” method (Harmon et al. 1999).  

3.2.5 Invertebrate sample processing 

 

Litter bags were transported to the lab in tightly woven cloth bags and immediately 

placed in Tullgren funnels for 72 hours. Tullgren funnels were used to create a 

temperature gradient over the litter bags such that mobile organisms moved away from 
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the higher temperatures and fell into preservative. This time interval was deemed 

sufficient for exhaustive invertebrate extraction based on our own pilot studies. The 

litter invertebrates were collected and stored in 70 % ethanol, and then initially sorted 

to order and class. We adopted an approach of increasing scale of resolution to sort the 

large number of invertebrates that we sampled. After sorting to order, we classified 

invertebrates into detritivore functional groups at the ordinal level and at the species 

level for the Order Coleoptera. We choose this approach because taxonomic knowledge 

of Western Australia invertebrates is generally poor (Majer et al. 2007), particularly for 

the groups that were abundant in the bags (e.g., mites). Beetles were one of the few 

orders for which it was possible to identify recognizable taxonomic units (RTU’s) without 

taxonomic expertise, consistently, and without compromising the accuracy of the data 

(Oliver & Beattie 1996). Additionally, the use of functional groups can provide a 

predictive framework for analysing invertebrate community patterns in the absence of 

information on the response of individual species (Hoffmann and Andersen 2003). In 

this case, such a framework was logical given the context of decomposition and the ease 

with which we were able to assign functional groups based on their likely roles in this 

process. 

Where orders or classes represent one mode of foraging behaviour they were assigned 

to a functional group (i.e., detritivores, predators). Where multiple types of foraging 

behaviour are known within an order or class, they were classified as ‘omnivores’. 

Specifically, Collembola, Psocoptera, Diplopoda, Isoptera, Isopoda and Annelida were 

classified as decomposers whereas Chilopoda, Neuroptera, Araneae, and 

Pseudoscorpiones were classified as predators (Heatwole and Levins 1972; Moore et al. 

1988). Coleoptera (beetles) were further sorted to families (Lawrence and Britton 1994) 

then species or morphospecies. Beetles were also classified into functional groups, 

including fungivores and herbivores as well as decomposers and predators that were 

represented by the other taxa , at the family or subfamily level (Klimaszewski and Watt 

1997; Lawrence and Britton 1994; Standish 2004).  
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3.3 Statistical analysis 
 

3.3.1 Invertebrate community composition analysis 

 

Permutational multivariate analysis of variance (PERMANOVA) was used to analyse data 

from the staircase design and test for an overall response of invertebrate ordinal 

composition to litter type, ground cover (plot treatment), season (harvest season), 

succession (age of the litter bags), and their interactions. When PERMANOVA showed 

significant interaction effects (P < 0.05), these were investigated further using a series 

of a posteriori pair-wise comparisons using the appropriate interaction terms in the 

model. For these tests, only probability values are presented because the multivariate 

t- statistics are generated through permutations. Due to lack of site-level replication of 

restoration vs woodland habitats (Hurlbert 1984), each site was analysed separately. 

The PERMANOVA test was carried out via PRIMER v.6 (Clarke 1993; Clarke and Gorley 

2006) and was based on 999 permutations. 

3.3.2 Detritivore abundance analysis 

 

To examine treatment effects on detritivore abundance (as described above), we used 

a generalized linear model (GLZ: SPSS v.22) with a negative binomial distribution and a 

log link function to accommodate overdispersion of the data. For both sites the models 

converged to provide good fits to the data. Final models were selected by back-stepping 

procedures from full models to obtain the most parsimonious model with the highest 

log likelihood ratio (Agresti 1996). To minimize type 1 error rates in the post hoc pairwise 

comparisons within each significant three way interaction term, we reduced the p value 

from 0.05 to 0.001  

3.3.3 Beetle species richness and functional group analysis 

 

Studies based on higher taxonomic levels have several limitations that are likely to mask 

variation in faunal responses within taxonomic groups (Arnold et al. 1999). For this 

reason we chose to examine the beetles to species level at both sites. To evaluate the 

completeness of our sampling effort within each litter type, we pooled harvest date, 

litter bag age, and plot type, and generated individual species-based rarefaction curves 

within each site and litter bag treatment in EstimateS (Colwell 2009) with 200 

randomization runs (resampled without replacement). The classic formula for Chao1 
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was used to assess the approximate percentage of extrapolated species richness 

observed in each litter bag type by site treatment (Gotelli and Colwell 2011), and the 

Berger-Parker dominance index was calculated to determine how dominant the most 

abundant beetle species was in each litter bag type by site treatment. This index 

accounts for the dominance of the most abundant species over the summed abundance 

of all species in the assemblage (Caruso et al. 2008). Because of the low number of 

individuals captured in the remnant woodland (Nalya Reserve), it was not possible to 

test treatment effects at this site. At Ridgefield, to test for directional changes within 

the beetle community we used the same PERMANOVA design as the ordinal level data 

with one exception; due to the extremely low beetle captures in both November and 

February, these harvest seasons were excluded from the analysis. Further trophic group 

responses were assessed using a generalized linear model with a negative binomial 

distribution and log link function to test the main effects of litter bag type, plot 

treatment, age, and harvest on the species richness of beetles within each trophic group.  

 

3.4 Results 
 

 

Data reporting the composition and abundance of invertebrate taxa through time 

revealed evidence for successional trends after accounting for the effects of 

season.  These trends were evident for both native and exotic litter bags, harvested from 

both plots with high and low exotic ground cover at both sites.  Furthermore, patterns 

were similar regardless of the level of taxonomic resolution in the response data. That 

is, successional trends were similar among ordinal invertebrate community and beetle 

community composition, and functional groups assigned to both invertebrate orders 

and to beetle RTUs. 

3.4.1. Invertebrate succession  

 

A total of 696 269 individuals were collected and classified into 21 orders and classes at 

Ridgefield, and a total of 122 510 individuals were collected and classified into 23 orders 

and classes at Nalya Reserve. One Myriapoda class (Chilopoda) was only found at 

Ridgefield, and one order (Pseudoscorpionida) and one class (Gastropoda) were only 

found at Nalya Reserve. Season was an important determinant of litter invertebrate 
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community composition, with generally fewer individuals and different orders in the 

summer (Februrary; e.g. Fig. 1) than winter (August; e.g. Fig. 1). Seasonal effects were 

highly variable in late spring/ early summer (November), which is likely a reflection of 

substantially higher rainfall (30.5 mm) then the long term average (14.8mm) in 

November 2012. However, when the effect of season was taken into account, 

successional processes were also evident. 
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Figure 1. Transformed abundance of litter invertebrate taxa (blue: detritivore; red: 

predator; grey: omnivores) at Nalya Reserve in plots with high exotic ground cover 

captured at each harvest date in native (column a) and exotic (column b) litter bags 

across all litter bag ages. Purple boxes show an example of a winter (August) harvest, 

and green boxes show an example of a summer (February) harvest 
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Figure 2. Transformed abundance of litter invertebrate taxa (blue: detritivore; red: 

predator; grey: omnivores) at Nalya Reserve in plots with low exotic ground cover 

captured at each harvest date in native (column a) and exotic (column b) litter bags 

across all litter bag ages.  
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Figure 3. Transformed abundance of litter invertebrate taxa (blue: detritivore; red: 

predator; grey: omnivores) at Ridgefield in plots with high exotic ground cover 

captured at each harvest date in native (column a) and exotic (column b) litter bags 

across all litter bag ages.  
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Figure 4. Transformed abundance of litter invertebrate taxa (blue: detritivore; red: 

predator; grey: omnivores) at Ridgefield in plots with low ground cover captured at 

each harvest date in native (column a) and exotic (column b) litter bags across all litter 

bag ages. 
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Taxa Legend 
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Although most of the abundant orders (e.g. Acari, Collembola and Psocoptera) were 

common irrespective of litter type or the length of time the litter had been in the field 

(Fig. 1-4), several taxa were only frequently found on one litter type and/or appeared in 

earlier or later stages of litter decomposition (Tables 2 and 3). At Nalya Reserve, 

Thysanura were relatively common (Fig. 1-2), but only in the early stages of exotic litter 

decomposition (3-9 months), whereas this order was consistently found in the native 

litter bags for the duration of the study (Table 2). Similarly, Pseudoscorpions were 

frequently found in the native litter after the litter had been in the field for 9 months, 

yet occurred infrequently in the exotic litter over the duration of the experiment. 

Diplopoda were far more frequently found in the native litter than the exotic litter, yet 

Diplopoda only colonized the native litter after it had been in the field for 6 months, 

where as it was found in the exotic litter after 3 months. Annelida were only found in 

the older (15 -18 months) exotic and native litter bags at Nalya (Table 2); however, they 

were relatively common across all litter bag ages in both litter types at Ridgefield (Fig. 

3-4). At Ridgefield, Blattodea were also frequently found after the litter bags had been 

in the field for 9 and 6 months for exotic and native litter respectively, but not before. 

Furthermore, although captures of Isoptera were low, they were only found in the native 

litter in uninvaded plots at both sites. These differences in litter invertebrate community 

composition over time are also reflected in the results from the PERMANOVA analysis 

of the staircase design.  
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Table 2. Presence and absence of taxa on native litter (a) and exotic litter (b) at Nalya Reserve over time. Values in cells represent the plot 

type the organisms were collected in (N: Native; I: Invaded). 

Taxa a. Nalya Reserve:  Native Litter b. Nalya Reserve:  Exotic Litter 

 3 6 9 12 15 18 3 6 9 12 15 18 

Acari N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Annelida      N     N, I  
Araneae N, I N, I N, I N, I N, I N, I  N, I N, I N, I  N, I  N, I  N, I 
Blattodea  N   N, I N, I N, I N, I   I N N  
Chilopoda             
Coleoptera_Adult N, I I  N, I N, I  N, I N, I N, I N, I N, I N, I N, I N, I 
Coleoptera_Larvae N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Collembola N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Dermaptera       N, I N, I I N, I N, I N, I 
Diplopoda  I N, I N, I N I N, I     N 
Diptera_Adult I N, I N, I N, I N, I N N, I N, I N, I N, I N, I N, I 
Diptera_Larvae N, I N, I N, I  N I N, I I N N, I N, I N, I 
Gastropoda I      N N     
Hemiptera N, I N, I N, I N, I I N, I N, I N, I N, I N, I N, I I 
Hymenoptera_Formicidae N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Hymenoptera_Other N, I N N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Isopoda        I     
Isoptera  N  N         
Lepidoptera_Adult     I    N    
Lepidoptera_Larvae N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I I 
Nematode N, I N  I N N   N, I N, I N, I N 
Neuroptera    N, I       N  
Pseudoscorpiones   N N I N N   N  I 
Psocoptera N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Thysanoptera N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Thysanura N, I N, I N, I N, I N N, I N, I I N, I    
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Table 3. Presence and absence of taxa on native litter (a) and exotic litter (b) at Ridgefield over time. Values in cells represent the plot type 

the organisms were collected in (N: Native; I: Invaded). 

Taxa a. Ridgefield:  Native  Litter b. Ridgefield:  Exotic Litter 

 3 6 9 12 15 18 3 6 9 12 15 18 

Acari N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Annelida N N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Araneae N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Blattodea  N, I N, I I N, I I   I N, I I I 
Chilopoda N, I N, I N, I N, I N, I N, I N N, I N, I N, I N N, I 
Coleoptera_Adult N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Coleoptera_Larvae N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Collembola N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Dermaptera    I I  N  I    
Diplopoda    I   N      
Diptera_Adult N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Diptera_Larvae N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Gastropoda             
Hemiptera N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Hymenoptera_Formicidae N, I N, I N, I N, I N, I I N, I N, I N, I N, I N, I N, I 
Hymenoptera_Other N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N N, I 
Isopoda  I        I   
Isoptera    N         
Lepidoptera_Adult             
Lepidoptera_Larvae N, I N, I N, I I N, I N, I N, I I N, I N, I N, I N 
Nematode I I N, I N, I N, I N, I N I N, I N, I N, I N 
Neuroptera  N N   I       
Pseudoscorpiones             
Psocoptera N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Thysanoptera I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I N, I 
Thysanura    I N, I N  N I N   
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Successional changes were evident from litter invertebrate community responses to 

interactions between litter age and other treatment variables. At Ridgefield, there was 

a significant three way interaction between litter age, litter type, and harvest date 

(PERMANOVA, F14,249 = 2.066, P = 0.001; Table 4). At Nalya Reserve similar trends were 

observed with strong significant interactions between litter age, litter type, and harvest 

(PERMANOVA, F14,255 = 2.420, P = 0.001), and plot treatment and harvest (PERMANOVA, 

F3,255 = 1.856, P = 0.005). Within each interaction term we looked at the pairwise 

comparisons using the vote counting method to aid in interpretation of these 

interactions (Appendix 1). Similar trends regarding the interaction between litter age, 

litter type, and harvest date were evident at both the restoration site and woodland 

remnant. After accounting for seasonal effects, there were significant differences in 

invertebrate community composition between litter types in the early phase of 

decomposition (i.e. the first 6-12 months), but these differences were only apparent in 

the May and November harvests. February and August represent opposing seasonal 

extremes in temperature and moisture, respectively. The fact that litter type was seldom 

significant in February is most likely due to summer capture rates being extremely low, 

with low dissimilarity among all litter bags and therefore low power to detect changes 

in community composition during this season. Although winter capture rates were very 

high (August), litter resources in the immediate environment surrounding the litter bags 

were also at their peak, and it is conceivable the mobile litter invertebrate communities 

within the bags were not limited to the litter resources within the bags. Furthermore, 

within each litter type, there were significant changes in invertebrate community 

composition between litter bag ages, and in general this change persisted for the first 

year in the native litter in comparison to the duration of the experiment in the exotic 

litter. Moreover, the results from this analysis demonstrate that differences in ground 

cover at Ridgefield significantly affected invertebrate community composition across all 

seasons (PERMANOVA, F1,249 = 3.702, P = 0.002; Table 4), whereas pairwise comparisons 

within the significant plot treatment and harvest season interaction term at Nalya 

Reserve indicate that differences in ground cover only affected litter invertebrate 

community composition during May (t = 1.739, P = 0.013) and August (t = 2.180, P = 

0.004) harvests. 
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Table 4. Summary of the PERMANOVA and Generalized Linear model results for ordinal level invertebrate community composition and 

detritivore abundance across both sites. Significant results (P < 0.05) are in bold. 

 

          Community 
        Composition 
          (PERMANOVA) 

Detritivore 
Abundance 

(Generalized Linear Model) 

                   Ridgefield Nalya Reserve Ridgefield Nalya Reserve 

Treatment df F P F P X2 P X2 P 

Plot Type 1 3.702 0.002 4.684 0.001 24.490 0.000 0.750 0.387 

LB Type 1 2.058 0.037 3.996 0.001 6.500 0.011 44.681 0.000 

Age 5 3.107 0.001 4.349 0.001 131.888 0.000 172.671 0.000 

Harvest Season 3 61.404 0.001 47.808 0.001 1811.353 0.000 830.872 0.000 

LB Type * Plot Type 1 1.238 0.312 0.793 0.618 0.209 0.647 0.056 0.813 

LB Type * Age 5 2.413 0.001 2.876 0.001 85.791 0.000 72.576 0.000 

LB Type * Harvest Season 3 1.420 0.092 2.453 0.001 14.870 0.002 12.718 0.005 

Plot Type * Age 5 1.244 0.157 0.836 0.724 11.888 0.036 3.145 0.678 

Plot Type * Harvest Season 3 1.491 0.058 1.856 0.005 7.429 0.059 23.001 0.000 

Age * Harvest Season 14 3.307 0.001 3.464 0.001 188.477 0.000 99.659 0.000 

LB Type * Plot Type * Age 5 1.402 0.065 0.686 0.901 19.220 0.002 6.280 0.280 

LB Type * Plot Type * Harvest 
Season 

3 0.672 0.888 1.120 0.326 0.769 0.857 4.936 0.177 

LB Type * Age * Harvest Season 14 2.066 0.001 2.420 0.001 241.260 0.000 96.414 0.000 

Plot Type * Age * Harvest Season 14 0.973 0.546 0.911 0.707  -  - 

LB Type * Plot Type * Age * 
Harvest Season 

14 1.096 0.227 0.854 0.846  -  - 
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After Acari, the Class Collembola and Order Psocoptera were the second and third most 

abundant taxa captured in the litter bags at both sites. Both Collembola and Psocoptera 

are primarily fungi and leaf litter feeders, and detritivores were expected to be 

particularly sensitive to the litter bag treatments. Subsequent analysis (Table 4) of the 

abundance of the decomposer community (Collembola, Psocoptera, Diplopoda, 

Isopoda, Isoptera, and Annelida) showed significant responses to the interaction 

between litter age, litter type, and harvest at both Ridgefield (GLZ, X2
14,249 = 241.260, P 

< 0.001), and Nalya Reserve (GLZ, X2
14,255 = 96.414, P < 0.001). In general, this response 

was similar at both the restoration site and woodland remnant. Within both litter types, 

summer captures (February) were extremely low, and detritivore abundance peaked in 

August (e.g. Fig. 3). Across all seasons, detritivore abundance within the exotic litter 

reached a peak between 3-6 months in the field and then declined as the litter bags 

aged, whereas abundance in the native litter bags remained relatively consistent 

through time. At Ridgefield there was an additional three way interaction between litter 

age, litter type, and plot type (GLZ, X2
14,249 = 19.220, P = 0.002; Fig. 5). In general, 

detritivore abundance was higher and much more variable in the plots with high exotic 

ground cover. Although detritivore abundance was relatively consistent over time in the 

native litter, detritivores were abundant in the exotic litter under high exotic ground 

cover for the first nine months of decomposition, whereas they were only very abundant 

in the exotic litter and low exotic ground cover for the first three months of 

decomposition. At Ridgefield, there were no interactions between plot type and harvest 

season, indicating that ground cover effects persist year round. In contrast, at Nalya 

Reserve there was a significant interaction between plot type and harvest season (GLZ, 

X2
3,255 = 23.001, P < 0.001), due to there being significantly more detritivores in the plots 

with high exotic ground cover than those with low exotic ground cover in August. 
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Figure 5. Detritivore abundance (mean ± S.E.) at Ridgefield in plots with (a) low ground 

cover (herbicide addition), and (b) high exotic ground cover (no-herbicide addition). 

Black lines represent exotic litter and grey lines represent native litter. 

 

3.4.2 Coleoptera abundance, RTU richness, and succession 

 

In total, 883 beetles were collected at Ridgefield and classified into 47 RTU’s, whereas 

306 beetles were collected at Nalya Reserve and classified into 40 RTUs (Table 5). Of 

these, 25 RTUs were unique to Ridgefield and 19 were unique to Nalya Reserve. The 

rarefaction curves for the Ridgefield beetle samples (Fig. 6a) indicate that there is no 

difference in beetle richness between native and exotic species leaf litter bags. However, 

a relatively low proportion of only ~43–56 % of the estimated total (asymptotic) species 

richness has been sampled from this site (Native Litter Chao1 mean = 74.15; Exotic Litter: 

Chao1 mean = 64.11). The dominant species in both leaf litter types was Aphodius sp.1, 

representing 80.4% of the beetles sampled in the exotic species litter, and 46.9% of the 

beetles sampled in the native species litter (Table 5). Although the same sampling effort 

was applied at Nalya Reserve, the results from this sampling effort were markedly 

different. Significantly fewer individuals were captured in the native species leaf litter 

than the exotic species litter, yet the Nalya Reserve rarefaction curve (Fig. 6b) suggests 

that species richness may be higher in the native species leaf litter. However, the 

sampling completeness was relatively low once again. For the exotic species litter bags, 

it is estimated that 35 % of total beetle species richness has been sampled (Chao1 mean 

= 86.02), whereas for the native species litter 48 % of the estimated species richness has 

(a) (b) 
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been sampled (Chao1 mean = 37.83). That said, Sericoderus sp.1 is the dominant species 

in both leaf litter types, representing 24 % of the individual beetles sampled in the exotic 

litter and 38% of the individuals sampled in the native litter (Table 5).  

 

Table 5. Beetles collected in litter bags at Ridgefield Farm and Nalya Reserve in the 

wheat belt of Western Australia over a two year sampling period (2011 – 2013). 

 

 

Taxon   Ridgefield Nalya Reserve 
  Native Litter Exotic Litter Native Litter Exotic Litter 
Anobiidae (D)     
 Anobium sp.1 1 1 - - 
 Mysticephala sp.1 - - - 1 
Anthicidae (D)     
 Formicomus sp.1 - 14 - 2 
 Formicomus sp.2 - 1 - - 
 Formicomus sp.3 5 19 - 1 
Carabidae (P)     
 Carabidae sp.1 - - 1 - 
 Carabidae sp.2 - - 1 - 
 Carabidae sp.3 1 - - - 
 Carabidae sp.4 - - 1  
 Chlaenius greyanus - 1 - - 
 ?Pogonus sp.1 9 3 - - 
 ?Pogonus sp.2 10 2 - - 
 Scopodes sp.1 22 7 4 6 
Chrysomelidae (H)     
 Chaetocnema sp.1 2 - - - 
Coccinellidae (P)     
 ?Cyrema sp.1 - 1 - - 
 ?Micraspis sp.1 - - - 1 

 
Coccinella 
transversalis - 

- 
- 

1 

Corylophidae (F)     
 Corylophidae sp.1 1 - - - 
 Orthoperus sp.1 - - - 1 
 Priamima sp.1 1 - - - 
 Sericoderus sp.1 32 36 23 58 
Cryptophagidae (F)     
 Cryptophagidae sp.1 - 4 - 5 
Curculionidae (H)     
 Curculionidae sp.1 - 1 1 - 
 Curculionidae sp.2 3 1 - - 
 Curculionidae sp.3 - - 2  
 Curculionidae sp.4 13 33 - 3 
 Curculionidae sp.5 4 - - - 
 Curculionidae sp.6 1 - - - 
Elateridae (H)     
 Aphileus goombarus 2 2 - - 
 Drasterius sp.1 1 1 - - 
Histeridae (P)     
 ?Hypocaccus sp.1 - 1 - - 
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Table 5. Continued 

Functional groups indicated: D=detritivore, F=fungivore, H=herbivore, P=predator 

 

 

 

 

Taxon   Ridgefield Nalya Reserve 
  Native Litter Exotic Litter Native Litter Exotic Litter 
Lathridiidae (F)     
 Aridius sp.1 - - - 1 
 Aridius sp.2 6 - 1 - 
 Corticaria sp.1 1 4 - 5 
 Corticaria sp.2 7 15 7 29 
 Corticaria sp.3 - - - 1 
 Cortinicara sp.1 1 5 1 17 
 ?Lithostygnus sp.1 1 - 1 1 
Leiodidae (D)     
 Dietta sp.1 - 1 - - 
Mycetophagidae (F)     
 Typhaea sp.1 - - 2 - 
Pythidae (D)     
 Pythidae sp.1 - - - 1 
Scarabaeidae (D)     
 Aphodius sp.1 189 268 1 2 
 Scarabaeidae sp.1 - 1 - - 
Scraptiidae (D)     
 Scraptiinae sp.1 1 - - - 
Scydmaenidae (P)     
 ?Scymaeninae sp.1 - - - 1 
Silvanidae (F)     
 Silvanidae sp.1 - - - 1 
Staphylinidae (P/F)     
 Aleocharinae sp.1 (P) 17 23 - 10 
 Aleocharinae sp.2 (P) - 1 - - 
 Aleocharinae sp.3 (P) - - 1 1 
 Aleocharinae sp.4 (P) 29 12 9 32 
 Aleocharinae sp.5 (P) - 3 - 1 
 Aleocharinae sp.6 (P) - 1 - - 
 Aleocharinae sp.7 (P) 1 9 - 41 
 Aleocharinae sp.8 (P) 1 4 - 3 
 Aleocharinae sp.9 (P) - 1 - - 
 Aleocharinae sp.10 (P) - 5 - 9 
 Aleocharinae sp.11 (P) - 3 - 4 
 Aleocharinae sp.12 (P) - - 2 - 
 Aleocharinae sp.13 (P) - - - 1 
 Scaphidiidae sp.1 (F) 1 - - - 
Tenebrionidae (D)     
 Adelium brevicorne 19 27 - 1 
 Helea sp.1 3 - - - 
 Isopteron sp.1 14 2 - - 
 Isopteron sp.2 4 11 - - 
Unknown      
 Unknown sp.1 - - 1 - 
 Unknown sp.2 - - 1 - 
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Figure 6. Rarefaction curves plotting estimated beetle species richness versus the 

number of beetles sampled in native species and invasive species leaf litter at Ridgefield 

(a) and Nalya Reserve (b). Bars show 95% CI. 

 

Successional changes were also evident from the beetle community responses to 

interactions between litter age and other treatment variables at Ridgefield. As with the 

ordinal level data, there was a significant three way interaction between litter age, litter 

type, and harvest date (PERMANOVA, F5,147 = 1.641, P = 0.010; Table 6). Across both 

seasons, significant differences in beetle community response to litter type were only 
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apparent in the early phase (3-9 months) of litter decomposition. Furthermore, there 

were large differences between seasons with respect to when the majority of changes 

occurred in the litter bags. In the May harvests, changes in beetle species composition 

primarily occurred in the early phase of decomposition (3-12 months) in both litter 

types, whereas in August, most changes occurred in the latter stages (15-18 months) of 

decomposition (Appendix 2). Furthermore, there was a significant interaction between 

plot type and harvest season (F5,147 = 1.641, P = 0.010) because there was a significant 

difference (t = 1.87, P = 0.004) in beetle community composition between the early 

(May) and late (August) growing season in plots with high exotic ground cover. That said, 

the only significant trophic response of beetles was fungivore richness to plot type; there 

were significantly more species of fungivores in the plots with low exotic ground cover 

(herbicide) then the plots with high exotic ground cover (Wald Chi-square = 4.838; P = 

0.028; Fig. 7). Furthermore, fungivores were more abundant in the earlier rather than 

later stages of leaf litter decomposition (Fig. 7). 

 

Table 6. Summary of the PERMANOVA results for beetle community composition at 

Ridgefield. Significant results (P < 0.05) are in bold. 

Beetle Community Composition 
(PERMANOVA) 

Treatment df F P 

Plot Type 1 0.850 0.570 

LB Type 1 2.183 0.031 

Age 5 3.301 0.001 

Harvest Season 1 1.892 0.065 

LB Type * Plot Type 1 0.768 0.649 

LB Type * Age 5 1.183 0.202 

LB Type * Harvest Season 1 1.420 0.209 

Plot Type * Age 5 1.243 0.151 

Plot Type * Harvest Season 1 2.669 0.013 

Age * Harvest Season 5 1.950 0.003 

LB Type * Plot Type * Age 5 1.131 0.262 

LB Type * Plot Type * Harvest Season 1 1.091 0.336 

LB Type * Age * Harvest Season 5 1.641 0.010 

Plot Type * Age * Harvest Season 5 0.980 0.488 

LB Type * Plot Type * Age * Harvest Season 5 1.099 0.319 
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Figure 7. Beetle abundance of fungivores (purple), detritivores (blue), predators (red), and herbivores (yellow) captured in May 

(a, b, c, d) and August (e, f, g, h) harvests, in native (column 1, 2) and exotic (column 3, 4) litter within plots with low (column 1, 3)  

and high (column 2, 4) exotic ground cover.
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3.5 Discussion 
 

 

3.5.1 Temporal changes in litter invertebrate communities 

 

Succession involves complex interactions between biotic and physical environments, 

and is fundamentally a processes of both taxon replacement and changes in the 

performance of taxa over time (Pickett et al. 1987). Thus heterotrophic succession is 

typically considered to follow a continuum of gradual change with few discrete faunal 

seres (Schoenly and Reid 1987). Although season was an important determinant of litter 

invertebrate community composition in this study with significantly fewer taxonomic 

groups found in both litter types under hot dry summer conditions (e.g. February in Fig. 

1), successional patterns were also evident. The age of the litter bags within seasons was 

a significant factor contributing to differences in litter invertebrate community 

composition over time (Table 4), with some orders preferentially colonizing the litter 

bags during either the early or later stages of litter decomposition (Tables 1 and 2). 

These same trends were also observed in the finer taxonomic resolution of the beetle 

community composition analysis (Table 6). Furthermore, different litter invertebrate 

communities were found in the different litter types harvested in the same season and 

having been in the field for the same length of time indicating that these litter types 

provide different habitats and or food resources for litter invertebrates during the early 

(3-9 months) phase of decomposition.  

It is difficult to do a detailed comparison of our results with the findings of other 

successional studies of litter invertebrates because the vast majority of these studies 

have specifically looked at microarthropod (mite and or collembolan) species 

assemblages (Hasegawa 1995; Irmler 2000; Osler et al. 2004; Santos et al. 1981; Siepel 

1990; Vreeken-Buijs and Brussaard 1996; Wardle et al. 1995). Coleoptera succession has 

only been studied in the context of wood decomposition (e.g. Ulyshen et al. 2010) which 

is not comparable to litter decomposition because of differences in decay processes and 

time scales. However, broadly speaking, our results are consistent with invertebrate 

succession observed elsewhere. Representatives of the dominant taxonomic groups 

(Acari, Collembola and Psocoptera) colonized both litter types within the first three 

months in the field and were present in the bags throughout the study, indicating that 

dominant groups may stay dominant over time (Anderson 1975b) . However, there was 
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a marked decline in the abundance of the detritivores (Collembola and Psocoptera) in 

the exotic litter bags after 6 and 9 months in the field for Ridgefield and Nalya reserve 

respectively, which may indicate a decline in resource quality for this trophic group over 

time. Furthermore, there was a similar reduction in beetle fungivore abundance over 

the same time period. Collembola have been identified as a pioneer taxonomic group 

during the initial phase of decomposition on multiple litter substrates (e.g. Hasegawa 

1995; Irmler 2000; Wardle et al. 1995), and their decline in abundance over time has 

been observed elsewhere and attributed to decreasing microbial food availability and 

more efficient food exploitation by other taxonomic groups in later phases of 

decomposition (Irmler 2000). It follows that later detritivore invertebrate colonizers of 

litter substrates may be attracted to and exploit late succession microbial communities 

rather than the litter substrate itself (Andrén et al. 1995). Although we have no data 

available on microbial community colonisation of litter substrates in this study, future 

research focusing on the interaction between microbial and invertebrate community 

composition on litter substrates through time would help better elucidate the 

relationship between these two key biotic elements. 

Litter invertebrate community responses to season were remarkably similar across 

treatments at both Nalya Reserve and Ridgefield. Given the close proximity of our sites 

it can be assumed that both sites experienced the same weather events. Across both 

sites the litter communities harvested in August and May were much more similar to 

each other than they were to communities within litter bags harvested in November and 

February. There were significantly fewer invertebrates in the litter bags in February, 

which is the hottest and driest month, as compared to August, which is the wettest and 

coolest month, and this is consistent with other studies in dry-Mediterranean 

environments (Doblas-Miranda et al. 2007). This likely reflects the fact that some of the 

most abundant groups (e.g. collembola) are prone to desiccation (Alvarez et al. 1999) 

and take refuge deeper in the soil profile during the summer. Furthermore, Lindsay and 

French (2006) found that collembola and mites appear to respond particularly strongly 

to rainfall, which might explain why the litter invertebrate composition in November 

2012, which experienced substantially higher rainfall (30.5 mm) than the long term 

average (14.8mm), was more similar to the winter harvests than to the summer 

harvests. Our results are consistent with several other studies that have found 
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invertebrate communities are influenced by seasonal factors such as temperature, 

humidity, and rainfall (Abbott et al. 1992; Recher et al. 1996; Whitford 1989). However, 

it is important to note that decomposition processes do not stop during periods of 

drought (Austin 2011), and processes that are not water limited may influence the 

nutritional quality and or habitat for subsequent litter invertebrate colonization when 

precipitation does occur. For example, photodegradation via ultraviolet radiation 

exposure can induce significant degradation of litter substrates (Austin and Vivanco 

2006; Brandt et al. 2010). Moreover, several studies have demonstrated a resistance of 

microorganisms, particularly fungi, to extended dry conditions (e.g. Yuste et al. 2011), 

and the activity of these fungal decomposers during drought may prime the litter 

(Chapter 4) for subsequent invertebrate decomposers. Thus seasonal variability in 

decomposition processes and decomposer assemblages has potentially important 

implications for longer term community dynamics because seasonal changes in 

decomposer communities may affect subsequent species interactions and food web 

dynamics over time.  

3.5.2 Ground cover effects 

 

The significant response of various components of the invertebrate community to the 

interaction between exotic ground cover and May and August harvests indicates that it 

is not only temperature and rainfall that influences these communities, but also the 

increase in understory biomass during the growing season. Due to the low quality of the 

native litter as a food source, we hypothesise that the higher detritivore abundance in 

the plots with high exotic understory cover is associated with higher microhabitat 

availability and more favourable microclimatic conditions in the plots where no 

herbicide had been applied. Our results are consistent with other studies that have 

found increased abundance of detritivores beneath exotic plants (Harris et al. 2004; 

Lindsay and French 2006; Topp et al. 2008). Microhabitat characteristics thought to be 

important for invertebrates include moisture levels and temperatures both of which 

may be associated with ground cover and leaf litter (Lindsay and Cunningham 2009). We 

expect that the extremely dense exotic forb and grass cover at Ridgefield had a 

particularly strong effect on microclimate because these plants can produce an 

insulative thatch that reduces both the average temperature and the magnitude of 

temperature fluctuations at the soil surface (Cater and Chapin 2000; Eviner and Chapin 
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2001). Furthermore, this insulative thatch has also been shown to impact soil moisture 

(Eviner et al. 2006), and likely decreases soil moisture evaporation when temperatures 

begin to rise, thus buffering the litter environment and invertebrate community from 

the large fluctuations in temperature and moisture characteristic of dry-Mediterranean 

climate systems. 

However, not all groups responded negatively to herbicide application. Herbicide 

application resulted in a significant increase in the richness of fungivore beetles at the 

plot scale. These results suggest that the altered decomposition environment under the 

exotic forbs and grasses was affecting the fungal community present in these plots, with 

indirect effects for fungal feeding invertebrates. It has been shown that soil food webs 

associated with plants that have high litter quality are often linked with bacterial based 

energy channels, whereas low quality litter is more often linked to fungal based energy 

channels (Wardle et al. 2004). It is possible that nutrient enrichment and weed invasion 

lead to a decomposition system dominated by bacterial energy pathways, and the 

application of herbicide effected a change in the system (Johnsen et al. 2001) allowing 

fungal dominance within these sites and subsequent fungivore colonization. 

Alternatively, there may be unexplained direct or indirect chemical effects of the 

herbicide or breakdown products on fungal communities. Very little is known about the 

mode of action of herbicides on fungi (Lévesque and Rahe 1992), and further research 

is needed to explore this potential herbicide effect. 

3.5.3 Litter quality effects 

 

At all scales of resolution of invertebrates, differences in composition between leaf litter 

types predominantly occurred in the early (3-9 months) stages of litter decomposition. 

It is well known that decomposer organisms are responsive to the quality of the organic 

matter entering the decomposition subsystem (Zimmer and Topp 2000), and the high 

nutrient content (Brown 1977; Henry et al. 2008b; Kazakou et al. 2009) of the exotic 

litter used in our study in comparison to the native litter (chapter 4), in conjunction with 

the observed abundance of detritivores in this litter type, indicates the exotic litter may 

be a better food resource during the initial stages of decomposition than the native 

litter. Furthermore, the time frame associated with higher detritivore abundance 

corresponds with the early ‘leaching phase’ of litter decomposition when labile C 
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compounds and mineral nutrients are more readily available (Gallardo and Merino 

1993).  

There was no obvious trend in detritivore abundance with time in the native litter bags. 

This is consistent with the observations of Takeda (1995) who proposed that the role of 

invertebrate communities in decomposition processes on recalcitrant litter becomes 

more important at later stages of decomposition. This is because fungal priming of 

woody litter through enzyme activities, improved carbon to nutrient ratios, and the 

breakdown of inhibitory compounds appears necessary for subsequent colonization of 

saprophagous invertebrates (Wardle and Lavelle 1997). Given the very slow decay rates 

of the native litter in this study (chapter 2), it is possible that there was insufficient fungal 

colonization and subsequent priming (chapter 4) of this litter for deteritivore 

colonization of these litter resources. Further research is required to determine how 

long it takes for fungi that have beneficial effects for litter detritivores to colonize this 

leaf litter under field conditions. 

3.5.4 Differences between sites 

 

Although it was assumed that the remnant woodland habitat would be structurally 

richer and have more accumulated resources for litter invertebrates, the old-field 

environment may be equally rich in resources for organisms such as beetles because 

these areas have high livestock dung availability initially and high soil nitrogen and 

phosphorus (Gibb and Cunningham 2010). The difference in the abundance of dominant 

beetle species at each site is likely a reflection of the differences in resources for 

detritivores between sites. Aphodius sp.1, the dominant beetle species at the old-field 

is predominantly a dung feeder, whereas Sericoderus sp.1, the dominant beetle species 

in the woodland, is a fungivore. As the restoration plantings at the old-field are relatively 

young, and litter profile development is a function of above-ground productivity, it could 

be a decade or more before canopy and litter closure occur (Tibbett 2010), and the litter 

environment becomes more similar to a woodland than to an agricultural field. So 

although these sites are geographically very close, it may be quite some time before the 

restoration site provides equivalent resources and/or habitat to the remnant woodland. 
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3.6 Conclusion 
 

 

Although invertebrates feature prominently as drivers of supporting ecosystem services 

such as nutrient cycling (Majer et al. 2007; Paoletti et al. 2007), our knowledge about 

the temporal dynamics of litter invertebrate communities is limited, particularly in the 

context of exotic plant species invasions. This study showed different temporal 

dynamics of leaf litter invertebrates on native and exotic litter, and our results indicate 

ground cover effects associated with exotic plant species invasion can significantly alter 

litter detritivore abundance and presumably activity. However, it is not known how 

these temporal changes in invertebrate community composition affect litter 

decomposition rates, nor how temporal changes in bacterial and fungal communities 

might be mediating these changes. Future research should monitor temporal changes 

in litter quality, microbial communities, and litter invertebrate composition throughout 

the duration of litter decomposition to better elucidate these relationships and develop 

a mechanistic understanding of successional processes. 
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3.8 Appendix 
 

3.8.1 Appendix 1 Vote counting approach to three way interactions 

 

Ridgefield: Interaction between litter age, litter type, and harvest date  

(PERMANOVA, F14,249 = 2.0663, P = 0.001) 

Paired comparisons at Ridgefield within each litter type and age combination indicate 

that there were significant differences in invertebrate community composition between 

most harvest dates. Within the native species litter bags 25 out of 32 tests were 

significant (P ≤ 0.05) and within the exotic species litter bags 27 out of 32 tests were 

significant (P ≤ 0.05). At Ridgefield, pairwise comparisons within each harvest set 

indicate that the largest differences in invertebrate community composition between 

litter bag type occur in the first 9 months of decomposition (7 out of 12 tests were 

significant; Appendix Table 1) as compared to the older litter bags (0 out of 11 tests were 

significant). Pairwise comparisons within May, August and November harvests and litter 

type provide some evidence in support of a directional change in litter invertebrate 

community composition associated with age. Within the native species litter bags 

harvested in May and August there are significant changes in composition for the 1st 12 

months (9 out of 12 tests were significant; Appendix Table 2 column a) as compared with 

latter stage of decomposition (5 out of 18 tests were significant). Within the November 

harvest, the native litter showed a different pattern of community composition change, 

with community composition remaining relatively stable for the first 9-12 months, with 

significant changes primarily occurring from 12 months on. Within the exotic species 

litter bags harvested in May, there were significant changes in invertebrate community 

composition from 6 months onward (Appendix Table 2. Column b). In the August harvest 

significant changes in community primarily occurred after the bags had been in the field 

for 6 months, but these changes stabilized between 12 and 15 months in the field. 

Within the November harvest, although variable, significant changes in community 

composition were evident from three months through to 12 months. 
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Nalya Reserve: Interaction between litter age, litter type, and harvest  

(PERMANOVA, F10,255 = 2.4204, P = 0.001) 

The most consistent invertebrate community composition response at Nalya Reserve 

was associated with harvest date within each litter type and age combination. Within 

both litter types, 28 out of 32 tests were significant (P ≤ 0.05). At Nalya Reserve, 

differences in invertebrate community composition between litter types primarily 

occurred in May and November in the first 9-12 months of litter decomposition (7 out 

of 8 tests were significant; Appendix Table. 1) as compared to the older litter bags within 

these harvests (1 out of 4 tests were significant). Within the native species litter bags, 

patterns of significant community change during the 1st 9 months differed between all 

harvests seasons (Appendix Table 3 column a). However, across all seasons there was 

significant change in the first 9 months, and invertebrate community composition 

stabilized after the bags had been in the field for 12 months. Within the exotic species 

litter bags, there was also considerable variability in community compositional change 

over time across harvest seasons (Appendix Table 3 column b). Patterns of community 

change over time were most similar between May and November harvests, with fairly 

consistent changes occurring in the first year, and subsequently tapering off. The litter 

bags harvested in February show the opposite pattern, with no significant change in 

community composition over time until the litter bags had been in the field for 15 

months. Although significant changes in community composition within the August 

harvests are evident, there is no clear pattern associated with these changes. 
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Table 1. Pairwise comparisons of litter invertebrate community composition between 

litter types (exotic v.s. native litter) within each harvest and age combination. Bold 

values represent significant differences between litter types. 

  Ridgefield Nalya 

Harvest Age t P t P 

May 3 1.61 0.04 2.65 0.00 
 6 1.85 0.01 2.10 0.01 
 9 1.84 0.00 2.01 0.00 
 12 0.79 0.76 2.07 0.00 
 15 1.21 0.21 1.44 0.08 
 18 1.12 0.28 2.80 0.00 
August 3 1.42 0.09 1.23 0.21 
 6 1.96 0.01 1.24 0.18 
 9 0.96 0.48 1.32 0.13 
 12 1.06 0.34 0.31 0.11 
 15 1.06 0.35 1.10 0.33 
 18 0.85 0.63 2.06 0.00 
November 3 3.88 0.00 2.86 0.00 
 6 2.05 0.00 2.67 0.01 
 9 1.48 0.06 1.47 0.05 
 12 0.78 0.66 0.73 0.76 
 15 1.29 0.14 1.22 0.25 
 18 0.99 0.42 0.79 0.69 
February 3 1.47 0.05 1.16 0.25 
 6 0.92 0.47 2.10 0.01 
 9 1.04 0.36 1.18 0.26 
 12 0.97 0.49 0.81 0.64 
 15 0.71 0.70 1.63 0.06 

 

 

 

 

 

 

 

 

 



98 
 

Table 2. Pairwise comparisons at Nalya Reserve of litter invertebrate community 

composition between litter bag ages within each harvest and litter type combination. 

Cell values show the t statistic value, and bold cell values show significant differences (P 

< 0.05) between litter bag ages. 

Ridgefield 

May Harvest–Native Litter May Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 2.01     
9 1.89 2.47    

12 1.89 2.82 1.64   
15 1.72 2.41 1.43 0.85  
18 0.92 1.86 1.17 1.29 0.93 

 

Age 3 6 9 12 15 
3      
6 1.23     
9 1.82 2.12    

12 1.93 2.12 1.30   
15 2.00 1.42 1.84 1.89  
18 1.80 1.80 2.22 1.55 1.57 

 

August Harvest–Native Litter August Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 1.55     
9 1.25 1.32    

12 1.58 1.67 1.87   
15 1.59 1.65 1.49 1.11  
18 1.29 1.46 1.36 1.03 0.84 

 

Age 3 6 9 12 15 
3      
6 1.46     
9 2.12 1.51    

12 1.85 1.69 1.79   
15 2.30 1.88 1.97 0.44  
18 2.02 1.77 1.30 0.20 0.70 

 

November Harvest–Native Litter November Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 2.72     
9 0.99 0.99    

12 0.62 2.43 3.10   
15 1.73 2.19 2.75 1.78  
18 1.52 2.01 2.86 1.52 0.87 

 

Age 3 6 9 12 15 
3      
6 2.60     
9 1.70 1.53    

12 3.16 0.95 1.77   
15 3.26 1.12 1.66 1.28  
18 2.74 1.45 1.43 1.44 1.46 

 

February Harvest–Native Litter February Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 0.97     
9 1.45 1.45    

12 1.36 0.80 1.02   
15 1.37 1.05 0.34 1.02  
18      

 

Age 3 6 9 12 15 
3      
6 1.61     
9 1.37 1.01    

12 1.09 1.02 1.07   
15 1.37 1.47 1.01 1.10  
18      
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Table 3. Pairwise comparisons at Nalya Reserve of litter invertebrate community 

composition between litter bag ages within each harvest and litter type combination. 

Cell values show the t statistic value, and bold cell values show significant differences (P 

< 0.05) between litter bag ages. 

Nalya Reserve 

May Harvest–Native Litter May Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 1.29     
9 1.85 1.60    

12 1.96 1.63 1.36   
15 2.15 1.98 1.46 0.65  
18 2.33 2.02 1.71 0.45 1.10 

 

Age 3 6 9 12 15 
3      
6 1.42     
9 2.01 1.26    

12 2.64 1.89 2.47   
15 2.41 1.89 1.92 1.51  
18 2.57 1.99 2.42 0.80 1.63 

 

August Harvest–Native Litter August Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 1.52     
9 1.28 1.34    

12 2.05 1.70 1.51   
15 2.13 1.26 1.66 1.22  
18 1.66 1.49 1.17 0.60 1.12 

 

Age 3 6 9 12 15 
3      
6 1.09     
9 1.70 1.17    

12 1.84 1.73 1.19   
15 1.80 1.37 0.60 1.23  
18 2.18 1.31 1.24 2.17 1.21 

 

November Harvest–Native Litter November Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 1.93     
9 2.26 0.60    

12 0.62 2.86 3.27   
15 1.14 2.27 2.42 1.46  
18 0.87 2.31 2.48 1.21 0.59 

 

Age 3 6 9 12 15 
3      
6 4.63     
9 1.62 3.47    

12 3.73 1.69 3.04   
15 2.54 2.10 2.24 1.58  
18 2.86 1.77 2.33 0.85 0.58 

 

February Harvest–Native Litter February Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 2.20     
9 1.85 0.37    

12 1.16 1.76 1.43   
15 1.15 1.58 1.24 0.64  
18      

 

Age 3 6 9 12 15 
3      
6 1.33     
9 1.40 1.13    

12 0.99 1.22 0.80   
15 2.02 2.38 1.74 1.36  
18      

 

 

 

 

 

 



100 
 

3.8.2 Appendix 2 Pairwise comparisons of Beetle community composition 

between litter bag ages 

 

Table 1. Pairwise comparisons at Ridgefield of Beetle community composition between 

litter bag ages within each harvest and litter type combination. Cell values show the t 

statistic value, and bold cell values show significant differences (P < 0.05) between litter 

bag ages. 

 

 

 

 

 

 

 

 

 

 

 

 

Ridgefield 

May Harvest–Native Litter May Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 1.86     
9 1.82 1.62    

12 2.70 2.34 0.76   
15 1.09 1.47 1.01 1.31  
18 1.48 1.26 1.05 1.29 0.95 

 

Age 3 6 9 12 15 
3      
6 0.99     
9 1.72 1.83    

12 2.82 2.84 1.32   
15 1.81 1.80 1.05 1.20  
18 1.25 1.31 0.63 1.24 0.67 

 

August Harvest–Native Litter August Harvest–Exotic Litter 

Age 3 6 9 12 15 
3      
6 1.56     
9 1.11 1.18    

12 1.54 1.01 1.14   
15 2.95 1.67 2.45 1.23  
18 1.59 1.05 1.33 0.17 1.16 

 

Age 3 6 9 12 15 
3      
6 0.73     
9 0.53 0.65    

12 1.21 0.95 1.02   
15 1.06 0.80 0.91 0.88  
18 2.01 1.65 1.74 2.37 1.17 
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4. Mechanisms linking fungal conditioning of leaf litter to 

detritivore feeding activity  

 

Summary 

 

1. Saprotrophic fungi are one of the primary groups of organisms responsible for 

decomposition and nutrient cycling processes. Aside from their direct effects on 

litter decomposition, these organisms may indirectly affect litter invertebrate 

activity via fungal-mediated priming of litter substrates. While this priming effect is 

generally assumed, the mechanisms driving this effect are not well understood. 

2. We used a microcosm experiment employing brown– and white–rot fungi and two 

sclerophyllous leaf litters (Eucalyptus loxophleba and Acacia acuminata) to test if a 

fungal-mediated change in plant litter increased the nutritive value of the food 

source, and if a change in cell wall structural compounds reduced the toughness of 

leaves, resulting in increased feeding activity by invertebrates 

3. Brown–rot (Fistulina hepatica, Fomitopsis lilacinogilva) and white–rot (Pycnoporus 

coccineus) colonization had significant and diverse effects on the inorganic and 

organic chemical characteristics of the leaf litter–fungi complex. However, 

significant decreases in leaf toughness and increases in mass loss and leaf 

fragmentation associated with millipede (Ommatoiulus moreletii) activity only 

occurred in white–rot primed microcosms relative to the control. 

4. The mechanisms by which the white–rot fungus affected both leaf toughness and 

millipede feeding activity differed between leaf litters. In Eucalyptus loxophleba 

microcosms, reduced leaf toughness and increased millipede grazing were 

mediated by relative changes in litter inorganic chemistry, rather than cell wall 

compounds, whereas in Acacia acuminata microcosms the effects of fungal priming 

were not mediated by either.  

5. These results suggest that, in the early stages of decomposition, fungal priming 

effects on leaf litter nutrients are a more important determinant of litter–

invertebrate interactions than changes to litter cell wall structural compounds. 

Furthermore, different species of fungi interact with invertebrates in functionally 

different ways.   
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4.1 Introduction 

 

Decomposition processes have been studied extensively (Bardgett and Wardle 2010; 

Cadisch and Giller 1997), yet our understanding of the interactions between 

microorganisms and litter invertebrates is continually evolving (Coulis et al. 2013; Suzuki 

et al. 2013). It is well established that all plant-derived nutrients in detritus are moved 

through either bacterial- or fungal-based energy channels, and thus saprotrophic fungi 

and bacteria are the primary organisms responsible for nutrient processing and recycling 

(Hattenschwiler et al. 2005a). Litter invertebrates contribute to nutrient cycling through 

litter comminution, the digestion of litter material and microorganisms, and the 

excretion of excess ingested nutrients which sometimes enhance microbial growth 

(Lavelle et al. 1997). Historically, research on interactions between litter invertebrates 

and microorganisms has focused on the effects of litter transformers on microbial 

populations (Anderson and Bignell 1980). Very few studies have looked at the effects of 

microbial priming of leaf litter on litter invertebrate activity (Ihnen and Zimmer 2008; 

Zimmer et al. 2003), and this is the topic we address in this paper.  

There are several mechanisms by which fungi may enhance the condition of leaf litter 

(hereafter called priming) for litter feeding invertebrates. First, fungal activity may 

reduce the physical resistance of leaf litter for comminution by degrading plant cell wall 

structural compounds, particularly lignin, cellulose, and hemicellulose. Second, leaf litter 

nutrient characteristics may change through fungal colonization and decay, and this 

process may result in a food source that has a higher nutritive value than the dead leaf 

itself. These potential mechanisms may be particularly important during the 

decomposition of sclerophyllous plant litter which is characterized as being both 

physically tough (Choong et al. 1992) and nutrient poor (Maisto et al. 2011) compared 

with mesophyllous plant litter. 

When resource quality is low, and climatic constraints such as drought are present, fungi 

tend to play a greater role in the decomposition of sclerophyllous litter compared with 

bacteria (Dighton 1995). Fungal priming of woody litter through enzyme activities, 

improved carbon to nutrient ratios, and the breakdown of inhibitory compounds 

appears necessary for subsequent colonization of saprophagous invertebrates (Wardle 

and Lavelle 1997). This assertion is supported by the finding that millipedes 
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preferentially feed on older partially-decomposed versus freshly-fallen litter (David and 

Gillon 2002; De Oliveira et al. 2010). Similarly, isopods preferentially consume decaying 

leaf litter (Rushton and Hassall 1983) and exhibit a strong preference for microbially 

colonized leaf litter (Zimmer et al. 2003), while oribatid mites reject litter that has not 

been partially decomposed by fungi (Pande and Berthet 1973). Furthermore, high 

mortality of invertebrates has been observed in microcosm studies where fresh leaves 

were used as a substrate in comparison to partially decomposed leaves, indicating that 

litter invertebrates require a preliminary transformation of litter prior to consuming 

their food resource (Hedde et al. 2007). However, there is a paucity of information on 

the potential relationship between litter invertebrates, different classes of saprotrophic 

fungi, and the effects of these fungi on leaf litter nutrients and cell wall structural 

compounds. 

Basidiomycetous fungi are considered the most efficient degraders of woody tissue 

among microorganisms in terrestrial environments (Eriksson et al. 1990). Within the 

basidiomycota, two functionally different classes of saprotrophic fungi are recognised: 

white-rot and brown-rot fungi. White-rot fungi produce both cellulases (e.g. EC 3.2.1.4) 

and ligninases (including peroxidase e.g. EC 1.11.1.16) to decompose most plant cell wall 

structural compounds, whereas brown-rot fungi have enzymatic systems that break 

down cellulose and hemicelluloses (e.g. EC 3.1.1.73) leaving behind partly modified 

lignin (Eriksson et al. 1990; Tanesaka et al. 1993). The patterns and properties of 

enzymatic production differ between fungal species, and pathways of degradation or 

polymerization likely depend not only on the enzymes and substrates involved, but also 

reaction conditions (Grinhut et al. 2007). Hence, a complex interaction between 

substrate chemistry, and conditions such as pH and moisture, affects the secretion of 

enzymes, immobilization of nutrients in fungal tissue, fungal growth, interactions 

between litter invertebrates and microorganisms, and ultimately leaf litter 

decomposition. 

The mechanical resistance of leaves has important consequences for leaf litter 

decomposition through plant species-specific effects and nutrient cycling (Diaz et al. 

2004). A significant negative correlation between leaf tensile strength and rates of litter 

mass loss has been demonstrated (Cornelissen et al. 1999). Several authors have 

suggested that litter with high phenol, tannin, and lignin content may experience a time 
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lag between abscission and time of attack by soil invertebrates due to the toughness of 

the undecomposed tissues (e.g. Anderson 1975b; Dighton 1995). Lavelle et al. (1997) 

proposed that the fibrous components of plant cell walls, including cellulose, 

hemicelluloses and lignin, are not accessible to litter transformers unless they have been 

conditioned by microorganisms. The relative proportions of these plant cell structural 

compounds fall into several classes of compounds related to litter quality, including (1) 

sugars and starches which are labile substrates and are easily digested, (2) tannins, 

lignins, and other polyphenol-rich substrates which are recalcitrant and thus utilized 

only by specialized organisms, and (3) cellulose and hemicelluloses which are 

intermediate in terms of digestibility (Coleman et al. 2004). Thus litter quality can be 

thought of in terms of both nutrient content and plant cell wall structural polymers 

(Gallardo and Merino 1993). Yet invertebrate taxon-specific interactions with particular 

fungi may reflect different nutrient requirements or capacity to withstand fungal toxins 

(Kempken and Rohlfs 2010). 

The carbon: nitrogen (C:N) ratio has been well established as a general index of litter 

quality (Cadisch and Giller 1997), and diplopod feeding preferences (Loranger-Merciris 

et al. 2008) and biomass (Warren and Zou 2002) have been shown to be significantly 

correlated with leaf N content. Litter transformers also require many macronutrients 

and trace elements, particularly phosphorus, calcium, magnesium, and manganese 

(Cromack Jr et al. 1977; Danger et al. 2013; Jennings and Rayner 1984; Scheu and 

Schaefer 1998; Zimmer 2002). Likewise, the concentration of sulphur in litter has been 

shown to be a good predictor of isopod and diplopod abundance in decomposer food 

webs (Kaspari and Yanoviak 2009), and may be an important nutrient for litter 

invertebrates. Studies of fungi have shown there are fungal species that restrict the 

uptake of various nutrients, some that transport those same nutrients, and others that 

accumulate them (Chudzyński and Falandysz 2008; Lavola et al. 2011). Fungus–litter 

complexes with lower carbon to nutrient ratios, particularly N, P, Ca, Mg, Mn, and S, may 

be more edible than leaf litter not colonized by fungi. As it is difficult to separate the 

fungal mycelia that penetrate the cellular structures in leaf litter from the leaf litter 

itself, in the following text the nutrient characteristics of the entire litter–fungi complex 

are discussed. 
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To our knowledge there are no published studies that take a mechanistic approach to 

addressing the priming effect of fungal mediated changes to litter chemistry on litter 

transformer activity. In this paper, we present an experimental microcosm study in 

which we inoculated leaf litter of two Western Australian tree species with three 

different fungal species before subjecting them to grazing by millipedes. In our 

microcosm experiments we hypothesized that the colonization of leaf litter by 

saprotrophic fungi (one white–rot, two brown–rot) would prime the litter for millipedes 

and result in increased feeding activity. There are two proposed mechanisms by which 

this priming effect might occur. First, relative changes in leaf litter nutrient 

characteristics could affect the nutritive value of the food resource. If this is the case, 

fungus–litter complexes with lower carbon to nutrient ratios, particularly N, P, Ca, Mg, 

Mn, and S would be consumed at a higher rate than less nutritious litter. Second, fungal-

driven change to the relative quantity of plant cell wall structural compounds could 

impact the physical resistance of leaf litter and influence the ability of millipedes to 

comminute leaf litter. If this is true, fungus–litter complexes with lower lignin 

concentrations would be less tough than un-colonized litter and millipedes would 

respond to this mechanical property via increased grazing. We discriminated between 

these two potential central mechanisms by experimentally determining the effects of 

fungal colonization on the nutrient characteristics, structural compounds, and 

mechanical properties of the leaf litter, and the causal relationships between these 

potential mediating variables and subsequent millipede feeding activity using structural 

equation modelling.  

 

4.2 Materials and methods 

 

4.2.1 Experimental protocols 

 

We used a two-phased approach in this experiment (Fig. 1) in order to separate the 

effects of fungal colonization on leaf litter nutrients, structural compounds (lignin, 

cellulose, hemicellulose), and mechanical strength (Phase 1) from the effects of 

millipedes on leaf litter mass loss and fragmentation (Phase 2). There were 128 

experimental units in total, and half of the microcosms were randomly allocated to each 

of the two phases. Within each phase, each treatment was replicated eight times (n=8). 
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Figure 1. The experimental protocol depicting the two-phased approach we used to 

seperate the effects of fungal colonization on (1) leaf chemistry and mechanical 

strength, and (2) millipede feeding activity. 

 

4.2.1.1 Phase 1: The effect of fungal colonization on leaf litter chemistry, and 

mechanical strength 

 

The impact of fungi on leaf litter nutrients, cell wall structural compounds and 

mechanical strength was tested in a complete factorial design with 64 experimental 

units: 4 fungi treatments (2 brown rot, 1 white rot and a control) × 2 leaf litter types × 8 

replicates. Each microcosm (i.e., experimental unit) consisted of a 14.5 cm diameter 

petri dish filled to a 5 mm depth with agar, topped with either 7 g of Acacia acuminata 

(Acacia) or 8 g of Eucalyptus loxophleba (Eucalypt) leaves. The microcosms were 

sterilized using gamma radiation at 75 Gy and then inoculated under high-efficiency 

particulate air laminar flow with a potato dextrose agar (PDA) plug containing fungi, or 

with control PDA plugs (i.e., plugs with no fungi). The microcosms were sealed with 

Parafilm to prevent contamination and moisture loss. Microcosms were kept in a 

controlled temperature and light room where growth conditions were 25 °C with 0 light 
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: 24 hour dark photoperiod. After 8 weeks the leaves were removed and dried at 60 °C, 

then analysed for chemical and physical properties.  

4.2.1.2 Phase 2: priming effect 

 

The leaf litter used in the millipede microcosms was colonized by fungi using the same 

method as phase 1. The leaf litter was transferred to clean petri dishes (14.5 cm 

diameter) to prevent the millipedes from getting stuck in agar. Adult millipedes were 

deprived of food for 48 hours then weighed on a Mettler Toledo balance to within ± 0.01 

mg and randomly allocated to treatments. Six millipedes were placed in each 

microcosm. The microcosms were kept at 24 °C and 8h L: 18 °C and 16h D. This regime 

was chosen based on field observations that suggested this regime would optimise 

millipede activity levels (Hilary Harrop-Archibald, personal observation, May 2012). The 

microcosms were checked daily, and as millipedes died they were weighed and replaced. 

Faeces were not removed from the microcosms to allow for coprophagy. After 7.5 weeks 

in the microcosms, the millipedes were transferred into clean containers without food 

for a further 48 hours to clear ingested material. The millipedes were then re-weighed 

to assess growth. The remaining leaf fragments were removed from the microcosms, 

dried at 60 °C, weighed to within ± 0.05 g and counted. Litter mass loss was calculated 

by subtracting the remaining weight from the initial weight, and fragmentation was 

estimated by subtracting the initial number of leaves from the remaining number of 

fragments. Fragmentation estimates were conservative because smaller fragments 

adhering to larger fragments may have been overlooked. Changes in leaf area were not 

assessed because it was assumed that reductions in leaf area associated with millipede 

grazing would be positively correlated with mass loss. 

4.2.2 Experimental materials  

 

4.2.2.1 Leaf litter  

 

Sclerophyllous leaf litter from two woody species, Acacia acuminata (Benth.) (Acacia) 

and Eucalyptus loxophleba (Benth.) (Eucalypt) were selected for this experiment. 

Decomposition processes differ between these two genera (Bernhard-Reversat 1999; 

Bernhard-Reversat and Schwartz 1997), which may be the result of differences in 

nutrient concentrations, secondary compounds, and physical structure (Xiang and 

Bauhus 2007), and we can therefore expect both fungi and millipedes to potentially 
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interact with these two leaf litters in different ways. Litter for this experiment was 

collected from remnant eucalypt woodlands on the University of Western Australia’s 

Ridgefield Farm in the wheatbelt of south-western Australia (32° 30’ 23”S, 116° 59’ 

31”E). Leaf litter was collected in March and May 2012 from fallen branches where the 

leaves were not in contact with the ground. Litter from each species was air dried and 

stored at room temperature. The collected litter was thoroughly mixed to limit any 

influence of state of decomposition associated with different times of branch abscission 

from trees. Leaf litter was apportioned into lots of 7 and 8 g (± 0.05) for Acacia or 

Eucalypt respectively.  

4.2.2.2 Fungal species 

 

The three species of fungi selected for this experiment are saprotrophic and belong to 

the phylum Basidiomycota. Two species, Fistulina hepatica (Schaeff.) (FH) and 

Fomitopsis lilacinogilva (Berk.) (FL) are classified as brown-rot fungi, whereas 

Pycnoporus coccineus (Fr.) (PC) is classified as a white-rot fungus. Thus two modes of 

priming action are represented. These fungi were selected because they are commonly 

found in the same type of ecosystem where the leaf litter was collected, and were part 

of an existing culture reference collection. Although the fungi species used in this study 

are capable of colonizing and decomposing sclerophyllous litter, they have historically 

been used to investigate dynamics of wood decomposition (Abdel-Hamid et al. 2013; 

Ribeiro et al. 2007; Tanesaka et al. 1993) and their effects on leaf litter chemical 

characteristics and mechanical properties are not well known.  

4.2.2.3 Litter decomposer 

 

Ommatoiulus moreletii (Lucas) (Portuguese millipede) was selected as the invertebrate 

decomposer because they are locally abundant, and feed on detritus. The Portuguese 

millipede is invasive and widespread in Australia. Millipedes used were collected in 

September and October 2012 by hand-sifting through leaf litter in Kings Park, Perth, 

Western Australia (31° 58’ 18”S, 115° 49’ 25”E). The millipedes were kept in a 52 L 

opaque plastic container lined with moist cardboard topped with alternating layers of 

cardboard, leaves from a large variety of tree species, and banana peels (Gordon et al. 

2007). Holes were created in the lid and these were covered in mesh to allow for 

aeration, and the material was kept moist by spraying with deionised water. Millipedes 
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were kept at variable temperature and light regimes ranging from approximately 18–26 

°C and 10–14 hours of light. Negligible mortality was observed over the five months 

(September to January) the millipedes were held in captivity, and the large quantities of 

faecal material observed on each successive layer of food added to the container 

suggest that the millipedes were physiologically active during the period of captivity. 

4.2.3 Chemical analysis 

 

In order to determine fungal effects on leaf litter nutrients and structural compounds 

we measured 14 leaf litter macro and micro nutrients (C, N, K, P, Ca, Mg, Na, S, B, Cu, 

Fe, Mn, Mo, Zn), and the three main components of the plant litter cell wall structure 

(hemicellulose, cellulose, lignin) using standard analytical techniques (see Appendix 1). 

4.2.4 Mechanical strength analysis 

 

In order to determine the effect of fungal colonization on leaf litter toughness, leaf 

fracture properties were measured using a Universal Testing Machine (INSTRON model 

5542). This machine measures the maximum load required for a punch rod to penetrate 

a leaf (i.e., ‘punch and die test’). Two leaf fragments from each microcosm in phase 1 

were used for this test. All measurements were made on leaf laminas excluding midribs. 

The punch was 3 mm in diameter. Lamina thickness was measured using a digital 

micrometer. Fracture length was calculated from the circumference of the punch, as 

leaves typically fracture at the rim of the punch where force is concentrated (Gere 2009). 

Punch strength is traditionally expressed as the maximum force per unit punch area; 

however, data calculated based on area is sensitive to punch diameter and so we 

expressed the data per fracture length on the lamina surface per thickness of lamina 

(Specific Force to Punch (SFTP), MN m-2) (Onoda et al. 2011).  

4.2.5 Statistical analysis 

 

Effects of fungi on leaf litter nutrients and cell wall compounds of the two litter types 

were initially examined using principle coordinates analysis (PCO) on normalized raw 

data. The required distance matrices were constructed using Euclidean distance as the 

variables were abiotic (i.e., environmental factors). Permutational multivariate analysis 

of variance (PERMANOVA) was used to test whether the leaf type by fungi treatment 

interaction groupings evident in the PCO plots were significantly different from one 
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another. All ordinations and PERMANOVA tests were carried out via PRIMER v.6 

(Anderson et al. 2005) and were based on 999 permutations.  

To investigate effects of fungal treatments on individual macronutrient, micronutrient 

and cell wall structural compound variables of the two litter types we used a two way 

(litter type x fungal treatment) analysis of variance (GLM; SPSS). Holm’s sequential 

Bonferroni was applied to minimise Type 1 error rates (Holm 1979). Where group 

differences among treatments were significant, Tukey HSD post hoc tests were used to 

identify which of the treatments differed for each of the nutrient and structural 

compound response variables. Millipede-related mass loss and leaf fragmentation were 

examined using a multivariate analysis of variance (GLM; SPSS). All data were 

transformed using log(x+1) to improve normality and meet assumptions of homogeneity 

of variance (Levene’s test).  

Structural equation modelling (SEM) was used to test if nutrient or structural compound 

changes in leaves might be mediating the effect of fungal priming on millipede 

consumption. Each fungus–leaf litter treatment model was based on an explicit 

comparison between the treatment and leaf litter control because we wanted to 

understand the relative effects of each fungal species. The conceptual model (Fig. 2) of 

fungal effects on millipede mediated mass loss and fragmentation implies a sequence of 

causal linkages between variables in which fungal priming causes changes in litter 

nutrients, structural compounds, and strength, and these changes subsequently cause 

differences in millipede feeding activity. Through this full causal model we can partition 

the potential direct vs indirect pathways mediating the effects of fungal priming on the 

consumption of leaf litter by millipedes. The full SEMs were simplified to the most 

parsimonious reduced models for each treatment with the minimum number of 

pathways necessary to explain variation in the response variables using a step-wise 

specification search. The SEM compared the model implied variance-covariance matrix 

against the observed variance-covariance matrix, and the data were fitted to the models 

using the maximum likelihood estimation method to parameterize the models. To assess 

the validity of the models as a whole, we used the Bollen-Stine bootstrapped Chi-square 

test with 2000 bootstrap samples. All total, direct, and indirect pathways were assessed 

using bootstrap maximum likelihood methods (2000 samples) with 95 % bias-corrected 

confidence intervals in AMOS v.22.0 (Arbuckle 2013). 
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Figure 2. A conceptual model of fungal effects on millipede-mediated litter mass loss. 

Boxes denote variables included in the model, and arrows represent potential causal 

pathways between response variables.   

 

Prior to conducting the SEM, we used principle component analysis (PCA) (Grace 2006) 

to reduce the number of nutrient and structural compound variables for the fungi–litter 

treatments. The first principle component (PC1) for each of four PCAs (2 litter types × 2 

response variable groups: litter nutrients and structural compounds) was then used in 

the latter SEM analysis as composite measures of these response groups. The PC1s for 

fungi–Acacia explained 68 % and 48 % of the total variance of litter structural 

compounds and litter nutrients respectively. The PC1s for fungi– Eucalypt explained 65 

% and 35 % of the total variance in litter cell wall compounds and litter nutrients 

respectively. To mitigate the fact that the results from the first and second phase of this 

experiment were from different microcosms, the PC1 scores were log transformed to 

achieve a normal distribution, and a new set of ‘predicted’ PC1 values was randomly 

drawn using the mean and standard deviation of this normal distribution. 
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4.3 Results 
 

4.3.1 The effect of fungal colonization on leaf litter nutrients and structural 

compounds 

 

There was a highly significant difference in leaf nutrients and structural compounds 

between Acacia and Eucalypt leaf treatments (PERMANOVA, F1,64 = 100.03, P = 0.001), 

as well as between FH, FL and PC fungal species treatments (F3,64 = 15.34, P = 0.001). A 

two dimensional PCO representation of these trends (Fig. 3), explained ~70 % of the 

multivariate variability inherent in the full resemblance matrix. The ordination indicates 

that variation in leaf litter traits (PCO axis 1) was driven by a combination of leaf nutrient 

and structural compound attributes, particularly lignin, hemicellulose, C and N. By 

contrast, variation between fungal treatment groupings (PCO axis 2) was primarily 

driven by nutrient concentrations, particularly Na, Mg, K, and P. There was also a 

significant interaction (F3,64 = 2.22, P = 0.026) between leaf species and fungi. This 

interaction is evident in the inverse juxtaposition of the control and FL fungi treatments 

between the two leaf litter types within the PCO. 
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Figure 3. Principal Coordinates Analysis (PCO) biplot showing variation in cell wall 

structural compounds and nutrients among fungi treatments and leaf litter types. Biplot 

was constructed using normalised data and Euclidean distance. Points represent 

individual microcosms; closed symbols show microcosms containing Eucalyptus 

loxophleba leaf litter and open symbols show microcosms containing Acacia acuminata 

leaf litter. CONTROL represents the control treatment; FH, Fistulina hepatica; FL, 

Fomitopsis lilacinogilva; and PC, Pycnoporus coccineus. The Pearson correlations overlay 

highlights the linear relationships between the chemical response variables and PCO axis 

1 and 2; the length and direction of the vectors indicates the strength and sign of these 

relationships. 

 

Significant differences in nutrient concentrations between leaf species were observed 

for all variables except P, K, and Mg (GLM, Table 1, P < 0.001). All response variables 

except C, Ca, and Cu were also significantly affected by fungal treatments. Furthermore 

the interaction between fungi treatment and leaf species appeared to be driven by 

changes in cellulose, C:N ratios, and N. Tukey HSD post hoc tests showed multiple 

significant (P < 0.05) differences between treatments for both cell wall structural 
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compounds (Fig. 4) and litter nutrients (Fig. 5). Within Acacia microcosms significant 

differences relative to the control included: a.) a decrease in the C:N ratio, and increases 

in K, Mg, and Zn in the FH treatment; b.) decreases in Mg, B, Mn, Zn in the FL treatment; 

and c.) decreases in hemicellulose and lignin, and increases in cellulose, P, K, Mg, Na, S, 

Zn in the PC treatment. The Eucalypt microcosms show a similar pattern with significant 

differences relative to the control including: a.) decrease in the C:N ratio, and increases 

in cellulose, P, K, S, and Zn in the FH treatment; b.) decreases in lignin and Zn, and 

increases in cellulose and P in the FL treatment; and c.) decreases in hemicellulose, and 

increases in cellulose, C:N, P, K, Mg, Na, Fe, Zn in the PC treatment.  

 

Table 1. General Linear model results (F–values) showing differences in nutrients, cell 

wall structural compounds, and litter strength (SFTP) between leaf litter types and 

fungal treatments, and their interactions. 

Variable Fungi Treatment 
df = 3, 64 

Leaf Species 
df = 1, 64 

Interaction 
df = 3, 64 

    
Carbon   5.065 990.062*** 2.836 
Nitrogen 45.777*** 746.600*** 7.493*** 
C:N Ratio 51.227***    1183.045*** 11.126*** 
Phosphorus 15.688***      0.299 1.827 
Potassium 58.564***     4.970 0.144 
Calcium   1.944 135.241***   0.268 
Magnesium 39.562***     4.986 1.047 
Sodium 21.172***   15.860***   0.185 
Sulphur 10.497*** 118.554*** 3.186 
Boron   5.496**   34.227*** 1.764 
Copper   3.139   62.413*** 4.245 
Iron   7.878*** 118.731***   0.902 
Manganese   7.905*** 268.839***   0.236 
Zinc 81.019*** 904.510*** 4.113 
    
Cellulose 33.804*** 76.170*** 12.552*** 
Hemicellulose   8.807*** 115.702***   0.558 
Lignin   6.633*** 1913.339*** 3.930 
    
Specific Force to 
Punch 

16.409*** 242.816***  0.764 

    

Sequential Bonferroni Alpha Adjustment, ** P ≤ 0.01, *** P ≤ 0.001 
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Figure 4.  Cell wall structural compound response (mean ± 1 S.E.) of Acacia acuminata 

(dark bars) and Eucalyptus loxophleba (light bars) to fungi treatments. CONTROL 

represents the control treatment; FH, Fistulina hepatica; FL, Fomitopsis lilacinogilva; PC, 

Pycnoporus coccineus. (a) Lignin; (b) Cellulose; (c) Hemicellulose. Different letters above 

bars indicate significant differences between treatments (ANOVA; Tukey HSD post hoc 

tests; P < 0.05). Note that y axis scales vary between graphs. 
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Figure 5.  Nutrient response (mean ± 1 S.E.) of Acacia acuminata (dark bars) and 

Eucalyptus loxophleba (light bars) to fungi treatments. CONTROL represents the control 

treatment; FH, Fistulina hepatica; FL, Fomitopsis lilacinogilva; PC, Pycnoporus coccineus. 

(a) Carbon ; (b) Nitrogen; (c) C:N Ratio; (d) Phosphorus; (e) Magnesium; (f) Sulphur; (g) 

Potassium; (h) Sodium; (i) Iron; (j) Boron; (k) Manganese; (l) Zinc. Different letters above 

bars indicate significant differences between treatments (ANOVA; Tukey HSD post hoc 

tests; P < 0.05). Note that y axis scales and units of measurement vary between graphs. 

 

Total elemental carbon content stayed relatively constant across treatments and 

controls (Fig. 5a), yet the carbonaceous exoskeleton of the structural components of the 

plant cells (lignin, cellulose, and hemicellulose) which affect nutrient dilution (Lee et al. 

2004) were degraded by the end of phase 1 (Fig. 4), and hence more mineral elements 

were available. The relative increases in these mineral elements translated into lower C: 

nutrient ratios (e.g. FH in Fig. 5c). Thus general trends include decreased carbon to 

nutrient ratios relative to the control for both FH and PC, with a stronger overall effect 

of PC (Fig. 5b-l). By contrast, FL shows a general increase in carbon to nutrient ratios 

relative to the control. Similarly, higher values for cellulose across fungal treatments 

reflect a relative change in the proportion of cellulose to other litter constituents such 

as hemicellulose, not a change in the actual quantity of cellulose. The general trend 

across fungal treatments (Fig. 4) was a relative decrease in hemicellulose and lignin, and 

a corresponding relative increase in the proportion of cellulose.  

The PC treatment was the only fungus treatment that had a significant negative effect 

on the physical toughness of either Acacia (Fig. 6a) or Eucalypt (Fig. 6b) leaf litter. Within 

the Acacia microcosms, the specific force required to punch (SFTP) through a leaf 

changed from 3.47 ± 0.20 (mean ± S.E.) in the control treatment to 2.69 ± 0.22 MN m-2 

in the PC treatment. A similar trend was evident in the Eucalypt microcosms with a drop 

in SFTP from 1.88 ± 0.11 in the control treatment to 1.14 ± 0.07 MN m-2 in the PC 

treatment. 
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Figure 6. The specific force required to punch through a leaf, leaf fragmentation, and 

mass loss (mean ± 1 S.E.) of Acacia acuminata (a, c, e) and Eucalyptus loxophleba (b, d, 

f). CONTROL represents the control treatment; FH, Fistulina hepatica; FL, Fomitopsis 

lilacinogilva; PC, Pycnoporus coccineus.  
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4.3.2 The priming effect of fungi on millipede feeding activity 

 

There were significant effects of litter species (MANOVA, F1,64 = 225.53, P < 0.001), and 

fungal treatments (F3,64 = 18.71, P < 0.001) on millipede mediated mass loss and 

fragmentation, but no significant interaction between litter species and fungi (F3,64 = 

1.38, P = 0.228) on these response variables. Millipede mortality was low (Appendix 2) 

and feeding was observed across all microcosms, although to a lesser extent than 

expected (Appendix 3). Pairwise comparisons showed that the only fungus treatment in 

which there was significantly greater mass loss (Figs 6e and f) and leaf fragmentation 

(Figs 6c and d) than in the control for both Acacia and Eucalypt microcosms was the PC 

treatment.  

The final most parsimonious SEM model for PC–Eucalypt (Fig. 7a) had acceptable 

goodness of fit indices: RMSEA = 0.00 and Ĉmin/d.f. = 0.454. There was no significant 

difference between the predicted covariance structure of the final model and the 

observed covariance structure in the data (X2 = 4.084, P = .886, df = 9). In this reduced 

model six paths were found to make an important contribution to model fit, and 

although these paths varied in their strength and statistical significance, they explained 

59 % of the variation in litter mass loss. SEM analysis of the PC–Eucalypt microcosms 

showed that PC had no residual (i.e. unexplained) direct effect on millipede mediated 

mass loss or fragmentation, and therefore the total effect of PC on these response 

variables could be fully explained by the variables entered in the model. Changes to 

Eucalypt litter nutrients was the most important variable mediating the PC effect on 

millipede feeding activity, and these changes to leaf litter chemistry determined both 

variation in leaf litter toughness and variation in millipede-associated fragmentation of 

the leaf litter (Appendix 4). Although the subsequent paths from fragmentation and 

litter toughness to mass loss were comparatively weak, and not statistically significant 

in their own right, the indirect effect of litter nutrients on mass loss was significant (P = 

0.003). 
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Figure 7. The most parsimonious structural equation models for Acacia acuminata 

(Acacia) and Eucalyptus loxophleba (Eucalypt) discriminating direct versus indirect 

mechanistic pathways through which fungal colonization and subsequent changes in 

leaf litter structure and leaf litter chemistry influence litter strength, and millipede 

mediated leaf fragmentation and mass loss. Results of model fitting for each fungi–litter 

species treatment are as follows: (a) PC–Eucalypt, X2 = 4.084, P = .886, df = 9; (b) PC–

Acacia, X2 = 6.845, P = .836, df = 10; (c) FL–Acacia, X2 = 9.630, P = .736, df = 12. Litter 

structure and litter chemistry are composite variables composed of axis scores of 

principle components analyses. The arrows represent causal paths from predictor to 

response variables; dark arrows indicate significant effects (P < 0.05), light arrows 

represent effects that were not significant, and arrow width corresponds directly to 

standardised path coefficients. Numerical values associated with solid arrows represent 

unstandardized partial regression coefficients and indicate whether the relationship is 

positive or negative. R2 values associated with response variables indicate the 

proportion of variation explained by the relationships with other variables.  

 

The final, most parsimonious SEM for PC–Acacia had acceptable goodness of fit indices: 

RMSEA = 0.00 and Ĉmin/d.f. = 0.684, and the predicted covariance structure of the final 

model and the observed covariance structure of the data did not differ significantly (X2 

= 6.845, P = .836, df = 10). In this final reduced model, five paths made important 

contributions to overall model fit (Fig. 7b), and the model explained 93 % of the variation 

in litter mass loss. The PC–Acacia SEM showed that none of the measured nutrient or 

cell wall structural compound changes associated with PC colonization mediated the 

changes observed in the other response variables. Rather, mass loss and fragmentation 

were directly and significantly positively influenced by PC colonization whereas leaf 

toughness was directly and significantly negatively influenced by PC colonization 

(Appendix 4). 

Although all of the fungi in this experiment showed significant fungal effects on litter 

nutrient chemistry and or structural compounds (Figs 4 and 5), the only other model 

that showed a significant effect of fungi on mass loss relative to the control was FL–

Acacia. The final reduced SEM for FL–Acacia had acceptable goodness of fit indices: 
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RMSEA = 0.00 and Ĉmin/d.f. = 0.802, and the predicted covariance structure of the final 

model and the observed covariance structure of the data were not significantly different 

(X2 = 9.630, P = .736, df = 12). The FL–Acacia model (Fig. 7c) explained substantially less 

variation in mass loss (24 %) than observed for PC, and the effect of FL on mass loss was 

direct. These results are consistent with the data in Fig. 6 which shows slight increases 

in mass loss and fragmentation within the FL–Acacia microcosms relative to the control, 

and large increases in these same response variables for both PC–Acacia and PC–

Eucalypt microcosms relative to the control. 

 

4.4 Discussion 
 

 

We hypothesized that three species of saprotrophic fungus (2 brown–rot and 1 white–

rot) would have significantly different effects on leaf litter nutrients and cell wall 

structural compounds, and that these differences would determine the relationship 

between leaf litter substrate quality and millipede feeding activity. Although all of the 

fungi had an effect on the chemical makeup of their fungus–litter complex, a priming 

effect was only observed for two of the species, the white–rot fungi Pycnoporus 

coccineus (PC) in both Acacia and Eucalypt microcosms, and to lesser extent the brown-

rot fungi Fomitopsis lilacinogilva (FL) in Acacia microcosms. The PC priming effects on 

Eucalypt leaves, in particular, caused significant changes in leaf nutrients and cell wall 

compounds, which altered the nutritive value of the food substrate, resulting in 

significantly higher millipede mediated mass loss and fragmentation than in the control 

microcosms without fungal priming. The PC–Eucalypt microcosms had the highest 

concentrations of P, Mn and Mg relative to the other treatments, and these results lend 

support to our first hypothesis that fungal mediated increases in the nutritive value of 

the fungus- litter complex is a central mechanism driving litter invertebrate 

consumption of detritus. This result is consistent with Ihnen and Zimmer’s (2008) 

suggestion that it is the nutritive utilization of microbial biomass that mediates preferred 

feeding on microbial rich food sources. 

In contrast, the priming effects of both PC and FL on millipede consumption within the 

Acacia microcosms was direct, and thus not sufficiently explained by any of the 

mediating variables within our SEM. Acacia species have been shown to contain high 
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concentrations of non-nutrient inhibitory chemical compounds such as polyphenols and 

tannins (Das and Joy 2009; González et al. 1995), and there is evidence which suggests 

that chemical anti-herbivore defences persist in leaf litter and inhibit its decomposition 

(Cornelissen et al. 1999; Horner et al. 1988). Fungal colonization of the Acacia litter 

within our microcosms may have altered or destroyed these non-nutrient inhibitory 

chemical compounds within the leaf litter (Kraus et al. 2003), resulting in leaf litter that 

was more palatable for millipedes. Changes in inhibitory compounds were not measured 

in this study, therefore further research is required to explore this potential pathway of 

fungal priming on litter invertebrate activity. 

The third fungal species, FH, has a well-known association with several species of 

saproxylic Coleoptera (Alexander 2008; Fisher 1940) and has a high nutritive value (e.g. 

Ouzouni et al. 2009), but has limited effects on the mechanical properties of woody 

substrates (Schwarze et al. 2000). Hence, we thought it likely that the millipedes within 

our microcosms would consume more of the FH–litter treatment than the control if 

nutrient characteristics were one of the central mechanisms driving the priming effect 

for invertebrates. Our results indicate that the FH–litter microcosms had a high nutritive 

value due to the significantly lower C:N ratio than any of the other treatments, and 

relatively high Mn and K relative to FL and the control. However, mycophagy rather than 

saprophagy was apparent (pers. obs.), and thus no fungal priming effect was detected. 

Although mycophagy was not explicitly measured in this study, through daily 

observations of the microcosms it was evident that the millipedes were consistently 

consuming the fungus and consequently had little impact on the litter component of the 

fungus–litter complex. 

Within our microcosms, the significant negative effect of FL (brown–rot) on lignin in the 

Eucalypt litter was somewhat unanticipated. Literature referring to decomposing 

activity of FL is scant, and so it was not possible to predict its potential effect on leaf 

litter properties. However, it is classified as a brown-rot fungus (Richter et al. 2010), and 

we assumed that the brown–rot versus white–rot classification of the fungi in this 

experiment would coincide with lower versus higher lignin degrading abilities, 

respectively. Furthermore, extrapolating from the wood decomposition literature, it 

was expected that PC would be the most efficient lignin and cellulose degrader across 

both leaf types (Tanesaka et al. 1993; Watanabe et al. 2012). Although our assumptions 
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proved false, it is informative that the significant relative degradation of lignin in the FL–

Eucalypt microcosms did not correspond with a decrease in the specific force required 

to punch through the substrate. This result indicates that the relative quantity of cell 

wall structural compounds may not be the most important determinant of leaf 

toughness. 

The white–rot fungus PC was the only treatment that had an effect on leaf toughness, 

and pathways between PC and litter strength differed between leaf litter species. Within 

the Eucalypt microcosms, the SEM path suggests that inorganic leaf chemistry drives leaf 

toughness, with changes in litter nutrients explaining 87 % of the variation in litter 

toughness relative to the control. However, caution must be employed when 

interpreting this result. It is possible the fungal-driven changes in litter nutrients and 

structural compounds were simply highly-correlated changes of differing magnitudes. 

Hence when the larger-magnitude change in nutrients was taken into account it may 

have sufficiently explained any effect on toughness, and there was no residual 

explanatory power of leaf structural compounds via the partial regression relationship 

between structural compounds and leaf toughness. Furthermore, within the Acacia 

microcosms, there was a direct relationship between PC colonization and leaf 

toughness, thus the mechanisms behind the effect of PC on leaf toughness remain 

unclear.  

Several studies have found a positive correlation between leaf toughness and plant fibre 

(Edwards et al. 2000; Sanson et al. 2001), and Klason lignin has been shown to 

significantly explain 50 % of the variation in leaf toughness in decomposing leaf litter 

(Gallardo and Merino 1993). Hence, the apparent lack of a relationship between changes 

in structural compounds (i.e., lignin, cellulose, hemicellulose) and leaf toughness in our 

analysis was unexpected. That said, there can be substantial variation in toughness per 

unit density for a given fibre content (Onoda et al. 2011), and fibre concentration has 

been shown to explain as little as 18 % of the variation in leaf biomechanical properties 

(Read and Sanson 2003) such as specific punch strength. Both chemical composition and 

anatomical details such as variation in vein networks, vascular bundles, and epidermis/ 

cuticle properties have been proposed as a potential explanation for this variation 

(Choong et al. 1992; Onoda et al. 2008; Peeters et al. 2007; Read and Stokes 2006). The 

spatial arrangement of these anatomical details may also be conceptualized as 
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components of plant litter architecture, and the physical penetration of these 

architectural structures by fungal hyphae theoretically could weaken these structures 

resulting in reduced leaf toughness. 

 

4.5 Conclusion 
 

Natural settings are inherently complex, and understanding species-specific functional 

roles under field conditions is challenging if not impossible. For this reason our 

experiments were conducted in vitro, and all naturally-occurring microorganisms within 

the leaf litter were excluded except for the fungal species of interest. Thus, results from 

this experiment may not be directly extrapolated to the natural environment because 

under natural conditions leaf litter is colonized by multiple microorganisms, and fungal 

populations are subject to successional changes which are related to particular stages in 

decomposition. That said, the specific ecophysiology of individual species of litter fungi 

and the interactions of these fungi with litter invertebrates remains poorly understood 

because within multi-trophic decomposition studies all bacteria and fungi are usually 

treated as a single functional entity (Boddy and Jones 2008). Yet when it comes to the 

priming effect of fungi for invertebrates, our results clearly show that different fungi 

have different functional roles. 

Our results have highlighted the importance of litter-fungi-invertebrate interactions in 

the decomposition subsystem, in particular the species-specific effect of fungi on litter 

transformer feeding activity and litter decomposition amount. Although saprotrophic 

fungi may be ubiquitous in woodland systems, the functional roles of individual fungal 

species are different, and this functional diversity plays a crucial role in mediating 

interactions within the decomposer community. The characterization of fungal 

functional traits that explain species-specific effects on decomposer community 

interactions should be considered a high research priority. This effort would provide a 

mechanistic understanding of the relationship between fungal succession, litter 

invertebrate activity, and ultimately, nutrient cycling processes. 
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4.7 Appendix  
 

4.7.1 Appendix 1. Standard chemical analysis methods 

 

Total organic carbon was determined by Leco combustion (Rayment and Higginson 

1992), and total nitrogen was determined with a Technicon segmented flow analyser 

using the Berthelot colorimetric determination (Searle 1984), after a sulphuric/salicylic 

acid/hydrogen peroxide digestion of the plant material (Bradstreet 1965). The elemental 

analysis procedure for P, S, K, Na, Ca, Mg, Cu, Fe, Mn, Zn and B was based on a 

nitric/perchloric acid digestion using a block digestion to a temperature of 200-210 °C. 

Upon cooling, the mixture was diluted with deionised water and the elements were 

quantified using inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

against primary elemental standards (McQuaker et al. 1979). Cellulose and 

Hemicellulose concentrations were determined using detergent fibre extraction 

(Goering and Van Soest 1970; McQueen and Nicholson 1979; Robertson and Van Soest 

1981; Van Soest and Wine 1967), utilizing both the Royal Australian Chemical Institute 

(RACI, 1995) method 03-02 and the Association of Analytical Communities (AOAC) 

method 973.18C (Cunniff 1995; Helrich 1990). Klason lignin was determined by reacting 

the fibre deposit from the cellulose and hemicellulose determination with 72 % 

sulphuric acid, leaving acid-insoluble lignin, cutin, and tannin (Cunniff 1995; Helrich 

1990; Preston et al. 2000) as the measured residue. 
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4.7.2 Appendix 2. Millipede mortality and fecundity 

 

Millipede mortality was relatively low at 15.1% across all treatments. There was no 

significant difference in mortality between fungi treatments for Acacia microcosms (Chi-

squared test (3, 32) = 2.57, P > 0.05), but there was a significant difference in mortality 

between fungal treatments in the Eucalypt microcosms (Chi-squared test (3, 32) = 11.85, 

P < 0.05). This difference is attributed to the Control–Eucalypt treatment where there 

was zero mortality and the FL–Eucalypt treatment at the other end of the spectrum 

where 11 out of 68 millipedes died. In many cases the millipedes displayed small 

negative growth efficiencies with weight loss (mean = -0.01mg, ± S.E. = .001) after 7.5 

weeks in the microcosms. This weight loss was randomly distributed across leaf type and 

fungi treatments and no statistical difference in weight change between treatments was 

found (GLM, F7, 64 = 1.849, P = 0.096).  
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Given the millipede weight loss, it could be hypothesized that leaf litter mass loss may 

have been largely due to the fungi. However, considering the observed consumption of 

the leaf litter by millipedes (e.g. Appendix 3) and the measured increase in 

fragmentation which was unlikely to have been caused by the fungi, it is apparent that 

millipedes contributed to leaf litter mass loss. 

4.7.3 Appendix 3. Millipede consumption of leaf litter 

 

      

Figure 1. Examples of feeding by Ommatoiulus moreletii on (a) Acacia acuminata and (b) 

Eucalyptus loxophleba after colonization by Pycnoporus coccineus. 

 

Several studies have shown that litter-feeding invertebrates can have a significant effect 

on decomposition rates via processing large amounts of leaf litter (Cárcamo et al. 2000; 

David and Gillon 2002). In our experiment millipedes consumed less leaf litter than we 

expected. There are a number of possible explanations for the lower than expected 

consumption: 1.) Environmental changes have been shown to affect overall litter 

consumption by invertebrates (Hattenschwiler and Bretscher 2001), and animal 

placement in the microcosms may have induced a behavioural stress response and 

reduced feeding activity; 2.) In the stock cultures the animals were frequently fed high 

(a) (b) 
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nutrient food sources and may have experienced hyperphagia when placed in 

microcosms (Loureiro et al. 2006; Sousa et al. 1998); 3.) Moulting events were observed 

in all treatments and these events are known to affect both consumption and weight 

gain (Zimmer et al. 2003); and 4.) Although the experiment was conducted in a 

controlled temperature and light room, the experiment was done during the summer 

months when this species of millipede is inactive in the field and there may have been 

unaccounted for environmental cues. That said, millipede mortality across all 

treatments was low (Appendix S1), evidence of feeding was observed in all microcosms 

(e.g. Fig. S1), and the continued excretion of faecal matter (data not presented) indicates 

the animals were physiologically active throughout the experiment. 
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4.7.4 Appendix 4. SEM Analysis standardized path coefficients 

 

Table 1. SEM analysis standardized path coefficients 

Microcosm 
ID 

Treatment 
Response 

Direct 
effects 

Indirect 
effects 

Total 
effects 

     
PC- 
Eucalypt 

Mass loss — 0.684** 0.684** 

 Litter nutrients -0.966** — -0.966** 
 Structural 

compounds 
-0.917** — -0.917** 

 Litter strength — -0.901** -0.901** 
 Leaf Fragmentation — 0.687** 0.687** 
     
PC- Acacia Mass loss   0.964* — 0.964* 
 Litter nutrients -0.762* — -0.762* 
 Structural 

compounds 
-0.852* — -0.852* 

 Litter strength -0.754* — -0.754* 
 Leaf Fragmentation 0.604* — 0.604* 
     
FL- Eucalypt Mass loss 0.367ns -0.129ns 0.238ns 
 Litter nutrients — — — 
 Structural 

compounds 
-0.831** — -0.831** 

 Litter strength — — — 
 Leaf Fragmentation — 0.310ns 0.310ns 
     
FL- Acacia Mass loss 0.492* — 0.492* 
 Litter nutrients 0.795* — 0.795* 
 Structural 

compounds 
-0.669ns — -0.669ns 

 Litter strength — — — 
 Leaf Fragmentation — — — 
     
FH- 
Eucalypt 

Mass loss — — — 

 Litter nutrients -0.867** — -0.867** 
 Structural 

compounds 
-0.881** — -0.881** 

 Litter strength — — — 
 Leaf Fragmentation — — — 
     
FH- Acacia Mass loss — — — 
 Litter nutrients -0.895* — -0.895* 
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 Structural 
compounds 

— — — 

 Litter strength — — — 
 Leaf Fragmentation — — — 
     

 

Standardized path coefficients showing the direct, indirect (product of direct effects) 

and total effects (sum of direct and indirect effects) of fungal colonization (specified in 

column 1) on each of the treatment responses (specified in column 2). Standardized path 

coefficients indicate the number of standard deviations of change in the dependent 

variable for every 1 standard deviation of change in the independent variable. Dashes 

indicate paths that were fixed at zero in the final most parsimonious models for each 

treatment. Bootstrapped bias-corrected 95% confidence intervals, calculated over 2000 

random samples generated from the observed covariance matrix, were used to calculate 

probability values for each of the direct, indirect, and total effects. *P ≤ 0.05, ** P ≤ 0.01, 

ns = non-significant. 
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5. General Discussion 
 

5.1 Introduction 
 

Decomposition is a multifaceted and integrated ecosystem level process that operates 

over multiple temporal and spatial scales. As such, previous studies on seasonal and 

successional patterns of decomposer biota paint a complex picture (Bardgett and van 

der Putten 2014). This thesis attempts to tease apart some of the interactions between 

factors controlling litter decomposition over various temporal scales in modified 

Mediterranean climate ecosystems in southwestern Australia. Results from our litter 

bag study support the growing consensus that exotic plant species alter decomposition 

processes via changes to vegetation structure, microenvironment, plant litter quality, 

and decomposer community structure (Ashton et al. 2005; Ehrenfeld 2003; Liao et al. 

2008). Furthermore, this research has highlighted the importance of litter-fungi-

invertebrate interactions in the decomposition subsystem, in particular the species-

specific effect of fungi on litter detritivore feeding activity and litter decomposition 

amount. Following are the main contributions and key findings of the study. 

5.1.1 How do changes in the quality, quantity, and timing of litter inputs 

associated with exotic plant invasions affect decomposition? 

 

At both of our research sites, the quality, quantity, and timing of litter inputs was altered 

through the invasion of understory herbs and forbs. Across both sites the higher quality 

exotic litter decomposed significantly faster than the native sclerophyllous litter, which 

is generally consistent with the literature on both species invasions (e.g. Liao et al. 2008) 

and differences in plant growth forms (e.g. Hobbie 1992; Hobbie 1996). Although there 

was significantly higher understorey biomass and subsequent exotic litter inputs in 

invaded versus uninvaded areas at both the restoration site and remnant woodland, 

decomposition processes were only significantly affected at the restoration site. Thus 

our results indicate that the effects of exotic understorey invasions on decomposition 

processes are context dependant, which has also been suggested by other authors 

(Ehrenfeld 2003; Yeates and Williams 2001). Given that the same exotic species were 

common at both sites and senesced at the same time, it is unlikely the difference 

between sites can be attributed to the quality or timing of exotic litter inputs. Therefore, 
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we suggested the lack of response at the remnant woodland site was due to either an 

‘invasion lag’ whereby changes in nutrient cycling lag substantially behind the 

establishment of the invader (Hickman et al. 2013), or an invasive exotic biomass 

threshold before which the decomposition processes of sclerophyllous recalcitrant litter 

remain unaltered (Claeson et al. 2014). As stated by Ehrenfeld (2003), we do not know 

how abundant a species must be to change site level properties, but at some unknown 

threshold of relative abundance, significant differences in quantitative traits will likely 

start to affect stand level processes. We hypothesize that the exotic grasses and forbs 

at the remnant woodland site have yet to reach such a threshold. 

The results from the restoration site also point to the amount of exotic plant biomass as 

an important factor determining the impact of exotic plant invasions on decomposition 

processes. However, our results contrast with other studies which have suggested that 

increased decomposition rates of native species are primarily the result of facilitation 

arising as a result of co-occurring exotic plant litter that rapidly decomposes (Ashton et 

al. 2005; Hughes and Uowolo 2006; Rodgers et al. 2008). The biomass effect we 

observed was more pronounced prior to exotic plant senescence, which indicates that 

this difference is primarily a response to changes in vegetation structure. This is 

consistent with other studies which have found that exotic plant invasions by plants 

differing in life form from the native vegetation can change the vertical structure of the 

vegetation and alter microenvironment attributes such as shading and or humidity 

(Gordon 1998; Standish et al. 2004). This in turn highlights the role vegetation structure 

plays in regulating decomposition processes. Moreover, the observed lack of a 

consistent trend of higher decomposition rates after exotic plant senescence, indicates 

that the timing of exotic litter inputs is not a significant factor influencing the effect of 

invasions on decomposition processes at the restoration site. This likely reflects the fact 

that the majority of the leaf litter does not immediately come into contact with the soil 

surface, but rather, the above ground structure persists for quite some time until wind, 

rain, and trampling (which is minimized because the area is fenced) compresses it down.  

Interestingly, there was not an increase in litter mass loss under ‘open’ understory 

conditions during periods of peak UV radiation (November – February) which suggests 

that photodegradation is not a dominant abiotic control of decomposition in these 
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systems. However, these results should be interpreted with caution. At both field sites 

the litter bags were pinned to mineral soil under the existing litter layer; in the remnant 

woodland there was a fairly well developed litter layer, and thus it is unlikely the litter 

in the litter bags were exposed to much UV radiation (Henry et al. 2008a); at the 

restoration site soil movement resulted in soil deposition and coverage of some of the 

litter in the litter bags which could have reduced the effects of UV photodegradation 

(Barnes et al. 2012). In conclusion, within the systems observed in this study, it appears 

that the quality, quantity, and spatial distribution of exotic biomass are more important 

controls of decomposition processes then the timing of biomass inputs into the 

decomposition subsystem. 

5.1.2 Are the temporal dynamics of litter invertebrates affected by exotic 

plant invasions? 

 

Our results are consistent with several other studies that have found invertebrate 

communities are influenced by seasonal factors such as temperature, humidity, and 

rainfall (Abbott et al. 1992; Legakis 1994; Recher et al. 1996; Whitford 1989). However, 

successional processes were also evident, and these temporal dynamics were affected 

by exotic plant invasions. For example, within each litter type, there were significant 

changes in invertebrate community composition as the litter bags aged, and in general 

this change persisted for the first year in the native litter in comparison to the duration 

of the experiment in the exotic litter. Furthermore, at all scales of invertebrate 

resolution (invertebrate community, detritivore abundance, beetle community), there 

were significant differences in composition between exotic and native litter harvested 

in the same season and having been in the field for the same length of time.  

However, these differences in composition between litter types were generally only 

apparent during the early phase of decomposition. For example, higher detritivore 

(Collembola, Psocoptera, Diplopoda, Isoptera, Isopoda and Annelida) abundance was 

observed in the exotic litter in comparison to the native litter, but only for the first 3-9 

months. Interestingly, higher detritivore abundance in the exotic litter occurred 

irrespective of differences in exotic ground cover, which suggests that the exotic litter 

(and microbial colonizers) may provide a better food resource for these decomposer 

taxa during the initial phase of decomposition. On the other hand, temporal dynamics 
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associated with exotic ground cover effects were also apparent. For example, in the 

remnant woodland, there were significant differences in invertebrate community 

composition and detritivore abundance between plots with low and high exotic ground 

cover during the growing season. In contrast, ground cover effects on decomposer biota 

continued year round at the restoration site, which is likely a reflection of the persistent 

above-ground vegetation structures at the site (see above discussion).  

An interesting ground cover effect was the significantly higher species richness of beetle 

fungivores at the restoration site in plots where herbicide had been applied. Due to the 

age of the restoration plantings, and lack of native understory species at the site, these 

plots were very open, and we were expecting this environment to be relatively 

inhospitable to most soil biota. However, It is possible that the application of herbicide 

effected a change in the system (Johnsen et al. 2001) allowing fungal dominance within 

these sites and subsequent fungivore colonization. This is consistent with several 

recently published studies which show a resistance of fungi to extended dry conditions 

(e.g. Yuste et al. 2011), and fungal dominated energy channels under low resource 

quality conditions (Dighton 1995; Wardle et al. 2004). 

Multiple studies have found differences in invertebrate communities beneath native 

and exotic plants (Harris et al. 2004; Lindsay and French 2006; Topp et al. 2008), and 

attribute these differences to either the quality of the organic matter entering the 

decomposition subsystem (Zimmer and Topp 2000), or changes in foraging substrates 

and microclimatic conditions (Abensperg-Traun et al. 2000; Samways et al. 1996). Thus 

our results are consistent with other studies which have shown that different types of 

litter favour different faunal components (Wardle et al. 2006), and changes in vegetation 

communities can propagate down into the decomposer subsystem (Wardle et al. 2003). 

5.1.3 Do fungi prime sclerophyllous litter for decomposers? 

 

Many Mediterranean-climate plant species produce leaf litter with chemical (e.g. high 

lignin) and physical (e.g. leaf toughness) properties that make them relatively resistant 

to decay (Choong et al. 1992; Gallardo and Merino 1993; Guo and Sims 2002; 

Meentemeyer 1978). Furthermore, several authors have suggested that fungal priming 

of woody litter through enzyme activities, improved carbon to nutrient ratios, and the 
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breakdown of inhibitory compounds may be necessary for subsequent colonization of 

saprophagous invertebrates (Wardle and Lavelle 1997). We tested the effects of 

different types of fungi on litter toughness and nutrient content, and subsequent 

feeding by detritivores.  

 

Brown–rot and white–rot fungal colonization had significant and diverse effects on the 

inorganic and organic chemical characteristics of the leaf litter–fungi complex. However, 

a priming effect was only observed for two of the fungal species tested, and priming 

effects differed between leaf litter types. For example, Pycnoporus coccineus priming 

effects on Eucalypt leaves caused significant changes in leaf nutrients and cell wall 

compounds, which altered the nutritive value of the food substrate, resulting in 

significantly more detritivore-mediated mass loss and fragmentation than in the control 

microcosms without fungal priming. This result was consistent with Ihnen and Zimmer’s 

(2008) suggestion that it is the nutritive utilization of microbial biomass that mediates 

preferred feeding on microbial-rich food sources. In contrast, the priming effect of the 

same fungi on detritivore consumption within the Acacia litter was direct, and thus not 

sufficiently explained by any of the mediating variables we measured. Thus it seems 

likely that the mechanisms driving the priming effect are more complex than simply 

changes to litter toughness or nutrient content. For example, it is possible that fungal 

colonization of the Acacia litter may have altered or destroyed non-nutrient inhibitory 

chemical compounds within the leaf litter (Kraus et al. 2003; Wardle and Lavelle 1997), 

resulting in leaf litter that was more palatable for detritivores. However, changes in 

inhibitory compounds were not measured in this study, and therefore further research 

is required to explore this potential pathway of fungal priming on litter invertebrate 

activity. 

 

This research has highlighted the importance of litter-fungi-invertebrate interactions in 

the decomposition subsystem, in particular the species-specific effect of fungi on litter 

detritivore feeding activity and litter decomposition amount. Although saprotrophic 

fungi may be ubiquitous in Mediterranean climate woodland systems, the functional 

roles of individual fungal species are different, and this functional diversity likely plays a 

crucial role in mediating interactions within the decomposer community. We have taken 

a small step in moving the study of interactions between saprotrophic fungi and litter 
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invertebrates out of the realm of description and retroductive conclusions based on 

observations in nature and feeding preference trials into a more prediction-driven 

science based on mechanisms and causal factors. We suggest that further developing 

this approach will greatly increase our understanding of the relationship between fungal 

succession, litter invertebrate activity, and ultimately, nutrient cycling processes. 

 

5.2 Limitations 
 

The most common technique for studying decomposition processes in terrestrial 

environments is the litter bag method. However, there are several potential 

confounding effects associated with this method that should be explicitly recognized. 

These include differences in microclimate inside and outside the bags, handling and 

leaching losses, and the proportion of fragmented litter that falls through the bags in 

the field (Bokhorst 2013; Bradford et al. 2002; Kampichler and Bruckner 2009). To 

mitigate these potential litter bags effects, we used a coarse mesh on one side and a 

fine mesh on the other. Litter bags were placed on the ground with the fine mesh on the 

bottom (Milton and Kaspari 2007) in order to both prevent the extraneous loss of litter 

fragments but still allow the entry of all litter dwelling animals through the top of the 

bags. Furthermore, “Traveller bags” were used to quantify litter loss from litter bags 

during transport, placement, and retrieval (Harmon et al. 1999), and litter mass loss was 

corrected by subtracting mean handling losses for each litter bag type. However, we did 

not account for leaching losses, and although the coarse mesh likely allowed similar UV 

penetration as was experienced by the surrounding litter matrix, it is possible the fine 

mesh on the bottom of the bags resulted in increased moisture retention within the 

bags. Furthermore, we did not include litter bags that excluded litter invertebrates in 

this study (small mesh bags), and thus cannot directly link the higher decomposition 

rates observed in the plots with high exotic ground cover to invertebrate activity. 

However, given the higher detriviore abundance observed in these high ground cover 

plots it seems likely decomposition and detritivore activity are related, as has been 

observed elsewhere (e.g. Seastedt 1984). 

Another potential limitation of the litter bag study was the lack of site level replication 

which not only prevented us from statistically comparing treatments across sites, but 
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also limits our ability to extrapolate the findings from this study to other locations 

(Cottenie and Meester 2003). However, it can also be argued that the lack of spatial 

replication is not a limitation of our experimental design. The design purposefully 

included numerous sampling units of time because our interest was in describing 

temporal trends.  The necessary trade-off, for logistical reasons, is to reduce the number 

of sampling units in space.  

With respect to the microcosm study, results from this experiment may not be directly 

extrapolated to the natural environment because, under natural conditions, leaf litter is 

colonized by multiple microorganisms, and fungal populations are subject to 

successional changes which are related to particular stages in decomposition (e.g. 

Frankland 1998). Furthermore, as evidenced by our litter bag experiment, the leaf litter 

used in the microcosm experiment is colonized by multiple litter invertebrate taxa under 

field conditions, and the millipede we used as a proxy for detritivores may not accurately 

represent the variation in responses one would expect from a full range of litter 

invertebrate taxa. Finally, it is difficult if not impossible to draw any generalizable 

conclusions regarding the relationship between the activity of white rot fungi and 

detritivores from this experiment because only one white-rot fungi was used in this 

experiment.  

 

5.3 Implications for future research 
 

Given our limitations in terms of time and resources, there were several variables we 

were unable to measure, but in light of our findings, it seems important that future 

research investigates these factors more thoroughly.  For example, ‘additional’ above 

ground biomass associated with exotic herb and forb invasion had a significant effect on 

both decomposition rates and invertebrate community composition. However, we were 

unable to assess the link between these response variables because we did not include 

litter bags that excluded litter invertebrates. Furthermore, we did not measure changes 

in microclimate (temperature and moisture) or microbial communities associated with 

these invasions which could be important mediating variables linking litter 

decomposition rates and litter invertebrates. Additionally, a more complete 

understanding of the soil profile including soil texture (% sand, silt, clay, and organic 
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matter) may shed some light on the spatial distribution of both exotic plants and 

invertebrates.  

Future research could determine how exotic understory invasions alter microclimatic 

conditions and microbial composition and activity, and how these changes in turn 

contribute to litter invertebrate dynamics and decomposition rates through time. It 

would also be prudent to include a ‘like with like’ comparison; this would involve an 

assessment of decomposition dynamics between native and exotic litter types with 

similar leaf traits. This would significantly increase our understanding of the effect exotic 

litter has on decomposer composition and abundance. Furthermore, from a practical 

perspective the quantification of exotic biomass thresholds after which decomposition 

processes are altered should be pursued. Although outside the scope of this thesis, 

determining these thresholds would help restoration practitioners prioritize their 

activity by highlighting conditions under which a fundamental ecological process such 

as decomposition is likely to be altered. Finally, interactions between fungi and litter 

detritivores are complex, and the mechanisms driving these interactions remains poorly 

understood.  Future research on the interaction between fungi, non-nutrient inhibitory 

chemical compounds, and litter invertebrates could provide more mechanistic insight 

into the nature of litter-fungi-invertebrate interactions.  

 

5.4 Conclusion 
 

Overall this PhD has provided useful insights into selected interactions controlling 

decomposition processes in modified Mediterranean climate systems. This research not 

only contributes to our ability to predict rates of decomposition under changing 

environmental conditions, but also underwrites the need to understand decomposition 

as a biological process. Further research could build on the work presented in this thesis, 

particularly by strengthening the mechanistic understanding of interactions between 

fungi, detritivores, and plant invasions in modified systems. 
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