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Abstract 

Vegetation fire is an important driver of ecological and biological structure and function 

on the Australian continent. An enhanced understanding of fire’s role in this context 

will be essential as the frequency, severity and extent of fire increases with climate 

change. The effects of burning are complex and difficult to predict; however, fire 

regimes might affect the balance between biologically-essential elements, such as 

carbon (C), nitrogen (N) and phosphorus (P), in consistently predictable ways. The 

conceptual framework of ‘ecological stoichiometry’ is explicitly concerned with the 

balance of elements and its influence over organisms and ecosystems, and thus seems 

ideally-suited for fire ecology. However, there have been very few explicitly 

stoichiometric investigations into fire’s effects, and none that take a whole-ecosystem 

approach, incorporating soil, plants, micro-organisms and invertebrates.  

The following study tested the overarching hypothesis that different fire regimes 

produce distinctive stoichiometric balances between biologically-essential elements in 

soil, and that these balances influence the effects of fire regime on the properties of 

ecosystems and the organisms within them. A meta-analysis and four experiments were 

performed to test this hypothesis across varying degrees of ecological complexity. The 

primary questions addressed by these components were (1) are the effects of fire on the 

C:N:P stoichiometry of the soil consistent on a global scale; (2) does the stoichiometric 

signature of fire regime change the type or extent of nutrient limitation for plant growth; 

(3) how do fire-induced stoichiometry shifts in soil and litter influence the 

stoichiometry of microbes and litter invertebrates, and the community characteristics of 

litter invertebrates; (4) how are the effects of fire regime on litter decomposition, and 

the relative roles of micro-organisms and invertebrates in decomposition, influenced by 

fire-induced litter stoichiometry shifts; and (5) does the stoichiometric signature of fire 
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in ecosystems, and its potential implications, extend to other biologically-essential 

elements (i.e. sodium [Na], potassium [K], magnesium [Mg] and sulfur [S])?  

The global-scale meta-analysis found that fire consistently reduces C:P and N:P 

ratios in soil and plant litter (Chapter 2), which set the scene for Chapters 3–6, as it 

showed that any stoichiometric mechanisms influencing fire’s effects could be 

applicable all around the world. Chapters 3–6 report the results of four original 

experiments which addressed research questions 2–5. These experiments were carried 

out using a long-term prescribed burning trial in a wet eucalypt forest at Peachester, 

south-east Queensland, Australia, which consisted of three replicated fire regime 

treatments: burned every two years since 1972 (2yB), burned every four years since 

1972 (4yB) and no burning since 1969 (NB).  

Soil in the 2yB treatment tended to have lower total and soluble C:P and N:P 

ratios compared to the NB and 4yB treatments. However, this did not correspond to 

altered nutrient limitation status for the growth of Eucalyptus pilularis (the dominant 

tree species at Peachester) seedlings, which were co-limited by P and at least one other 

nutrient, regardless of fire history. Phosphorus cycling was clearly enhanced relative to 

N cycling in the 2yB treatment, compared to the NB and 4yB treatments, as indicated 

by the lower C:P and N:P ratios of litter in the 2yB treatment. This had important 

implications for soil and litter micro-organisms and particularly surface active 

invertebrate fauna (Chapter 4). The N:P ratios of leaf litter microbial biomass tended to 

be lower in the 2yB treatment relative to the NB treatment, while invertebrate 

community biomass C:P and N:P ratios were respectively 18.2% and 18.8% lower in 

the 2yB treatment than in the NB treatment. This coincided with clear differences in the 

community composition of invertebrates on the level of order, and of Coleoptera 

(beetles) on the level of morphospecies, which might suggest fire-driven re-assemblage 

of invertebrate and beetle communities along stoichiometric lines.  
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Unexpectedly, there was some evidence of P-depletion in litter in the 4yB 

treatment, which might have been driven in part by leaky P cycling following fires. This 

generated a strong state of P-limitation for microbially-driven litter decomposition 

(Chapter 5). Invertebrate-driven decomposition was not sensitive to P-constraints, so the 

positive effect of invertebrates on decomposition increased as microbial P-constraints 

increased. Invertebrate-driven decomposition also seemed to be subtly linked to 

invertebrate community composition on the level of order. In Chapter 6, Na, K, Mg and 

S were incorporated into the investigation, and it was revealed that the stoichiometry of 

these elements in soil is affected by fire regime in a manner consistent with their 

potential to turn to gas during fires, much like C, N and P. Some of these effects were 

present in litter and in the Nitidulid beetle Thalycrodes pulchrum (Blackburn), which 

had higher P content and P:Na ratios and lower Na:K ratios in the 2yB treatment 

relative to the NB treatment. Further, T. pulchrum abundance was related in various 

ways to these ‘multi-element’ stoichiometric ratios, suggesting that Na, K, Mg and S 

should be considered in future studies of fire’s stoichiometric effects. 

However, this study indicated that P is a ‘master element’ at Peachester due to 

its scarcity relative to other elements, and it was fire’s ability to ease or exacerbate this 

imbalance that underpinned many of fire’s stoichiometric effects. Thus, while many 

factors likely contributed to fire’s ecological effects at Peachester, the results of this 

study support the overarching hypothesis. This study provides a novel stoichiometric 

framework for predicting and interpreting the ecological effects of changing fire 

regimes. Further, it reveals how the physico-chemical properties of elements on an 

atomic or molecular level can influence the effects of fire at multiple scales of 

biological organisation, from organisms to ecosystems, and over timeframes ranging 

from the moment of heat-induced mortality, combustion and volatilization, to post-fire 

regeneration, ecological succession and, perhaps, to the depths of evolutionary time. 
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Chapter 1  1 

Chapter 1. Introduction 

1.1 Vegetation fire and ecological stoichiometry 

The role of vegetation fire as a driver of ecological change has received significant 

attention in ecological research in the 20th and 21st centuries (e.g. Ahlgren & Ahlgren, 

1960), and these efforts will become increasingly important as the likely impacts of 

climate change on fire regimes become apparent (Westerling et al., 2006, 2011; Liu et 

al., 2010; Enright et al., 2015). The effects of fire on ecosystems are often profound, but 

are highly-variable, and appear to include both structural (e.g. changes in community 

structure) and functional (e.g. altered biogeochemical cycling) aspects (e.g. Ojima et al., 

1994; Bowman, 2000; Toberman et al., 2014). Further, these effects are interactive, and 

occur across multiple spatial and temporal scales and on various levels of biological 

organisation (Ahlgren & Ahlgren, 1960).  

Numerous previous studies on vegetation fire have given consideration to its 

influence on soil biogeochemical characteristics and processes (González-Pérez et al., 

2004; Certini, 2005), microbial communities and activities (McMullan-Fisher et al., 

2011; Holden & Treseder, 2013), plant traits, growth, physiology and community 

structure (e.g. Chambers & Attiwill, 1994; Lamont et al., 2011; Lü et al., 2011; Lewis 

& Debuse, 2012), plant litter quality and decomposition rates (Toberman et al., 2014), 

forest floor invertebrate fauna communities and their functional importance (York, 

1999; Brennan et al., 2009), and the broader implications for ecological succession and 

stability, ecosystem distribution within landscapes, and evolution (Bowman, 2000; 

Russell-Smith et al., 2004; Orians & Milewski, 2007; Close et al., 2009; Odion et al., 

2010; Keeley et al., 2011). Despite this considerable research effort, many of the 

relationships between fire and the structure and function of natural systems remain 

unclear. This may be due in part to the highly interactive nature of the effects of 
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burning, which are typically investigated in isolation, as well as the potential for these 

effects to occur and resonate over multiple spatial and temporal scales.  

To properly explore the potentially interacting structural and functional effects 

of fire, it may be useful to adopt an analytical approach which can describe in common 

terms the biological and ecological objects and processes of interest. The theoretical 

approach known as ‘ecological stoichiometry’ is explicitly focused on the balance of 

energy and biologically-essential elements like carbon (C), nitrogen (N) and phosphorus 

(P) in biological and ecological systems (as expressed by stoichiometric ratios; i.e. C:N, 

C:P and N:P), and how this balance is related to the properties of organisms and 

ecosystems (Sterner & Elser, 2002). Thus, ecological stoichiometry may have 

tremendous, yet seemingly under-utilized, potential in fire ecology. The range of spatial 

and temporal scales over which the effects of forest fire occur gives the ecological 

stoichiometry framework further utility, as it can be applied to effectively any scale of 

biological or ecological organisation, “from molecules to the biosphere” (Sterner & 

Elser, 2002).  

Here it is crucial to note that differences in the physico-chemical properties of C, 

N and P on atomic and molecular levels result in disparate tendencies for these elements 

to be lost from ecosystems during fires. Variable proportions of ecosystem C and N are 

converted to gas forms under the heat of combustion (i.e. volatilized, in the forms of 

CO2, hydrocarbons, NOx and N2O), and are thus lost to the atmosphere (Raison et al., 

1984; Urbanski et al., 2008). On the other hand, P does not turn to gas under the 

temperatures reached by normal vegetation fires, and is often deposited on the soil 

surface as ash instead (although some P may be lost in particulate form or through post-

fire erosion and leaching; Raison et al., 1984; Chambers & Attiwill, 1994; Certini, 

2005). At the same time, the long-term absence of fire has been associated with an 

accumulation of soil C and N through biological fixation (Jones & Davidson, 2014; 
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Hume et al., 2016), and a gradual depletion of soil total and available P due to 

weathering and leaching of mineral P as the soil ages (Walker & Syers, 1976; Wardle et 

al., 2004; Lagerström et al., 2009). Fire events and changes in fire regime may thus 

generate strong and, importantly, predictable shifts in the balances between C, N and P 

in soil that propagate throughout ecosystems.  

Nevertheless, deliberately stoichiometric approaches in the context of fire 

ecology have been uncommon (although interest is increasing, e.g. Pellegrini et al., 

2015; Dijkstra & Adams, 2015; Zhang et al., 2015). Thus, the study aim was to enhance 

the understanding of the stoichiometric and biogeochemical mechanisms that underpin 

the effects of fire regime on the characteristics of organisms, communities and 

ecosystems.  

 

1.2 Primary research questions and hypotheses 

The primary research question posed by this study was whether and how the effects of 

fire history on organisms and ecosystems are related to the changes in resource 

stoichiometry associated with different fire regimes. With respect to this question, the 

overarching, conceptual hypothesis tested in this study was that different forest fire 

regimes produce distinctive stoichiometric balances between multiple fundamental, 

non-substitutable resources (including, but not limited to, the elements C, N and P), and 

that these balances influence or underpin the effects of fire regime on the structure and 

function of ecosystems and the characteristics of organisms within them. These effects 

likely operate over multiple scales of ecological organisation and across various 

temporal scales, from the short-term (e.g. the ash-bed effect; Chambers & Attiwill, 

1994) to the very-long term (e.g. the evolution of certain ‘fire-traits’ in plants; Orians & 

Milewski, 2007). This hypothesis is represented by the relationships depicted in Fig. 

1.1. These relationships are interactive and multi-faceted, and while not all were 
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addressed by this study, five specific research questions were posed which focused on 

various aspects of the relationships shown in Fig. 1.1. 

o Research Question 1: Are the effects of fire on the C:N:P stoichiometry and P-

biogeochemistry of soil consistent on a global scale?  

Hypothesis 1: Fire will result in higher P availability and lower C:P and N:P ratios 

in soil relative to unburned areas, and these effects are consistent globally.  

o Research Question 2: Does the stoichiometric signature of fire regime change the 

type or extent of resource (i.e. nutrient) limitation to plant growth? 

Hypothesis 2: Absence of fire will lead to high soil total and available N:P ratios 

and strongly P-limiting conditions for plant growth, but long-term increases in fire 

frequency will depress soil N:P ratios and shift plant growth to a state of N-

limitation. 

o Research Question 3: How do the fire-induced stoichiometric shifts in soil and litter 

influence the stoichiometry of microbes and litter invertebrates, and the community 

characteristics of litter invertebrates? 

Hypothesis 3: Fire regime-induced shifts in soil and litter C:N:P stoichiometry will 

be reflected in the stoichiometry of soil and litter microbial biomass, and in the 

biomass of litter-dwelling invertebrate fauna. Fire regime will also affect 

invertebrate community characteristics, and these effects will be underpinned to 

some extent by the altered stoichiometry of soil and litter. 

o Research Question 4: How are the effects of fire regime on litter decomposition 

processes, and the relative roles of micro-organisms and invertebrates in 

decomposition, influenced by fire-induced litter stoichiometry shifts?  

Hypothesis 4: Low fire frequency will lead to P-limited microbial decomposition, 

and high fire frequency will lead to N-limited microbial decomposition. Thus, 
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‘moderate’ fire frequency will result in N and P co-limited microbial 

decomposition, and this will facilitate the highest rates of litter mass loss. At the 

same time, the positive effects of invertebrates on litter mass loss will increase 

when microbial decomposition is most severely nutrient limited. 

o Research Question 5: Does the stoichiometric signature of fire in soil extend to 

other biologically-essential elements (i.e. sodium [Na], potassium [K], magnesium 

[Mg] and sulfur [S]), and do these shifts have any implications for ecological 

structure and function? 

Hypothesis 5: Under high frequency fire regimes, soil stoichiometry will be shifted 

in favour of non-volatile elements (P, Na, K and Mg) and away from potentially 

volatile elements (C, N and S). These effects will affect biogeochemical cycling, as 

reflected in litter stoichiometry and the stoichiometry of consumers. Further, these 

stoichiometric shifts will influence the response of consumer abundance to changes 

in fire regime.  

 

1.3 Thesis structure 

The thesis consists of a concise introduction (Chapter 1), followed by a published meta-

analysis on the effects of fire on the C:N:P stoichiometry and P-biogeochemistry of the 

soil–plant system which addressed Research Question 1 (Chapter 2). Chapters 3–6 

present the results of four laboratory- or field-based experiments which addressed 

Research Questions 2–5, respectively. In this sense, with each chapter comes an 

increase in ecological scale or complexity as new trophic levels are considered 

(Chapters 2–4) and as ecological processes and their potential feed backs into fire 

regime and soil and litter stoichiometry are explored (Chapter 5; Fig. 1.2). Then, in 

Chapter 6, the range of stoichiometric elements is expanded to include Na, K, Mg and 

S, and some of the permutations of C:N:P:Na:K:Mg:S ratios, revealing the potential for 
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further research into fire-affected ‘multi-element’ stoichiometry and its biogeochemical 

and ecological implications. 

 

Fig. 1.1. Conceptual diagram representing the interactive relationships between fire, 

other environmental factors, and the structure and function of organisms and 

ecosystems. Arrows indicate hypothetical direct causal relationships between variables; 

enclosure of variables within a larger box indicates hypothetical causal relationships 

between all boxed variables (i.e. biomass C:N:P is causally related not only to organism 

performance, but also to biogeochemical cycling, community composition, etc.).  

 

The thesis structure is loosely based on the Griffith University guidelines for 

writing a PhD thesis as ‘a series of published and unpublished papers’ (Appendix 1). 

Specifically, Chapter 2 consists of a published article presented with the journal’s 

formatting, layout and page numbers. Chapters 3–6 generally adhere to traditional thesis 

format, but they have been written in the style of journal articles. Thus, each result 

chapter can be read and understood independently, and was associated with its own 

intensive literature review which has been condensed into the Chapter introduction 

sections. However, there is also some degree of repetition between chapters, particularly 

in introduction and materials and methods sections. To reduce repetition, all references 
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are listed in a single reference list at the end of the thesis, with the exception of those in 

Chapter 2. 

Chapters 3–6 each begin with an abstract that summarises the chapter and points 

out its link to the preceding chapter. Further, Chapters 2–6 each have a list of co-authors 

who have made substantial contributions to the specific study in terms of concept and 

method development, interpretation of results, or both. However, I was primarily 

responsible for designing and conducting all experiments, analysing the data and 

writing the chapters.  

 

Fig. 1.2. Depiction of the structure of the thesis, with ecological scale and complexity 

increasing from Chapter 2 to 5, and with stoichiometric scope expanding in Chapter 6. 
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Chapter 2. The phosphorus-rich stoichiometric signature of 

fire in the soil–plant system: a global meta-analysis 

 

The following chapter consists of a ten-page, co-authored journal article which was 

peer-reviewed prior to publication. Thesis page numbers are therefore excluded, but will 

continue at Chapter 3 (from p. 31). Tables and Figures are included in the list of Tables 

and Figures at the beginning of this thesis, and are referred to as ‘Butler et al. (2018), 

Table X or Fig. X’. Permission has been obtained from the publisher to reproduce the 

article in this thesis. The full bibliographic details for the article are:  

Butler OM, Lewis T, Mackey BM, Elser JJ & Chen CR, ‘The phosphorus-rich signature 

of fire in the soil-plant system: a global meta-analysis’, Ecology Letters, vol. 21, pp. 

335–344, DOI: 10.1111/ele.12896. 
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2.1 Supplementary materials for Butler, et al. (2018) 

The following supplementary materials are presented in the same form as in the 

published version of Butler, et al. (2018). 

2.1.1 Supplementary Figures 

Fig. S1. Frequency histograms for values of (a) soil total C:P ratio for ‘control’ 

observations, (b) soil total C:P ratio for ‘burned’ observations, (c) soil total N:P ratio for 

‘control observations and (d) soil total N:P ratio for ‘burned’ observations. 
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Fig. S2. Frequency histograms for values of (a) litter C:P ratio for ‘control’ 

observations, (b) litter C:P ratio for ‘burned’ observations, (c) litter N:P ratio for 

‘control observations and (d) litter N:P ratio for ‘burned’ observations. 
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2.1.2 Supplementary Tables 

Table S1. Effect sizes for soil P pools and C:P and N:P ratios when only the 

‘independent’ observations were analysed (i.e. after random selection of one 

observation from each group of observations made at multiple times post-fire); effect 

sizes were considered significantly different from zero where confidence intervals are 

denoted ‘*’. 

Variable 
No. of 

observations 

Mean  

effect size 

95% bootstrapped 

confidence intervals 

IAPi 63 0.86 0.55–1.27 

Water-Pi 36 1.79 1.25–2.60* 

Bray-Pi 86 1.19 1.08–1.31* 

Mehlich-Pi 15 2.00 1.21–3.13* 

‘Other’-Pi 141 1.34 1.16–1.57* 

Bicarb-Pi 137 1.40 1.18–1.66* 

Bicarb-Po 23 0.97 0.62–1.67 

MBP 7 1.05 0.80–1.45 

NaOH-Pi 39 1.54 1.30–1.95* 

NaOH-Po 22 0.68 0.44–0.97* 

HCl-P 23 1.66 1.28–2.22* 

Residual-P 22 0.87 0.76–0.99* 

Total P 134 1.04 0.99–1.10 

Total C:P 85 0.82 0.74–0.91* 

Total N:P 118 0.86 0.79–0.92* 
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Table S2. Forms of soil phosphorus (P) included in the meta-analyses and the typical 

methods used for extraction. Pi = inorganic or mineral P; Po = organic P. 

Soil P 

fraction 
Method Description of P fraction 

Number of 

observations 

Immediately 

available Pi 

(IAPi) 

Ion exchange resin/probe or plant root 

simulator probe 

Pi that is immediately 

biologically available; 

reflects in-field conditions 

of immediate P availability 

over a given time period. 

85 

Water–Pi 
Extracted by water or measured in soil-

water solution. 

Pi soluble in water, which 

may be highly biologically 

available. 

64 

‘Available’ Pi 

Extracted with some variant of the Bray 

(Bray & Kurtz 1945), Mehlich (Mehlich 

1984), or Olsen (or Colwell) methods 

(Olsen et al. 1954; Colwell 1963), or Pi 

measured by other methods but 

described as ‘available’ in the original 

article. 

Typically highly ‘labile’ 

forms of Pi which may be 

immediately available or 

readily-solubilised. 

111 (Bray); 

23 

(Mehlich); 

228 (Olsen 

or Colwell); 

261 (‘Other’) 

‘Labile’ Po 
Measured after extraction with 0.5M 

NaHCO3 and acid digestion of extract. 

Highly labile and readily 

mineralized forms of Po; the 

most rapidly-cycled pool of 

Po. 

30 

Microbial 

biomass P 

(MBP) 

Chloroform fumigation and extraction 

with 0.5M NaHCO3 (Brookes, et al. 

1982). 

An indicator of the amounts 

of P held within the soil 

microbial biomass. 

43 

NaOH–Pi Extraction with NaOH (0.1M-0.5M). 

Moderately labile Pi forms 

typically associated with Fe 

and Al on soil surfaces via 

chemisorption. 

49 

NaOH–Po 
Extraction with NaOH (0.1M-0.5M) 

followed by acid digestion of extract. 

Moderately labile Po forms 

often associated with Fe and 

Al on soil surfaces via 

chemisorption. 

26 

HCl–P Typically extraction with 1.0M HCl. 

Generally apatite-bound 

mineral P (Pi); potentially 

occluded Po in highly 

weathered soil. 

31 

Residual–P 
Total P minus sum of all P-pools in 

sequential P fractionation. 

Poorly soluble mineral P 

and highly stable forms of 

Po remaining after 

sequential extraction of 

more labile P fractions. 

24 

Total P 

Digestion with concentrated acid (e.g. 

nitric-perchloric, sulfuric-nitric or 

Kjeldahl digestions) or furnace 

combustion followed by acid extraction. 

The sum of all Pi and Po 

fractions. 
188 
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Table S3. Number of observations for combinations of all categorical factors with 

broad vegetation type and combinations of fire severities and fire seasons with fire type.  

 Broad vegetation type 

  
Coniferous  

forest 

Deciduous 

broadleaf 

forest 

Eucalypt  

forest 
Grassland Heathland Rainforest 

Soil  

type 

Alfisol 31 17 7 1 0 1 

Andisol 3 10 0 0 0 0 

Aridisol 0 0 6 4 0 0 

Brunisol 20 5 0 0 0 0 

Entisol 31 10 3 5 21 2 

Histosol 15 0 0 0 0 0 

Inceptisol 18 3 0 10 12 2 

Lithosol 4 0 0 0 9 0 

Mollisol 17 1 0 20 18 0 

Oxisol 0 0 20 20 2 2 

Spodosol 26 0 42 1 0 0 

Ultisol 20 8 0 14 0 2 

Vertisol 0 0 0 3 0 0 

Fire  

type 

Prescribed 62 41 56 90 65 0 

Slash-and-

burn 
48 14 65 5 2 19 

Wildfire 152 24 4 8 38 3 

Fire 

severity 

High 55 10 38 2 11 2 

Medium 43 3 15 0 11 1 

Low 36 5 23 43 11 1 

Fire  

season 

Autumn 29 7 79 9 21 0 

Spring 39 26 15 30 15 8 

Summer 96 6 1 6 42 0 

Winter 14 14 10 43 3 1 

 Fire type 

  Prescribed Slash-and-burn Wildfire 

Fire 

severity 

High 26 31 69 

Medium 23 12 31 

Low 95 19 21 

Fire  

season 

Autumn 45 70 32 

Spring 92 37 16 

Summer 46 11 102 

Winter 91 17 4 
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Table S4. Linear relationships between response ratios (RRs) of litter phosphorus (P) 

properties and continuous variables associated with site and fire characteristics and litter 

properties. Weighted least squares regression coefficients (i.e. slopes) were compared to 

a normal distribution and were considered significant where pr(norm) < 0.05; 

significant pr(norm) values denoted ***. 

Litter property RR Slope pr(norm) Intercept No. of observations 

Mean annual precipitation (mm) 

Total P% 0.0003 0.41681 -0.2239 68 

Litter C:P 0.0001 0.76662 -0.4307 35 

Litter N:P -0.0002 0.57625 0.0124 72 

Elevation (m) 

Total P% 0.0001 0.82644 0.1624 27 

Litter C:P -0.0005 0.49041 -0.0607 12 

Litter N:P 0.0002 0.59417 -0.229 30 

Latitude (absolute values) 

Total P% -0.0027 0.77595 0.1738 93 

Litter C:P -0.0058 0.68181 -0.034 43 

Litter N:P 0.0025 0.79119 -0.3097 97 

Estimated time since fire (TSF; months) 

Total P% -0.0003 0.38343 0.1377 87 

Litter C:P 0.0003 0.40908 -0.3391 43 

Litter N:P 0.0002 0.54251 -0.2708 89 

Estimated TSF (months; including observations with TSF <12 months) 

Total P% -0.0004 -0.32056 0.1736 100 

Litter C:P 0.0004 0.33876 -0.3808 57 

Litter N:P 0.0002 0.54693 -0.2665 114 

Apparent number of fire events 

Total P% -0.0021 0.88728 0.0838 93 

Litter C:P 0.0066 0.81138 -0.3002 43 

Litter N:P -0.0086 0.56081 -0.1763 97 

Control litter P% 

Total P% -2.9607 0.18434 0.2547 93 

Litter C:P -1.3273 0.82272 -0.1831 40 

Litter N:P -0.014 0.99656 -0.2291 92 

Control litter N% 

Total P% -0.2575 0.27586 0.3375 92 

Litter C:P 0.0494 0.92167 -0.3067 40 

Litter N:P -0.0202 0.93181 -0.2095 92 

Control litter C:P 

Total P% 0.0001 0.42642 -0.047 40 

Litter C:P 0 0.94895 -0.2855 43 

Litter N:P 0 0.71695 -0.1585 43 

Control litter N:P 

Total P% 0.0052 0.53062 -0.0371 92 

Litter C:P 0.0028 0.79322 -0.3407 43 

Litter N:P -0.003 0.71385 -0.1535 97 
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2.1.3 Appendix S1: Supplementary details for Materials and methods 

Study selection 

o Unburned ‘controls’ were based on space (unburned plots compared to adjacent 

burned plots) or time (pre-fire values compared to post-fire values). We included 

both spatial and temporal control types. However, spatial controls were more 

common (667 out of 760 total observations for soil) and were thus given 

preference if both types of control were present in a single study.  

o In chronosequence studies the plot or plots with the greatest time since fire 

(TSF) were used as controls (e.g. Hume et al., 2016). Although TSF was often 

not well-described, we are confident that TSF was at least 10 years in all such 

controls.  

o In a small number of cases extra fuel was applied to burned treatments but not 

unburned controls. We opted to include these cases to maximise the number of 

observations in the analyses. 

o During the process of screening search results, we became aware of additional 

studies (i.e. in reference lists) which we opted to include in the analyses. 

o We aimed to include as many studies as possible to capture a large number of 

observations; however our primary interests were to study the effects of fire on P 

biogeochemistry and stoichiometry in natural (or close to natural) systems. We 

therefore excluded studies that used simulated fire (e.g. DeBano & Klopatek, 

1988), as well as those that were conducted in abnormal conditions (e.g. Morley 

et al., 2004; Walker & Boneta, 2009). We also excluded studies that were 

carried out on sites that were subjected to recent non-forestry cultivation (e.g. 

vegetable cropping or pasture conversion) prior to the fire event of interest for 

the same reason (e.g. Eden et al., 1991). However, we did not exclude 

observations made on secondary-growth forest sites or sites with histories of 
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logging or other silvicultural practices, as this would have substantially reduced 

the number of observations for coniferous and eucalypt forests. To our 

knowledge the vast majority of sites were natural or semi-natural communities 

prior to fire events, with only three studies having been conducted in plantation 

forests (Kutiel & Inbar, 1993; Thomas et al. 1999; Wang et al. 2013). 

Data collection and extraction 

o Where a range was provided for coordinates, MAP or slope, the range mean was 

calculated to provide a single approximate value. 

o Where a soil type was provided in either the United States Department of 

Agriculture (USDA) Soil Taxonomy, United Nations Food and Agriculture 

Organisation Soil Taxonomy, Canadian Soil Taxonomy or Australian Soil 

Taxonomy, we recorded this information and then converted to the USDA 

taxonomy, as this was used most often (exceptions were Brunisols and 

Lithosols, which were included separately). Given that soil types do not easily 

translate across the taxonomies, we conducted the analyses at a coarse level (i.e. 

equivalent to order in the USDA taxonomy). The soil types included in the 

analyses were Alfisols, Andisols, Brunisols, Entisols, Histosols, Inceptisols, 

Lithosols, Mollisols, Oxisols, Spodosols, Ultisols and Vertisols. 

o If the exact number of fires in a given fire regime duration was not provided, we 

approximated this value by dividing the length of the fire regime by the stated 

fire return interval (which was often an average value). 

o Where necessary, authors were contacted to obtain additional data or 

information that was not present in the article. 

o If a study contained more than one type of fire, fire frequency or slash-and-burn 

technique, we treated these as separate observations.  
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o We calculated average values for characteristics where there was minor variation 

between replicate plots (e.g. number of fires in burned plots in Adams & 

Attiwill, 1991).  

o Articles provided mean values for burned and control observations in all but one 

instance, in which medians were reported instead (Hatten et al., 2005).  

o In a small number of observations (n = 3), certain values of soil properties were 

below analytical detection limits, and rather than exclude these cases we 

approximated the values by using the minimum detectable value for the 

analytical method in question where such information was available.  

o We calculated stoichiometric ratios from extracted data, regardless of whether 

ratios were reported in the original article, and where necessary we converted 

data units to suit the requirements of each analysis. 

o Total N was frequently determined based on Kjeldahl digestions; therefore total 

Kjeldahl N is treated as total N in our analyses. 

o We combined measures of fire intensity and severity; however it should be 

noted that, although probably correlated, these indices are not necessarily the 

same. ‘Intensity’ typically refers to heat output, whereas ‘severity’ can be used 

to refer to the perceived ecological or environmental “damage” caused by the 

fire event. It is also important to note that these indices are often measured 

imprecisely (i.e. based on visual assessments which were likely subjective). 

Statistical analyses 

o Replicate-based weighting has been used several previous meta-analyses (e.g. 

Dijkstra & Adams, 2015) in efforts to incorporate observations with no 

associated estimations of variation that would be excluded from variance-

weighted analyses. Further, we suggest that replicate-based weighting is 
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preferable to variance-based methods when many observations are based on 

pseudo-replication.  

o True levels of replication were reported in many studies, we noted numerous 

instances of pseudo-replication based on the criterion of Hurlbert (1984), with 

63% of the total number of observations appearing to consist of pseudo-

replicates for soil, and 67% for litter. In brief, these cases typically consisted of 

single pair-wise comparisons of adjacent burned and control areas or pre- and 

post-fire sampling with no element of randomisation. In these cases, we assigned 

one replicate each to n𝑏𝑖  and n𝑐𝑖. Under this criterion, studies with only one 

control plot were treated as pseudo-replicated, and pseudo-replication was 

assumed when replication was otherwise unclear due to insufficient 

characterisation of study designs.  

o Due to the likely delay in the fire-induced alterations to litter chemistry, 

observations of litter properties made <12 months after fire were excluded from 

our analyses; however observations made after multiple fire events (i.e. repeated 

burning over time; McKee Jr, 1982), or when litterfall was sampled over time 

using litter traps rather than taken from the forest floor (Seastedt, 1988; Gillon et 

al., 1999), were included in the analyses. For comparative purposes, we also 

analysed the entire litter data set (i.e. all TSFs) separately. 

o For analyses of certain linear relationships it was necessary to convert to 

common units where possible, and exclude observations where conversion was 

not possible. 
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Image 1. Seedlings of Eucalyptus pilularis (and Imperata cylindrica) in October 2017.  

Photo credit: O. Butler. 
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3.1 Abstract 

The preceding chapter demonstrated that wildfire and prescribed fire have a P-rich, N-

poor stoichiometric signature in the soil plant system, and that this is a reasonably 

consistent effect in many ecosystems around the world. In view of this, it seems that 

long-term fire exclusion might lead to severely P-limited plant growth, while high 

frequency prescribed fire could potentially trigger a shift toward N-limited growth. To 

test this hypothesis, we used soils from a long-term prescribed burning experiment in 

Peachester State Forest, Australia, to conduct a 219-day, laboratory-based growth trial 

for Eucalyptus pilularis, which is the dominant canopy species at Peachester. 

Biennially-burned (2yB) soils had higher labile P concentrations than long-unburned 

(NB) soils, and lower total and labile N:P ratios. However, this did not induce N-limited 

growth or stimulate N demand, as there was no evidence of a growth response to N-

fertilization, and root surface chitinase activities were unaffected by fire regime. 

Addition of N, P and micro-nutrients (µMax treatment) led to 68% more seedling 

biomass relative to controls. Addition of P did not lead to a significant growth response 

relative to controls, but it did result in greater biomass than N-addition, and similar 

biomass to the µMax treatment. Ash addition led to higher soil P-availability but did not 

significantly affect growth, and neither did water restriction. Plants grown in 2yB soils 

tended to be enriched with P, K, Ca and Mg compared to those grown in NB or 4yB 

soils. We conclude that fire-altered soil chemistry significantly influences nutrient 

cycling in this soil–plant system. Further, we suggest that E. pilularis growth under 

artificial (and possibly sub-optimal) light was co-constrained by P and one or more 

additional nutrients regardless of fire history, making fire-derived soil P-inputs 

important to E. pilularis nutrition.  
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3.2 Introduction 

Many of fire’s effects on the structure, function and stability of vegetation communities 

are driven, at least partly, by the changes in soil fertility associated with burning 

(Chambers & Attiwill, 1994, Bowman, 2000; Close et al., 2009). These changes can 

include increases in the availability of essential plant nutrients such as nitrogen (N) and 

phosphorus (P) in soil through ash-deposition, pyro-mineralisation and pH increase 

(Adams et al., 1994; Chambers & Attiwill, 1994; Certini, 2005), and losses of soluble or 

particulate forms of nutrients in post-fire run-off (Shakesby, 2011) and of carbon (C) 

and N as gases (i.e. volatilization) during combustion (Raison et al., 1984; Urbanski et 

al., 2008). 

Although variable and context-dependent, in combination these effects 

frequently result in higher soil P availability, as well as lower total and labile N:P ratios, 

in fire-affected soils (Butler et al., 2017a, 2018). On the other hand, fire exclusion is 

associated with a gradual accumulation of soil N and depletion of soil available P, 

consistent with normal patterns of soil development (Walker & Syers, 1976; Muqaddas 

et al., 2015; Hume et al., 2016). These effects appear to be particularly profound when 

fire regimes are modified over long time-scales (Lagerström et al., 2009; Pellegrini et 

al., 2017). Thus, it has been argued that long-term absence of fire can lead to a severe 

imbalance between N and P in soil (i.e. diverging soil N:P ratios), which drives a strong 

state of P-limitation and potentially ecosystem decline (Wardle et al., 2004; Close et al., 

2009). 

Prior research has shown that various species of Eucalyptus, the dominant genus 

in most fire-prone Australian forests, are highly sensitive to P nutrition and grow in a 

state of P-limitation in long-unburned soils (Kirschbaum et al., 1992; Guinto et al., 

2002; Tng et al., 2014). However, it is not clear whether fire events or long-term 

increases in fire frequency can ameliorate this effect. Moreover, although sustained 
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increases in prescribed fire frequency have been associated with potentially N-limiting 

ecosystem conditions (Toberman et al., 2014), to our knowledge few studies have tested 

whether the low soil N:P ratios in recently or frequently burned soils trigger N-

limitation in eucalypts. Guinto et al., (2002) tested the effects of N, P, and N and P 

together on the growth of several eucalypt species when grown in soils with various 

histories of fire exposure, and found that N tended to improve biomass yield for 

annually-burned soils after 120 days of growth, but not to the same extent as N and P 

together. However, the rates of relative growth and P-uptake of E. pilularis may 

increase markedly after 120 days (Mulligan & Patrick, 1985); therefore longer growth 

trials may be necessary to accurately characterise the type and degree of nutrient 

limitation for E. pilularis seedlings in fire-affected soils.  

At the same time, field studies of mature plants have suggested that fire can 

affect the elemental content and stoichiometric ratios of plant material (Schafer & 

Mack, 2010; Toberman et al., 2014; Zhang et al., 2015; Butler et al., 2017b). These 

effects might be indicative of an ‘easing’ of N- or P-limitation following fires (Dijkstra 

& Adams, 2015), and altered biogeochemical cycling within the soil-plant system. 

However, while foliar chemistry and stoichiometry is generally thought to be linked to 

soil chemistry and thus provides a useful diagnostic for assessing nutrient limitation 

status (Aerts & Chapin, 1999; Güsewell et al., 2003; Gusewell, 2012), the reliability of 

this metric in post-fire environments is unclear. For instance, it is not certain that the 

observed differences in foliar chemistry and stoichiometry between recently burned and 

unburned areas are driven directly or primarily by fire’s effects on soil nutrient 

availability. This is because field studies have generally been unable to isolate the role 

of fire-altered soil chemistry from the effects of re-growth, age differences and 

environmental conditions (i.e. increased light and reduced soil moisture) that might also 

influence plant elemental content in the post-fire environment.  
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We conducted a 219-day, laboratory-based plant growth trial to investigate how 

a soil’s history of fire exposure affects plant growth, nutrient demand and elemental 

content, and the responses of plant growth and elemental content to nutrient additions. 

We also explored the potential implications of simulated ash deposition on the soil 

surface following fires in these contexts. We hypothesised that long-term changes in fire 

regime would lead to significant changes in soil properties, including lower N 

availability, higher P availability and lower N:P stoichiometric ratios. Thus, we 

expected that plants grown in soils exposed to high fire frequencies would tend toward 

N-limitation, while plants grown in soils from long-unburned areas would tend toward 

P-limitation. However, we also expected that plants would be sensitive to soil moisture, 

such that dry conditions in the post-fire environment might exert more influence over 

plant growth than potential nutrient-limitation. Further, we hypothesised that the 

elemental composition of plants grown in soils with different fire histories would differ 

due to the varying soil nutrient levels associated with different fire frequencies, with 

plants grown in fire-affected soils having higher levels of non-volatile, biologically-

essential elements (i.e. P, K, Ca, Mg) due to increased uptake or ‘luxury’ consumption 

of these potentially-limiting nutrients. Similarly, given the high P and basic cation 

content of ash, we expected that simulated ash deposition would lead to higher levels of 

P, K, Ca and Mg in soil and plant biomass, and would trigger a positive growth 

response for plants grown in long-unburned soils.  

 

3.3 Materials and methods 

3.3.1 Study site and soil sampling 

Soil samples (0–10 cm) were collected from the Peachester State Forest (hereafter 

‘Peachester’; 26°52′S, 152°51′E) prescribed burning field trial in July 2011. Three fire 

frequency regimes have been maintained at Peachester since 1969: unburned (NB) since 
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1969, burned every four years (4yB) since 1972 and burned every two years (2yB) since 

1972. Burns are conducted in winter or spring. The fire regime treatments are 

randomized and replicated (n = 4). The vegetation at Peachester is a wet sclerophyll 

forest, and is dominated by Eucalyptus pilularis. In the 4yB and particularly 2yB 

treatments the understorey has become increasingly dominated by the perennial grass 

Imperata cylindrica. After collection, soil samples were sieved at 4 mm, air dried and 

sealed in plastic bags at room temperature prior to the experiment. 

3.3.2 Experimental design and setup 

In March 2017, a laboratory-based, multi-factorial plant growth experiment was 

initiated. Fire regime was the first factor, with three levels corresponding to the fire 

frequency treatments at Peachester (NB, 4yB and 2yB). The second factor was a 

resource amendment factor with six levels: +N; +P; +N, P and micronutrients (hereafter 

the ‘µMax’ treatment); ash addition; water restriction (hereafter ‘drought’); and control. 

Each treatment combination had four replicates, corresponding to the fire frequency 

replicate plots at Peachester. Thus, there were seventy-two pots in total. 

Plastic pots (width = 149 mm, height = 110 mm) with no drainage holes were 

filled with 1.1 kg of soil (oven-dry basis) from Peachester. Deionized water was added 

to 75% of soil water holding capacity (WHC). Seeds of E. pilularis were then sown 

directly onto the soil surface on the 10th of March 2017, and WHC was maintained at 

75% for an initial germination period of six weeks. After six weeks, seedlings were 

thinned to the two strongest individuals in each pot, and soil moisture content was 

reduced to 50% of WHC during the following week. Plants were grown under 

laboratory conditions of 22°C ambient air temperature and at a light intensity of 108–

122 W m-2 provided by plant growth fluorescent bulbs (Sylvania Grolux). Plants were 

watered (to 50% WHC) twice per week with deionised water throughout the course of 

the experiment.  
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On the 27th of April 2017 (two weeks after thinning), fertilizer solutions were 

added to pots, and this was treated as the first day of the experiment (i.e. day 0). The 

application rates for N (as NH4NO3) and P (as NaH2PO4) were 100 µg per gram of soil 

(oven-dry basis). Application rates for other elements were as follows: 25 µg K g-1, 12.5 

µg Ca g-1, 12.5 µg Mg g-1, 5.45 µg Fe g-1, 3.95 µg Mn g-1, 2.0 µg Zn g-1, 0.5 µg Cu g-1, 

0.45 µg Mo g-1, 0.1 µg B g-1, 37.3 µg Na g-1, 81.9 µg Cl g-1 and 5.7 µg S g-1. A second 

round of fertilizer solutions were added twelve weeks later (day 96, 31st of July 2017). 

The water restriction treatment was implemented on the same day, and consisted of a 

reduction of moisture content to 35% WHC with no nutrient or ash amendments.  

We used dried leaves of I. cylindrica collected from Peachester to produce ash 

for the simulated ash deposition treatments. Imperata cylindrica was selected because it 

is an abundant ground cover species in the 4yB and particularly 2yB treatments at 

Peachester, and grows prolifically in ‘over-burned’ areas (de Groot et al., 2005). Thus, 

combusted I. cylindrica biomass is likely to comprise a significant portion of ash after 

prescribed burns at Peachester. Ash was prepared by combusting dried leaves of I. 

cylindrica in a furnace at 550°C for 15 minutes. The combusted material was then 

roughly ground with a mortar and pestle. Previous work indicates that fuel loads for 

communities containing I. cylindrica are variable. Fuel loads ranging from 420–1860 g 

m-2 have been reported in I. cylindrica dominated grasslands, (Pickford et al., 1992; 

Platt & Gottschalk, 2001; de Groot et al., 2005), with the upper end of this range 

considered a ‘high’ fuel load. We aimed to approximate a moderate fuel load, adding 

1.5 g of ash to each pot, which was equivalent to 97 g of ash per square meter, or 1150 g 

of dry I. cylindrica biomass (based on a conversion factor of 0.084 that was determined 

during the combustion process).  

The growth trial was concluded, and plants harvested, on the 1st of December 

2017 (219 days after initial amendments were added). During harvesting, plants were 
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carefully clipped at the stem base and the above-ground biomass was put directly into 

paper bags for oven drying at 65°C for five days. Two soil cores (5 cm diameter) were 

then taken from each pot, centred on the clipped plant stems. These cores were 

combined and then sieved at 2 mm to retrieve plant roots, and were subsequently used 

for the soil chemical analyses. The remainder of the soil was then sieved at 4 mm to 

retrieve the rest of the roots, which were added to the roots from the cores. Roots were 

then rinsed carefully with deionised water and a small sub-sample (ca. 0.3 g) of lateral 

root was taken, weighed fresh, and retained for enzyme activity measurements. The 

remaining root samples were oven-dried in the same manner as above-ground biomass.  

3.3.3 Laboratory analyses 

Initial soil properties 

Soil pH and electrical conductivity (EC) were measured using a 1:10 soil:water ratio. 

Available N (NH4
+ and NO3

-) was measured using a Segmented Flow Analyser after 

extraction with 2M KCl. Available PO4
3- was determined using molybdenum-blue 

spectrophotometry after extraction with NH4F (Bray & Kurtz, 1945; Murphy & Riley, 

1962). Total labile fractions of C, N and P in soil (i.e. those forms of C, N and P that are 

readily accessible to micro-organisms) were estimated using a hot water extraction 

(incubation in water at 70°C for 16 hours; Sparling et al., 1998; Tutua et al., 2013). Hot 

water extracts were analysed for total organic C and total N using a Shimadzu TOCN 

analyser (Chen et al., 2005), and for total P using inductively-coupled plasma mass 

spectrometry (ICP-MS). Soil total C and N were determined via dry combustion (Leco 

TruMac TCN Determinator), and total P was determined using ICP-MS after samples 

were subjected to microwave digestion in 70% nitric acid. Samples for total C, N and P 

measurement were finely ground (< 15µm) prior to analyses. 

 



Chapter 3  39 

Soil properties after growth trial 

Labile C, N and P, and available N and P, were measured as above. In addition, 

concentrations of potassium (K), calcium (Ca), and magnesium (Mg) in hot water 

extracts were measured via ICP. 

Plant properties 

Oven-dried plant samples finely-ground. The total P, K, Ca and Mg contents of these 

samples were then measured using ICP-MS after digestion in nitric-perchloric acid 

(Jackson, 1958; Zasoski & Burau, 2008). In the week following harvest, the potential 

activities of chitinase (CHN) and acid phosphatase (AP) of root samples were 

determined following spectrophotometric methods (Tabatabai & Bremner, 1969; 

Tabatabai & Dick, 2002). Sigma codes for substrates were N9376 and P4744 for CHN 

and AP respectively 

3.3.4 Calculations and statistical analyses 

The total biomass of E. pilularis seedlings in each pot was divided by the number of 

plants, which was two in all but two cases, to give an average biomass per plant. The 

‘relative growth’ (RG) for plants in the control, +N, +P, ash and drought treatments was 

then calculated as the proportion of the biomass attained by seedlings growing in the 

same soil (i.e. the same field replicate plot) but subjected to µMax treatment. Relative 

growth reflects the ‘realised’ growth as a proportion of maximum potential growth (i.e. 

µMax) for a given supply of energy, and thus provides a formal means of diagnosing 

nutrient limitation in autotrophs (Sterner & Elser, 2002).  

The effect of long-term fire regime on the chemical properties of initial soil 

samples was assessed using one-way analysis of variance. Factorial analysis of variance 

was used to analyse the effects of fire regime treatment and amendment category on the 

following properties of E. pilularis seedlings: total biomass, RG, root surface CHN and 
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AP activities and CHN:AP activity ratios, P uptake (mg P per plant), and total biomass 

element (P, K, Ca and Mg) concentrations. The effect of simulated ash deposition on 

soil properties in NB, 4yB and 2yB soils was assessed against soils from control pots 

using factorial ANOVAs. Data were tested for normality using the Shapiro-Wilk test 

and log transformed where necessary prior to ANOVAs. Statistix 8.0 analytical 

software was used for all analyses. 

 

3.4 Results 

3.4.1 Initial soil properties 

Soil properties varied significantly between the three fire regime treatments (Table 3.1). 

Soil water holding capacity was lower in the 2yB and NB treatment than in the 4yB 

treatment. Soil pH was lower in the 2yB treatment than the NB treatment, and EC was 

lower in the NB treatment compared to the 2yB and 4yB treatments. Total and HWE C 

were lower in the 2yB treatment than in the 4yB treatment, and so was total N. Soil 

HWE N, 2M KCl extractable NH4–N and 2M KCl extractable mineral N were not 

affected by fire regime, while 2M KCl extractable NO3
- was lower in the 4yB treatment 

relative to the NB treatment. Total P, total organic P, total inorganic P and Bray 

extractable PO4
3- were all unaffected by fire regime, whereas HWE P was significantly 

higher in the 2yB treatment relative to the NB and 4yB treatments. Total and HWE N:P 

ratios were significantly lower in the 2yB treatment compared to NB and 4yB 

treatments, while available N:P ratios were unaffected by fire regime. 

3.4.2 Plant growth and nutrient demand 

The amendment factor was a significant source of variation in the biomass of E. 

pilularis seedlings at the end of the 219-day growth period (P < 0.001; Fig. 3.1; Table 

3.2). Specifically, seedlings subjected to the µMax treatment had higher biomass than 
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those in the control, +N and drought treatments. However, plants in the µMax treatment 

did not have significantly more biomass than plants in the +P and ash treatments, and 

plants in the +P treatments had significantly more biomass than plants in the +N and 

drought treatments (Fig 3.1). Fire regime did not have a significant effect on seedling 

biomass, and neither did the interaction between the fire regime and amendment (Table 

3.2). There was no effect of amendment, fire regime or their interaction on the relative 

growth rate of E. pilularis seedlings after 219 days of growth (Table 3.3). 

 

Table 3.1. Initial properties of soils† (0-10 cm; means ± standard errors; n = 4) sampled 

from the Peachester State Forest prescribed burning experiment, Queensland, Australia, 

in June 2011. F-statistics and P-values from Analyses of Variance provided, P-values < 

0.05 denoted ‘*’. 

Soil property 

Fire regime treatment  

NB 4yB 2yB F9,2 (P-value) 

Water holding capacity (%) 47.7 (±4.0)A 60.9 (±1.8)B 38.6 (±3.6)A 11.6 (0.003*) 

pH (1:10 soil to water) 3.77 (±0.03)A 3.89 (±0.07)AB 4.21 (±0.14)B 6.31 (0.019*) 

Electrical conductivity (µS cm-2) 52.1 (±3.4)A 52.4 (±3.3)A 38.5 (±1.7)B 7.66 (0.011*) 

Total C (%) 4.29 (±0.42)AB 6.53 (±0.53)A 3.07 (±1.06)B 5.84 (0.024*) 

Total N (%) 0.18 (±0.02)AB 0.26 (±0.03)A 0.10 (±0.03)B 10.4 (0.005*) 

Total P (%) 0.008 (±0.001) 0.012 (±0.002) 0.008 (±0.002) 1.96 (0.197) 

Total organic P (mg kg-1) 58.9 (±5.2) 89.4 (±16.5) 61.2 (±15.9) 1.56 (0.262) 

Total inorganic P (mg kg-1) 22.2 (±2.5) 33.6 (±3.8) 20.4 (±5.7) 2.92 (0.106) 

HWE organic C (mg kg-1) 1133 (±129)AB 1323(±140)A 757 (±100)B 5.39 (0.029*) 

HWE total N (mg kg-1) 97.6 (±11.8) 84.3 (±12.6) 62.7 (±8.4) 2.52 (0.135) 

HWE total P (mg kg-1) 0.31 (±0.17)A 0.20 (±0.06)A 0.88 (±0.06)B 5.77 (0.024*) 

2M KCl extractable NH4
+ (mg kg-1) 60.7 (±10.0) 57.7 (±7.0) 41.9 (±8.6) 1.36 (0.304) 

2M KCl extractable NO3
- (mg kg-1) 14.0 (±2.4)A 3.1 (±1.1)B 7.2 (±3.0)AB 5.54 (0.027*) 

Mineral N (mg kg-1) 74.7 (±12.1) 60.8 (±8.1) 49.1 (±10.3) 1.55 (0.265) 

Bray-1 extractable PO4
3- (mg kg-1) 3.91 (±0.34) 4.51 (±0.32) 4.86 (0.61) 1.19 (0.349) 

Total N:P 21.9 (±2.2)A 21.6 (±1.2)A 12.4 (±1.4)B 10.8 (0.004*) 

HWE N:P 882 (±391)A 507 (±133)A 70.4 (±6.89)B 6.77 (0.016*) 

Available N:P 18.9 (±1.9) 13.5 (±1.6) 10.5 (2.8) 3.91 (0.060) 

†C = carbon, N = nitrogen, P = phosphorus; HWE = hot water-extractable; ‘mineral’ N 

= sum of NO3
- and NH4

+; ‘available’ N:P = ratio of mineral-N to Bray-extractable PO4
3-

. 
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Fig. 3.1. Mean (± standard error) oven-dry biomass of Eucalyptus pilularis seedlings 

after 219 days of growth for each fire regime × amendment treatment combination (n = 

4); Tukey’s HSD test results for amendment shown (n = 12; different letters indicate 

significant differences at P < 0.05). 

 

Table 3.2. Factorial analysis of variance of total Eucalyptus pilularis seedling biomass 

after 219 days of growth; P-values < 0.05 denoted ‘*’.  

Source DF SS MS F P-value 

Amendment 5 0.728 0.146 6.47 <0.001* 

Fire regime 2 0.078 0.039 1.73 0.187 

Amendment × fire regime 10 0.089 0.009 0.40 0.943 

Error 53 1.193 0.023   

Total 70     

 

Table 3.3. Factorial analysis of variance of the relative growth† of Eucalyptus pilularis 

seedlings after 219 days.  

Source DF SS MS F P-value 

Amendment 4 0.265 0.066 1.29 0.289 

Fire regime 2 0.233 0.116 2.26 0.117 

Amendment × fire regime 8 0.043 0.005 0.11 0.999 

Error 44 2.268 0.052   

Total 58     

†Relative growth = biomass as a proportion of maximum potential biomass for a given 

field replicate plot, which was estimated as biomass gained by plants growing in pots 

fertilized with nitrogen, phosphorus and micro-nutrients together). 
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Fire regime interacted with amendment to affect the CHN activity on E. pilularis 

root surfaces (Fig. 3.2a). Root CHN activities were lower in the 2yB soils compared to 

those in 4yB soils, but only in the +P treatment. Further, µMax and +P treatments were 

associated with lower CHN activities relative to control and drought treatments, but 

only for plants grown in 2yB soils. On the other hand, root surface AP activities were 

only affected by amendment treatment (Fig. 3.2b), with µMax and +P treatments having 

significantly lower AP activities than control, +N, and drought treatments. Root 

CHN:AP activity ratio was lower in the µMax treatment compared to control, ash and 

drought treatments, but not significantly different from +N or +P treatments (Fig. 3.2c).  

3.4.3 Plant and soil chemical properties post-harvest 

Fire regime and amendment treatment both had significant effects on the P, K, Ca and 

Mg content of E. pilularis seedlings at the end of the growth period (Fig. 3.3). 

Phosphorus content was lower in plants grown in the 4yB soils compared to plants 

grown in NB and 2yB soils, and was higher in plants subjected to µMax and +P 

treatments. These effects were mirrored in patterns of P uptake, which was significantly 

greater in the µMax and +P treatments, compared to all other treatments (Fig. 3.4a), and 

significantly lower in the 4yB treatment relative to the NB and 2yB treatments (Fig. 

3.4b). 

Potassium content was higher in plants grown in 2yB soils than plants grown in 

4yB and NB soils. Further, plant K content was higher in the ash treatment than any 

other treatment, and lower in the +P treatment relative to control, +N, ash and drought 

treatments. There was also more K in plants grown in the +N treatment than plants 

grown in the µMax treatment (Fig. 3.3b). The concentration of Ca in E. pilularis 

seedlings differed between all fire regimes, with plants grown in 2yB soils having the 

highest Ca content, and plants grown in NB soils having the lowest Ca content (Fig. 

3.3c). Plant Ca content was also higher in the +N treatment than all other treatments 
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with the exception of the ash treatment. Finally, Mg content was higher in plants grown 

in 2yB soils than in NB soils, and was higher in plants subjected to the +N treatment 

compared with plants subjected to the +P and drought treatments (Fig. 3.3d). 

 

Fig. 3.2. Mean (± standard error) root surface (a) chitinase (CHN) activity, (b) acid 

phosphatase (AP) activity and (c) CHN:AP activity ratio of Eucalyptus pilularis for 

each fire regime × amendment treatment combination (n = 4); P-value and Tukey’s 

HSD test results for fire regime shown where P < 0.05 (n = 24); Tukey’s HSD test 

results for amendment shown (n = 12; different letters indicate significant differences at 

P < 0.05). 
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 Soils in the ash treatment were associated with higher P-availability, as indicated 

by Bray extractable P concentrations, which were 49% higher in ash-amended samples 

relative to the control (P = 0.004; Table 3.4). The concentration of HWE K was also 

significantly higher in ash-amended soils, increasing from 34.1 (±3.9) to 72.5 (±6.7) mg 

K kg soil-1 (P < 0.001). On the other hand, HWE P was 90% lower in ash amended soils 

relative to control soils (P < 0.001). Soil available N, HWE C, N, Ca and Mg were not 

affected by ash-amendment by the end of the 219-day growth period. 

 

Fig. 3.3. Mean (± standard error) concentrations of (a) phosphorus (P), (b) potassium 

(K), (c) calcium (Ca) and magnesium (Mg) in Eucalyptus pilularis seedling biomass for 

each fire regime × amendment treatment combination (n = 4); P-value and Tukey’s 

HSD test results for fire regime shown where P < 0.05 (n = 24); Tukey’s HSD test 

results for amendment shown (n = 12; different letters indicate significant differences at 

P < 0.05). 
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Fig. 3.4. Uptake of phosphorus (P) by Eucalyptus pilularis seedlings (means ± standard 

error) compared between (a) fire regime × amendment treatment combinations (n = 4) 

and (b) fire regime treatments (n = 24); Tukey’s HSD test letters shown (different letters 

indicate significant differences between treatments at P < 0.05). 

 

 

Table 3.4. Chemical properties† (means ± standard error) of soils in control and ash-

amended pots at the end of the 219-day growth period; P-values for the effect of 

amendment factor (i.e. control and ash amendment) shown, and denoted ‘*’ where < 

0.05. 

Soil property Control Ash 
Amendment 

factor P-value 

NH4
+ (mg kg-1) 35.4 (±11.9) 26.0 (±7.2) 0.475 

NO3
- (mg kg-1) 41.7 (±6.40) 60.0 (±10.7) 0.080 

Mineral N†† (mg kg-1) 77.0 (±12.0) 86.0 (±13.6) 0.543 

Bray P (mg kg-1) 3.96 (±0.34) 5.90 (±0.42) 0.004* 

HWE C (mg kg-1) 643 (±64) 583 (±48) 0.390 

HWE N (mg kg-1) 155 (±18) 151 (±21) 0.870 

HWE P (mg kg-1) 1.67 (±0.37) 0.16 (±0.03) <0.001* 

HWE K (mg kg-1) 34.1 (±3.9) 72.5 (±6.7) <0.001* 

HWE Ca (mg kg-1) 32.3 (±5.0) 33.7 (±4.8) 0.839 

HWE Mg (mg kg-1) 33.5 (±5.4) 35.0 (±5.2) 0.825 

†N = nitrogen, P = phosphorus, C= carbon, K = potassium, Ca = calcium, Mg = 

magnesium; ††Mineral N = sum of NH4
+ and NO3

-; HWE = hot water extractable forms 

of elements.  
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3.5 Discussion 

The high biomass of seedlings in the µMax treatment indicated that the growth of E. 

pilularis was limited by nutrient availability under the conditions of light and moisture 

imposed in our experiment (Fig. 3.1). This was the case for all soils, regardless of fire 

history, consistent with prior studies (Florence & Crocker, 1962; Guinto et al., 2002). 

However, we found no clear evidence that a soil’s long-term history of fire exposure led 

to a shift from N- to P-limitation, or vice versa, contrary to our expectations, and despite 

the obvious differences in chemical properties between the 2yB and NB treatments 

(Table 3.1). Moreover, our results clearly indicate that the growth of E. pilularis is not 

limited by N, even in the 2yB treatment where total, HWE and available N:P ratios were 

43.4% (P = 0.004), 92.0% (P = 0.016) and 44.4% (P = 0.060) lower, respectively, than 

in the NB treatment. This is consistent with some previous studies, which reported that 

biennial burning, and associated soil N-depletion, did not have any impacts on the basal 

area growth of mature E. pilularis at Peachester (Guinto et al., 1999). 

On the other hand, while not clearly evident based on the response of RG to P 

addition (Table 3.3), P-limitation cannot be so easily ruled out, given the lack of a 

significant difference between µMax and +P treatments, the clear difference in the 

response of seedlings to N and P fertilization (Fig. 3.1), and the large increase in plant P 

uptake in response to P-fertilization (Fig. 3.4). Given these results, we suggest that P 

availability tended to constrain the growth of E. pilularis in soils from Peachester, but 

that a substantial part of this effect was driven by synergistic relationships or trade-offs 

between P and one or more additional nutrients (i.e. N, K, Ca, Mg, Fe, Mn, Zn, Cu, Mo, 

B, Na, Cl and S) in the soil–plant–microbial system. In this sense, growth seems to have 

been co-limited by P and at least one other nutrient. For instance, the diffusion and 

uptake of PO4
3-, as well as rates of microbial P mobilisation, may have been enhanced 

or facilitated by other nutrients (Richardson et al., 2009; Tsai & Schmidt, 2017).  
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Alternatively, nutrient limitation may have shifted from P to other nutrients 

throughout the growth period, given the variation in P-demand and rates of P-uptake of 

E. pilularis seedlings that can occur during the first year of growth (Mulligan & Patrick, 

1985). Moreover, E. pilularis seedlings may have been limited by P and other nutrients 

simultaneously (Gleeson & Tilman, 1992; Bracken et al., 2015). The lower root surface 

AP activity in µMax and +P treatments relative to controls indicates lower demand for 

P, which suggests that E. pilularis seedlings were dedicating more energy to acquisition 

of nutrients other than P in response to P-fertilization (Fig. 3.2b). This seems consistent 

with either shifting or multiple nutrient limitation. Interestingly, root CHN activities 

tended to be lower in P-fertilized treatments, particularly in the N-depleted 2yB soils 

(Fig. 3.2a). Further, the low root CHN:AP ratios in the µMax treatment indicate that 

when both N and P are added to soil in equal amounts, plant proportional N and 

demands shift toward P (Fig. 3.2c). Thus, it seems unlikely that N was one of the 

nutrients other than P that limited E. pilularis growth in our experiment. 

Guinto et al., (2002) and Tng et al., (2014) both observed positive growth 

responses of eucalypts to P-fertilization when grown in long-unburned soils. This is 

consistent with our results, particularly for the NB soils. Taken together, these findings 

tend to support the idea that long-term fire exclusion can result in severe P deficiency 

which, coupled with soil N ‘eutrophication’ in the absence of burning, could underpin 

the premature decline of eucalypt-dominated vegetation communities (Close et al., 

2009; Jones & Davidson, 2014). Guinto et al., (2002) also noted a positive growth 

response of Corymbia variegata to N-fertilization when grown in annually-burned soils 

(although responses to simultaneous addition of N and P were greater). This contrasts 

with our finding that N-fertilization had no impact on E. pilularis growth in the 4yB and 

particularly 2yB soils in our experiment, but may be due to differences in the plant 

species studied, the fire regime, or the length of the growing period.  
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Another critical difference between our study and that of previous studies was 

the overall rate of biomass production (and total amount of biomass produced). In our 

study, the total growth rate of E. pilularis control seedlings averaged 3.93 mg day-1 (860 

mg per plant after 219 days), which was similar to the rate of (ca.) 3.6 mg day-1 

observed by Mulligan et al. (1985), but was much less than the (ca.) 13.4 mg day-1 

reported by Guinto et al. (2002; 1612 mg per plant after 120 days). This difference 

might be attributed to light and temperature, as Guinto et al. (2002) used a glass house, 

while we used artificial lighting in a laboratory. However, Mulligan et al. (1985) also 

used a glass house, and while soil soluble P levels were slightly lower in Mulligan et al. 

(1985) than those in Guinto et al. (2002; 2.29 mg P kg soil-1 versus 4.13 mg P kg soil-1, 

based on 0.1M H2SO4 soluble PO4
3-; Heinrich & Patrick, 1985; Guinto et al., 2001), this 

difference doesn’t seem enough to explain the large differences in reported E. pilularis 

growth and growth rate between the studies. In any case, diagnosis of nutrient limitation 

in autotrophs always occurs in the context of a given light intensity (Sterner & Elser, 

2002), and the respsonses of E. pilularis growth to N, P and N and P together in Guinto 

et al. (2002) were quite consistent with the responses observed in our study. Thus, it 

could be said that our study extends the findings of Guinto et al. (2002) to a wider range 

of environmental and experimental conditions. 

Given the low-P nature of many Australian soils, including those at Peachester, 

and the importance of P to eucalypt nutrition (Dell et al., 1987; Kirschbaum et al., 

1992), it is perhaps unsurprising that E. pilularis seems to grow under a persistent state 

of co-limitation by P and some other nutrient, regardless of fire history and, seemingly, 

light intensity. Butler et al. (2018) argued that a tendency toward P-limitation in 

eucalypts might be a by-product of the eco-evolutionary dynamics of fire, wherein the 

rapid growth rates required for seedlings to reach maturity in fire-prone environments 

engenders a high P-demand (Elser et al., 2003; Bond, 2008), thereby inducing P-
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limitation. Moreover, according to resource-ratio theory (Tilman, 1982), a state of P co-

limitation will confer a competitive advantage in fire-prone and post-fire environments, 

given that soil N may be depleted under high fire frequencies (Table 3.1; Nave et al., 

2011; Pellegrini et al., 2017), while soil P availability can often be enhanced after fires 

(Schaller et al., 2015; Butler et al., 2018). Thus, fire-induced increases in soil P 

availability might play a key role in governing post-fire successional patterns in low-P 

environments, and may even contribute to the dominance of eucalypt species in many 

fire-prone ecosystems.  

Higher levels of soil available P following fire are thought to be driven in part 

by deposition of P-rich, alkaline ash (Certini, 2005), along with pyro-mineralisation of 

organic P forms (Cade-Menun et al., 2000; Hartshorn et al., 2009). In our study, 

simulated ash deposition was associated with concentrations of available P that was 

49% higher on average than those in control soils (Table 3.4). Although this did not 

translate directly to greater yield in our study, enhanced growth of Eucalyptus grandis 

has been observed in studies of simulated ash deposition and soil heating, and at least 

part of this effect is thought to be driven by increased P-availability (Chambers & 

Attiwill, 1994). Interestingly, there is some evidence that microbial biomass can rapidly 

absorb increases in soluble PO4
3- following fire (Huang et al., 2013). Under natural 

burning conditions a large portion of the surface soil is sterilized (González-Pérez et al., 

2004; Wang et al., 2012), possibly limiting the extent of this effect. However, in our 

study ash was applied in the absence of heating, leaving an intact microbial biomass 

free to compete with E. pilularis seedlings for available P. Thus, it may be necessary for 

ash deposition to occur in conjunction with soil heating for P-limited plants to realize 

the full benefit of fire-enhanced P availability. In any case, we suggest that ash-derived 

P-inputs likely play a role in the nutrition of P-limited E. pilularis seedlings under 

natural, post-fire settings. Further, the potential importance of this effect is increased by 
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our finding that the drought treatment did not adversely affect E. pilularis seedling 

growth, such that the dry conditions associated with recent fire might have little 

negative impact on E. pilularis recruitment after fire events, assuming moisture is 

adequate during the initial germination and growth period. 

Several studies have argued that varying states or degrees of nutrient limitation 

following fire are linked to, or indicated by, changes in plant biomass chemistry or 

stoichiometry (Schafer & Mack, 2010; Toberman et al., 2014; Dijkstra & Adams, 2015; 

Zhang et al., 2015). In particular, foliar N:P has frequently been cited as an index of N- 

versus P-limitation (Gusewell, 2012), such that lower N:P ratios in post-fire 

environments have been taken as evidence of an ‘easing’ of P-limitation in response to 

increased soil P availability (Dijkstra & Adams, 2015; Butler et al., 2017b). Our study 

makes two important contributions in this context. First, the higher P content in µMax 

and +P treatments provides additional evidence that E. pilularis seedlings were partially 

P-limited, given that sub-optimal cellular P quotas characteristic of P-limitation would 

have been brought to optimal levels following P-fertilization (Sterner & Elser, 2002). 

This was presumably followed by some degree of ‘luxury uptake’ of P, given the 

exceptionally high levels of E. pilularis P uptake in the µMax and +P treatments. 

Second, we clearly demonstrate that fire’s effect on soil chemical properties (i.e. N:P 

ratios and P levels) is a primary driver of fire’s effect on plant elemental content (Figs. 

3.3, 3.4). In particular, the high levels of P, K, Ca and Mg in plants grown in the 2yB 

soils, compared to the 4yB or NB soils (Fig. 3.3, 3.4), are consistent with these elements 

being enriched in recently-burned soils due to their non-volatility during combustion, 

and with this enrichment being subsequently reflected in plant tissue chemistry.  

In a general sense, these effects indicate altered biogeochemical cycling of P, K, 

Ca and Mg in the soil-plant system in response to fire-altered soil nutrient levels. 

However, we note that plants grown in 2yB soils did not have higher P content or 
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uptake than plants grown in the NB soils (Fig. 3.3a, Fig. 3.4b), despite the lower soil 

N:P ratios and higher HWE P in the 2yB soils (Table 3.1). Thus, there are likely still 

important roles for environmental conditions and plant physiological and ontogenic 

mechanisms (e.g. P-enriched re-sprouts; Van de Vijver et al., 1999) that could interact 

with soil chemistry to influence the chemistry of plant tissues in post-fire environments, 

and these warrant further study.  

 

3.6 Conclusions 

Overall, our results show that, while long-term, frequent prescribed burning can have 

dramatic impacts on soil chemical properties and N:P ratios, the effects of these changes 

on plant growth and chemistry are small compared to the effects of fertilization. 

Eucalyptus pilularis seedlings appear to be unaffected by severe depletion of soil N 

associated with high frequency fire regime, and instead grow in a persistent state of co-

limitation by P and at least one other nutrient. This state of P co-limitation likely makes 

ash-derived inputs of P to soil a critical aspect of E. pilularis nutrition in post-fire 

environments, which might in turn contribute to the dominance of this species in certain 

fire-prone environments within its climatic range. Further, our results clearly show that 

the impact of fire on plant tissue chemistry is driven, at least in part, by fire’s effect on 

soil chemistry. This supports the conclusions of prior studies that foliar N:P can be used 

to detect an easing of N- or P-limitation following fires, and more generally indicates 

that fire and fire regime can have important effects on the biogeochemical cycling of 

elements in the soil–plant system. 
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Chapter 4. The stoichiometric signature of fire regime 

resonates throughout wet eucalypt forest-floor food webs 

 

Orpheus M. Butler, James J. Elser, Tom Lewis, Brendan Mackey, Sarah C. Maunsell, 

Mehran Rezaei Rashti, Chengrong Chen 

 

Image 2. Biennially-burned treatment plot and litter trap at the Peachester State Forest 

prescribed burning experiment, Queensland, Australia. Photo credit: O. Butler. 

 

Image 3. Some invertebrate fauna collected in pitfall traps at the Peachester State Forest 

prescribed burning experiment (Queensland, Australia) between March 2015 and March 

2016. Photo credit: O. Butler. 
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4.1 Abstract 

Chapters 2 and 3 showed that fire has consistent effects on soil stoichiometry, and that 

these are subsequently reflected in the elemental content of plant material. The next 

chapter explores how this stoichiometric impact on basal resources propagates 

throughout the forest-floor food web. Using the fire frequency trial at Peachester, 

Australia, we tested (a) whether fire regime-induced stoichiometric shifts in soil and 

litter are reflected in microbial and invertebrate stoichiometry, and (b) if invertebrate 

community characteristics are influenced by fire-induced shifts in litter stoichiometry. 

Biennial burning (2yB) was associated with lower total and soluble carbon 

(C):phosphorus (P) and nitrogen (N):P ratios in soil and litter, relative to no burning 

(NB). The C:N and N:P ratios of litter microbial biomass were similarly affected, as 

were the C:P and N:P ratios of invertebrate biomass, which were 18.2% and 18.8% 

lower, respectively, under 2yB compared to NB. These effects might suggest a re-

assemblage of microbial and invertebrate communities along stoichiometric lines, 

modified physiologies, or both. Numerous community characteristics of invertebrates 

and Coleoptera specifically differed between 2yB and NB, based on 24,292 invertebrate 

specimens from six classes and (at least) nineteen orders, and 3,086 Coleoptera 

specimens representing thirty-eight morphospecies. These effects varied between taxa 

and often interacted with sampling date. There were quadratic relationships between 

litter N:P and the abundances of Coleoptera and Aranae, suggesting that these taxa can 

be constrained by the elemental imbalances associated with different fire regimes. 

However, litter transplants indicated that fire regime did not affect the response of 

invertebrates to changes in proportional N and P supply after one year. These results 

show that fire’s stoichiometric effects can span multiple trophic levels, and that the 

impacts of fire-altered stoichiometry on invertebrates evidently depend on taxon, timing 

of sampling, and likely other factors. 
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4.2 Introduction 

Fire is an agent of ecological change in many ecosystems globally (Bowman, 2000; 

Bond et al., 2005; Sankaran et al., 2005), and the extent of its influence is expected to 

increase in the future (Liu et al., 2010; Westerling et al., 2011). In these contexts fire is 

often represented as a predominantly ‘top-down’ influence (e.g Bond & Keeley, 2005), 

due to its immediate, and visually-striking, direct impacts (i.e. mortality of plants and 

animals and removal of biomass during combustion). However, fire also has significant 

impacts on soil chemistry and biogeochemical cycling (e.g. Saa et al., 1998; Certini, 

2005; Papanikolaou et al., 2010), and while these have long been recognized (Fowells 

& Stephenson, 1934; O’Connell et al., 1979), they may constitute an equally important 

‘bottom-up’ driver of post-fire ecological structure and function which is poorly 

understood (Chen & Xu, 2009).  

In particular, there is a clear disconnect between our understanding of the effects 

of fire on the availability of biologically-essential nutrients, and of those on invertebrate 

communities, despite the important contributions of the latter to terrestrial biodiversity 

and ecosystem functioning (Hättenschwiler et al., 2005; Basset et al., 2012). While fire 

can have severe short-term impacts on invertebrates which are indeed driven by top-

down mechanisms (i.e. mortality of epigeal insects; Rice, 1932), many effects are more 

enduring, often persisting for several years (e.g. Rickard, 1970; York, 1999; Collett, 

2003). Warren et al., (1987) argued that these lasting effects are driven by long-term 

alterations to environmental conditions in post-fire environments, and thus represent a 

‘new steady-state’ for the invertebrate community. However, to our knowledge very 

few studies have explored the potential role of fire-altered nutrient levels and 

biogeochemical cycling in this context. 

Importantly, while fire’s biogeochemical effects are highly variable and 

complex, it is becoming clear that fire is associated with P-rich, N-poor stoichiometry in 
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the soil–plant system when compared to fire exclusion (Butler et al., 2018), likely due 

to volatilisation of topsoil N, but not of P, during combustion (Raison et al., 1984; 

Urbanski et al., 2008). On the other hand, fire exclusion is associated with a build-up of 

N in soil, and gradual losses of P, as per the usual progression of soil development 

(Walker & Syers, 1976; Wan et al., 2001; Chen et al., 2015; Muqaddas et al., 2015; 

Pellegrini et al., 2017). It has thus been argued that sustained increases in fire frequency 

can promote N-limiting conditions (e.g. Toberman et al., 2014), while fire exclusion can 

lead to excessively high N:P ratios, strong P-limitation and thus increased potential for 

ecosystem decline (Close et al., 2009). At the same time, chronosequence studies 

suggest that many of the apparent relationships between soil age and invertebrate 

community characteristics (e.g. abundance, richness and diversity) are driven by basal 

resource (i.e. soil and litter) N:P ratio (e.g. Bokhorst et al., 2017a, 2017b; Laliberté et 

al., 2017). Thus, it seems reasonable that some of fire’s enduring effects on soil and 

litter stoichiometry (Toberman et al., 2014; Zhang et al., 2015; Butler et al., 2017a) 

might propagate throughout the forest-floor food-web, and thereby influence the 

structure and function of microbial and higher-order invertebrate consumer 

communities. 

While the precise implications of fire-altered stoichiometry of basal resources 

for micro-organisms and invertebrates are unclear, there is some basis to expect that 

dramatic shifts in soil stoichiometry will be reflected in the stoichiometry and 

community characteristics of consumers. In particular, severely N- or P-limiting 

conditions may suppress relatively N- and P-rich taxa, respectively, through competitive 

exclusion or other mechanisms (e.g. Tilman, 1982; Schade et al., 2003), although this is 

still debated for invertebrates (Kaspari et al., 2017). Moreover, dietary nutrient supply 

can shape the stoichiometry of consumers, with implications for growth rates, 

reproductive processes and other aspects of life-history (Huberty & Denno, 2006; 
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Visanuvimol & Bertram, 2010). However, the stoichiometry of heterotrophs, even on a 

community level, is likely constrained to a narrower range than that of soil and plant 

material (Sterner & Elser, 2002). Thus, particularly large shifts in the stoichiometry of 

resources might have the potential to inhibit invertebrate abundances, regardless of 

community re-assemblage in response to N- or P-limiting conditions. Similarly, given 

that the supply of elemental resources appears to regulate invertebrate community 

composition in some circumstances (e.g. Sayer et al., 2010), it seems possible that 

dramatic changes in resource stoichiometry could trigger a shift in the primacy of one 

element in this sense, to another (e.g. N to P or vice versa). 

The P-rich, N-poor stoichiometric signature of fire appears to be particularly 

pronounced under long-term increases in fire frequency (Toberman et al., 2014). 

Further, a focus on long-term changes in fire regimes is likely to provide important 

insight into the ecological consequences of changing fire behaviour under a changing 

global climate (Pellegrini et al., 2017). Thus, we posed the following research 

questions: (i) is the stoichiometric signature of high fire frequency also evident in the 

biomass of forest-floor micro-organisms and invertebrates, and (ii) how does fire 

frequency affect litter-dwelling, surface-active invertebrate communities and their 

relationships with resource stoichiometry? Our first hypothesis was that a long-term 

regime of high frequency, low intensity fire would lead to higher soil and litter C:N 

ratios, and lower C:P and N:P ratios, and that these effects would also be present in the 

biomass of litter microbes and litter invertebrates (on total community- and ordinal-

levels for the latter). Further, we expected that long term changes in fire frequency 

would significantly alter the characteristics of the invertebrate community (i.e. 

abundance, richness, diversity and community assemblage), and that these effects would 

be influenced by the stoichiometric conditions imposed by the respective fire regimes. 

Here we predicted that the N- and P-depleted conditions in the 2yB and NB treatments, 
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respectively, would result in a positive relationship between litter N:P and invertebrate 

abundances in the 2yB treatment, and a negative relationship in the NB treatment. 

Similarly, we expected that invertebrate community composition would be strongly 

related to N or C:N in the 2yB treatment, and P or C:P in the NB treatment. 

 

4.3 Methods 

4.3.1 Study site and experimental design 

The study was carried out in Peachester State Forest (hereafter ‘Peachester’) in south-

eastern Queensland, Australia (26°52′S, 152°51′E), which has hosted a long-term 

prescribed burning experiment since 1969. The climate at Peachester is sub-tropical; the 

mean daily temperature is 23.3ºC, and the mean annual precipitation is 1684 mm. The 

vegetation community is dominated by Eucalyptus pilularis, with E. microcorys, E. 

resinifera, Corymbia intermedia, Syncarpia glomulifera and Lophostemon confertus 

also present in the canopy. Soils at the study site have been classed as Alfisols (USDA 

classification). 

The Peachester prescribed burning experiment consists of a treatment burned 

every two years on average since 1972 (2yB), a treatment burned every four years on 

average since 1972 (4yB) and a treatment that has remained unburned since 1969 (NB). 

Burns generally have a low intensity (<2500 kW m-1) and are conducted during the 

winter or spring to reflect the standard prescribed burning practices of the region. The 

original experimental design consisted of four randomised replicate plots for each 

treatment (each ca. 800 m2; hereafter referred to as ‘main plots’); however for our 

purpose these plots were subdivided to increase the number of observations, with each 

plot being 5 × 5 m in area and separated from other plots by at least 20 m. In March 

2015, six plots were established in the 2yB and NB treatments (12 plots in total), and in 
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November 2015 and March 2016 an additional six plots were included for each 

treatment, giving 12 replicate plots per treatment (24 plots in total). Here it is noted that 

this design confounds fire frequency with time since fire; therefore fire treatment effects 

are generally interpreted in terms of fire ‘regime’, rather than frequency specifically. 

4.3.2 Reciprocal litter transplants 

Three reciprocal litter transplants (RLTs) were carried out between the NB and 2yB 

treatments on the 13th of March 2015. Transplants consisted of the exchange of a 1 m2 

area of litter between the two treatments. A litterfall trap was constructed over each 

transplant area using four steel poles and fine netting (1 mm aperture; see Image 2), 

from which litter was collected every three months and used to replenish the litter in the 

corresponding transplant area. Litter transplants were surrounded by large aperture (20 

mm) mesh to limit mixing with surrounding litter, but to allow reasonably free 

movement of litter invertebrates. Samples of litter were collected adjacent to and 

surrounding the transplant areas to determine the initial chemical properties of 

transplanted litter. After twelve months, litter and invertebrates were sampled from the 

transplant areas. 

4.3.3 Invertebrate, litter and soil sampling, processing and sorting 

Sampling took place during 10–13th March 2015, 10–13th September 2015 and 29th 

March to the 1st of April 2016. During each sampling period samples of surface-active 

invertebrates, litter and surface soil (0–5 cm) were collected from each replicate plot. 

The locations of sampling positions within replicate plots were changed slightly (by 3–5 

m) between sampling events to minimize potential disturbance effects from previous 

sampling events. Litter invertebrates were sampled using pitfall traps (Collett, 1998, 

2003), which were installed on the first day of each sampling period within a 1 m2 area. 

Each pitfall trap array consisted of five 120 mL jars containing 50 ml of 70% ethanol, 

with each jar individually covered with plastic squares that were suspended above the 



Chapter 4  60 

traps, to minimize evaporation of ethanol and potential disturbance by rainfall. Pitfall 

traps were retrieved after three days, at which time litter and surface soil (0–5 cm) 

samples were collected adjacent to the pitfall traps. Litter samples consisted of three 

sub-samples collected using 25 × 25 cm quadrats, which were then bulked together. 

Litter samples were weighed and then sieved at 4 mm to separate the highly 

decomposed ‘fine’ fraction, which consisted of the litter F+H layers (i.e. partially 

decomposed litter fragments and humified organic matter), from the coarser fraction 

which was largely comprised of undecomposed or fragmented leaf litter material. Sub-

samples of litter were oven dried at 65ºC for five days, then finely ground (<15 µm) 

prior to measurement of total C, N and P. Fresh litter samples were cut into small pieces 

and stored at 4ºC prior to measurement of pH and soluble and microbial biomass C, N 

and P. Soil samples were sieved at 2 mm and stored at 4ºC prior to chemical analyses.  

In November 2015 and March 2016, half of the pitfall trap arrays were used for 

obtaining invertebrates for the measurement of invertebrate biomass N and P 

concentrations. We removed invertebrate specimens from these pitfall traps within 24 

hours of trap retrieval to minimise potential effects of ethanol immersion on invertebrate 

chemistry (Rożen et al., 2015). These specimens were rinsed with deionized water and 

frozen at -20°C prior to further sorting and chemical analyses. Subsequently, all pitfall 

trap specimens were initially sorted to class or sub-class, and the classes Insecta and 

Arachnida were subsequently sorted to order. Our study was generally focused on litter 

invertebrate macro-fauna (defined as invertebrates > 2 mm in size); however, we also 

included relatively large or abundant meso-fauna (defined as 0.1–2 mm in size; e.g. 

Collembola and Diplura). Within the insect orders, the Formicidae family (ants) was 

separated from other Hymenoptera, and Coleoptera were sorted to family (or sub-family 

where biology was thought to differ substantially within a given family). Coleoptera 

families and sub-families were then sorted to morphospecies (hereafter msp) level. 



Chapter 4  61 

After sorting and counting, invertebrates were partitioned into groups for 

chemical analyses. Analysis groups were based on the constraints of abundance, 

commonness (occurrence in the majority of replicate plots) and adequate sample mass 

for analysis. Thus, the final analysis groups were small ants (defined as ants with 

Weber’s length < 2 mm), large ants (Weber’s length > 2 mm), Coleoptera, Dermaptera, 

Aranae and ‘other macro-fauna’ which was the combination of all other specimens (but 

excluding Collembola and Diplura). The masses and elemental stoichiometry of these 

groups were determined en masse after oven-drying at 65°C for three days.  

4.3.4 Laboratory analyses 

Microbial biomass C, N and P concentrations of fresh soil and litter (MBC, MBN and 

MBP respectively) were measured using the chloroform fumigation method (Brookes et 

al., 1982, 1985; Vance et al., 1987). In brief, the total organic C and total soluble N 

concentrations in fumigated and unfumigated soil and litter 0.5M K2SO4 extracts were 

measured using high-temperature catalytic oxidation with a Shimadzu TOCN Analyser. 

Meanwhile, the P concentrations of fumigated and unfumigated soil and litter 0.5M 

NaHCO3 (pH 8.5) extracts were measured using molybdenum-blue spectrophotometry 

(Murphy & Riley, 1962). Concentrations of C, N and P in unfumigated samples were 

used to represent soil and litter soluble organic C, soluble total N and soluble P 

(Toberman et al. 2014). Soluble total N and soluble P served as indicators of available 

or potentially available N and P, while soluble organic was used as an indicator of labile 

C (i.e. that which is readily-available for use by micro-organisms; Sparling et al. 1998; 

Toberman et al. 2014). 

Total C and N concentrations of litter samples were determined using a TruMac 

TCN Determinator, while litter total P concentrations were measured using the 

molybdenum-blue spectrophotometry method after nitric-perchloric acid digestion 

(Jackson, 1958; Murphy & Riley, 1962). The total C and N content of invertebrate 
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biomass was measured with an isotope ratio mass spectrometer (Isoprime-EuroEA 

3000; Isoprime, Milan, Italy), while invertebrate total P was measured 

spectrophotometrically, after digestion in the same manner as for litter total P. 

4.3.5 Calculations and statistical analyses 

We used the masses of each respective invertebrate group to calculate weighted 

averages to estimate the values of C, N, and P for the total invertebrate community. In a 

small number of observations values were missing for certain groups (i.e. because small 

sample masses precluded analysis of all parameters), and in such cases we substituted 

the mean value of that parameter during the calculation of the total invertebrate 

community weighted averages.  

The effect of fire regime treatment on soil, litter and invertebrate chemical 

properties and C:N:P ratios was assessed using linear mixed-effect (LME) models 

(fitted by restricted estimate maximum likelihood) with the ‘lme4’ package in R (Bates 

et al., 2014; R Core Team, 2014). For soil and litter properties, a null model consisting 

of sampling date and random effect terms for ‘main plot’ and sampling plot, was 

compared to an alternative model that consisted of the null model plus a term for the fire 

regime factor. Chemical properties and stoichiometry of invertebrates were analysed in 

the same way, but the null models also included a term for invertebrate analysis group.  

The effects of fire regime on invertebrate community properties were also 

analysed using LME model comparisons, but here we also explored the effects of 

sampling date and interactions between fire regime and sampling date more explicitly 

(see Table S4.3 for null and alternative model details). We analysed invertebrate 

richness and diversity at a broad taxonomic level (based on the taxonomic groupings in 

Table 4.3, hereafter referred to as ‘order’), and at the level of msp for Coleoptera. We 

also analysed total pitfall trap abundance of invertebrates, and the abundance of the 

most abundant orders, which where, in descending order, Formicidae (i.e. ants), 
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Collembola, Coleoptera, Diptera, Hemiptera, Aranae and Hymenoptera (excluding 

Formicidae) throughout the experimental period. Further, we analysed the four most 

abundant Coleoptera msp (Ptillidae msp 1, Staphylininae msp 4, Staphylininae msp 1, 

and Nitidulidae msp 1) in the same manner.  

The impacts of fire regime on invertebrate community composition were 

analysed using non-metric multi-dimensional scaling ordination (NMDS) in the ‘vegan’ 

package in R (Oksanen et al., 2016). For NMDS analyses we used Bray-Curtis 

dissimilarities based on relative abundances, and analysed each sampling date 

separately. Here we analysed the invertebrate community on the level of order, and the 

Coleoptera community on the level of msp. We subsequently applied a surface fitting 

ordination method (‘ordisurf’, within ‘vegan’), to explore potential relationships 

between key litter chemical properties (total N, P and total C:N:P ratios) and 

invertebrate community composition. 

Given our hypothesis of N-limiting conditions in the 2yB treatment and P-

limiting conditions in the NB treatment, we used polynomial regression analyses to test 

for quadratic relationships between litter N:P and numerous invertebrate community 

characteristics (richness and diversity, abundance and relative abundance of dominant 

taxa as above). For regression analyses we used the means of each sampling plot, 

averaged over the three sampling dates. Finally, we used box-and-whisker plots to 

visually assess the effect of RLTs on total invertebrate abundance, and the abundances 

of the most abundant orders and Coleoptera msp. 
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4.4 Results 

4.4.1 Stoichiometry of soil, litter, and the biomass of micro-organisms and invertebrates 

Linear mixed-effects model comparisons indicated that the effect of fire regime was 

significant source of variation in numerous properties of soil and litter (Table 4.1; Table 

S4.1). However, here we focus on the fire’s impact on C:N:P stoichiometric properties. 

Soil, fine litter and leaf litter total C:N ratios were all significantly higher in the 2yB 

treatment relative to the NB treatment (Fig. 4.1a—c), while in the soluble pool this effect 

was only present for leaf litter (Fig. 4.1f). Similarly, the C:N ratio of microbial biomass 

in fine litter and leaf litter was higher in the 2yB treatment. On the other hand, soil and 

litter C:P ratios were all significantly lower in the 2yB treatment (Fig. 4.2a—e), while 

the C:P ratio of microbial biomass was not affected by fire regime (Fig. 4.2f—h). The 

N:P ratios of soil and litter were also significantly lower in the 2yB treatment, relative 

to the NB treatment (Fig. 4.3a—e). Further, the leaf litter microbial biomass N:P ratio 

was significantly lower in the 2yB treatment (Fig. 4.3h), while soil and fine litter 

microbial N:P ratios were not significantly altered by fire regime (Fig. 4.3f,g). 

 Biennial burning was associated with significantly higher P content in the 

biomass of invertebrates (Fig. 4.4a), and significantly lower C:P and N:P ratios (Fig. 

4.4b,c; Table 4.2). Invertebrate biomass C, N and C:N did not vary significantly 

between the fire regime treatments (Table 4.2). However, leaf and fine litter C:N ratios 

were positively related to the C:N ratio of the total invertebrate community (P-values = 

0.01), and fine litter C:N was positively related to the C:N ratio of earwig biomass (P-

value = 0.001; Fig. 4.5a). Similarly, leaf and fine litter N:P was positively related to the 

N:P of large ants and Aranae (Fig. 4.5b). For Aranae there were also positive 

correlations between leaf litter N and P, and spider biomass N and P, respectively 

(Table S4.2).  
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Table 4.1. Properties† of leaf litter, fine litter†† and soil (means ± 95% confidence 

intervals) sampled from the unburned and biennially-burned treatments of the 

Peachester State Forest prescribed burning experiment (Queensland, Australia) on three 

sampling dates (n = 6 for March 2015; n = 12 for November 2015 and March 2016). 

Sample 
Property March 2015 November 2015 March 2016 

 Unburned Biennial Unburned Biennial Unburned Biennial 

L
ea

f 
li

tt
er

  

(>
 4

 m
m

) 

Biomass (g m-2) 1409 

 (±251) 

841  

(±214) 

1166  

(±132) 

729  

±80) 

889  

(±58) 

944  

(±153) 

Moisture (%) 70.5  

(±14.2) 

44.0 

(±22.0) 

100  

(±10.2) 

37.7  

(±7.3) 

90.3  

(±9.6) 

43.0  

(±10.0) 

pH 3.68  

(±0.10) 

3.86 

(±0.12) 

3.46  

(±0.11) 

3.47  

(±0.09) 

3.66  

(±0.08) 

3.50  

(±0.07) 

EC (µS cm-1) 111  

(±12.8) 

177  

(±64.3) 

125  

(±14.8) 

147  

(±29.1) 

174  

(±16.7) 

226  

(±26.5) 

Total C (%) 50.4  

(±0.5) 

51.0  

(±1.2) 

50.6  

(±0.8) 

52.0  

(±0.6) 

45.3  

(±1.1) 

47.1  

(±0.5) 

Total N (%) 0.75  

(±0.03) 

0.63 

(±0.06) 

0.55  

(±0.05) 

0.43  

(±0.03) 

0.63  

(±0.04) 

0.46  

(±0.03) 

Total P (%) 0.02 

(±0.001) 

0.03 

(±0.005) 

0.01 

(±0.002) 

0.02 

(±0.002) 

0.02 (±0.002) 0.02 

(±0.003) 

Soluble organic 

C (mg kg-1) 

2258  

(±433) 

2369 

(±453) 

2537  

(±343) 

1672  

(±436) 

3181  

(±248) 

2790  

(±423) 

Soluble total  

N (mg kg-1) 

58.7 

(±10.1) 

43.6 

(±11.9) 

51.2  

(±9.7) 

20.4  

(±8.7) 

87.3  

(±21.3) 

53.8  

(±8.6) 

Soluble P  

(mg kg-1) 

14.1 

(±1.6) 

23.5  

(±7.1) 

4.02  

(0.8) 

5.42  

(±1.3) 

3.77  

(±1.3) 

9.26  

(±2.2) 

MBC  

(mg kg-1) 

7361 

(±1254) 

6112 

(±3198) 

6899 

(±1408) 

3489 

(±1238) 

5457 (±2224) 6200 

(±1534) 

MBN  

(mg kg-1) 

572  

(±57) 

329 

 (±209) 

650  

(±122) 

227 

(±75) 

452  

(±103) 

291  

(±47) 

MBP  

(mg kg-1) 

222  

(±48) 

279 

(±149) 

196  

(±44) 

107  

(±16) 

227  

(±133) 

164  

(±30) 

F
in

e 
li

tt
er

  

(<
 4

 m
m

) 

Biomass (g m-2) 1335 (±630) 597  

(±344) 

844  

(±199) 

373  

(±115) 

504 

(±71) 

725  

(±146) 

Moisture (%) 52.6 (±18.7) 20.4 (±11.6) 88.8  

(±19.9) 

21.2  

(±2.3) 

72.7  

(±14.9) 

21.7 

(±5.3) 

pH 3.74  

(±0.13) 

4.19 

(±0.16) 

3.84  

(±0.35) 

4.36  

(±0.46) 

3.79  

(±0.47) 

3.99 

(±0.50) 

EC (µS cm-1) 51.5  

(±11.5) 

60.1 

(±21.9) 

42.3  

(±6.9) 

47.6  

(±7.22) 

37.7  

(±6.3) 

48.1  

(±9.3) 

Total C (%) 28.1  

(±7.8) 

28.7  

(±3.9) 

24.2  

(±4.5) 

23.1  

(±4.3) 

24.0  

(±4.7) 

18.9  

(±3.5) 

Total N (%) 0.72  

(±0.14) 

0.57 

(±0.11) 

0.56  

(±0.09) 

0.41  

(±0.08) 

0.64 

(±0.11) 

0.42  

(±0.07) 

Total P (%) 0.02 

(±0.004) 

0.04 

(±0.005) 

0.02 

(±0.002) 

0.02 

(±0.004) 

0.02 (±0.003) 0.03 

(±0.005) 
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Table 4.1 continued. 

†EC = electrical conductivity, C = carbon, N = nitrogen, P = phosphorus, MBC = 

microbial biomass C, MBN = microbial biomass N, MBP = microbial biomass P; ††Fine 

litter = F+H litter layers, which consist mainly of partially-decomposed litter fragments 

and humified organic matter.  

F
in

e 
li

tt
er

 (
<

 4
 m

m
) 

Soluble organic 

C (mg kg-1) 

628  

(±207) 

222  

(±94) 

835  

(±162) 

572  

(±89) 

1162  

(±261) 

627  

(±137) 

Soluble total  

N (mg kg-1) 

126.9 

(±33.4) 

22.2  

(±8.5) 

22.1  

(±6.4) 

11.1  

(±3.2) 

35.4  

(±11.6) 

20.1  

(±3.4) 

Soluble P  

(mg kg-1) 

5.03 

(±1.81) 

10.2 (±2.89) 4.55  

(±1.06) 

6.68  

(±1.59) 

3.50  

(±2.38) 

6.91  

(±2.11) 

MBC  

(mg kg-1) 

2355 

(±604) 

1914 (±970) 3618  

(±669) 

3395  

(±859) 

2978  

(±628) 

2690  

(±736) 

MBN  

(mg kg-1) 

282  

(±58) 

184  

(±78) 

488  

(±82) 

328  

(±73) 

355  

(±61) 

204  

(±51) 

MBP 

(mg kg-1) 

237  

(±154) 

142  

(±68) 

346  

(±134) 

167  

(±46) 

80.8  

(±20) 

74.8  

(±17) 

S
o

il
  

(0
–

5
 c

m
) 

Moisture (%) 25.3 

 (±5.0) 

11.6  

(±3.2) 

22.5  

(±2.1) 

15.8  

(±2.6) 

23.3  

(±4.6) 

8.7 

(±2.0) 

pH 4.03 

(±0.10) 

4.67 (±0.17) 4.02  

(±0.13) 

4.94  

(±0.30) 

3.84  

(±0.08) 

4.56  

(±0.26) 

EC (µS cm-1) 50.8 

 (±8.4) 

30.5  

(±3.6) 

63.5  

(±15.4) 

27.8  

(±9.6) 

61.9  

(±10.6) 

25.5  

(±2.9) 

Soluble organic  

C (mg kg-1)  

235  

(±56) 

76  

(±10) 

166  

(±45) 

76.8  

(±14) 

849  

(±222) 

551  

(±116) 

Soluble total 

N (mg kg-1) 

41.6  

(±4.7) 

19.4  

(±7.7) 

31.0  

(±8.3) 

17.4  

(±5.4) 

79.0  

(±33.0) 

32.5  

(±36.5) 

Soluble P  

(mg kg-1) 

1.50 

(±0.50) 

2.51 (±0.89) 1.60  

(±0.13) 

2.10  

(±0.35) 

3.54  

(±0.95) 

2.20  

(±0.31) 

MBC  

(mg kg-1) 

780  

(±321) 

393  

(±111) 

658  

(±149) 

325  

(±132) 

3403  

(±841) 

2050  

(±564) 

MBN  

(mg kg-1) 

104.7 

(±35.1) 

46.3 (±18.0) 81.8  

(±17.5) 

39.1  

(±14.4) 

439.3 

(±129.5) 

262.2 (±98.6) 

MBP  

mg kg-1) 

38.1 

(±18.1) 

26.5  

(±9.2) 

63.6 

(±13.5) 

37.7  

(±11.2) 

186.3 

(±115.2) 

73.2  

(±23.9) 
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Fig. 4.1. Mean (± standard error) total C:N ratios in (a) soil, (b) fine litter and (c) leaf 

litter, soluble organic C: soluble total N (‘soluble C:N’) ratios in (d) soil, (e) fine litter 

and (f) leaf litter, and microbial biomass C:N ratios in (g) soil, (h) fine litter and (i) leaf 

litter, compared between NB (grey bars) and 2yB (white bars) fire regime treatments at 

Peachester State Forest over three sampling dates; P-values provided where the effect of 

fire regime was significant based on linear mixed effect model comparisons; n = 6 for 

March 2015 and 12 for November 2015 and March 2016 
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Fig. 4.2. Mean (± standard error) total C:P ratios in (a) fine litter and (b) leaf litter, 

soluble organic C: soluble P (‘soluble C:P’) ratios in soil (c), fine litter (d) and leaf litter 

(e), and microbial biomass C:P ratios in soil (f), fine litter (g) and leaf litter (g), 

compared between NB (grey bars) and 2yB (white bars) fire regime treatments at 

Peachester State Forest over three sampling dates; P-values provided where the effect of 

fire regime was significant based on linear mixed effect model comparisons; n = 6 for 

March 2015 and 12 for November 2015 and March 2016.  
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Fig. 4.3. Mean (± standard error) total N:P ratios in (a) fine litter and (b) leaf litter, 

soluble total N: soluble P (‘soluble N:P’) ratios in soil (c), fine litter (d) and leaf litter 

(e), and microbial biomass N:P ratios in soil (f), fine litter (g) and leaf litter (g), 

compared between NB (grey bars) and 2yB (white bars) fire regime treatments at 

Peachester State Forest over three sampling dates; P-values provided where the effect of 

fire regime was significant based on linear mixed effect model comparisons; n = 6 for 

March 2015 and 12 for November 2015 and March 2016. 
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Fig. 4.4. Mean (± standard error) invertebrate biomass (a) total P concentrations, (b) 

C:P ratios and (c) N:P ratios compared between NB (grey bars) and 2yB (white bars) 

treatments at Peachester in November 2015 and March 2016; n = 6, except where there 

was insufficient biomass to analyse C, N or P in some plots, in which cases n is shown 

in ellipses above bars; P-values indicate significance of fire regime based on linear 

mixed effects model comparisons; ‘community total’ was not included as an 

invertebrate group in these analyses. 
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Fig. 4.5. Correlations between fine litter C:N ratios and the C:N ratios of (a) 

Dermaptera biomass (n =19) and (b) the biomass of the whole invertebrate community 

(n = 24), and (c) leaf litter N:P ratios and the N:P ratios of Ant (> 4 mm; white circles; n 

= 18) and Aranae (grey triangles; n = 16) biomass; samples were obtained in November 

2015 and March 2016; Pearson’s correlation coefficients (r), P-values and least-squares 

regression lines provided. 
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Table 4.2. Results summary of linear mixed effects model comparisons of invertebrate 

biomass stoichiometry at the Peachester State Forest prescribed burning experiment, 

Queensland, Australia; P-values < 0.05 are denoted ‘*’ and indicate significance of fire 

regime treatment as a term in linear mixed effects models based on F-tests with degrees 

of freedom approximated by the Kenward-Roger method. 

Response variable 
F-test with Kenward-Roger approximated degrees of freedom 

F1, 5.5 P-value 

Total C 0.27 0.623 

Total N 0.68 0.440 

Total P 7.20 0.039* 

Total C:N 0.74 0.411 

Total C:P 7.74 0.035* 

Total N:P 8.36 0.031* 

 

4.4.2 Invertebrate community characteristics  

The responses of invertebrate abundances to fire regime treatment, sampling date and 

the interaction of these factors were highly variable (Figs. 4.6–8; Table S4.3). For fire 

regime as a main effect, only Hemiptera abundances were affected, and were 

significantly higher in the NB treatment (Fig. 4.6f). Meanwhile, sampling date as a main 

effect explained a significant amount of variation in total invertebrate abundance, and 

the abundances of ants, Diptera, Aranae, and Nitidulidae msp 1 (Fig. 4.6a,b,e,g,j). 

However, these effects were inconsistent between taxa, with ant abundance being 

depressed in November 2015, Diptera abundance depressed in March 2016, and 

Nitidulidae msp 1 abundance elevated in March 2016. Fire regime and sampling date 

interacted to affect the abundances of Collembola, which were more abundant in March 

2016 in the 2yB treatment only, and Coleoptera, which were more abundant in the 2yB 

treatment in November 2015, and less abundant in March 2015 compared to other 

sampling dates, but only in the 2yB treatment (Fig. 4.6c,d). Consistent with these effects 

in Coleoptera overall abundance, we observed a significant interaction in the effect of 

fire regime and sampling date for Ptiliidae msp 1 and Staphylininae msp 1, which were 
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abundant in the 2yB treatment, but only in November 2015 and March 2016, 

respectively (Fig. 4.6i,k). 

 

Fig. 4.6. Mean (± standard error) (a) abundance of (a) total invertebrates, (b) ants 

(Formicidae: Hymenoptera), (c) Collembola, (d) Coleoptera, (e) Diptera, (f) Hemiptera, 

(g) Aranae, (h) Hymenoptera (excluding Formicidae), (i) Ptiliidae morphospecies (msp) 

1, (j) Staphylininae msp 4, (k) Staphylininae msp 1 and (l) Nitidulidae msp 1, compared 

between NB (grey circles) and 2yB (white circles) fire regime treatments at Peachester 

over three sampling dates; n = 6 for March 2015 and 12 for November 2015 and March 

2016; P-values from linear mixed effect model comparisons provided where effects 

were significant; D = sampling date; FR = fire regime; D×FR = sampling date by fire 

regime interaction; main effects only reported where D×FR interaction was not 

significant; upper case letters show significant differences between sampling dates 

based on Tukey’s HSD, lower case letters show significant differences between 

sampling date × fire regime combinations where the interaction was significant, ‘*’ in 

panels ‘i’ and ‘j’ identifies Tukey’s letters for partially concealed NB treatment means. 

  Linear mixed-effect model comparisons indicated that the richness of 

invertebrates on an ordinal level was affected by a complex interaction between fire 

regime and sampling date (Fig. 4.7a, Table S4.3). Here, ordinal richness was lower in 

the 2yB treatment during March 2015, but higher than in the NB treatment one year 

later, in March 2016. However, post-hoc comparisons did not reveal any significant 

pair-wise differences between treatment combinations for ordinal richness. Ordinal 
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diversity was significantly higher in November 2015 (Fig. 4.7c), while Coleoptera 

morphospecies diversity was significantly lower in the 2yB treatment in November 

2015, relative to both the NB treatment in November 2015, and the 2yB treatment in 

March 2015 (Fig. 4.7d). Finally, NMDS ordinations revealed a clear effect of fire 

regime treatment on the composition of invertebrate communities on the level of order, 

and on the level of msp for Coleoptera (Fig. 4.8). However, in both cases this effect was 

only apparent in November of 2015 (Fig. 4.8b,e).  

Table 4.3.  Mean abundances (± standard error) of invertebrates collected in pitfall traps 

at the Peachester State Forest prescribed burning experiment, Queensland, Australia; n 

= 6 for all cases in March 2015; n = 12 for all cases in November 2015 and March 2016. 

Taxon 
March 2015 November 2015 March 2016 

NB 2yB NB 2yB NB 2yB 

Class Arachnida 6.7 (±0.7) 3.2 (±0.7) 6.8 (±1.1) 6.3 (±0.8) 5.1 (±0.8) 5.2 (±0.6) 

Order Aranae 5.8 (±0.7) 3.2 (±0.7) 6.7 (±1.1) 6.0 (±0.7) 4.5 (±0.6) 3.9 (±0.5) 

Order Pseudoscorpiones 0.83 (±0.31) 0 0.08 (±0.08) 0.33 (±0.19) 0.58 (±0.29) 1.25 (±0.4) 

Class Chilopoda 0.17 (±0.17) 0.17 (±0.17) 0.08 (±0.08) 0.17 (±0.11) 0 0.83 (±0.3) 

Class Diplopoda 0.83 (±0.31) 0.17 (±0.17) 0.08 (±0.08) 0.08 (±0.08) 0 0.08 (±0.1) 

Class Entognatha 111 (±14) 145 (±27) 104 (±9.2) 77.9 (±7.4) 161 (±20) 220 (±27) 

Subclass Collembola 111 (±14) 144 (±28) 103 (±9.1) 77.6 (±7.4) 161 (±20) 220 (±27) 

Order Diplura 0.17 (±0.17) 0.17 (±0.17) 0.67 (±0.31) 0.33 (±0.19) 0.33 (±0.19) 0.67 (±0.3) 

Class Insecta 380 (±112) 315 (±146) 150 (±29) 229 (±14) 245 (±25) 326 (±29) 

Order Blattodea 3.7 (±2.9) 1.2 (±0.4) 1.2 (±0.3) 0.75 (±0.3) 0.67 (±0.4) 0.83 (±0.4) 

Infra-order Isoptera 3.17 (±2.79) 0.67 (±0.42) 0.17 (±0.11) 0.25 (±0.25) 0.17 (±0.17) 0.42 (±0.3) 

Other Blattodea 0.50 (±0.34) 0.50 (±0.34) 1.00 (±0.33) 0.50 (±0.23) 0.50 (±0.23) 0.42 (±0.2) 

Order Coleoptera 33.3 (±4.9) 27.2 (±7.8) 30.6 (±7.1) 87.8 (±8.6) 42.2 (±6.3) 67.8 (±7.8) 

Order Dermaptera 2.5 (±1.2) 1.5 (±0.6) 1.8 (±0.4) 4.7 (±0.8) 2.4 (±0.6) 2.2 (±0.6) 

Order Diptera 30.5 (±4.3) 42.2 (±12.0) 35.9 (±3.4) 37.1 (±8.5) 17.9 (±3.6) 13.2 (±1.7) 

Order Hemiptera 8.7 (±1.2) 2.3 (±0.7) 7.0 (±0.4) 2.5 (±0.8) 16.1 (±0.6) 2.8 (±0.6) 

Order Hymenoptera 300 (±113) 240 (±130) 73.2 (±22) 93.8 (±11) 165 (±21) 235 (±29) 

Family Formicidae 297 (±113) 235 (±131) 69.9 (±22) 88.3 (±11) 163 (±21) 230 (±29) 

Other Hymenoptera 2.8 (±0.6) 4.8 (±1.2) 3.3 (±0.8) 5.5 (±1.3) 2.0 (±0.4) 4.5 (±0.9) 

Order Lepidoptera 0.17 (±0.17) 0 0.33 (±0.19) 0.08 (±0.08) 0 0.17 (±0.1) 

Order Orthoptera 0.67 (±0.33) 0.50 (±0.22) 0.25 (±0.13) 1.25 (±0.22) 0.42 (±0.15) 1.50 (±0.8) 

Order Psocoptera 0.17 (±0.17) 0.17 (±0.17) 0 0 0.25 (±0.13) 1.17 (±0.5) 

Order Thysanoptera 0 0.17 (±0.17) 0.08 (±0.08) 0.67 (±0.41) 0.08 (±0.08) 2.25 (±0.5) 

Order Zygentoma 0 0 0 0 0 0 

Class Malacostraca 2.3 (±0.5) 0.50 (±0.5) 2.0 (±0.4) 1.0 (±0.3) 0.83 (±0.2) 7.1 (±4.8) 

Order Isopoda 2.3 (±0.5) 0.50 (±0.5) 2.0 (±0.4) 1.0 (±0.3) 0.83 (±0.2) 7.1 (±4.8) 

Total invertebrates 499 (±112) 464 (±174) 262 (±33) 309 (±19) 412 (±38) 560 (±47) 
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Table 4.4. Mean pitfall trap abundance (± standard error) of Coleoptera families and 

morphospecies at the Peachester State Forest prescribed burning experiment, 

Queensland, Australia; n = 6 for all cases in March 2015 and 12 for all cases in 

November 2015 and March 2016.  

Family, subfamily
†
, 

morphospecies no. 

March 2015 November 2015 March 2016 

NB 2yB NB 2yB NB 2yB 

Family Carabidae 0.3 (±2) 0.7 (±0.3) 0.7 (±0.2) 0.6 (±0.3) 0.3 (±0.3) 0.2 (±0.1) 

Helluoninae sp. 1 0.2 (±0.2) 0.5 (±0.2) 0.7 (±0.2) 0.3 (±0.2) 0.3 (±0.3) 0 

Helluoninae sp. 2 0.2 (±0.2) 0.2 (±0.2 0 0 0 0 

Helluoninae sp. 3 0 0 0 0.2 (±0.1) 0 0 

Helluoninae sp. 4 0 0 0 0 0 0.1 (±0.1) 

Lebiinae sp. 1 0 0 0 0.1 (±0.1) 0 0 

Family Clambidae 0 0 0.1 (±0.1) 0.1 (±0.1) 0 0 

Clambidae sp. 1 0 0 0.1 (±0.1) 0.1 (±0.1) 0 0 

Family Curculionidae 1 (±0.3) 1.2 (±0.7) 0.3 (±0.1) 0.3 (±0.2) 1.5 (±0.3) 3 (±0.5) 

Curculioninae sp. 1 0.7 (±0.3) 0 0.2 (±0.1) 0 0.1 (±0.1) 0.1 (±0.1) 

Curculioninae sp. 2 0.2 (±0.2) 0.2 (±0.2) 0.1 (±0.1) 0.2 (±0.1) 0.2 (±0.1) 0.2 (±0.1) 

Scolytinae sp. 1 0.2 (±0.2) 1 (±0.5) 0 0.1 (±0.1) 1.3 (±0.3) 2.8 (±0.5) 

Family Elateridae 0 0.1 (±0.1) 0 0 0 0 

Elateridae sp. 1 0 0.1 (±0.1) 0 0 0 0 

Family Nitidulidae 2.3 (±0.3) 1.8 (±0.7) 3.3 (±1.2) 3.5 (±0.4) 14 (±1.2) 21 (±4.2) 

Nitidulidae sp. 1 2 (±0.4) 1.8 (±0.5) 3.3 (±1.0) 3.5 (±0.4) 13.8 (±1.2) 21 (±4.2) 

Nitidulidae sp. 2 0.2 (±0.2) 0 0.3 (±0.3) 0 0.1 (±0.1) 0 

Nitidulidae sp. 3 0.2 (±0.2) 0.7 (±0.3) 0.9 (±0.3) 0.2 (±0.1) 0.1 (±0.1) 0.1 (±0.1) 

Nitidulidae sp. 4 0 0 0.1 (±0.1) 0 0 0 

Nitidulidae sp. 5 0 0 0.1 (±0.1) 0 0 0 

Family Phalacridae 0.3 (±0.2) 1.3 (±0.4) 1.3 (±0.4) 1.3 (±0.4) 0.1 (±0.1) 0.3 (±0.1) 

Phalacridae sp. 1 0.3 (±0.2) 1.3 (±0.4) 1.3 (±0.4) 1.3 (±0.4) 0.1 (±0.1) 0.3 (±0.1) 

Family Ptiliidae 14 (±2.6) 8.8 (±4.2) 7.1 (±2.5) 57 (±7.5) 2.4 (±1.4) 2.7 (±1.1) 

Ptiliidae sp. 1 14 (±2.6) 8.8 (±4.2) 7.1 (±2.5) 57 (±7.5) 2.4 (±1.4) 2.7 (±1.1) 

Family Scarabaeidae 0.3 (±0.2) 0.3 (±0.3) 0.6 (±0.3) 0.5 (±0.2) 0.3 (±0.2) 0.5 (±0.3) 

Scarabaeinae sp. 1 0.2 (±0.2) 0 0.3 (±0.2) 0.3 (±0.2) 0.3 (±0.2) 0.5 (±0.3) 

Scarabaeinae sp. 2 0 0 0.3 (±0.2) 0 0.1 (±0.1) 0 

Scarabaeinae sp. 3 0 0.2 (±0.2) 0 0 0 0 

Scarabaeinae sp. 4 0.2 (±0.2) 0.2 (±0.2) 0 0 0 0 

Scarabaeinae sp. 5 0 0 0 0.1 (±0.1) 0 0 

Dynastinae sp. 1 0 0 0.1 (±0.1) 0.1 (±0.1) 0 0 

Rutelinae sp. 1 0 0 0 0.1 (±0.1) 0 0 

Family Staphylinidae 15 (±2.7) 13 (±3.9) 17 (±4.4) 25 (±3.2) 24 (±4.1) 39 (±7.8) 

Staphylininae sp. 1 2.0 (±0.6) 1.5 (±1.0) 3.8 (±1.1) 7.4 (±1.3) 8.0 (±1.6) 29 (±5.4) 

Staphylininae sp. 2 0.3 (±0.3) 0 0.1 (±0.1) 0 0.1 (±0.1) 0 

Staphylininae sp. 3 1.3 (±1.0) 0.2 (±0.2) 0 0 0.2 (±0.1) 0.3 (±0.1) 

Staphylininae sp. 4 10 (±2.9) 7.7 (±3.1) 12 (±3.4) 16 (±2.9) 15 (±3.6) 9.9 (±3.0) 

Staphylininae sp. 5 0.2 (±0.2) 0 0 0.2 (±0.1) 0 0 

Staphylininae sp. 6 0.2 (±0.2) 0 0.1 (±0.1) 0 0 0 

Staphylininae sp. 7 0 0.5 (±0.5) 0 0.8 (±0.4) 0 0.3 (±0.2) 

Staphylininae sp. 8 0 0 0.1 (±0.1) 0 0 0.1 (±0.1) 

Pselaphinae sp. 1 0.2 (±0.2) 0.7 (±0.3) 0.4 (±0.1) 0.1 (±0.1) 0.3 (±0.1) 0.3 (±0.1) 

Pselaphinae sp. 2 0.2 (±0.2) 0 0 0 0 0 

Pselaphinae sp. 3 0.2 (±0.2) 1.8 (±0.5) 0.1 (±0.1) 0 0.1 (±0.1) 0 

Pselaphinae sp. 4 0.3 (±0.3) 0.3 (±0.2) 0.1 (±0.1) 0.1 (±0.1) 0.1 (±0.1) 0.1 (±0.1) 

Pselaphinae sp. 5 0 0 0 0.2 (±0.2) 0 0 

Family Tenebrionidae 0 0 0 0.2 (±0.1) 0 0 

Tenebrionidae sp. 1 0 0 0 0.2 (±0.1) 0 0 

†Subfamilies provided when biology or feeding guild is thought to differ between 

subfamilies within a family. 
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Fig. 4.7. Mean (± standard error) (a) invertebrate ordinal richness, (b) Coleoptera 

morphospecies richness, (c) invertebrate ordinal diversity (H’) and (d) Coleoptera 

morphospecies diversity (H’), compared between NB and 2yB fire regime treatments at 

Peachester over three sampling dates; n = 6 for March 2015 and 12 for November 2015 

and March 2016; symbols as per Fig. 4.6; P-values from linear mixed effect model 

comparisons provided where effects were significant; D×FR = sampling date by fire 

regime interaction; main effects only reported where D×FR interaction was not 

significant; upper case letters show significant differences between sampling dates 

based on Tukey’s HSD, lower case letters show significant differences between 

sampling date × fire regime combinations where the interaction was significant, ‘*’ in 

panels ‘i’ and ‘j’ identifies Tukey’s letters for partially concealed NB treatment means. 
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Fig. 4.8. Non-metric multi-dimensional scaling (NMDS) plots of invertebrate 

community composition on the level of order in (a) March 2015, (b) November 2015 

and (c) March 2016, and on the level of morphospecies for Coleoptera in (d) March 

2015, (e) November 2015 and (f) March 2016; grey hulls represent the NB treatment, 

white hulls represent the 2yB treatment; ‘K’ indicates the number of dimensions in the 

ordination; ‘stress’ values indicate how well the ordination summarised the distances 

(based on Bray-Curtis dissimilarities) between sampling plots, with stress values < 0.2 

indicating an acceptable representation. 

 

4.4.3 Relationships between litter stoichiometry and invertebrate community 

characteristics 

We found significant (or near significant) quadratic relationships between fine litter N:P 

ratios and the abundances of Coleoptera (P = 0.06), Aranae (P = 0.04) and the relative 

abundance of Staphylininae msp 1 (P = 0.005; Fig. 4.9). There were no other significant 

quadratic relationships between leaf or fine litter N:P and invertebrate community 

properties (Table S4.4). Further, ordisurf analyses indicated that, while numerous litter 

chemistry and stoichiometric variables were related to the community composition of 

invertebrates on the level of order, and Coleoptera on the level of msp, fire regime did 

not alter these relationships to a great extent (Tables S4.5, S4.6). In November 2015, 

ordinal community composition was related to fine litter C:N in the 2yB treatment (P = 
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0.01), and was related to all variables tested, with the exception of fine litter C:P, in the 

NB treatment (P-values < 0.05; Fig. 4.10a,b). There was also some evidence that 

Coleoptera morphospecies community composition was related to fine litter C:N in the 

2yB treatment (P = 0.06), and leaf litter total N in the NB treatment (P = 0.04) in 

November 2015 (Fig. 4.11a,b). In March 2016, ordinal community composition was 

related to leaf litter total P, C:P and fine litter total N in the 2yB treatment (P-values < 

0.05), and to leaf litter total N and C:N and fine litter total N and P in the NB treatment 

(P-values < 0.05; Fig. 4.10c,d). On the other hand, Coleoptera morphospecies 

community composition was related to leaf and fine litter total P and leaf litter C:P in 

the 2yB treatment (P-values < 0.05), and to fine litter N:P in the NB treatment (P = 

0.03; Fig. 4.11c,d). Thus, while fire regime did not appear to alter the respective 

relationships between invertebrate community assemblages and N- and P-related 

variables, there was evidence of a seasonal effect on these relationships. Here N-related 

variables tended to dominate in November 2015, while P-related variables seemed 

equally if not more influential in March 2016. 

Finally, the results of our RLT experiment suggest that one year of exposure to 

stoichiometrically-altered litter had few, if any, strong impacts on the abundances of our 

focal taxa (Fig. 4.12). However, box-and-whisker plots did suggest that the abundances 

of Hemiptera, Aranae, and Ptiliidae msp 1 may have been subtly influenced by RLTs. 

Specifically, the abundances of these taxa tended to be higher in the 2yB areas where 

NB treatment litter was transplanted (Fig. 4.12f,g,i). On the other hand, Hemiptera 

abundances tended to be lower in NB areas where 2yB litter was transplanted, but the 

abundances of Aranae and Ptiliidae msp 1 were not similarly affected. We also note that 

in several cases (total invertebrates, Collembola, Coleoptera, Hemiptera, Ptiliidae msp 

1, and Staphylininae msp 1 and msp 4), there were clear differences in abundances 
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between the NB and 2yB RLT plots themselves. In these cases, 2yB areas with NB litter 

tended to have higher abundances than NB areas with 2yB litter.  

 

Fig. 4.9. Quadratic relationships between fine litter N:P ratio and mean (± standard 

error) (a) abundance of Coleoptera, (b) abundance of Aranae and (c) relative abundance 

of Staphylininae msp 1; grey triangles = NB treatment observations, white circles = 2yB 

treatment observations; invertebrate community and fine litter N:P data were averaged 

over sampling dates for regression analyses; n = 12. 
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Fig. 4.10. Results of ‘ordisurf’ analyses at the level of order: relationships between 

ordinal community composition and (a) fine litter total C:N in the NB treatment in 

November 2015, (b) fine litter total C:N in the 2yB treatment in November 2015, (c) 

fine litter total P in the NB treatment in March 2016, and (d) leaf litter total P in the 2yB 

treatment in March 2016. Green lines and numbers represent isoclines of the respective 

litter properties in relation to a two-dimensional smoothing of non-metric multi-

dimensional scaling (NMDS) analysis site scores (white circles), as determined by 

Generalised Additive Models (GAMs); P-values show the significance of GAMs, which 

used two-dimensionally smoothed NMDS site scores to predict the respective litter 

properties. 
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Fig. 4.11. Results of ‘ordisurf’ analyses at the level of morphospecies for Coleoptera: 

relationships between Coleoptera community composition and (a) leaf litter total N in 

the NB treatment in November 2105, (b) fine litter total C:N in the 2yB treatment in 

November 2015, (c) fine litter total C:P in the NB treatment in March 2016, and (d) leaf 

litter total C:P in the 2yB treatment in March 2016. Green lines and numbers represent 

isoclines of the respective litter properties in relation to a two-dimensional smoothing of 

non-metric multi-dimensional scaling (NMDS) analysis site scores (white circles), as 

determined by Generalised Additive Models (GAMs); P-values show the significance 

of GAMs, which used two-dimensionally smoothed NMDS site scores to predict the 

respective litter properties. 
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Fig. 4.12. Box and whisker plots showing the pitfall trap abundances of (a) all 

invertebrates, (b) Formicidae (i.e. ants) (c) Collembola, (d) Coleoptera I Diptera (f) 

Hemiptera, (g) Aranae, (h) Hymenoptera (excluding Formicidae), (i) Pttilidae msp 1, (j) 

Staphylininae msp 4, (k) Staphylininae msp 1, and (l) Nitidulidae msp 1 in biennially-

burned areas (2yB), biennially-burned areas with litter originating from unburned (NB) 

areas (2yB [NB origin]), NB areas, and NB areas with litter originating from 2yB areas 

(NB [2yB origin]), at Peachester in March 2016 (n = 12 for 2yB and NB; n = 3 for 2yB 

[NB origin] and NB [2yB origin]). 

 

 

4.5 Discussion 

4.5.1 Fire-induced shifts in ecosystem stoichiometry: from soil to spiders 

Our data indicate that fire regime has had remarkable effects on the ecological 

stoichiometry of our study system, and that these occurred not only in soil and plant 

material, but also in the biomass of microbial and invertebrate communities. To our 

knowledge, this is the first time that shifts in the stoichiometry of invertebrate 

community biomass have been observed in response to fire. Where present, the 

stoichiometric signature of fire tended to be qualitatively consistent between ecosystem 
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components, given that P tended to be enriched relative N (and to a smaller extent, C) in 

soil, litter, microbial biomass and invertebrates (Figs. 4.2–4.5). This was consistent with 

our expectations, and suggests that the stoichiometric effects of fire on micro-organisms 

and invertebrates are influenced by those at the base of the food-web (i.e. soil and litter), 

which are in turn thought to be driven primarily by the disparate tendencies of soil C, N 

and P to volatilize during fire (Raison et al., 1984; Urbanski et al., 2008; Toberman et 

al., 2014). 

Variation in the stoichiometry of microbial biomass is generally thought to be 

driven by shifts in the relative abundances of specific types of micro-organisms, 

between which there may be considerable stoichiometric variation based on biological 

structures and life history strategies (Reiners, 1986; Cleveland & Liptzin, 2007). Our 

results may thus represent an increased dominance of bacteria over fungi in the soil and 

litter of the 2yB treatment, an increase in the relative abundance (or biomass) of rapidly-

growing, and thus P-rich, ‘r-strategist’ micro-organisms, and perhaps both (Elser et al., 

2003; Mooshammer et al., 2014). Previous studies indicate that the fire regimes at 

Peachester have had strong effects on soil microbial community composition (Bastias et 

al., 2006; Shen et al., 2016), but further research is required before microbial biomass 

stoichiometry shifts can be directly linked to shifts in microbial community 

composition.  

The typically strong constraints on the flexibility of animal biomass 

stoichiometry (Sterner & Elser, 2002) suggest that a similar mechanism might also 

underpin the effects of fire on invertebrate C:P and N:P ratios. Thus, the clear 

differences in total community and Coleoptera morphospecies assemblages between fire 

regimes in November 2015 (Fig. 4.8b,e) might have been driven, at least to an extent, 

by re-structuring of these communities along stoichiometric lines. For instance, a lower 

abundance of N-rich and thus more-easily N-limited taxa could be expected in the 2yB 
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treatment under the resource-ratio hypothesis (Tilman, 1982), given the lower levels of 

N relative to P in soil and litter. Our finding that the composition of invertebrate and 

Coleoptera communities was strongly related to various litter stoichiometric properties 

seems consistent with this (Figs. 4.11 and 4.12), but without C:N:P ratio and biomass 

data for each taxon the picture remains incomplete. 

Nevertheless, our study provides the first evidence that the P-rich stoichiometric 

signature of fire in the soil–plant system resonates throughout the forest floor food web, 

including in forest-floor invertebrates. Here we also note that, while the shifts in the 

stoichiometry of invertebrates observed in our study were analysed as a total 

community-level effect, Aranae and large ants were perhaps the most profoundly and 

consistently affected (Fig. 4.4). To some extent this seems counter-intuitive, given the 

predatory nature of Aranae and some of the large ants (e.g. Leptomyrmex, Podomyrma 

and Rhytidoponera) at Peachester. However, Milton & Kaspari (2007) argued that 

predators can quickly take advantage of increases in prey, particularly when such 

increases are triggered by nutrient pulses at the base of the food web. Thus, it seems 

reasonable that the stoichiometric effects of fire should be present, and perhaps even 

enhanced, at high trophic levels. This is consistent with our results, and suggestive of a 

bottom-up trophic cascade in response to altered soil N- and P-availabilities in the post-

fire environment (Schade et al., 2003; Kagata & Ohgushi, 2006). 

At the same time, the acute top-down effects of repeated fire on microbial and 

invertebrate populations (e.g. Rice 1932; Springett 1979; Warren et al. 1987; Wang et 

al. 2012) might also have important stoichiometric implications. Dominance of rapidly-

growing, ‘r-strategist’ taxa has been predicted under conditions of repeated, density-

independent mass-mortality events or in fluctuating environments (Pianka, 1970; 

Reznick et al., 2002), such as those associated with forty-six years of biennial forest 

fire. Given the tendency for organism growth rate and body P content to be strongly 
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coupled under P-limiting conditions (Elser et al., 2003), it therefore seems plausible that 

frequent fire could transform the stoichiometry of biological communities in low-P 

environments by imposing selection pressure for rapid growth. The same effect could, 

theoretically, occur within populations (Pianka, 1970), leading to increases in the 

average P content of individual organisms. High frequency fire has been associated with 

higher average P content in a litter-dwelling Coleoptera population (Butler et al., 

unpublished data; see Chapter 6 of this thesis), but it is unclear whether this was a side-

effect of increasingly rapid growth rates or simply increases in body P content in 

response to increased dietary P intake (Visanuvimol & Bertram, 2011; González et al., 

2014). However, these mechanisms may in fact interact, with an increased P supply 

facilitating the proliferation of an increasingly ‘r-strategic’ lifestyle within populations 

or communities (Elser et al., 2000a, 2003; Visanuvimol & Bertram, 2010). 

4.5.2 Invertebrate communities and their relationships with litter stoichiometry 

Complex and varied responses of invertebrates to fire regime were clearly evident in our 

study, with responses differing quantitatively and qualitatively among taxa on both 

ordinal and msp levels. These results were not unexpected, given the diversity of 

invertebrate responses to fire reported in previous studies, even just within eucalypt 

forests (e.g. Springett, 1979; Abbott, 1984; Neumann & Tolhurst, 1991; Collett & 

Neumann, 1995). In some ways our findings were consistent with those of Collett 

(1998), who found few obvious effects of fire alone on Collembola and spider 

abundances, and thus argued that these taxa represented a ‘fire-stable’ component of 

their study system. However, the general absence of clear main effects of fire regime 

(with the exception of Hemiptera abundances) in our study is in contrast with the 

findings of York (1999), who reported lower abundances of ants, Collembola, 

Coleoptera and spiders in dry eucalypt forest subjected to twenty years of triennial 

prescribed burning. The reason for these inconsistent findings is unclear, but they 
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certainly support the conclusion that fire’s effects on invertebrates are highly dependent 

on taxon, ecosystem and fire regime.  

Nevertheless, we feel that the difficulty of generalising the effects of fire on 

invertebrates makes our findings of predictable relationships between fire regime, litter 

stoichiometry and certain invertebrate community characteristics particularly 

remarkable. Specifically, the tendency for Coleoptera and spider abundances to increase 

and decrease with fine litter N:P in the 2yB and NB treatment, respectively (Fig. 

4.9a,b), was consistent with our expectations. Thus, we conclude that the growing 

imbalance between N and P associated with extremes of fire regime has the potential to 

inhibit the abundances of some, but not all, litter invertebrate fauna. At the same time, 

the high relative abundance of Staphylininae msp 1 at the highest and lowest fine litter 

N:P ratios (Fig. 4.9c) suggests that this taxon is more resilient to stoichiometric 

imbalances than most other Coleoptera taxa in our study system. Taken together, these 

results suggest that the fire-stability of certain invertebrate populations, as described by 

Collett (1998), could be compromised by the stoichiometric imbalances associated with 

certain long-term fire regimes. 

Although the stoichiometric impact of fire is likely influenced by burning 

regime, site characteristics and post-fire weather conditions (Toberman et al., 2014; 

Pellegrini et al., 2015; Butler et al., 2017a), stoichiometric shifts in favour of P seem to 

be a reasonably consistent effect of fire globally (Butler et al., 2018). Thus, the effects 

observed in our study might represent an important mechanism contributing to fire’s 

effects on biodiversity that has received minimal attention until now. Moreover, it has 

been argued that fire’s biogeochemical impacts, namely increased soil mineral P and P-

rich stoichiometry in soil and litter, resemble a transient shift to an earlier stage of soil 

development (Wardle et al., 2004; Close et al., 2009; Butler et al., 2018). From this 

perspective, it is interesting to note that the ‘humped’ relationships between litter N:P 
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and the abundance of Coleoptera and Aranae, and the relative abundance of 

Staphylininae msp 1, are consistent with many of the relationships between soil age and 

the abundance or biomass of some soil fauna observed in soil chronosequence studies 

(Bokhorst et al., 2017b; Laliberté et al., 2017). Here the relationships between soil age 

and invertebrate community characteristics have been attributed to the effects of soil 

aging on soil nutrient levels and N:P ratios. The inconsistent responses of different taxa 

to varying litter N:P is also compatible with chronosequence studies (Bokhorst et al., 

2017a, 2017b), and indicates that, while basal resource levels and stoichiometry may be 

influential, they are certainly not the only determinants of forest-floor invertebrate 

community characteristics in fire-affected forests. 

For instance, there was a clear seasonality in the effect of fire on invertebrates 

(Figs. 4.6–8), and possibly on the effect of resource stoichiometry on invertebrates 

(Figs. 4.11 & 4.12). Patterns of temperature and precipitation may have interacted with 

the differences in vegetation structure between the 2yB and NB treatments (Lewis et al., 

2012) to produce this effect. For example, the reduced canopy cover in the 2yB 

treatment may have led to higher soil temperatures, thereby affecting the timing and 

extent of insect reproduction and hatching events (Warren et al., 1987). Such an effect 

might have contributed to the remarkably high abundances of Ptiliidae msp 1, and 

Coleoptera in general, in the 2yB treatment at the beginning of summer (i.e. November 

2015), which were 704% and 191% higher than those in the NB treatment, respectively. 

Further, time since fire can have a strong influence on invertebrate populations in 

burned areas, and the temporal dynamics of post-fire abundance may vary between taxa 

or feeding guilds (Neumann, 1991; Collett & Neumann, 1995; Collett, 2003). 

Seasonal or temporal interactions with fire regime and litter stoichiometry might 

also underpin mixed results of the RLTs. These were not fully consistent with our 

hypotheses, given our expectations of general increases in abundance in response to 
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increased supply of proportionally scarce nutrients (i.e. N in 2yB and P in NB). While 

there was modest evidence for such an effect in the 2yB treatment for Hemiptera, 

Aranae and Ptiliidae msp 1, most taxa were not affected in this sense (Fig. 4.12). 

However, this might be due to insufficient transplant time, which spanned only one 

growing season, such that the invertebrate community had not adjusted fully to the 

altered litter stoichiometry. Thus, we suggest that further, longer-term studies will be 

necessary to fully appreciate the impacts of fire-altered litter stoichiometry on 

invertebrate communities. Interestingly, a more obvious effect was the disparity 

between the RLT plots themselves for several taxa (Fig. 4.12), which might suggest that 

invertebrate abundances were generally more sensitive to proportional N supply, 

regardless of fire regime treatment. In this case, it may be only particularly high litter 

N:P ratios (e.g. fine litter N:P > 30; Fig. 4.9) that are associated with strongly P-limited 

conditions for surface-active invertebrates in our study system. 

 

4.6 Conclusions 

The results of this study show that the P-rich stoichiometric signature of a high 

frequency prescribed fire regime propagates throughout the forest floor food-web, 

leading to shifts in the C:P and N:P ratios of microbial and invertebrate biomass that 

resonate on several trophic levels. These effects coincided with dramatic differences in 

the community composition of invertebrates in general, and Coleoptera more 

specifically, at the beginning of summer between 2yB and NB treatments. Further, our 

study indicates that the effects of fire-altered litter stoichiometry on invertebrates are 

inconsistent, but can be anticipated in some cases. Specifically, the abundances of 

Coleoptera and Aranae tend to be depressed when fine litter N:P ratios are very high 

(i.e. N:P > ca. 30) and very low (i.e. N:P < ca. 15), consistent with our predictions. 

However, reciprocal litter transplants did not clearly demonstrate that N:P stoichiometry 
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is a strong driver of fire’s effects on invertebrate communities, but did suggest a general 

sensitivity of invertebrate abundances to litter N levels. Moreover, seasonality and its 

interaction with fire regime exerted a strong effect on invertebrate community 

characteristics, demonstrating that stoichiometric shifts, while potentially influential, are 

certainly not the only drivers of fire’s effects on invertebrate communities. Overall, our 

study represents an important step towards unravelling the complex interplay between 

the structural (i.e. changes in community composition) and functional (i.e. altered 

biogeochemical cycling) impacts of fire in forest ecosystems, and suggests that fire 

ecology will benefit from an increased focus on this relationship in future.   
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4.7 Supplementary Tables 

Table S4.1. Results summary of linear mixed effects model comparisons for soil, fine 

litter and leaf litter chemical properties at the Peachester State Forest prescribed burning 

experiment, Queensland, Australia; P-values < 0.05 are denoted ‘*’ and indicate 

significance of fire regime treatment as a term in linear mixed effects models.  

Response variable 

F-test with Kenward-Rogers approximated degrees of freedom† 

Soil Fine litter Leaf litter 

F1,5.9 P-value F1,5.9 P-value F1,5.9 P-value 

Moisture 34.4 0.001* 22.6 0.003* 41.6 <0.001* 

Litter biomass   3.2 0.123 11.8 0.014* 

pH 51.1 <0.001* 5.2 0.064 0.1 0.730 

EC 74.8 <0.001* 3.4 0.114 18.5 0.006* 

Total C  9.9 0.020* 0.8 0.415 23.1 0.003* 

Total N 22.8 0.003* 8.1 0.029* 54.4 <0.001* 

Total P   3.2 0.122 42.4 <0.001* 

Soluble C 46.2 <0.001* 24.5 0.004* 3.8 0.097 

Soluble N 12.6 0.013* 35.9 0.001* 32.8 0.001* 

Soluble P 0.2 0.661 18.5 0.005* 9.5 0.022* 

MB C 15.4 0.008* 0.7 0.430 3.1 0.130 

MBN 9.3 0.023* 10.8 0.017* 22.9 0.003* 

MBP 3.4 0.117 3.8 0.099 3.7 0.106 

Total C:N 18.8 0.005* 24.0 0.003* 75.8 <0.001* 

Total C:P   6.7 0.041* 19.5 0.005* 

Total N:P   42.2 <0.001* 83.8 <0.001* 

Soluble C:N 1.1 0.328 3.3 0.122 19.4 0.005* 

Soluble C:P 23.3 0.003* 66.2 <0.001* 11.5 0.015* 

Soluble N:P 17.6 0.006* 73.7 <0.001* 21.4 0.004* 

MB C:N 0.6 0.458 19.8 0.005* 6.3 0.046* 

MB C:P 0.2 0.698 1.2 0.324 0.02 0.890 

MB N:P 0.6 0.461 1.6 0.257 18.7 0.005* 

†Degrees of freedom for F-tests approximated by Kenward-Rogers method; 

denominator degrees of freedom (DDF) provided for soil, fine litter and leaf litter F-

tests are the mean values of DDF for all chemical properties. 
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Table S4.2. Pearson’s correlation analyses for litter and invertebrate chemical 

properties at the Peachester State Forest prescribed burning experiment, Queensland, 

Australia (Pearson’s correlation coefficients, with P-values in ellipses and denoted ‘*’ 

when < 0.05; values of n provided [leaf litter n = corresponding fine litter n]; C = 

carbon; N = nitrogen; P = phosphorus).  

 Chemical 

variable 

Small 

ants 

Large 

ants 
Coleoptera Dermaptera Aranae ‘Other’ 

Total 

community 

Leaf 

litter 

 

N 
-0.13 

(0.57) 

n = 20 

0.18 

(0.47) 

n = 18 

0.20 

(0.37) 

n = 23 

0.17 

(0.50) 

n = 19 

0.51 

(0.04*) 

n = 17 

0.25 

(0.27) 

n = 21 

0.37 

(0.07) 

n = 24 

P 
-0.24 

(0.27) 

n = 24 

0.32 

(0.17) 

n = 20 

0.30 

(0.15) 

n = 24 

0.30 

(0.22) 

n =18 

0.48 

(0.03*) 

n =21 

-0.02 

(0.94) 

n = 23 

0.11 

(0.60) 

n = 24 

C:N 
-0.002 

(0.99) 

n = 20 

-0.01 

(0.96) 

n = 18 

0.28 

(0.19) 

n = 23 

0.42 

(0.07) 

n = 19 

0.22 

(0.39) 

n = 17 

0.025 

(0.91) 

n = 21 

0.52 

(0.01*) 

n = 24 

C:P 
0.02 

(0.94) 

n = 20 

0.38 

(0.12) 

n = 18 

0.41 

(0.05) 

n = 23 

0.22 

(0.39) 

n = 17 

0.62 

(0.01*) 

n = 17 

-0.33 

(0.15) 

n = 21 

0.09 

(0.68) 

n = 24 

N:P 
-0.17 

(0.46) 

n = 20 

0.53 

(0.02*) 

n = 18 

0.34 

(0.11) 

n = 23 

0.29 

(0.25) 

n = 17 

0.88 

(<0.001*) 

n = 17 

-0.06 

(0.81) 

n = 21 

0.10 

(0.64) 

n = 24 

Fine 

litter 

N -0.22 

(0.35) 

0.32 

(0.20) 

0.13 

(0.54) 

0.15 

(0.53) 

0.43 

(0.08) 

0.02 

(0.93) 

0.34 

(0.11) 

P -0.01 

(0.95) 

0.03 

(0.91) 

-0.002 

(0.99) 

0.37 

(0.13) 

0.32 

(0.16) 

0.33 

(0.12) 

0.06 

(0.76) 

C:N 0.12 

(0.61) 

0.35 

(0.15) 

0.28 

(0.20) 

0.69 

(0.001*) 

0.28 

(0.28) 

0.14 

(0.55) 

0.51 

(0.01*) 

C:P -0.10 

(0.66) 

0.52 

(0.03*) 

0.36 

(0.09) 

0.20 

(0.44) 

0.77 

(<0.001*) 

-0.14 

(0.53) 

0.33 

(0.12) 

N:P -0.20 

(0.40) 

0.59 

(0.01*) 

0.31 

(0.15) 

0.42 

(0.09) 

0.80 

(<0.001*) 

0.10 

(0.67) 

0.36 

(0.08) 
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Table S4.3. Results summary of linear mixed-effects model comparisons for 

invertebrate community characteristics at the Peachester State Forest prescribed burning 

experiment, Queensland, Australia; P-values < 0.05 are denoted ‘*’ and indicate 

significance of sampling date, fire regime and the sampling date × fire regime 

interaction in linear mixed effect models based on F-tests with degrees of freedom 

approximated by the Kenward-Roger method†. 

Response variable 

F-test with Kenward Rogers approximated degrees of freedom 

Sampling date Fire regime 
Sampling date × 

Fire regime 

F2,38.8 P-value F1,5.9 P-value F2,36.8 P-value 

Ordinal richness 0.3 0.75 1.2 0.325 5.1 0.011* 

Ordinal diversity (H′) 15.1 <0.001* 0.02 0.891 0.2 0.799 

Total abundance 11.0 <0.001* 1.4 0.283 1.6 0.208 

Ant abundance 15.2 <0.001* 0.7 0.442 1.9 0.164 

Collembola abundance 19.8 <0.001* 0.4 0.532 4.1 0.025* 

Coleoptera abundance 5.6 0.008* 8.1 0.030* 9.0 <0.001* 

Diptera abundance 12.0 <0.001* 0.1 0.713 0.4 0.661 

Hemiptera abundance 1.6 0.210 15.7 0.008* 0.9 0.408 

Aranae abundance 4.9 0.013* 1.9 0.220 0.9 0.434 

Hymenoptera abundance 0.4 0.668 3.8 0.100 0.1 0.934 

Coleoptera richness 1.9 0.171 0.7 0.436 0.3 0.720 

Coleoptera diversity (H′) 4.1 0.025* 3.7 0.105 4.6 0.016* 

Nitidulidae morphospecies 1 abundance 65.0 <0.001* 1.7 0.240 1.4 0.260 

Ptiliidae morphospecies 1 abundance 32.9 <0.001* 9.0 0.025* 29.4 <0.001* 

Staphylinidae morphospecies 1 abundance 22.2 <0.001* 13.8 0.011* 6.1 0.005* 

Staphylinidae morphospecies 4 abundance 2.4 0.102 0.1 0.830 2.1 0.135 

†Null models for tests of sampling date consisted of random effect terms for ‘main plot’ 

and plot only; null models for tests of fire regime consisted of ‘main plot’, plot, and a 

fixed effect term for sampling date; null models for tests of the sampling date × fire 

regime interaction consisted of ‘main plot’, plot, and fixed effect terms for sampling 

date and fire regime. 
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Table S4.4. Polynomial regression analyses for relationships between litter N:P ratios 

and invertebrate community characteristics at the Peachester State Forest prescribed 

burning experiment, Queensland, Australia; n = 24†; 2nd order P-values < 0.05 denoted 

‘*’. 

Response variable 

Fine litter N:P 
Leaf litter N:P 

1st order 

P-value 

2nd order 

P-value 
R2 

1st order 

P-value 

2nd order 

P-value 
R2 

Ordinal Richness 0.06 0.21  0.54 0.09  

Ordinal Diversity (H′) 0.68 0.86  0.94 0.82  

Total abundance 0.16 0.53  0.50 0.33  

Ant abundance 0.63 0.66  0.93 0.43  

Collembola abundance 0.10 0.58  0.27 0.42  

Coleoptera abundance <0.001 0.06 0.45 0.003 0.34 0.30 

Diptera abundance 0.98 0.80  0.96 0.90  

Hemiptera abundance 0.01 0.10 0.28 <0.001 0.54 0.51 

Aranae abundance 0.41 0.04* 0.13 0.11 0.43  

Hymenoptera abundance 0.03 0.12 0.21 0.07 0.49  

Coleoptera richness 0.10 0.25  0.57 0.68  

Coleoptera diversity (H′) 0.26 0.74  0.05 0.87 0.10 

Nitidulidae morphospecies 1 abundance 0.38 0.11  0.22 0.55  

Ptiliidae morphospecies 1 abundance 0.001 0.10 0.40 0.002 0.51 0.32 

Staphylinidae morphospecies 1 abundance <0.001 0.33 0.40 <0.001 0.10 0.52 

Staphylinidae morphospecies 4 abundance 0.51 0.08  0.59 0.82  

Relative abundance of Ants 0.66 0.91  0.67 0.83  

Relative abundance of Collembola 0.10 0.08  0.19 0.90  

Relative abundance of Coleoptera 0.002 0.08 0.39 0.002 0.30 0.33 

Relative abundance of Diptera 0.13 0.51  0.37 0.66  

Relative abundance of Hemiptera 0.001 0.36 0.35 <0.001 0.24 0.58 

Relative abundance of Hymenoptera 0.18 0.16  0.21 0.23  

Relative abundance of Aranae 0.04 0.26 0.16 0.01 0.77 0.21 

Relative abundance of Nitidulidae morphospecies 

1 
0.09 0.57  0.41 0.93  

Relative abundance of Ptiliidae morphospecies 1 0.001 0.32 0.37 0.001 0.26 0.37 

Relative abundance of Staphylinidae 

morphospecies 1 
0.01 0.01* 0.40 0.003 0.41 0.30 

Relative abundance of Staphylinidae 

morphospecies 4 
0.02 0.26 0.19 <0.001 0.08 0.41 

†Observations were averaged over sampling date for each of the twenty-four sampling 

plots.  
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Table S4.5. Results summary of ‘ordisurf’ analyses based on NMDS† analysis of 

invertebrate orders at the Peachester State Forest prescribed burning experiment, 

Queensland, Australia; P-values < 0.05 are denoted ‘*’ and indicate significance of 

generalised additive models (GAMs) which used two-dimensionally smoothed NMDS 

site scores to predict litter properties. 

 November 2015 

 NB treatment 2yB treatment 

NMDS stress 

value
††

: 
0.050 0.061 

 EDF
†††

 RDF F P-value EDF RDF F P-value 

Leaf litter total N 4.44 9 2.68 0.02* <0.001 9 0.00 0.46 

Leaf litter total P 3.99 9 2.27 0.02* <0.001 9 0.00 0.56 

Leaf litter C:N 5.03 9 3.44 0.02* <0.001 9 0.00 0.52 

Leaf litter C:P 4.33 9 3.26 0.01* <0.001 9 0.00 0.51 

Leaf litter N:P 5.87 9 6.79 0.01* <0.001 9 0.00 0.84 

Fine litter total N 5.46 9 3.86 0.02* 0.11 9 0.25 0.17 

Fine litter total P 5.27 9 3.39 0.03* 0.83 9 0.16 0.23 

Fine litter C:N 1.84 9 2.58 0.002* 6.26 9 6.40 0.01* 

Fine litter C:P 3.76 9 1.25 0.08* 1.31 9 0.22 0.27 

Fine litter N:P 6.26 9 7.11 0.01* 1.85 9 0.40 0.18 

 March 2016 

 NB treatment 2yB treatment 

NMDS stress value: 0.043 0.033 

 EDF RDF F P-value EDF RDF F P-value 

Leaf litter total N 4.33 9 3.17 0.01* <0.001 9 0.00 0.78 

Leaf litter total P 0.93 9 0.14 0.30 1.55 9 0.77 0.04* 

Leaf litter C:N 8.95 9 420.1 <0.001* <0.001 9 0.00 0.79 

Leaf litter C:P 2.57 9 0.58 0.17 1.58 9 0.82 0.04* 

Leaf litter N:P <0.001 9 0.00 0.57 0.56 9 0.09 0.29 

Fine litter total N 4.77 9 2.57 0.03* 6.9 9 54.83 <0.001* 

Fine litter total P 6.07 9 9.99 0.003* 1.33 9 0.44 0.10 

Fine litter C:N 1.97 9 0.56 0.11 <0.001 9 0.00 0.61 

Fine litter C:P 0.91 9 0.18 0.21 <0.001 9 0.00 0.76 

Fine litter N:P 0.2 9 0.03 0.36 0.47 9 0.07 0.31 

†NMDS = non-metric multi-dimensional scaling; ††Stress values indicate how well the 

ordination summarised the distances (based on Bray-Curtis dissimilarities) between 

sampling plots, with stress values < 0.2 indicating an acceptable representation; †††EDF 

= Estimated degrees of freedom; RDF = residual degrees of freedom (‘ref.df’ in ordisurf 

GAM output).  
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Table S4.6. Results summary of ‘ordisurf’ analyses based on NMDS† analysis of 

Coleoptera morphospecies at the Peachester State Forest prescribed burning experiment, 

Queensland, Australia; P-values < 0.05 denoted ‘*’ and indicate significance of 

generalised additive models (GAMs) which used two-dimensionally smoothed NMDS 

site scores to predict litter properties. 

 November 2015 

 NB treatment 2yB treatment 

NMDS stress 

value
††

: 
0.13 0.044 

 EDF
†††

 RDF F P-value EDF RDF F P-value 

Leaf litter total N 1.55 9 0.77 0.04* <0.001 9 0.00 0.60 

Leaf litter total P 1.17 9 0.32 0.14 <0.001 9 0.00 0.61 

Leaf litter C:N 1.42 9 0.54 0.08 <0.001 9 0.00 0.68 

Leaf litter C:P 0.83 9 0.16 0.23 <0.001 9 0.00 0.55 

Leaf litter N:P 1.43 9 0.55 0.07 <0.001 9 0.00 0.57 

Fine litter total N 1.43 9 0.26 0.24 0.72 9 0.10 0.33 

Fine litter total P 0.62 9 0.09 0.35 <0.001 9 0.00 0.53 

Fine litter C:N 0.25 9 0.03 0.41 1.47 9 0.61 0.06 

Fine litter C:P 0.22 9 0.48 0.18 0.87 9 0.17 0.22 

Fine litter N:P 1.36 9 0.23 0.27 0.66 9 0.10 0.32 

 March 2016 

 NB treatment 2yB treatment 

NMDS stress value: 0.036 0.038 

 EDF RDF F P-value EDF RDF F P-value 

Leaf litter total N <0.001 9 0.00 0.83 <0.001 9 0.00 0.84 

Leaf litter total P <0.001 9 0.00 0.85 5.76 9 3.22 0.04* 

Leaf litter C:N <0.001 9 0.00 0.77 <0.001 9 0.00 0.61 

Leaf litter C:P <0.001 9 0.00 0.88 5.98 9 4.10 0.03* 

Leaf litter N:P <0.001 9 0.00 0.99 <0.001 9 0.00 0.52 

Fine litter total N <0.001 9 0.00 0.63 1.15 9 0.30 0.15 

Fine litter total P <0.001 9 0.00 0.82 4.58 9 4.11 0.01* 

Fine litter C:N 3.72 9 1.17 0.09 0.59 9 0.09 0.29 

Fine litter C:P 1.50 9 0.66 0.06 2.79 9 1.06 0.06 

Fine litter N:P 2.13 9 1.13 0.03* 2.37 9 0.10 0.05 

†NMDS = non-metric multi-dimensional scaling; ††Stress values indicate how well the 

ordination summarised the distances (based on Bray-Curtis dissimilarities) between 

sampling plots, with stress values < 0.2 indicating an acceptable representation; †††EDF 

= Estimated degrees of freedom; RDF = residual degrees of freedom (‘ref.df’ in ordisurf 

GAM output). 
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Chapter 5. Elemental imbalances modulate the drivers of 

litter decomposition across a long-term fire regime gradient 
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Mehran Rezaei Rashti, Chengrong Chen 

 

 

Image 4. Litter decomposition bag in place at the Peachester State Forest prescribed 

burning experiment in November 2015. Photo credit: O. Butler. 
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5.1 Abstract 

Chapters 2–4 showed that recent, frequent fire is often associated with increasingly P-

rich stoichiometry in soil, litter, microbial biomass and forest floor invertebrates. For 

micro-organisms and invertebrates, these changes might be driven, in part, by altered 

community composition. Together these effects might have important implications for 

the biogeochemical functions of micro-organisms and invertebrates, particularly in 

terms of litter decomposition. A 277-day litter-bag experiment was carried out in a 

long-term fire frequency trial in Peachester, Australia, to determine which fire regimes 

are associated with the most potentially nitrogen (N)- and phosphorus (P)-limiting 

conditions for micro-organisms, respectively, and how these effects influence 

decomposition. Biennial burning (2yB) produced the most N-depleted conditions (litter 

N:P = 25.9), while quadrennial burning (4yB) led to P-depletion (litter N:P = 45.8). Fire 

exclusion (NB) produced more moderate conditions (litter N:P = 36.4) and the highest 

rates of microbial decomposition (52% litter mass lost by day 277, compared to 30% for 

4yB and 40% for 2yB). The ratio of C- to P-acquiring enzymes was strongly coupled 

with litter mass loss, suggesting that P constrained microbial decomposition, 

particularly under 4yB. Invertebrates enhanced decomposition by only 4.4% on average 

(invertebrates present vs. invertebrates excluded paired t-test P-value = 0.02; n = 48), 

but contributed far more to decomposition under 4yB, increasing mass loss by 17.6% on 

average. This effect increased with microbial P-limitation, and coincided with changes 

in invertebrate community composition (based on 15,322 specimens collected over 

three dates) that were related to litter chemistry. These results suggest that fire’s effects 

on invertebrate-driven decomposition are influenced by elemental imbalances, shifts in 

invertebrate community assemblage, and interactions between these factors. Overall, 

this study shows that long-term increases in fire frequency can generate severe 

stoichiometric imbalances in litter, and thereby modulate the drivers of decomposition. 
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5.2 Introduction 

The decomposition of plant litter is a critical step in the terrestrial biogeochemical cycle, 

influencing rates of nutrient recycling, carbon (C) storage and ecosystem function 

(Chapin et al., 2002). The drivers of litter decomposition include climate, plant species 

traits, litter ‘quality’ (e.g. proportional lignin content and elemental stoichiometry) and 

the community characteristics and activities of decomposer organisms (Hättenschwiler 

et al., 2005; Cornwell et al., 2008; Cleveland et al., 2014; Bradford et al., 2015). By 

influencing these drivers, the environmental changes associated with human activities 

(e.g. warming and CO2 emissions, N-deposition) will have considerable effects on litter 

decomposition rates (Cotrufo et al., 2005; Fierer et al., 2005; Manning et al., 2008). 

However, the drivers of decomposition and their responses to environmental change are 

complex and potentially interactive (Prescott, 2010; Davies et al., 2013), and further 

research is warranted (Paudel et al., 2015). 

In the context of decomposition in a changing environment, changes in the 

extent and frequency of vegetation fire are of particular importance, given that litter is 

an important component of fuel loads and thus influences future fire potential 

(Archibald et al., 2009; Bradstock, 2010). Prior research indicates that litter 

decomposition can be either inhibited or enhanced in the post-fire environment through 

altered moisture levels, light intensity and decomposer community characteristics, and 

numerous other mechanisms that vary based on climate, vegetation type, and fire regime 

(Monleon & Cromack, 1996; Brennan et al., 2009; Davies et al., 2013; Podgaiski et al., 

2014). However, most prior research has considered the impacts of single fire events, or 

relatively short-term changes in fire regime on decomposition (e.g. Springett, 1979; 

Silveira et al., 2009; Rietl & Jackson, 2012; Ficken & Wright, 2017). Further, previous 

decomposition studies conducted within long-term fire regime manipulations have 

produced mixed results (e.g. Hernández & Hobbie, 2008; Davies et al., 2013; Toberman 



Chapter 5  99 

et al., 2014). Given the expected increase in overall fire frequency and potential 

associated with climate change (Liu et al., 2010; Westerling et al., 2011), there is thus 

an urgent need for further research into the impacts of long-term changes in fire regime 

on decomposition.  

Toberman et al. (2014) found that forty years of biennial prescribed burning 

resulted in lower rates of decomposition, and suggested that this effect was linked to a 

coinciding shift in the litter’s stoichiometric balance of C, nitrogen (N) and phosphorus 

(P) that favoured P. Similarly, Hernández & Hobbie (2008) noted that litter C:N ratios 

increased under high fire frequency, and were inveresely related to rates of litter mass 

loss. Stoichiometric shifts in leaves and litter appear to be a consistent effect of fire in 

many ecosystems globally (Dijkstra & Adams, 2015; Butler et al., 2018), and are likely 

driven by plant nutrient requirements, as well as fire’s tendency to alter soil nutrient 

(particularly N and P) availability (Adams et al., 1994; Muqaddas et al., 2015; Schaller 

et al., 2015). Given that C:N:P stoichiometry influences many ecosystem processes and 

properties (Sterner & Elser, 2002), the potential stoichiometric mechanisms underlying 

altered litter decomposition rates in response to changing fire regimes are worthy of 

further consideration.  

Güsewell & Gessner (2009) noted that cellulose decomposition rates increased 

with N:P supply ratio until a ‘break-point’, beyond which mass loss declined with N:P 

supply ratio. This was consistent with a peak in microbially-driven decomposition 

coinciding with the switch from microbial N- to P-limitation at the N:P ‘threshold 

element ratio’ (TER; Güsewell & Gessner, 2009; Sinsabaugh et al., 2009). At the same 

time, variation in fire regime has been associated with a gradient of potentially N- and 

P-limited ecosystem conditions, with fire exclusion associated with high soil and litter 

N:P ratios, and frequent or recent fire associated with comparatively low soil and litter 

N:P ratios (Wardle et al., 2003; Close et al., 2009; Toberman et al., 2014; Butler et al., 
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2018). Although N:P TERs may vary with microbial community composition, the 

C:N:P stoichiometry of microbial biomass is generally thought to be more homeostatic 

than that of plant material (Sterner & Elser, 2002; Zechmeister-Boltenstern et al., 2015). 

Thus, it seems reasonable that the optimal N:P ratio for microbially-mediated 

decomposition lies somewere along the fire frequency or time since fire gradient in a 

given ecosystem. 

However, during decomposition micro-organisms work in conjunction with litter 

invertebrate fauna, which influence decomposition through the regulation of micro-

organism populations, and the displacement, fragmentation, consumption, and 

conversion to frass of the litter material itself (Hättenschwiler et al., 2005). Further, 

while there is some convincing evidence that prescribed burning increases the positive 

effect of invertebrates on litter mass loss by altering litter quality and invertebrate 

community assemblages (Brennan et al., 2009), much remains unknown. In particular, 

it is unclear how fire’s effects on both litter quality and invertebrate community 

properties interact with respect to invertebrate contributions to decomposition. Brennan 

et al. (2009) noted that the enhanced functional importance of invertebrates coincided 

with lower litter quality (i.e. higher C:N ratios) under frequent burning. In view of this, 

we suggest that the increased contribution of invertebrates to decomposition might be 

due, at least in part, to a greater resilience of invertebrate functionality to the fire-

induced elemental imbalances that could severely constrain microbial decomposition. 

For instance, the greater mobility of invertebrates should enable preferential grazing of 

more or less palatable litter components (Grime et al., 1996; Kagata & Ohgushi, 2011), 

as well as re-colonization and community re-structuring in response to changing 

nutrient availabilty (Kaspari et al., 2017). Moreover, microbial decomposition is driven 

by the activities of extra-cellular eco-enzymes which are resource specific, and thus 

responsive to environmental cues and microbial demand for specific resources (Burns & 
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Dick, 2002). On the other hand, invertebrates typically ingest multiple elemental 

resources simultaneously, in composite form, and regulate resource assimilation 

internally (Behmer, 2009). Thus, invertebrates may consume greater amounts of a low 

quality resource to obtain the required amount of a limiting nutrient (e.g. Suzuki-Ohno 

et al., 2012). Overall, seems plausible that the contribution of invertebrates to 

decomposition will be enhanced under stoichiometric conditions where microbially-

driven decomposition is inhibited.  

Our study addressed the following hypotheses: (i) increasing fire frequency  

(and decreasing time since fire) is associated with decreasing litter C:P and N:P ratios, 

and a corresponding gradient of P- to N-limited conditions for microbially-mediated 

decomposition; (ii) fire regimes that produce litter N:P values toward the middle of this 

gradient are associated with the highest rates of microbially-driven and overall litter 

decomposition; and (iii) the positive effects of invertebrates on litter mass loss increase 

under fire regimes which exacerbate microbial nutrient limitation. 

 

5.3 Materials and methods 

5.3.1 Study site and field methods 

The study was carried out in a wet sclerophyll forest near the town of Peachester in 

south-east Queensland, Australia (Peachester State Forest; 26°52′S, 152°51′E). The 

forest is dominated by Eucalyptus pilularis (Blackbutt), with Corymbia intermedia, E. 

microcorys and Lophostemon confertus also present in the canopy. The long-term 

average daily temperature at the study site is 23.3°C, and the mean annual precipitation 

is 1684 mm (Bureau of Meteorology, 2018). Since 1969 the forest has been subject to a 

long-term prescribed burning experiment which consists of three fire frequency 

treatments that have been maintained since the experiment was established in 1969: 
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burned every two years on average since 1972 (2yB), burned every four years on 

average since 1972 (4yB) and unburned since 1969 (NB). In our experiment each 

treatment consisted of four randomised sampling plots (as per Toberman et al., 2014), 

such that there were twelve sampling plots in total. Fire frequency and time since fire 

are unavoidably confounded for comparisons of NB against the 2yB and 4yB 

treatments; therefore these effects are most accurately interpreted as an effect of fire 

regime rather than fire frequency. The most recent burns were in August 2011 for both 

the 2yB and 4yB treatments, meaning that any differences between these treatments can 

be reasonably attributed to fire frequency specifically. 

In November 2015 samples of mixed-age E. pilularis leaf litter with minimal 

visual signs of herbivory and microbial activity were obtained from each sampling plot. 

Within one week of sampling, individually labelled litter bags containing fresh leaf litter 

(approximately 10 g dry weight equivalent) were re-installed in the field in 5 × 5 m 

plots within the same larger sampling plots from which litter originated. Litter bags 

were 18 × 18 cm and were constructed with either (a) fine nylon mesh (aperture = 0.3 

mm) on both sides or (b) fine nylon mesh on the downward-facing side and coarse mesh 

(aperture = 20 mm) on the upward-facing side, with a loose covering of 1 mm aperture 

mesh on top to prevent through-fall of litter or other material from above. The fine 

mesh-only bags were designed to exclude invertebrates and thus only represent the 

effect of microbial community on litter decomposition (MLmicrobial), while the bags with 

coarse mesh allowed entry by invertebrates and represent the combined effect of 

microbes and invertebrates (MLtotal). Twelve litter bags of both types were installed in 

each of the twelve sampling plots (144 litter bags in total) and were held in place with 

stainless steel pegs. Three bags of each type per plot were then re-collected on four 

dates over a 277-day period (days 24, 95, 188 and 277).  
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Five days prior to each of the final three litter re-collection dates, pitfall traps 

were installed in each sampling plot in order to assess the activities and abundances of 

litter-dwelling invertebrate fauna. Pitfall trap arrays consisted of five 120 mL jars 

containing 50 mL of 70% ethanol distributed within a 1 m2 area inside the 5 × 5 m litter 

bag area. Each jar was individually covered with a small plastic square ‘roof’, which 

was elevated 3—5 cm above the litter surface using steel pegs, to reduce potential loss 

by evaporation or overflow by rainfall. Pitfall traps were retrieved after ca. 120 hours, at 

the same time as litter bag retrieval. Invertebrate fauna in the pitfall traps were sorted to 

order.  

5.3.2 Laboratory methods 

After litter bag re-collection, the remaining litter was subsequently removed from bags 

and non-litter material (e.g. soil and other debris) was removed. The litter material from 

the three litter bags of each type per plot was then bulked together and weighed, and cut 

into small pieces prior to determination of moisture content (for mass loss calculations) 

and other properties. Litter moisture was determined after drying at 65°C for 5 days; 

oven-dried samples were then finely-ground prior to measurement of total C and N via 

dry-combustion (using a Leco TruMac TCN Determinator) and total P using 

molybdenum-blue spectrophotometry (after digestion with nitric and perchloric acids; 

Jackson, 1958; Murphy and Riley, 1962).  

A separate portion of each litter sample was kept fresh (stored at 4°C) and used 

for analyses of litter pH and electrical conductivity (EC; litter : water ratio = 1:5) 

microbial biomass C (MBC), N (MBN) and P (MBP) and the potential activities of 

three extra-cellular enzymes involved in the acquisition of C, N and P respectively: β-

glucosidase (BG), N-acetyl-β-D-glucosaminidase (i.e. ‘chitinase’; CHN) and acid 

phosphatase (AP). Litter MBC and MBN were measured using the chloroform 

fumigation method with 0.5M K2SO4 as an extractant and conversion factors of 2.64 
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and 2.22 for MBC and MBN respectively (Brookes et al., 1985; Vance et al., 1987). 

The concentrations of soluble organic C and total soluble N in extracts were measured 

via high-temperature catalytic oxidation using a Shimadzu TOC-VCPH/CPN analyser 

which is fitted with a TN unit (Shimadzu Scientific Instruments, Sydney, Australia). 

Litter MBP was also measured using chloroform fumigation, but with 0.5M NaHCO3 as 

an extractant and a conversion factor of 0.4 (Brookes et al., 1982). Concentrations of 

PO4
3- in NaHCO3 extracts were measured using molybdenum-blue spectrophotometry. 

Concentrations of soluble organic C, total soluble N and PO4
3- in extracts of non-

fumigated samples were used to represent litter soluble C, N and P (Toberman et al., 

2014). The potential activities of BG, CHN and AP enzymes were determined using p-

nitrophenol spectrophotometric methods (Tabatabai & Bremner, 1972; Eivazi & 

Tabatabai, 1977, 1988; Sigma codes for substrates were N7006, N9376 and P4744 for 

BG, CHN and AP respectively). 

5.3.3 Statistical analyses 

We used R software (R Core Team, 2014) to determine the effects of fire frequency or 

regime on the properties of the initial litter samples with one-way analysis of variance. 

Then, as a preliminary test, we used factorial analysis of variance to assess the effects of 

bag retrieval date, fire regime and bag type on litter mass loss. Tukey’s HSD was used 

to make post-hoc comparisons of means where required. Further, we used a one-tailed 

Student’s paired t-test to establish whether invertebrates had a detectable positive effect 

on litter mass loss. Mass loss data were log-transformed prior to t-testing to meet the 

assumption of normality. 

To more rigorously evaluate the effects of fire regime on litter chemical and 

biological properties and stoichiometry (moisture, pH, EC, total, soluble and microbial 

biomass C, N and P and C:N:P ratios, and BG, CHN and AP activities and BG:CHN:AP 

ratios) and litter mass loss throughout the experiment, we used a linear mixed-effects 
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(LME) model comparison approach (fitted by restricted estimate maximum likelihood) 

using the ‘lme4’ package in R (Bates et al., 2014). For litter stoichiometric properties, a 

null model consisting of ‘days of decomposition’ (coded as a continuous variable), bag 

type, and a random intercept effect for sampling plot, was compared to a model that 

consisted of the null model plus a term for fire regime. Model comparisons were made 

based on the Kenward-Rogers approximation for degrees of freedom (Luke, 2017), 

using the ‘pbkrtest’ package (Halekoh & Højsgaard, 2014). When the effect of fire 

regime was significant, we used post-hoc Tukey’s HSD in the ‘lsmeans’ R package to 

compare means. Given the fluctuation in litter properties over the course of 

decomposition, fire regime effects were interpreted in the sense of their general extent 

during the whole experimental period, following Toberman et al (2014). 

A similar approach was used to assess the effects of fire regime, bag type and 

the fire regime × bag type interaction on litter mass loss. First we analysed bag types 

separately, with a null model consisting of ‘days of decomposition’ and sampling plot. 

We then added bag type to the null model and performed the same analysis across both 

bag types. We evaluated the effect of bag type, and the interaction between fire regime 

and bag type, in a similar manner. We then assessed the role of nutritional constraints 

(i.e. N- and P-limitation) in driving the potential differences in litter mass loss between 

fire regime treatments. Here, we used enzymatic stoichiometric ratios as indicators of 

proportional resource demand, or the tendency towards limitation by a particular 

elemental resource (i.e. C, N or P; Sinsabaugh et al., 2008). Specifically, we compared a 

null model consisting of days of decomposition, sampling plot, fire regime, bag type 

and the fire regime × bag type interaction to the same null model plus a term for the 

interaction between fire regime and an enzymatic stoichiometric co-variate (BG:CHN, 

BG:AP and CHN:AP, each analysed separately). Thus, we interpreted significant 

interactions between fire regime and enzyme activity ratios as fire regime changing the 
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manner in which the ratio was coupled with, or influenced, decomposition. To 

complement these analyses we also used Pearson’s correlation to analyse relationships 

between overall enzyme potential activities and litter total N, total P and total N:P, 

which were used to represent the overall and proportional potential supply of these 

nutrients. 

The proportional effect of invertebrates on litter mass loss (MLinvertebrates % = 

[MLtotal – MLmicrobial] / MLtotal × 100) was analysed using the same approach as overall 

mass loss. Further, we tested the main effects of, and interactions of fire regime with, 

the following characteristics of the surface active forest floor invertebrate community: 

ordinal richness and diversity (Shannon diversity, Hʹ), total invertebrate abundance, and 

the relative abundances of Formicidae (ants; order: Hymenoptera), Coleoptera and 

Collembola, the three taxa with the greatest abundances in pitfall traps.  

Finally, we used non-metric multi-dimensional scaling analyses (NMDS) to 

explore potential relationships between invertebrate community composition, fire 

regime, elemental constraints on micro-organisms, and the contribution of invertebrates 

to litter decomposition. We used the ‘vegan’ package in R (Oksanen et al., 2016) to 

explore whether fire regime was related to the composition of the invertebrate 

community on an ordinal level, based on relative abundance and Bray-Curtis 

dissimilarity. All NMDS analyses were performed separately for each invertebrate 

sampling date (i.e. days 95, 188 and 277). We tested the effect of fire regime with all 

taxa included, and then with rare taxa excluded (rare taxa defined as those occurring in 

≤3 plots for a given sampling date). The effect of fire regime was similar with and 

without rare taxa, so we opted to include rare taxa in subsequent analyses. We then used 

a surface-fitting ordination method (‘ordisurface’) to explore whether invertebrate 

community composition was related to (a) the proportional effect of invertebrates on 
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decomposition, and (b) the apparent resource limitation status of litter microbial 

biomass, as indicated by eco-enzymatic stoichiometry.  

  

5.4 Results 

5.4.1 Effects of fire regime on litter chemical and biological properties 

Initial one-way ANOVAs indicated that the concentrations of total, soluble and 

microbial biomass C, N and P in the initial litter samples were largely unaffected by fire 

regime treatment, with the exception of soluble P, which was significantly lower in the 

4yB treatment than in the NB treatment (Table 5.1). On the other hand, litter total N:P 

was reduced significantly in the 2yB treatment relative to other treatments, and litter 

soluble C:P was significantly higher in the 4yB treatment than the NB and 2yB 

treatments. Litter soluble N:P was highest in the NB treatment and lowest in the 2yB 

treatment (P = 0.03), as was litter moisture (P = 0.008). Litter pH and EC were not 

affected by fire regime.  

Linear mixed-effects models revealed additional effects of fire regime, and 

further indicated that many fire-induced changes to litter properties are maintained 

throughout decomposition (Table S5.1). Given our hypotheses, here we focus on 

stoichiometric properties rather than overall concentrations or activities. Total C:N:P 

ratios were strongly altered by fire regime, with total C:N ratios significantly lower in 

the NB treatment compared to 2yB and 4yB (Fig. 5.1a), and total N:P ratios 

significantly lower in the 2yB treatment compared to NB and 4yB (Fig. 5.1c). Further, 

litter total C:P ratios were significantly higher in the 4yB treatment relative to the 2yB 

treatment (Fig. 5.1b). The same pattern occurred for litter soluble C:P and N:P ratios 

(Fig. 5.1e,f), while soluble C:N ratios were unaffected by fire regime (Fig. 5.1d). The 

stoichiometry of microbial biomass was affected in a similar, but comparatively modest 
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manner, with microbial C:N ratios higher in the 2yB than in the NB treatment (Fig. 

5.1g), and C:P and N:P ratios lower in the 2yB treatment than in the 4yB treatment (Fig. 

5.1h,i). Finally, we found strong effects of fire on enzymatic stoichiometry, with the 

2yB treatment having significantly higher BG:AP and CHN:AP ratios than the 4yB and 

NB treatments (Fig. 5.1k,l).  
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Table 5.1. Initial chemical properties (means ± standard error; n = 4) of fresh 

Eucalyptus pilularis leaf litter collected from the Peachester State Forest prescribed 

burning experiment (Queensland, Australia) in November 2015 (NB = unburned 

treatment, 4yB = quadrennially-burned treatment; 2yB = biennially-burned treatment.  

Litter property NB treatment 4yB treatment 2yB treatment 
ANOVA  

F-statistic2,9 

ANOVA  

P-value 

Moisture (%) 20.3 (±0.9)A 17.5 (±1.7)AB 13.8 (±0.2)B 8.75 0.008* 

pH 3.72 (±0.09) 3.54 (±0.03) 3.56 (±0.05) 2.45 0.142 

EC† (µS cm-1) 444 (±55.2) 365 (±28.4) 299 (±20.3) 3.69 0.067 

Total C (%) 51.9 (±0.3) 51.7 (±0.6) 52.2 (±0.3) 0.43 0.663 

Total N (%) 0.60 (±0.06) 0.52 (±0.03) 0.45 (±0.03) 3.75 0.065 

Total P (%) 0.017 (±0.002) 0.012 (±0.001) 0.017 (±0.001) 3.80 0.064 

Total C:N 88.6 (±9.5) 100.1 (±6.7) 117.7 (±7.3) 3.41 0.079 

Total C:P 3293 (±652) 4595 (±483) 3048 (±222) 2.93 0.105 

Total N:P 36.4 (±3.3)A 45.8 (±2.6) A 25.9 (±0.8) B 16.3 0.001* 

SOC (mg kg-1) 3169 (±738) 2849 (±225) 2589 (±233) 0.39 0.689 

Soluble N (mg kg-1) 242 (±117) 46.0 (±12.1) 19.1 (±6.0) 3.18 0.090 

Soluble P (mg kg-1) 11.4 (±2.0)A 6.3 (±0.6)B 10.4 (±0.7)AB 4.51 0.044* 

Soluble C:N 19.6 (±5.0) 95.4 (±45.5) 185.4 (±61.6) 3.51 0.075 

Soluble C:P 276 (±40.6)A 462 (±58.9)B 252 (±26.5)A 6.86 0.016* 

Soluble N:P 18.6 (±6.1)A 7.3 (±2.1)AB 1.8 (±0.6)B 5.34 0.030* 

MB C (mg kg-1) 14415 (±1655) 13405 (±2177) 13368 (±3511) 0.05 0.948 

MB N (mg kg-1) 805 (±241) 369 (±147) 522 (±185) 1.29 0.322 

MB P (mg kg-1) 74.3 (±19.3) 33.3 (±3.5) 40.3 (±7.5) 3.26 0.086 

MB C:N 21.7 (±4.5) 60.1 (± 22.5) 30.9 (±10.9) 1.87 0.209 

MB C:P 244 (±74.0) 400 (±32.9) 400 (±148) 0.85 0.461 

MB N:P 14.1 (±5.5) 12.0 (±5.7) 14.2 (±5.6) 0.05 0.953 

†Litter EC = electrical conductivity, C = carbon, N = nitrogen, P = phosphorus, SOC = 

soluble organic C (extracted by 0.5M K2SO4); MB = microbial biomass; soluble N = 

total 0.5M K2SO4 extractable N; soluble P = 0.5M NaHCO3 extractable PO4
3-; P-values 

< 0.05 denoted ‘*’ and indicate significance of fire regime treatment; Tukey’s HSD 

post-hoc test letters provided for fire regime treatment means where ANOVA P-values 

< 0.05 (different letters indicate significantly different means). 
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Fig. 5.1. Shifts in litter stoichiometric properties throughout the experimental 

decomposition period (means ± standard error; n = 8), compared between unburned 

(black circles), quadrennially-burned (grey circles) and biennially-burned (white circles) 

treatments; P-values indicating the significance of the effect of fire regime based on 

linear mixed-effect model comparisons are shown; ‘*’ denotes P-values <0.05, ‘*’ P-

values < 0.01, ‘***’ denotes P-values < 0.001.  

 

Table 5.2. Factorial analysis of variance for litter mass loss at the Peachester State 

Forest prescribed burning experiment, Queensland, Australia; P-values < 0.05 denoted 

‘*’ indicate statistically significant effects. 

Source DF Sum of Squares Mean Square F-value P-value 

Day 3 25.29 8.43 195.6 <0.0001* 

Fire regime 2 1.87 0.94 21.7 <0.0001* 

Bag type 1 0.13 0.13 3.0 0.086 

Day × fire regime 6 0.92 0.15 3.5 0.004* 

Day × bag type 3 0.06 0.02 0.45 0.717 

Fire regime × bag type 2 0.29 0.15 3.41 0.039* 

Day × fire regime × bag type 6 0.22 0.04 0.86 0.525 

Residuals 72 3.10 0.04   
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5.4.2 Effects of fire regime on overall decomposition processes 

Our preliminary factorial ANOVA indicated a clear effect of litter bag retrieval date and 

fire regime on litter mass loss (Table 5.2). Specifically, litter mass loss varied 

significantly between all retrieval dates except Day 24 and Day 95, and was greater in 

the NB treatment than in the 2yB and 4yB treatments. Bag type as a main effect was not 

strongly significant in this analysis (P = 0.086); however, the interaction between fire 

regime and bag type was significant (P = 0.039). Specifically, Tukey’s HSD indicated 

that the effect of bag type was bordering on statistical significance for 4yB (P = 0.051), 

and that the difference between 2yB and NB was significant for MLmicrobial (P = 0.004) 

but not MLtotal (P = 0.25). 

 Similarly, linear mixed effects models indicated that the effect of fire regime 

was significant for MLmicrobial bags, but not MLtotal bags (Fig. 5.2a,b; Table S5.1). Bag 

type was not significant in LME models, and when the effect of fire regime was tested 

across all bags types, mass loss was greater in the NB treatment than the 4yB treatment, 

as for MLmicrobial bags (Fig. 5.2c). We also noted that mass loss tended to be lower in the 

2yB than the NB treatment, with this difference bordering on statistical significance (P-

value for MLmicrobial = 0.06; P-value for all bags together = 0.07). The interaction 

between fire regime and bag type was not significant according to LME models (P-

value = 0.16).  

Finally, we found evidence that fire regime modified the relationships between 

enzymatic stoichiometry and litter mass loss (Table S5.1). Specifically, the interactions 

between fire regime and enzymatic stoichiometric ratios were highly significant for 

BG:CHN and BG:AP (P-values < 0.001), and marginally significant for CHN:AP (P = 

0.04). These effects appear to be driven by a particularly strong coupling between litter 

mass loss and BG:AP (and to a smaller extent BG:CHN and CHN:AP) in the 4yB 

treatment (Fig. 5.3a—c). On the other hand, the NB and 2yB treatments were similar in 
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the way litter mass loss was coupled with enzymatic stoichiometry, although at low 

values of BG:AP overall mass loss tended to be greater in the NB treatment (Fig. 5.3). 

Pearson’s correlation analyses revealed a strong coupling of potential BG, CHN and AP 

activities with litter total N (P-values < 0.001), and to a smaller extent with litter total P 

and N:P (Fig. 5.4). 

 

Fig. 5.2. Litter mass loss over time in unburned, quadrennially-burned and biennially-

burned treatments in (a) fine-meshed bags, (b) coarse-mesh bags and (c) both bag types 

together. Symbols as defined in Fig. 5.1. 
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Fig. 5.3. Interaction plots from linear mixed-effect models showing the relationships 

between litter mass loss (%) and (a) BG:CHN, (b) BG:AP and (c) CHN:AP ratios, and 

(d) the proportional effect of invertebrates on litter mass loss and BG:AP ratio in the NB 

(green), 4yB (red) and 2yB (black) treatments; coloured bands around lines indicate 

regions of 95% confidence (n = 96 for panels a, b and c; n = 48 for panel d). 
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Fig. 5.4. Pearson’s correlation analyses between β-glucosidase and (a) litter total N, (b) 

litter total P and (c) litter total N:P; chitinase activities and (d) litter total N, (e) litter 

total P and (f) litter total N:P; and litter acid phosphatase activities and (g) litter total N, 

(h) litter total P and (i) litter total N:P; P-values and Pearson’s correlation coefficient (r) 

provided; n = 96. 

 

5.4.3 Effects of fire regime on invertebrates and their role in decomposition 

We counted 15,322 invertebrate specimens representing six taxonomic classes and 

twenty orders (Table S5.2). Our NMDS analyses indicated that differences in 

community composition tended to be clearest between 2yB and 4yB treatments, 

particularly on days 95 and 277, and were also evident between the NB and 4yB 

treatments on days 188 and 277. However, these effects were not consistent between the 

three invertebrate sampling dates (Fig. 5.5).  

Litter bag type was not significant in our factorial ANOVA or LMEs (Table 5.2; 

Table S5.1); however, Student’s paired t-test suggested a generally positive, albeit 

modest, effect of invertebrates on mass loss (one tailed t-test P-value = 0.02), with the 
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presence of invertebrates increasing mass loss by 4.4% on average, throughout the 

experimental period. Further, fire regime treatment had a significant impact on the 

proportional effect of invertebrates on mass loss in our experiment, with the apparent 

contribution of invertebrates to decomposition significantly greater in the 4yB treatment 

than the NB and 2yB treatments (Fig. 5.6; P = 0.03; Table S5.1).  

According to LME models, the functional role of invertebrates in decomposition 

was not clearly related to total abundance, ordinal richness, ordinal diversity, or the 

relative abundances of ants, Coleoptera or Collembola, or to the interaction of these 

variables with fire regime (P-values > 0.05 in all cases; Table S5.1). However, we did 

find some evidence, based on NMDS surface fitting, that the effects of invertebrates on 

decomposition was related to invertebrate community composition on the level of order 

(Fig. 5.7), although this effect was inconsistent between invertebrate sampling dates. 

We also found that the effect of invertebrates on litter mass loss was strongly influenced 

by the interaction between fire regime and BG:AP (P = 0.027; Fig. 5.3d), but not 

BG:CHN or CHN:AP (P-values > 0.05). Further, NMDS surface fitting indicated that 

ordinal community composition tended to be related to BG:AP and BG:CHN (and 

CHN:AP on day 188; Fig. 5.8) suggesting that invertebrate communities shifted in 

concert with changes in microbial nutrient limitation status. 
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Fig. 5.5. Ordinal community composition of invertebrates based on NMDS analyses of 

relative abundances on (a) day 95, (b) day 188 and (c) day 277, in the NB (dark grey 

hull), 4yB (medium grey hull) and 2yB (light grey hull) treatments; results shown are 

for analyses in which rare taxa were excluded to ease interpretation of fire regime 

effects. ‘K’ indicates the number of dimensions in the ordination; ‘stress’ values 

indicate how well the ordination summarised the distances (based on Bray-Curtis 

dissimilarities) between sampling plots, with stress values < 0.2 indicating an acceptable 

representation. Codes for taxa: ANT = Formicidae (Ants), ARA = Aranae, BLA = 

Blattodea, CLP = Coleoptera, CLM = Collembola, DPT = Diptera, DPL = Diplura, 

DRM = Dermaptera, HEM = Hemiptera, HYM = Hymenoptera, ISO = Isopoda, LPD = 

Lepidoptera, ORT = Orthoptera, PSCR = Pseudoscorpiones, PSO = Psocoptera, TRM = 

Isoptera, TRP = Thrips. 



Chapter 5  117 

  

Fig. 5.6. Proportional effect of invertebrates on litter decomposition (i.e. mass loss; 

means ± standard error; n = 4) throughout the experimental period, compared between 

unburned (black bars), quadrennially-burned (grey bars) and biennially-burned (white 

bars) fire regime treatments.  

 

5.5 Discussion 

5.5.1 Effects of fire regime on litter stoichiometry and decomposition 

Our results demonstrate that different fire frequencies produce a strong gradient of litter 

stoichiometric conditions, which promote P-limiting conditions for microbial 

decomposition in the 4yB treatment, and N-limiting conditions in the 2yB treatment. 

The finding that 2yB led to potentially N-limiting conditions was essentially consistent 

with the findings of Toberman et al. (2014) and Hernández & Hobbie (2008), and was 

also consistent with our expectation that the highest fire frequencies would increase 

litter P concentrations relative to N. However, the strongly P-limiting conditions for 

decomposition in the 4yB treatment were somewhat unexpected (Fig. 5.1; Fig. 5.3b,c). 

This effect might have been driven by the longer fire return intervals in which greater 

recovery of ecosystem N may occur (Muqaddas et al., 2015), in conjunction with losses 

of ecosystem P due to increasingly ‘leaky’ P cycling in the post-fire environment (e.g. 

Cade-Menun et al., 2000; Butler et al., 2017a,b).  
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Fig. 5.7. Results of ‘ordisurf’ analyses showing relationships between invertebrate 

community composition on the level of order and the effect of invertebrates on litter 

mass loss (%) on (a) day 95, (b) day 188 and (c) day 277; green text shows isoclines of 

the effect of invertebrates on litter mass loss in relation to a two-dimensional smoothing 

of NMDS analysis site scores (white circles); P-values show the significance of 

generalised additive models which used two-dimensionally smoothed NMDS site scores 

to predict the effect of litter invertebrates on litter mass loss. 
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Fig. 5.8. Results of ‘ordisurf’ analyses showing relationships between invertebrate 

community composition on the level of order and (a) BG:CHN and (b) BG:AP on day 

95, (c) BG:CHN and (d) BG:AP on day 188, and (e) BG:CHN and (f) BG:AP on day 

277; green text shows isoclines of BG:CHN and BG:AP ratios in relation to a two-

dimensional smoothing of NMDS analysis site scores (white circles); P-values show the 

significance of generalised additive models which used two-dimensionally smoothed 

NMDS site scores to predict BG:CHN and BG:AP ratios. 
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Although litter stoichiometry did not usually vary significantly between the 4yB 

and NB treatments, our results suggest that the minor differences had important 

implications for decomposition processes. In particular, our analyses indicate that litter 

mass loss is closely coupled with microbial C-demand and solubilisation via β-

glucosidase activity, but that β-glucosidase activity is constrained by microbial demand 

for P (and to a lesser extent, N; Fig. 5.3). In other words, mass loss appears to have been 

inhibited when microbes dedicated proportionally more energy to P-acquisition at the 

expense of C-acquisition (i.e. as BG:AP decreased). Thus, the rapid change in litter 

mass loss with BG:AP in the 4yB treatment is most likely a product of the 4yB 

treatment’s particularly high litter C:P and N:P ratios, while the more modest 

relationship in the 2yB treatments likely reflects the somewhat more P-rich 

stoichiometry.  

At the same time, the low litter total N and N:P in the 2yB treatment, as well as 

the elevated litter CHN:AP (Fig. 5.1), may be indicative of N-limited conditions for the 

microbial community (Rietl & Jackson, 2012; Toberman et al., 2014). However, the 

similar relationship between BG:CHN and litter mass loss in the NB and 2yB treatments 

implies that C-acquisition is not constrained by microbial N requirements to any greater 

extent in the 2yB treatment than in the NB treatment. Given that enzymes are N-rich 

molecules (Sterner & Elser, 2002), it may instead be the synthesis of enzymes 

themselves which is N-limited and thus inhibiting decomposition in the 2yB treatment. 

The strong coupling of potential BG, CHN and AP activities with litter total N supports 

this (Fig. 5.4; P-values < 0.001), as do the overall potential BG and AP activities in the 

2yB treatment, which were depressed relative to the NB treatment (LME model P-

values <0.01), and the previous reports of increased litter BG and AP activities 

following N fertilization (Saiya-Cork et al., 2002; Papanikolaou et al., 2010).  
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Burning has been associated with inhibited decomposition in eucalypt and other 

forest types (Springett, 1979; Monleon & Cromack, 1996; Brennan et al., 2009); 

however, the role of microbial nutrient limitation in regulating these effects has received 

limited attention. Fire regime (and frequency) had a clear effect on the coupling 

between litter mass loss and the relative microbial demand for C, N and P in our study, 

and this effect was likely driven by the strong variation in litter C:N:P stoichiometry 

between the fire regime treatments. This is generally consistent with the argument 

presented by Hernández & Hobbie (2008), who asserted that fire regime indirectly 

inhibits decomposition by altering litter C:N ratios. However, we were unable to 

completely separate the influence of litter stoichiometry from that of other key litter 

properties, notably litter moisture, which varied significantly between the fire regime 

treatments in a fairly consistent manner throughout the experiment and thus probably 

played an important role (LME model P-value = 0.01). Nevertheless, reciprocal litter 

transplant studies have shown litter chemistry to be a significant driver of 

decomposition in fire-affected ecosystems (Ficken & Wright, 2017). Moreover, the 

inclusion of the fire regime factor in the null models that were used to establish the 

effects of fire regime × enzyme stoichiometry interactions (Table S5.1) allowed us to 

hone in on the residual variation after the more general effect of ‘fire regime’ was 

accounted for. Thus, without discounting the likely critical role of moisture, we feel that 

our results provide reasonably robust evidence that the elemental imbalances generated 

by increasingly frequent, recent fire can exert strong influence over decomposition.  

We hypothesised that peak decomposition rates would occur at moderate N:P or 

C:P values. Thus, it was not surprising that mass loss progressed most rapidly in the NB 

treatment, in which the mean initial N:P ratio (36.4) was close to the centre of the range 

of initial N:P ratios (23.8—52.2). Further, it seems reasonable that the microbial 

community in the NB treatment is closer to N and P co-limitation than the 2yB and 4yB 
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treatments, and thus to the N:P TER (Güsewell & Gessner, 2009). Microbial TERs are 

analogous to the ‘optimal’ N:P supply ratios for plant growth (Tilman, 1982; Sterner & 

Elser, 2002), at which point energy supply is the limiting factor. For much of the litter 

microbial community the energy currency is C, and given that litter mass loss appeared 

to occur primarily through loss of C (as suggested by the generally-downward trend in 

litter total C:N and C:P ratios throughout decomposition; Fig. 5.1a,b), it seems plausible 

that a state of approximate N and P co-limitation (i.e. C-limitation) in the NB treatment 

has promoted particularly high decomposition rates in our study.  

The idea that critical thresholds of nutrients and C:nutrient ratios (as well as 

moisture and temperature) regulate the drivers of litter decomposition is well-

established (e.g. Taylor et al., 1991; Prescott, 2010). Nevertheless, our study offers 

various insights into the potential underlying mechanisms of these thresholds, and 

suggests that fire impairs decomposition by inducing states of P- or N-limitation to C-

solubilisation and enzyme synthesis. Further, the observation that fire and fire exclusion 

have stoichiometric signatures conducive to slower and faster litter decomposition, 

respectively, is significant in the context of alternative stable states for ecosystems as 

mediated by fire regime (Beckage & Ellingwood, 2008; Warman & Moles, 2008). For 

example, low rates of decomposition in fire-affected forest promote fuel accumulation 

and thus re-occurrence of fire (e.g. Archibald et al., 2009; Bradstock, 2010; Bradstock 

et al., 2010), thereby prompting a gradual shift toward more fire-tolerant (or fire-

dependent) vegetation (Odion et al., 2010; Wood & Bowman, 2011), and increasingly 

C-rich, but nutrient-poor, ecosystems (Orians & Milewski, 2007). 

5.5.2 Effects of fire regime on invertebrate contributions to litter decomposition 

By global standards the contribution of invertebrates to decomposition observed in our 

study was low; we observed a 4.4% average increase in mass loss when invertebrates 

were present, compared to a 35% increase on a global scale (García-Palacios et al., 
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2013). However, eucalypt forests were under-represented in the meta-analyses of 

García-Palacios et al. (2013). Further, previous studies in eucalypt forests reported that 

invertebrates make little, if any, contribution to decomposition under fire exclusion, but 

that this contribution increases under higher fire frequencies (Brennan et al., 2009).  

The relationship between the effect of invertebrates on decomposition and litter 

BG:AP (Fig. 5.3d) suggests that the functional importance of invertebrates is enhanced 

when microbial decomposition is constrained by low P availability in the 4yB and NB 

treatments. This was consistent with our hypothesis. We also note that some of this 

effect might reflect a synergistic relationship wherein the presence of invertebrates and 

their frass stimulated microbial decomposition where it was otherwise impaired 

(Zimmer & Topp, 2002; Kagata & Ohgushi, 2011). Interestingly, the apparent microbial 

N-limitation in the 2yB treatment did not significantly enhance the decompositional role 

of invertebrates. The reason for this discrepancy between P and N is unclear, but might 

be related to the differences in invertebrate community composition between the 2yB 

and 4yB treatments (Fig. 5.5; Table S5.2). Further, the potentially N-limiting conditions 

in the 2yB treatment may have triggered a shift in the trophic habits of omnivorous 

invertebrates toward predation, given the high N content (and low C:N) of invertebrates 

(Denno & Fagan, 2003), but this is speculative and warrants further study.  

Brennan et al. (2009) suggested that the effects of fire regime on invertebrate-

driven decomposition are underpinned by fire-induced changes to invertebrate 

community assemblages. We found some evidence for fire-induced changes in overall 

invertebrate community composition at the level of order (Fig. 5.4), and for a 

significant, albeit somewhat inconsistent, relationship between community composition 

and the proportional effect of invertebrates on mass loss (Fig. 5.7). Further, the apparent 

relationship between invertebrate community composition and litter enzymatic 

stoichiometry also suggests that the interaction between invertebrate community 
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composition and functionality is somehow related to the broader nutritional context of 

the litter-microbial-invertebrate system (Fig. 5.8).  

While the role of litter quality as a driver of invertebrate-mediated 

decomposition is relatively well-known (e.g. Hättenschwiler et al., 2010; García-

Palacios et al., 2016), we are aware of no studies linking inhibited microbial 

decomposition under strongly P-limiting conditions to enhanced invertebrate-driven 

decomposition. At face value our finding is somewhat incongruous with previous meta-

analyses (García-Palacios et al., 2016), which found that the positive impacts of soil 

fauna on decomposition increased with litter quality (although this effect varied across 

biomes). However, García-Palacios et al. (2016) did not include litter P or C:P in their 

analyses, and instead focused on C:N ratios as indicators of quality. Further, while total 

C:N:P ratios are a useful diagnostic of general litter quality, enzymatic stoichiometry 

can offer insight into the actual responses of micro-organisms to elemental imbalance, 

and is thus a superior indicator of conditions where invertebrate contributions to 

decomposition should be enhanced. 

 

5.6 Conclusions 

To our knowledge, this is the first study to show that long-term changes in fire regime, 

and specifically increases in fire frequency, can generate dramatic imbalances in the 

elemental stoichiometry of leaf litter and, in doing so, modulate the drivers of both 

microbial and invertebrate-driven decomposition. Further, we believe that our findings 

related to the increased functional importance of invertebrates when micro-organisms 

are severely constrained by low P availability are especially novel, and may apply to 

decomposition more generally, even outside the context of fire-affected ecosystems. 

Taken together, these findings are of considerable importance in a world where human 
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activities are causing dramatic changes in patterns of fire behaviour (Westerling et al., 

2011), and severely disrupting the biogeochemical cycles of C, N and P (Vitousek et al., 

1997; Elser & Bennett, 2011; Sardans et al., 2012).  

 

5.7 Supplementary Tables 

Table S5.1. Summary of linear mixed effects model formulas† and results of litter 

decomposition model comparisons based on Kenward-Roger approximation of degrees 

of freedom; P-values < 0.05 denoted ‘*’ and indicate significance of the additional 

term in the alternative model. 

Response variable  Null model Alternative model 

F-test with Kenward-Roger 

approximation 

F NDF DDF P-value 

Total C:N 

DD + Plot + B DD + Plot + B + FR 

8.73 2 9 0.008* 

Total C:P 5.55 2 9 0.027* 

Total N:P 18.64 2 9 <0.001* 

Soluble C:N 1.12 2 9 0.367 

Soluble C:P 5.16 2 9 0.032* 

Soluble N:P 9.15 2 9 0.007* 

Microbial biomass C:N 5.29 2 9 0.030* 

Microbial biomass C:P 4.69 2 9 0.040* 

Microbial biomass N:P 5.01 2 9 0.034* 

BG:CHN 3.06 2 9 0.097 

BG:AP 14.38 2 9 0.002* 

CHN:AP 8.83 2 9 0.008* 

Mass loss (MLmicrobial)  
DD + Plot 

DD + Plot + FR 10.70 2 9 0.004* 

Mass loss (MLtotal) DD + Plot + FR 2.29 2 9 0.157 

Mass loss (all bags 

together) 

DD + Plot + B DD + Plot + B + FR 8.22 2 9 0.009* 

DD + Plot DD + Plot + B 1.65 1 82 0.202 

DD + Plot + FR 

+ B 
DD + Plot + FR × B 1.90 2 80 0.157 

DD + Plot + FR 

× B 

DD + Plot + FR + B + (FR / 

BG:CHN ) 
6.18 3 84.6 <0.001* 

DD + Plot + FR + B + (FR / 

BG:AP ) 
18.02 3 80.0 <0.001* 

DD + Plot + FR + B + (FR / 

CHN:AP ) 
2.82 3 81.2 0.044* 
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Table S5.1 continued 

 

Proportional 

invertebrate effect  

on litter mass loss 

DD + Plot DD + Plot + FR 5.43 2 9 0.028* 

DD + Plot + FR 

DD + Plot + FR + (FR / 

BG:CHN) 
0.69 3 37.7 0.564 

DD + Plot + FR + (FR / BG:AP) 3.46 3 35.1 0.027* 

DD + Plot + FR + (FR / 

CHN:AP) 
1.39 3 37.7 0.261 

DD + Plot + FR + Total 

invertebrate abundance 
0.27 1 14.8 0.614 

DD + Plot + FR + Richness 2.06 1 30.1 0.162 

DD + Plot + FR + Diversity 2.36 1 27.7 0.136 

DD + Plot + FR + Relative ant 

abundance 
0.14 1 27.0 0.709 

DD + Plot + FR + Relative 

Coleoptera abundance 
0.53 1 28.7 0.472 

DD + Plot + FR + Relative 

Collembola abundance 
0.001 1 31.0 0.972 

DD + Plot + FR + (FR / Total 

invertebrate abundance) 
1.70 3 15.4 0.209 

DD + Plot + FR + (FR / 

Richness) 
1.02 3 27.1 0.398 

DD + Plot + FR + (FR / 

Diversity) 
1.09 3 23.0 0.373 

DD + Plot + FR + (FR / Relative 

ant abundance) 
0.64 3 24.2 0.594 

DD + Plot + FR + (FR / Relative 

Coleoptera abundance) 
2.07 3 26.7 0.128 

DD + Plot + FR + (FR / Relative 

Collembola abundance) 
0.19 3 27.8 0.901 

†Codes for model formulas are as follows: DD = days of decomposition; Plot = random 

effect for sampling plot; B = bag type; FR = fire regime; ‘+’ indicates additive model 

terms, ‘×’ indicates interactions and main effects together, while ‘/’ indicates 

interactions only; C, N and P = carbon, nitrogen and phosphorus, respectively; BG, 

CHN and AP refer to β-glucosidase, chitinase and acid phosphatase activities, 

respectively; n = 96 in all cases except where bag types were analysed separately and 

thus n = 48; NDF = numerator degrees of freedom, DDF = denominator degrees of 

freedom. 
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Table S5.2. Sum of individual invertebrates recorded in pitfall traps from the Peachester State Forest prescribed burning experiment, 

Queensland, Australia, by fire frequency treatment and sampling date (arithmetic mean abundance ± standard error shown in parentheses); 

n = 4 in all cases. NB = no burning treatment; 4yB = quadrennially-burned treatment; 2yB = biennially-burned treatment.  

Class and order 
                    Day 95 (20th February 2016)                    Day 188 (23rd May 2016)                 Day 277 (16th August 2016) 

NB 4yB 2yB NB 4yB 2yB NB 4yB 2yB 

Arachnida          

Aranae 
30  

(7.5 ± 0.9) 

30  

(7.5 ±1.0) 

25  

(6.2 ±1.2) 

15 

(3.8 ± 0.3) 

6 

(1.5 ± 0.5) 

22 

(5.5 ± 1.8) 

17 

(4.3 ± 0.5) 

13 

(3.3 ± 0.9) 

23 

(5.8 ± 1.8) 

Pseudoscorpiones 
3  

(0.75 ± 0.75) 

2 

(0.5 ± 0.5) 

9 

(2.25 ± 0.85) 

6 

(1.5 ± 0.3) 

2 

(0.5 ± 0.5) 

9 

(2.3 ± 0.6) 

2 

(0.5 ± 0.3) 

3 

(0.8 ± 0.8) 
0 

Scorpiones 0 0 0 0 0 0 
1 

(0.3 ± 0.3) 
0 0 

Chilopoda          

Geophilomorpha 0 0 0 0 0 0 0 
3 

(0.8 ± 0.3) 
0 

Scolopendromorpha 0 0 
1 

(0.25 ± 0.25) 
0 0 0 0 0 0 

Diplopoda          

Polydesmida 0 
1 

(0.25 ± 0.25) 
0 0 0 0 0 

1 

(0.3 ± 0.3) 
0 

Entognatha          

Collembola 
667 

(167 ± 26) 

900 

(225 ± 37) 

1166 

(292 ± 36) 

462 

(116 ± 5) 

557 

(139 ± 16) 

755 

(189 ± 38) 

545 

(136 ± 24) 

804 

(201 ± 50) 

621 

(155 ± 40) 

Diplura 
2 

(0.5 ± 0.5) 

6 

(1.5 ± 0.7) 

4 

(1 ± 0.7) 

0 

(0 ± 0) 

3 

(0.8 ± 0.5) 

1 

(0.3 ± 0.3) 

2 

(0.5 ± 0.3) 

5 

(1.3 ± 0.6) 

1 

(0.3 ± 0.3) 

Insecta          

Blattodea 0 0 0 
1 

(0.3 ± 0.3) 

2 

(0.5 ± 0.3) 

6 

(1.5 ± 0.5) 
0 0 0 

Coleoptera 
69 

(17.3 ± 1.9) 

74 

(18.5 ± 4.8) 

153 

(38.3 ± 6.3) 

60 

(15.0 ± 1.2) 

129 

(32.3 ± 5.8) 

236 

(59.0 ± 9.3) 

68 

(17.0 ± 5.7) 

95 

(23.8 ± 8.4) 

103 

(25.8 ± 1.9) 

Dermaptera 
21 

(5.3 ± 1.1) 

16 

(4 ± 0.9) 

24 

(6 ± 2.4) 

6 

(1.5 ± 0.3) 

4 

(1 ± 0.7) 

5 

(1.3 ± 0.8) 
0 

2 

(0.5 ± 0.5) 

1 

(0.3 ± 0.3) 

Diptera 
34 

(8.5 ± 2.9) 

43 

(10.8 ± 6.8) 

19 

(4.8 ± 0.8) 

56 

(14 ± 3.9) 

62 

(16 ± 6.9) 

71 

(18 ± 5.6) 

61 

(15.3 ± 6.0) 

32 

(8.0 ± 3.5) 

14 

(3.5 ± 1.5) 

Hemiptera 
31 

(7.8 ± 2.5) 

31 

(7.8 ± 2.9) 

25 

(6.3 ± 1.8) 

28 

(7.0 ±1.5) 

15 

(3.8 ± 1.5) 

10 

(2.5 ± 1.0) 

14 

(3.5 ± 1.0) 

10 

(2.5 ± 1.3) 

4 

(1 ± 0.4) 
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Table S5.2 continued. 

 

Hymenoptera 16 

(4 ± 1.2) 

22 

(5.5 ± 1.7) 

29 

(7.3 ± 1.4) 

13 

(3.3 ± 0.8) 

9 

(2.3 ± 0.8) 

23 

(5.8 ± 0.6) 

2 

(0.5 ± 0.3) 

11 

(2.8 ± 0.9) 

15 

(3.8 ± 0.8) 

Hymenoptera 

(Formicidae) 
1086 

(272 ± 105) 

996 

(249 ± 82) 

527 

(132 ± 36) 

628 

(157 ± 64) 

809 

(202 ± 95) 

1012 

(253 ± 74) 

951 

(238 ± 22) 

883 

(221 ± 103) 

398 

(100 ± 31) 

Isoptera 
4 

(1 ± 0.7) 

18 

(4.5 ± 4.5) 
0 

12 

(3 ± 3) 

13 

(3.3 ± 1.4) 

15 

(3.8 ± 3.8) 
0 0 

4 

(1 ± 1) 

Lepidoptera 0 
2 

(0.5 ± 0.5) 

1 

(0.25 ± 0.25) 
0 0 0 

1 

(0.3 ± 0.3) 

3 

(0.8 ± 0.3) 
0 

Orthoptera 
2 

(0.5 ± 0.3) 
0 

8 

(2 ± 0.9) 
0 

2 

(0.5 ± 0.5) 
0 0 

1 

(0.3 ±0.3) 

1 

(0.3 ±0.3) 

Psocoptera 
3 

(0.75 ± 0.5) 

5 

(1.25 ± 0.5) 

3 

(0.75 ± 0.25) 

1 

(0.25 ± 0.25) 

15 

(3.8 ± 2.5) 

4 

(1 ± 0.7) 

6 

(1.5 ± 1.2) 

1 

(0.3 ± 0.3) 

1 

(0.3 ± 0.3) 

Thrips 
3 

(0.75 ± 0.48) 
0 

11 

(2.8 ± 2.1) 

4 

(1 ± 0.7) 

14 

(3.5 ± 0.9) 

5 

(1.3 ± 0.9) 

2 

(0.5 ± 0.3) 

1 

(0.3 ± 0.3) 

3 

(0.8 ± 0.5) 

Malacostraca          

Isopoda 
8 

(2 ± 0.41) 

7 

(1.75 ± 0.85) 

35 

(8.8 ± 3.4) 

3 

(0.75 ± 0.25) 

4 

(1.0 ± 0.4) 

6 

(1.5 ± 0.5) 
0 

2 

(0.5 ± 0.3) 

26 

(6.5 ± 6.2) 

Total invertebrates 
1977 

(494 ± 87) 

996 

(249 ± 82) 

2034 

(509 ± 64) 

1295 

(324 ± 62) 

1646 

(412 ± 120) 

2180 

(545 ± 115) 

951 

(238 ± 22) 

1870 

(468 ± 119) 

1215 

(304 ± 69) 
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Chapter 6. Repeated fire modifies the multi-element 

stoichiometry of soil, plant litter and Nitidulid beetles in a wet 

eucalypt forest 

 

Orpheus M. Butler, James J. Elser, Tom Lewis, Brendan Mackey, Sarah C. 

Maunsell, Mehran Rezaei Rashti and Chengrong Chen 

 

 

Image 5. Thalycrodes pulchrum Blackburn (Coleoptera: Nitidulidae) collected from the 

Peachester State Forest prescribed burning experiment in March 2016.  

Photo credit: O. Butler. 
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6.1 Abstract 

Chapters 2–5 of this thesis have shown how fire-induced shifts in the stoichiometry of 

carbon (C), nitrogen (N) and phosphorus (P) in the soil–plant system can influence, or 

indicate, altered ecological structure and function in fire-affected ecosystems. The 

stoichiometry of elements other than C, N and P has rarely been investigated in this 

sense, and simultaneous consideration of multiple trophic levels (e.g. plants and insects) 

is rarer still. Thus, the effect of fire regime on the multi-element stoichiometry of soil, 

plant litter and the Nitidulid beetle Thalycrodes pulchrum (Blackburn) was investigated 

in a eucalypt forest in south-east Queensland, Australia. In biennially-burned areas, soil 

and litter stoichiometry was shifted toward P and potassium (K), and to lesser extent 

magnesium and sodium (Na), relative to unburned areas, and shifted away from C, N 

and sulfur. The stoichiometry of T. pulchrum was altered by biennial burning to a 

smaller extent, with T. pulchrum P content and P:Na ratios 10.3% and 60.6% higher, 

respectively, in burned areas, and Na:K ratios were 40.7% lower. Thus, the 

stoichiometric signature of frequent fire was consistent with the presumed volatilization 

tendencies of the various elements, but also appeared to be regulated by biological 

mechanisms. Thalycrodes pulchrum abundance was not affected by fire treatment, but 

was positively correlated with litter Na content. Fire treatment did not affect litter Na, 

and this might have enabled T. pulchrum populations to remain stable despite repeated 

burning and the associated fluctuations in N and P supply. These results indicate that 

fire has strong yet complex effects on multi-element stoichiometry, and these effects 

likely influence biogeochemical cycling and potentially the composition of invertebrate 

communities in post-fire environments. Further, this study shows that an increased 

focus on elements other than C, N and P in future stoichiometric studies of fire could 

vastly improve our understanding of fire’s biogeochemical and ecological effects. 
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6.2 Introduction 

Disturbance by fire is an important driver of ecological structure and function in many 

terrestrial ecosystems (Ahlgren & Ahlgren, 1960; Bond & Keeley, 2005). It is becoming 

increasingly clear that burning and, in particular, long-term changes in fire frequency 

are associated with dramatic changes in the cycling of biologically-important elements 

like carbon (C), nitrogen (N) and phosphorus (P) (Close et al., 2009; Toberman et al., 

2014), but much remains unknown. For instance, Butler et al. (2018) recently 

determined that fire has a strong tendency to generate shifts in the C:N:P stoichiometry 

of soil and plant material that favour P (i.e. reduced C:P and N:P ratios), but the 

potential ecological implications of these shifts are unclear. Variation in the 

stoichiometry of ecosystem components is often linked to variation in other ecological 

properties (Sterner & Elser, 2002), including rates of growth, decomposition and 

herbivory (Pérez-Harguindeguy et al., 2003; Watts et al., 2006; Zechmeister-

Boltenstern et al., 2015). Fire-induced shifts in the stoichiometry of the soil–plant 

system may thus play an important role in regulating fire’s ecological impacts, and 

further research is warranted (Chen and Xu, 2009).  

Importantly, previous investigations into fire’s effects on ecological 

stoichiometry in the soil–plant system have usually been focused on C:N:P ratios 

(Toberman et al., 2014; Dijkstra and Adams, 2015; Pellegrini et al., 2015; Butler et al., 

2017a,b, 2018). This may be due to the frequently-limiting nature of N and P (e.g. Elser 

et al., 2007), as well as the hypothesis that fire’s stoichiometric signature is driven by 

the conversion of certain forms of soil C and N (but not P) to gas (i.e. volatilization) 

during combustion (Raison et al., 1984; Certini, 2005). However, there are another eight 

chemical elements that are essential for all life-forms (oxygen [O], hydrogen [H], 

sodium [Na], potassium [K], calcium [Ca], magnesium [Mg], sulfur [S] and chlorine 

[Cl]; Frausto da Silva & Williams, 1991), and as many as twenty-five elements are used 



Chapter 6  132 

by different organisms to varying extents (Kaspari & Powers, 2016). Much like C:N:P 

ratios, the post-fire stoichiometry of these elements in soil might be influenced by 

disparities in their volatilization temperatures. For instance, S may be volatilized and 

emitted as SO2 during combustion (Urbanski et al., 2008), and this might contribute to 

the lower levels of soil S that follow some fires (Boerner, 1982). On the other hand, K, 

Na and Mg are unlikely to be volatilised during fires and may thus occur in similar or 

greater amounts (due to deposition of nutrient-rich ash) in fire-affected soils, relative to 

unburned soils (Ellis & Graley, 1983; Chambers & Attiwill, 1994; Certini, 2005; Neff et 

al., 2005). The degree to which these potential changes in soil multi-element 

stoichiometry are reflected in the multi-element stoichiometry of plant material is 

unclear, but is likely influenced by the strength of stoichiometric homeostasis (Sterner 

& Elser, 2002), and the respective plant demand, uptake and resorption of the various 

elements in question (Rejmánková, 2005; Dijkstra & Adams, 2015). 

Understanding how fire can influence the multi-element stoichiometry of the 

soil–plant system will be crucial to improving our overall knowledge of fire-altered 

biogeochemical cycling. At the same time, a multi-element perspective should be 

particularly useful for investigating the implications of fire-induced stoichiometry shifts 

for consumers (i.e. animals and micro-organisms), given that heterotrophic organisms 

tend to have higher, as well as stricter, requirements than plants for most elemental 

nutrients (Sterner & Elser, 2002; Kaspari & Powers, 2016). These implications might 

include altered abundances in response to variation in the supply of a potentially-

limiting nutrient (McGlynn et al., 2006; Kaspari & Yanoviak, 2014), or altered biomass 

stoichiometry of the consumers themselves (González et al., 2014; Goos et al., 2014). 

Variation in the stoichiometry of consumers, although tightly constrained, likely 

influences their contribution to consumer-driven nutrient cycling as well as their 

nutritional value to second-order consumers and decomposers (Fagan et al., 2002; 
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Zhang et al., 2014). Further, shifts in biomass stoichiometry may be associated with 

variation in physiological traits, including growth rate and reproductive output (Watts et 

al., 2006; Visanuvimol & Bertram, 2010).  

Despite their potential importance, fire’s effects on the multi-element 

stoichiometry of soil and plant material have rarely been considered in previous studies. 

To our knowledge, none have extended these investigations to include other trophic 

levels. Thus, we investigated the effects of repeated prescribed burning on the multi-

element stoichiometry of soil, plant litter and a forest floor-dwelling beetle, Thalycrodes 

pulchrum Blackburn (Nitidulidae), to test the following hypotheses: 

(1) Increased fire frequency causes soil stoichiometry to shift away from volatile 

elements (C, N and S) and toward inert elements (P, K, Na, Mg).  

(2) The relatively weak stoichiometric homeostasis characteristic of plants means that 

fire-induced shifts in litter stoichiometry are consistent with, but more conservative 

than, those of soil. Litter stoichiometry shifts are further influenced by variation in 

rates of plant uptake and resorption among the respective nutrients. Specifically, the 

concentrations of elements that are in low demand by plants (i.e. Na) will be less 

sensitive to fire frequency than elements that are in high demand (i.e. N, P, K, S, 

Mg).  

(3) The stoichiometry of T. pulchrum will not be significantly affected by changes in 

fire frequency, due to the strong stoichiometric homeostasis of animals (Sterner and 

Elser 2002); however, any effects will be consistent with those of soil and litter. 

We also made a preliminary exploration of the ways in which T. pulchrum 

abundance is related to the stoichiometry of soil, litter, or T. pulchrum biomass, and 

how these relationships might be related to the response of T. pulchrum populations to 

fire. Given the observed relationships between insect growth and abundance and the 

supply of either N, P or Na (Huberty & Denno, 2006; McGlynn et al., 2006; 
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Visanuvimol & Bertram, 2010; Kaspari et al., 2014), we expected that T. pulchrum 

abundance would be coupled with either N (or N:X), P (or P:X) or Na (or Na:X), which 

would respectively result in declining, increasing or unchanging T. pulchrum abundance 

in fire-affected areas. 

 

6.3 Materials and methods 

6.3.1 Study site and sampling 

The study was conducted in the Peachester State Forest (hereafter ‘Peachester’; 

26°52′S, 152°51′E) long-term prescribed burning experiment in south-east Queensland, 

Australia. Peachester has a subtropical climate with an average daily temperature of 

23.3°C and a mean annual precipitation of 1684 mm (Bureau of Meteorology 2018). 

Vegetation at Peachester is wet eucalypt forest dominated by E. pilularis, with E. 

resinifera, Corymbia intermedia and Lophostemon confertus also common. The 

prescribed burning experiment at Peachester was initiated in 1969 and consists of three 

randomised, replicated fire frequency treatments: unburned since 1969 (NB), burned 

every four years on average since 1972 (4yB) and burned every two years on average 

since 1972 (2yB). Here we focused on the NB and 2yB treatments only. We note that 

this design means that fire frequency and time since fire are effectively confounded; 

therefore we consider treatment effects in terms of fire treatment, rather than fire 

frequency per se. The original experimental design at Peachester consisted of four large 

replicate plots for each fire treatment. For our experiment, we subdivided each of these 

into three smaller replicate plots that were separated by at least 20 m, giving twelve 

plots per treatment. 

Given that arthropod numbers tend to be lower in the initial post-fire period due 

to mass mortality and highly xeric conditions (Warren et al., 1987), which might 



Chapter 6  135 

override potential stoichiometric influences, we elected to collect samples in March of 

2016, thirty-two months after the most recent fire event in the 2yB treatment. 

Invertebrates were collected via pitfall traps, which consisted of five jars containing 50 

ml of 70% ethanol, spaced evenly apart within a 1 m2 area. Pitfall trap jars were 

individually covered with small plastic squares that were suspended above the ground to 

prevent ethanol evaporation and potential disturbance by rainfall, and were re-collected 

after three days in the field. On the same day as pitfall trap retrieval, litter samples were 

collected from the forest floor surrounding the pitfall trap arrays using a 25 × 25 cm 

quadrat, with each sample comprised of three bulked quadrat samples. Samples of 

surface soil (0-5 cm) were collected from underneath litter samples (three sub-samples 

bulked together to form one composite soil sample for each sampling plot). 

6.3.2 Laboratory methods 

Immediately after returning from the field, the invertebrates in half of the pitfall traps 

(six per treatment, selected at random) were immediately removed from the ethanol, 

rinsed briefly in deionized water and frozen at -20°C. The other twelve pitfall traps were 

then sorted to order, and all Coleoptera were counted. We also made counts of 

Coleoptera in the samples that had been initially frozen, and which were subsequently 

used for chemical analyses. During sorting we selected the beetle Thalycrodes pulchrum 

Blackburn (Nitidulidae; Kirejtshuk and Lawrence, 1992) as our focal species, due to its 

high abundance and because it was present in all sampling plots.  

The Nitidulidae family has a diverse feeding ecology, and includes fungivores, 

herbivores, saprophage and possibly some predatory taxa (Grimbacher & Stork, 2007). 

Thalycrodes pulchrum have been observed on fungi, and as a result have been referred 

to as fungivorous (Collett, 2003). Little is known about the ecology of this species 

(Kirejtshuk & Lawrence, 1992) and fungivory may be only one aspect of its feeding 

strategy. In any case, prior studies at Peachester indicate that litter microbial biomass 
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C:N:P stoichiometry varies significantly between fire frequency treatments (Toberman 

et al., 2014); therefore the high abundance and possibly mixed feeding ecology of T. 

pulchrum makes it an ideal focal taxa for our study 

Soil samples were air-dried, sieved to 2 mm, and then finely ground prior to 

chemical analyses. Litter samples were initially sieved at 4 mm to separate the ‘leaf’ 

litter (> 4 mm; fragments of mostly undecomposed senescent leaves) and ‘fine’ (<4 

mm; partially or mostly decomposed organic matter of plant origin, i.e. fermentation 

and humus layers) litter fractions. A portion of each litter sample was subsequently 

oven dried at 60°C for three days and then finely ground. The pH and electrical 

conductivity (EC) of air-dried soil samples and fresh litter samples were measured in a 

water solution (1:5 sample to water ratio). The total C and N content of the dried and 

ground litter sample was then determined by dry combustion (Leco TruMac TCN 

Determinator). Total P, S, K, Mg and Na concentrations of soil and litter samples were 

determined by inductively-coupled plasma mass spectrometry (ICP–MS). Prior to ICP–

MS, soil samples were digested with concentrated HNO3 in a microwave (Hill et al., 

2010; Kirkby et al., 2013), and litter samples were digested with HNO3 and HClO4 in a 

heated digestion block (Jackson, 1958). 

The twelve samples of T. pulchrum used for chemical analyses were oven dried 

at 60°C for three days. These consisted of 6–8 individual specimens. The samples were 

subsequently weighed on a five-decimal balance and then gently crushed with a mortar 

and pestle. Total C and N content of T. pulchrum samples (1.5 mg, equivalent to 2–3 

individuals per measurement) was determined by mass spectrometry. A further 8–10 mg 

of T. pulchrum samples was digested with nitric and perchloric acid prior to 

measurement of total P, S, K, Mg and Na via ICP–MS. 
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6.3.3 Statistical analyses 

Statistical analyses were performed using R (version 3.3.0; R Core Team 2014) and 

Statistix 8.0. Data were tested for normality using the Shapiro–Wilks test, and log-

transformed where necessary. The effect of fire treatment on soil, fine litter, leaf litter 

and beetle properties was tested using t-tests, and correlations between T. pulchrum 

abundance and the chemical properties of soil, litter and T. pulchrum biomass were 

analysed using Pearson’s correlation. We analysed T. pulchrum absolute abundance and 

relative abundance in this manner, with the latter calculated as the number of T. 

pulchrum individuals divided by the total number of Coleoptera individuals for each 

plot. Statistical significance was determined at P-values < 0.05. We used Principal 

Component Analysis (PCA; from the package ‘vegan’ in R; Oksanen et al., 2016) to 

explore potential fire-induced changes in the chemical properties of our samples. For 

soil and litter, the variables included in PCAs were pH, EC and total element 

concentrations, and for T. pulchrum only total element concentrations were used. 

Elemental ratios were not included in PCAs due to the strong collinearity between 

stoichiometric ratios and the concentrations of the elements used to calculate those 

ratios.  

 

6.4 Results 

6.4.1 Chemical properties and stoichiometry of soil, litter and Thalycrodes pulchrum 

Various soil and litter properties were significantly influenced by fire treatments at 

Peachester (Table 6.1). Soil, leaf litter and fine litter moisture was lower in the 2yB 

treatment compared to the NB treatment. Soil pH was higher in the 2yB than in the NB 

treatment, while soil EC was lower. On the other hand, leaf litter pH and EC were 

significantly lower and higher, respectively, in the 2yB treatment, while fine litter pH 

and EC were not affected by fire treatment (Table 6.1). Soil total C, N and S were lower 
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in the 2yB treatment than in the NB treatment (P-values < 0.05; Table 6.1). Soil total K 

was significantly higher in the 2yB treatment (P = 0.001), while soil total P, Na and Mg 

concentrations were not affected by fire treatment. Fine litter and leaf litter had higher 

levels of P and K, and lower levels of N, in the 2yB treatment, compared to the NB 

treatment. Levels of Na and Mg in leaf and fine litter were not affected by fire 

treatment, while fine litter S concentrations were lower in the 2yB treatment (P < 

0.001). The only non-stoichiometric (i.e. non-ratio) property of T. pulchrum that was 

significantly affected by fire treatment was total P content, which was 10% higher in the 

2yB treatment than in the NB treatment (P = 0.03). 

Fire treatment also had a strong effect on the stoichiometry of soil, litter and, to 

a smaller extent, T. pulchrum biomass (Figs. 6.1 & 6.2). In general, the magnitude of 

these shifts was greatest in soil, then fine litter, then leaf litter, and was smallest in T. 

pulchrum biomass (Table 6.2). Carbon:N, P:Mg, and P:S ratios were all significantly 

higher in soil, fine litter and leaf litter in the 2yB treatment, while C:P, N:P, and N:K 

were all significantly lower. The 2yB treatment was associated with lower C:K, P:K and 

Na:K ratios, and higher C:S and Na:S ratios in soil and fine litter, but in leaf litter these 

ratios were not affected. Soil and leaf litter N:Mg ratios were lower, and P:Na ratios 

higher, in the 2yB treatment, while fine litter N:Mg and P:Na ratios did not vary 

significantly between the fire treatments. Carbon:Mg ratios were lower in the 2yB 

treatment in soil only, while N:Na ratios were lower in both fine litter and leaf litter, but 

not soil, in the 2yB treatment. No C:Na or Na:Mg ratios were affected by fire treatment. 

The effects of fire on the multi-element stoichiometry of T. pulchrum were restricted to 

P:Na (Fig. 6.2l), which was higher in the 2yB treatment (P = 0.048), and Na:K (Fig. 

6.2p), which was lower in the 2yB treatment (P = 0.028). 
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Fig. 6.1. Soil, fine litter and leaf litter stoichiometric ratios (means ± standard error; n = 

12) of (a–f) carbon (C) to nitrogen (N), phosphorus (P), sodium (Na), potassium (K), 

magnesium (Mg) and sulfur (S), respectively; (g–k) N to P, Na, K, Mg and S, 

respectively; (l–o) P to Na, K, Mg and S, respectively; and (p–r) Na to K, Mg and S, 

respectively; grey = unburned treatment, white bars = biennially-burned treatment; t-test 

P-values < 0.05 denoted ‘*’. 

 

 

C
:N

0

20

40

60

80

100

120

C
:P

0

400

800

1200

1600

2000

C
:N

a

0

1000

2000

3000

4000

5000

6000

7000

C
:K

0

100

200

300

400

500

600

700

C
:M

g

0

50

100

150

200

250

300

350

C
:S

0

200

400

600

800

1000

N
:P

0

10

20

30

40

50

60

N
:N

a

0

50

100

150

200

250

N
:K

0

5

10

15

20

25
N

:M
g

0

2

4

6

8

10

12

N
:S

0

5

10

15

20

25

P
:N

a

0

2

4

6

8

P
:K

0.0

0.1

0.2

0.3

0.4

0.5

0.6

P
:M

g

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Soil

Fin
e lit

te
r

Leaf l
itt

er

P
:S

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Soil

Fin
e lit

te
r

Leaf l
itt

er

N
a

:K

0.0

0.1

0.2

0.3

0.4

0.5

Soil

Fin
e lit

te
r

Leaf l
itt

er

N
a

:M
g

0.00

0.05

0.10

0.15

0.20

0.25

Soil

Fin
e lit

te
r

Leaf l
itt

er

N
a

:S

0.0

0.1

0.2

0.3

0.4

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

(q) (r)

*

*
*

* * *

** *

*
* *

*

*

* * *

*
*

*

*
*

* *
*

*

*

* *

*
*

* * * *

*

*
*



Chapter 6        140 

 

Table 6.1. Basic properties and elemental concentrations† (means ± standard error; n = 12) of soil, fine litter (litter material < 4 mm) and 

leaf litter (litter material > 4 mm) sampled from the Peachester State Forest prescribed burning experiment (Queensland, Australia); F-

statistics and P-values are for comparisons of fire treatments (unburned [NB] and biennially-burned [2yB]) based on t-tests (P-values < 

0.05 denoted ‘*’). 

 
Soil (0—5 cm) Fine litter (< 4 mm) Leaf litter (> 4 mm) 

 
NB 2yB 

F-statistic  

(P-value) 
NB 2yB 

F-statistic  

(P-value) 
NB 2yB 

F-statistic  

(P-value) 

Litter biomass (g m-2) NA NA NA 
504 

(±32) 

723 

(±66) 

8.97 

(0.007*) 

889  

(±26) 

944 

(±70) 

0.53 

(0.47) 

Moisture (%) 
23.3 

(±2.1) 

8.7  

(±0.9) 

45.3  

(<0.001*) 

72.7 

(±6.8) 

21.7 

(±2.4) 

66.7 

(<0.001*) 

90.3 

(±4.4) 

43.0 

(±4.6) 

56.3 

(<0.001*) 

pH 
3.84 

(±0.04) 

4.56  

(±0.12) 

40.7 

(<0.001*) 

3.79 

(±0.21) 

3.99 

(±0.23) 

0.44 

(0.51) 

3.65 

(±0.04) 

3.50 

(±0.03) 

10.1 

(0.004*) 

EC (µS cm-3) 
61.9 

(±4.8) 

25.5 

(±1.3) 

53.1 

(<0.001*) 

37.7 

(±2.8) 

48.1 

(±4.2) 

4.19 

(0.05) 

174 

(±7.6) 

226 

(±12.0) 

13.0 

(0.002*) 

Total C (%) 
9.4 

(±0.8) 

5.3 

(±0.8) 

13.1 

(0.002) 

24.0  

(±2.1) 

18.9  

(±1.6) 

3.7 

(0.07) 

45.3  

(±0.5) 

47.1  

(±0.2) 

11.2  

(0.003*) 

Total N (%) 
0.34 

(±0.03) 

0.15 

(±0.02) 

32.2 

(<0.001*) 

0.64  

(±0.05) 

0.42  

(±0.03) 

14.1 

(0.001*) 

0.63  

(±0.02) 

0.46  

(±0.01) 

49.9  

(<0.001*) 

Total P (%) 
0.007 

(±0.001) 

0.007 

(±0.001) 

0.38 

(0.54) 

0.032 

(±0.003) 

0.040 

(±0.004) 

2.77 

(0.11) 

0.029  

(±0.002) 

0.043  

(±0.003) 

18.0  

(<0.001) 

Total Na (%) 
0.002 

(±0.0002) 

0.002 

(±0.0002) 

1.37 

(0.25) 

0.028  

(±0.002) 

0.028  

(±0.003) 

0.03 

(0.86) 

0.042  

(±0.003) 

0.048  

(±0.004) 

1.9  

(0.18) 

Total K (%) 
0.016 

(±0.001) 

0.061 

(±0.01) 

14.3 

(0.001*) 

0.09  

(±0.01) 

0.24  

(±0.04) 

12.3 

(0.002*) 

0.12  

(±0.01) 

0.16 

 (±0.01) 

6.4  

(0.02*) 

Total Mg (%) 
0.033 

(±0.003) 

0.029 

(±0.004) 

0.49 

(0.49) 

0.20  

(±0.02) 

0.19  

(±0.02) 

0.34 

(0.57) 

0.33  

(±0.02) 

0.32  

(±0.02) 

0.16 

(0.69) 

Total S (%) 
0.019 

(±0.002) 

0.007 

(±0.001) 

49.6 

(<0.001*) 

0.17  

(±0.01) 

0.09  

(±0.01) 

33.7 

(<0.001*) 

0.16  

(±0.01) 

0.17  

(±0.01) 

0.02 

(0.90) 

†EC = electrical conductivity; C = carbon, N = nitrogen, P = phosphorus, Na = sodium, K = potassium, Mg = magnesium, S = sulfur. 
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Fig. 6.2. Thalycrodes pulchrum biomass stoichiometry (means ± standard errors; n = 6) 

of (a–f) carbon (C) to nitrogen (N), phosphorus (P), sodium (Na), potassium (K), 

magnesium (Mg) and sulfur (S), respectively; (g–k) N to P, Na, K, Mg and S, 

respectively; (l–o) P to Na, K, Mg and S, respectively; and (p–r) Na to K, Mg and S, 

respectively; details as per Fig. 6.1. 
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Table 6.2. Mean absolute values (% ± standard error) of fire-induced stoichiometry 

shifts in soil, fine litter (litter material < 4 mm) leaf litter (litter material > 4 mm) and 

Thalycrodes pulchrum biomass at the Peachester State Forest prescribed burning 

experiment, Queensland, Australia in March 2016. 

 
Soil Fine litter Leaf litter 

Thalycrodes 

pulchrum 

C:X (n = 6) 
38.3 

(±10.6) 

31.3 

(±8.1) 

18.5 

(±5.6) 

12.4 

(±7.1) 

N:X (n = 5) 
44.6 

(±11.5) 

37.7 

(±8.3) 

34.7 

(±5.0) 

14.9 

(±8.3) 

P:X (n = 3) 
83.7 

(±36.0) 

61.7 

(±23.7) 

35.7 

(±9.4) 

27.1 

(±11.4) 

Na:X (n =3) 
64.9 

(±28.8) 

51.9 

(±21.3) 

16.0 

(±2.0) 

27.2 

(±6.8) 

 

Table 6.3. Abundance and chemical properties (means ± standard error; n = 12) of 

Thalycrodes pulchrum (Nitidulidae) in the unburned (NB) and biennially-burned (2yB) 

treatments of the Peachester State Forest prescribed burning experiment (Queensland, 

Australia) in March 2016; F-statistics and P-values are for comparisons of fire 

treatments based on t-tests (P-values < 0.05 denoted ‘*’). 

 NB 2yB F-statistic  

(P-value) 

P-value 

Abundance 13.8  

(±1.2) 

20.8  

(±4.2) 

0.63  

(0.44) 

0.437 

Relative abundance  0.37  

(±0.03) 

0.31  

(±0.05) 

0.83 

(0.37) 

0.372 

Total C (%) 51.3  

(±1.1) 

52.4  

(±0.5) 

0.91 

(0.36) 

0.363 

Total N (%) 11.1  

(±0.2) 

11.3  

(±0.2) 

0.67 

(0.43) 

0.433 

Total P (%) 0.70  

(±0.02) 

0.77  

(±0.02) 

6.35 

(0.03*) 

0.030* 

Total Na (%) 0.36  

(±0.06) 

0.26  

(±0.04) 

1.86 

(0.20) 

0.202 

Total K (%) 0.29  

(±0.03) 

0.47  

(±0.17) 

0.37 

(0.56) 

0.558 

Total Mg (%) 0.42  

(±0.05) 

0.36  

(±0.01) 

0.80 

(0.36) 

0.392 

Total S (%) 1.28  

(±0.14) 

1.20  

(±0.12) 

0.25 

(0.63) 

0.625 



Chapter 6  143 

The results of PCAs further demonstrated a clear effect of fire treatment on the 

chemical properties of soil and litter based on the first two principle components (Fig. 

6.3), which accounted for 91.5%, 63.0%, 68.1% and 70.0% of the variation in chemical 

properties of soil, fine litter, leaf litter and T. pulchrum biomass respectively. For soil, 

PC1 was most strongly correlated with volatile elements (N, S and C; with loadings, or 

r = -0.42, -0.41 and -0.41, respectively; Fig. 6.3a; P-values < 0.05), while PC2 was most 

strongly correlated with K (r = -0.57; P = 0.004) and P (r = -0.50; P = 0.013). A similar 

pattern occurred for fine litter (Fig. 6.3b), with PC1 being highly correlated with N, C 

and S (r = -0.47 for all three elements; P = 0.020), and PC2 highly correlated with K (r 

= -0.60; P = 0.002) and P (r = -0.51; P = 0.011). For leaf litter PC1 was most strongly 

correlated with P and K (r = -0.46 and -0.45 respectively; P-values < 0.05; Fig. 6.3c), 

and PC2 with Mg, S and N (r = 0.49, 0.48 and 0.46 respectively; P-values < 0.05). 

Results of PCA for T. pulchrum indicate that Mg was most strongly correlated with PC1 

(r = 0.60; P = 0.039; Fig. 6.3d), and K PC2 (r = 0.71; P = 0.010). We also note that PC3 

was strongly correlated with T. pulchrum N content (r = 0.80; P = 0.002). 

6.4.2 Relationships between multi-element stoichiometry and the abundance of T. 

pulchrum 

Fire treatment had no significant impacts on the total pitfall trap abundance or relative 

abundance of T. pulchrum (Table 6.3). However, we observed several significant 

correlations between T. pulchrum abundance and the chemical properties of soil and 

litter (Table S6.1). In particular, the total abundance of T. pulchrum was positively 

related to leaf litter Na concentration and fine litter Na:Mg, and negatively related to 

fine litter P:Na (Fig. 6.4a–c). Further, the relative abundance of T. pulchrum was 

correlated with numerous properties of soil and litter (Table S6.1), but had a particularly 

strong inverse correlation with soil P and K, and a strong positive relationship with fine 

litter Na:K (Fig. 6.4d–f). We also found that the total abundance of T. pulchrum was 
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positively correlated with the P:Mg and P:S ratios, and negatively correlated with the 

Na:K ratios, of T. pulchrum biomass (Fig. 6.4g–i). There were no significant 

correlations between T. pulchrum stoichiometry and T. pulchrum relative abundance. 

 

Fig. 6.3. Biplots from Principle Component (PC) Analyses of (a) soil,  (b) fine litter, (c) 

leaf litter and (d) Thalycrodes pulchrum chemical properties, with ellipses generated at 

90% confidence; numbers correspond with sampling plots, with 1–12 = 2yB plots and 

13–24 = NB plots for panels ‘a–c’, and 1–6 = 2yB plots and 7–12 = NB plots for panel 

‘d’.  
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Fig. 6.4. Relationships between Thalycrodes pulchrum abundance and (a) leaf litter 

sodium (Na) concentration, (b) fine litter phosphorus (P):Na, and (c) fine litter 

Na:magnesium (Mg); T. pulchrum relative abundance and (d) soil P concentration, (e) 

soil potassium (K) concentration, and (f) fine litter Na:K; T. pulchrum abundance and T. 

pulchrum (g) P:Mg, (h) P:S and (i) Na:K. Pearson’s correlation coefficient (r) and P-

values provided; n = 24 for ‘a–f’, and n = 12 for ‘g–i’.  

 

6.5 Discussion 

6.5.1 Multi-element stoichiometry of soil and litter 

Results were generally consistent with our prediction that fire would cause multi-

element stoichiometry to shift away from readily-volatilised elements (C, N and S), and 

towards non-volatile elements (particularly P and K, but also Na and Mg in some 

cases). Further, there appears to be a gradient in the magnitude of fire-induced 

stoichiometry shifts, with the largest effects tending to occur in soil, moderate effects in 
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fine litter, and the smallest effects in leaf litter (Table 6.2). This gradient might reflect 

different degrees of stoichiometric homeostasis in these ecosystem components. For 

instance, while the organic fractions of soil are subject to some degree of stoichiometric 

homeostasis (Cleveland & Liptzin, 2007), there are no similar constraints on the 

stoichiometry of soil as a whole. On the other hand, the unavoidable requirement of 

plants for specific elements imparts clear restrictions on their stoichiometric flexibility 

(Sterner & Elser, 2002).  

The apparent difference in the magnitude of fine litter and leaf litter 

stoichiometry shifts may be attributed to litter age and decomposition. Fine litter is 

older and partially-decomposed, and thus likely better reflects fire’s initial effects on 

soil, which tend to be strongest early on and diminish over time (Schafer & Mack, 2010; 

Fuentes-Ramirez et al., 2015; Butler et al., 2018). At the same time, leaf litter 

stoichiometry largely reflects plant nutrient requirements and patterns of resorption 

(Rejmánková, 2005), while fine litter stoichiometry also reflects the stoichiometric 

progression of decomposition. During decomposition it is the decomposer organisms, 

rather than the dead plant material, that are subject to stoichiometric constraints. Thus, 

stoichiometric shifts in leaf litter, driven by those in soil, might be maintained or 

amplified throughout decomposition, via up- or down-regulation of nutrient-specific 

extracellular enzyme release rates (Sinsabaugh et al., 2009; Mooshammer et al., 2012) 

or preferential grazing in response to over-supply of non-volatile elements (e.g. K), or 

under-supply of potentially-limiting, volatile elements (e.g. N or S).  

To some extent, the stoichiometric impacts of fire on soil and litter observed in 

our study suggest a decoupling of the cycling of volatile and non-volatile elements that 

are in relatively high biological demand. This was further supported by our PCA results, 

which showed that these two groups of elements were orthogonally related and 

explained the majority of variation in soil and litter chemistry, which was strongly 
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driven by fire treatment (Fig. 6.3). However, our results also suggest fire-induced 

decoupling within these groups of elements, and thus provide further insight into the 

complex biogeochemical signature of fire in the soil-plant system. For instance, the 

altered N:S ratios in soil and litter suggest that S may be more readily volatilized than 

N, and thus plant-mediated S-cycling has become more conservative than N cycling in 

the 2yB treatment. This result adds complexity to the suggestion of Toberman et al., 

(2014) that high fire frequency can generate a transient shift toward N-limited 

conditions in the forest floor food web. High demand for S relative to other elements 

could have important implications for biogeochemical processes and forest floor 

diversity in the post-fire environment, given the biological importance of S, and the 

varying requirements for S that are driven by differences in biomass S content or forms 

of S metabolism (Frausto da Silva & Williams, 1991; Wiesenborn, 2012).  

At the same time, the low fine litter P:K and Na:K ratios in the 2yB treatment 

indicate a particularly large post-fire pulse in the flux of K throughout the soil–plant 

system (Fig. 6.1m,p). Low P:K ratios in the 2yB treatment indicate that this pulse is 

greater than that of P, but is perhaps less enduring, given that the effect is only present 

for older fine litter material. This effect might represent an over-supply of highly-

mobile K that leads to luxury uptake and low K resorption from senescing leaves. 

Overall, it seems that fire-induced litter stoichiometry shifts are, at least to an 

extent, underpinned by the disparate volatilization tendencies of elements. However, 

they also seem to be strongly influenced by the relative demand for, and the supply and 

mobility of, the respective nutrients in the soil—plant system. Previous studies and 

hypotheses related to fire—stoichiometry relationships have generally been based around 

volatilization mechanisms and thus on N:P ratios (Toberman et al., 2014; Zhang et al., 

2015; Butler et al., 2017a). While N:P ratios will continue to be of central importance 

due to global prevalence of N- and P-limitation (Elser et al., 2007), our results 
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demonstrate that fire-induced stoichiometry shifts among secondary nutrients can be 

just as strong. Thus, their implications and underlying mechanisms are worthy of 

continued research. 

6.5.2 Stoichiometry and abundance of T. pulchrum 

The stoichiometry of animal biomass is generally regarded as strongly homeostatic 

(Sterner & Elser, 2002). Our finding that most elemental ratios in T. pulchrum biomass 

were unchanged despite the dramatic shifts in soil and litter stoichiometry associated 

with more than forty years of biennial prescribed burning was thus not surprising. 

However, the smaller sample sizes for T. pulchrum stoichiometry t-tests may have 

influenced these results. Interestingly, the effects of fire on T. pulchrum P content and 

P:Na ratios (Table 6.3, Fig. 6.2l), were consistent with the shifts in litter P stoichiometry 

(Fig. 6.1l), as expected, and might have important implications. The stoichiometric 

growth rate hypothesis (GRH) predicts that organism growth rates should be closely 

coupled with biomass P content due to the P-rich nature of ribosomal-RNA (Elser et al., 

1996; Watts et al., 2006). Higher levels of body P have been associated with faster 

growth rates in some invertebrates, even when P may not be limiting (González et al. 

2014), and higher dietary P has been linked to greater reproductive output in crickets 

(Visanuvimol & Bertram, 2010). In view of this, it may be significant that rapid growth 

rates tend to be favoured in environments subjected to frequent, density independent 

mass-mortality events (Pianka, 1970; Reznick et al., 2002). A forest subjected to 

prescription burning every two years for more than forty years fits these descriptions; 

thus, it seems plausible that the repeated disturbance by fire has produced more-rapidly 

growing, and thus particularly P-rich, T. pulchrum individuals. Without growth rate data 

we cannot conclude such an effect is present, but we believe the hypothetical links 

between stoichiometric shifts and the rapid adaptation of life history strategies in 
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response to repeated fire, or indeed other disturbances, represent an exciting opportunity 

for future research.  

Earlier iterations of the GRH tended to focus on variation in biomass P and its 

relationship with N and C (i.e. N:P and C:P ratios; Elser et al., 1996). Interestingly, we 

found that T. pulchrum abundance was positively related to T. pulchrum P:Mg and P:S 

rather than P, N:P or C:P (Fig. 6.4g,h; Table S6.2). Links between insect abundance and 

insect body P and RNA content are expected under the GRH, and have been observed in 

prior studies (e.g. Schade et al., 2003). Thus, we feel our result is reasonably compatible 

with the GRH. However, given the importance of S to protein formation and of Mg to 

phosphate metabolism and enzyme function (Frausto da Silva & Williams, 1991), our 

results also suggest that consideration of S, Mg and perhaps numerous other elements 

will complement or enhance the currently C:N:P-oriented GRH.  

Although T. pulchrum abundance seems to be related to the P stoichiometry of 

T. pulchrum biomass, our results indicate that litter Na, rather than litter P, is also 

closely coupled with T. pulchrum abundance (Fig. 6.4a). Sodium is increasingly 

recognised as a critical and potentially-limiting nutrient influencing plant—insect 

interactions, largely due to the disparity between the small and large respective Na 

requirements of plants and animals (Kaspari et al., 2014; Ott et al., 2014; Walker et al., 

2015). Interestingly, Na was one of the only elements in litter that was not affected by 

fire in our study (along with Mg), and it was therefore consistent with our expectations 

that T. pulchrum abundance did not vary significantly between fire treatments. On the 

other hand, the negative relationships between T. pulchrum relative abundance and litter 

P and K suggest that other members of the surface active beetle community responded 

positively to the higher P or K concentrations in the 2yB treatment. Although 

preliminary, these results suggest that inter-taxonomic variation in nutrient requirements 
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are an important determinant of post-fire invertebrate community composition which is 

worthy of further study.  

Finally, a somewhat unforeseen outcome of this study was the dramatic 

reduction in 2yB T. pulchrum Na:K ratios (Fig. 6.2p). While the mechanisms 

underlying this shift are unclear, and the lack of studies in this area leaves little basis for 

speculation, it seems reasonable that this effect is related to the low soil and fine litter 

Na:K ratios in the 2yB treatment (Fig. 6.1p). We also feel that the partial biological 

substitutability of the monovalent K+ and Na+ cations plays some role (Frausto da Silva 

& Williams, 1991; Rodríguez-Navarro, 2000; Wakeel et al., 2011; Benito et al., 2014), 

given that some level of substitutability could yield a proportional degree of flexibility 

in Na:K stoichiometry. Whether this flexibility confers any advantage to T. pulchrum is 

unclear, although we note that the inverse relationship between T. pulchrum abundance 

and T. pulchrum Na:K might indicate stoichiometric adjustments in response to greater 

intraspecific competition for Na. In any case, it seems plausible that the flexibility of T. 

pulchrum Na:K ratios, coupled with the apparent influence of litter Na over T. pulchrum 

abundance and the constancy of litter Na concentrations regardless of fire frequency or 

time since fire, might underpin the stability of T. pulchrum populations over the wide 

range of stoichiometric conditions in our study. 

 

6.6 Conclusions 

Our study found that high frequency fire was associated with significantly altered multi-

element stoichiometry of soil, plant litter and, to a smaller extent, T. pulchrum, 

compared to long-unburned forest. Our results suggest that these effects are driven in 

part by the volatility of C, N and S under high temperature, and the non-volatility of P, 

K, Mg and Na. These effects seem to be further regulated by biological mechanisms like 
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stoichiometric homeostasis and variation in rates of uptake and resorption among 

nutrients. Thus, in soil and litter, numerous shifts in the balances between volatile and 

non-volatile elements occurred (e.g. N:P), but so did shifts within volatile (e.g. N:S) and 

non-volatile (e.g. P:K) groups of elements. Where shifts in T. pulchrum stoichiometry 

occurred, they were consistent with those of soil and litter, and hint at some intriguing 

relationships between fire disturbance and insect physiology. However, T. pulchrum 

stoichiometry was generally not as sensitive to fire as was soil and litter stoichiometry. 

The abundance of T. pulchrum was positively associated with litter Na, one of the only 

elements of which soil and litter concentrations were unaltered by fire treatment. This 

relationship may explain why T. pulchrum abundance appeared to be unaffected by 

more than forty years of biennial prescribed burning and the associated shifts in soil and 

litter stoichiometry. These findings enhance the understanding of the stoichiometric 

signature of fire, and provide new insight into the implications of fire-altered 

stoichiometry for forest floor invertebrate communities.  
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6.7 Supplementary Tables 

Table S6.1. Pearson’s correlation analyses between soil and litter chemistry and Thalycrodes pulchrum abundance and relative abundance† 

at the Peachester State Forest prescribed burning experiment, Queensland, Australia (n = 24; correlation P-values < 0.05 denoted ‘*’). 

 T. pulchrum abundance T. pulchrum relative abundance 

 Soil Fine litter Leaf litter Soil Fine litter Leaf litter 

 r P-value r P-value r P-value r P-value r P-value r P-value 

C% -0.20 0.356 -0.13 0.549 -0.001 0.997 -0.01 0.962 -0.09 0.664 -0.15 0.473 
N% -0.20 0.360 -0.15 0.480 -0.03 0.906 0.03 0.901 -0.04 0.866 0.19 0.372 
P% -0.39 0.062 -0.39 0.061 0.15 0.496 -0.66 <0.001* -0.51 0.010* -0.14 0.506 
Na% -0.31 0.147 0.25 0.241 0.44 0.033* -0.34 0.099 0.09 0.674 0.18 0.412 
K% -0.30 0.157 -0.30 0.152 0.21 0.322 -0.69 <0.001* -0.59 0.003* 0.11 0.618 
Mg% -0.37 0.077 -0.39 0.062 0.23 0.288 -0.43 0.036* -0.29 0.171 0.21 0.336 
S% -0.32 0.122 -0.21 0.332 0.33 0.110 -0.09 0.693 0.11 0.611 0.27 0.197 
N:P -0.01 0.971 0.12 0.570 -0.09 0.677 0.43 0.035* 0.22 0.310 0.14 0.527 
N:Na 0.36 0.081 -0.29 0.171 -0.34 0.109 0.56 0.004* -0.10 0.654 -0.04 0.864 
N:K 0.08 0.712 0.17 0.434 -0.19 0.371 0.50 0.014* 0.47 0.020* -0.09 0.691 
N:Mg 0.14 0.503 0.23 0.281 -0.25 0.237 0.34 0.104 0.23 0.288 -0.09 0.665 
N:S 0.22 0.295 0.11 0.604 -0.25 0.233 0.04 0.857 -0.24 0.261 -0.12 0.585 
P:Na 0.31 0.145 -0.58 0.003* -0.29 0.168 0.08 0.718 -0.51 0.011* -0.43 0.036* 
P:K 0.08 0.712 0.13 0.540 -0.15 0.498 0.50 0.014* 0.52 0.009* -0.47 0.021* 
P:Mg 0.09 0.669 -0.02 0.937 -0.09 0.685 -0.28 0.192 -0.34 0.109 -0.36 0.085 
P:S -0.01 0.959 -0.11 0.608 -0.11 0.617 -0.42 0.043* -0.42 0.044* -0.41 0.046* 
Na:K -0.11 0.619 0.40 0.051 0.18 0.393 0.31 0.143 0.60 0.002* 0.00 0.985 
Na:Mg -0.08 0.717 0.60 0.002* 0.20 0.352 -0.09 0.664 0.34 0.100 -0.02 0.936 
Na:S -0.19 0.382 0.39 0.057 0.18 0.402 -0.51 0.010* 0.03 0.906 -0.05 0.801 

†Relative abundance = T. pulchrum abundance as a proportion of total Coleoptera abundance. 
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Table S6.2. Results of Pearson’s correlation analyses between Thalycrodes pulchrum 

chemical properties T. pulchrum abundance and relative abundance† at the Peachester 

State Forest prescribed burning experiment, Queensland, Australia (n = 12; correlation 

P-values < 0.05 denoted ‘*’). 

 
T. pulchrum abundance 

T. pulchrum relative 

abundance 

T. pulchrum chemical 

property 

r P-value r P-value 

C% 0.48 0.117 0.10 0.756 
N% 0.31 0.321 -0.12 0.711 

P%  0.51 0.091 0.56 0.061 

Na% -0.37 0.234 0.41 0.185 

K% 0.31 0.327 0.44 0.151 

Mg% -0.54 0.071 0.26 0.407 

S% -0.48 0.116 0.11 0.736 

C:N 0.09 0.785 0.17 0.601 

C:P -0.25 0.441 -0.49 0.106 

C:Na 0.30 0.349 -0.42 0.176 

C:K -0.21 0.519 -0.54 0.072 

C:Mg 0.55 0.067 -0.21 0.522 

C:S 0.55 0.062 -0.03 0.921 

N:P -0.29 0.366 -0.54 0.071 

N:Na 0.27 0.397 -0.44 0.153 

N:K -0.23 0.466 -0.56 0.060 

N:Mg 0.56 0.057 -0.26 0.408 

N:S 0.53 0.074 -0.08 0.816 

P:Na 0.38 0.219 -0.32 0.315 

P:K -0.17 0.589 -0.49 0.106 

P:Mg 0.75 0.005* -0.01 0.982 

P:S 0.70 0.011* 0.16 0.614 

Na:K -0.73 0.007* -0.15 0.649 

Na:Mg -0.09 0.778 0.36 0.252 

Na:S -0.11 0.736 0.54 0.071 

†Relative abundance = T. pulchrum abundance as a proportion of total Coleoptera 

abundance. 
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Chapter 7. Discussion and Conclusions 

7.1 Summary of main findings 

This thesis presents one of the first detailed investigations into the potential 

stoichiometric mechanisms that underpin or influence the responses of organisms and 

ecosystems to vegetation fire. The meta-analysis presented in Chapter 2 showed that fire 

events leave a P-rich, N-poor stoichiometric signature in surface soils and plant litter 

(Chapter 2, Butler et al., 2018, Fig. 4). Further, this analysis found that the effect of 

recent fire on soil P biogeochemistry was consistent with ‘a transient reversion to an 

earlier stage of soil development’ (Chapter 2, Butler et al., 2018, Fig. 2). While the 

latter effect varied somewhat between vegetation types and other site characteristics 

(Chapter 2, Butler et al., 2018, Fig. 3), this combination of results revealed a globally-

consistent stoichiometric and biogeochemical effect of fire on ecosystems. This strongly 

reinforces the findings of subsequent chapters, and shows that the conclusions presented 

therein are likely to be applicable to many fire-affected systems around the world, 

especially in the P-limited vegetation communities which make up as many as half of 

all terrestrial ecosystems (Elser et al., 2007).  

Chapter 3–6 then presented a series of experiments which showed that many of 

the ecological effects of the long-term prescribed fire regimes at Peachester State Forest 

are linked to the stoichiometric signatures of those fire regimes. Chapter 3 presented a 

test of the hypothesis that long-term fire exclusion would lead to high soil N:P ratios 

and exacerbated P-limitation for the growth of Eucalyptus pilularis seedlings, while 

repeated prescribed burning would result in low soil N:P and thus trigger a shift toward 

N-limited growth. Soil N was severely depleted relative to P in the biennially-burned 

(2yB) treatment, compared to the long-unburned (NB) treatment, as expected. On the 

other hand, the quadrennially-burned (4yB) treatment did not differ greatly from the NB 
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treatment in terms of soil stoichiometry. This indicates that soil C and N stocks at 

Peachester are able to re-accumulate to pre-burn levels within four years after fire, but 

not within two years (Muqaddas et al., 2015). Despite these effects, E. pilularis growth 

was always co-constrained by P and at least one other nutrient, regardless of the soil’s 

fire history (Fig. 3.1), indicating that P nutrition is always critical to ecological structure 

and function at Peachester.  

Chapter 4 then extended the investigation to include micro-organisms and 

invertebrates, and showed that the stoichiometric effects of fire regime on basal 

resources (i.e. soil and litter) cascade throughout the forest floor food-web. Specifically, 

microbial and invertebrate biomass C:P and N:P ratios tended to be lower in biennially 

burned (2yB) treatment at Peachester relative to the unburned (NB) treatment (Figs. 

4.1–4.4). Further, fire regime and associated shifts in litter stoichiometry appeared to 

influence the characteristics of some, but certainly not all, invertebrate taxa, although 

the timing of sampling generally seemed to exert a stronger influence (Figs. 4.6–4.12).  

Chapter 5 shifted focus from the effects of stoichiometry on ecological structure, 

primarily, in Chapter 4, to the effects of stoichiometry on ecological structure and 

function together, by showing how the litter stoichiometry gradient generated by the 

different fire regimes (and particularly fire frequencies) at Peachester (Fig. 5.1) has led 

to a shift in the controls over litter decomposition (Fig. 5.3). Here the high C:P and N:P 

ratios in the quadrennially-burned treatment (4yB), which might have been driven by 

ecosystem P losses that follow anti-conservative P cycling in post-fire environments, 

resulted in a particularly strong coupling of litter mass loss (through C solublization) to 

microbial P acquisition (Fig. 5.3b). This P-limitation of microbially-driven 

decomposition was associated with an increase in the positive effect of invertebrates to 

decomposition (Fig. 5.3d & 5.6), which was in turn linked to modified invertebrate 

community composition on the level of order (Figs. 5.5).  
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Finally, Chapter 6 revealed that fire-induced soil stoichiometry shifts are not 

confined to the ratios of C, N and P, and that the nature of these ‘multi-element’ 

stoichiometry shifts in soil can be predicted based on the potential for S, but not Na, K 

and Mg, to turn to gas under the heat of combustion (Fig. 6.1). Much like C:P and N:P 

ratios, many of these shifts were reflected in the stoichiometry of litter, and in the 

biomass of the Nitidulid beetle Thalycrodes pulchrum (Figs. 6.1 & 6.2). These shifts 

suggested that frequent (and recent) burning can induce a decoupling of the cycles of 

volatile (C, N and S) and non-volatile (P, Na, K and Mg) elements, and that this 

decoupling is further regulated by the demand, uptake and resorption of these elements 

by plants. Further, these results suggest that the many permutations of 

C:N:P:Na:K:Mg:S ratios could influence the responses of organisms and ecosystems to 

fire regime, and that consideration of only C:N:P ratios could result in missed 

opportunities for discovery in some contexts. Sodium and Na-stoichiometry emerged as 

potentially important controls over T. pulchrum abundance (Fig. 6.4). While this was 

not unexpected, it might represent an important mechanism that enables the stability of 

this species, and perhaps others, in environments where fire regimes, and thus the 

supply of N and P, vary in time and space. 

Taken together, these findings provide strong evidence for the overarching thesis 

or hypothesis presented in Chapter 1. Changes in fire regime can clearly modify the 

elemental stoichiometry of soil, and these effects resonate throughout the ecosystem, 

shifting the stoichiometry of plants, microbial biomass and invertebrates, including 

predatory taxa among the latter. This indicates a decoupling of the cycles of volatile (i.e. 

C, N and S) and non-volatile (particularly P and K, but potentially Mg and others) 

elements that is particularly pronounced under very high fire frequencies. Here, at least 

some aspects of the cycles of volatile and non-volatile elements become more and less 

conservative, respectively. These effects propagate throughout the forest floor food-
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web, influencing various ecological properties and processes including the abundances 

of Coleoptera (on community and morphospecies levels) and Aranae (Fig. 4.9), the rates 

and controls of litter decomposition (Figs. 5.2 & 5.3) and the relative roles of micro-

organisms and invertebrates in decomposition (Figs. 5.3d & 5.6). Thus, this study 

provides the foundations for a novel, stoichiometric framework for fire ecology. The 

stoichiometric mechanisms involved influence plants, invertebrates and micro-

organisms, therefore this framework can be used to predict or interpret the responses of 

a wide variety of organisms and ecosystems to changes in fire regime. This improved 

understanding of the ecological impacts of fire will only gain value as the occurrence 

and frequency of fire increases around the world.  

 

7.2 Phosphorus stoichiometry as a persistent driver of ecological structure and 

function at Peachester 

A clear trend that emerged from this study was the tendency of P to constrain or, more 

accurately, co-constrain major ecological processes (i.e. growth of E. pilularis and litter 

mass loss) to a greater extent than N, regardless of fire frequency (Figs. 3.1 & 5.3). This 

matches with prior observations that P, not N, regulates many ecological process rates 

in eucalypt forests (Attiwill & May, 2001), and is also consistent with the idea put 

forward by Redfield (1958) that P is a “master element”, controlling the biogeochemical 

cycling of other elements. In some ways this outcome was surprising, as the depletion 

of soil, litter and microbial biomass N in the 2yB treatment was expected to trigger a 

shift toward N-limited growth and decomposition. Importantly, this outcome represents 

a critical point of departure between the current study and most previous studies into 

fire’s stoichiometric effects, as these have typically been carried out in N-limited 

grasslands (i.e. Cui et al., 2010; Pellegrini et al., 2014, 2015; Zhang et al., 2015).  
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In a 58-year fire frequency manipulation in a South African savanna, Pellegrini 

et al. (2014) reported severe depletion of N but not P, consistent with fire’s P-rich, N-

poor stoichiometric signature, but this effect did not translate to altered foliar 

stoichiometry or plant community composition. Similarly, Cui et al. (2010) found that 

burning led to short term increases in soil N and P availability in a temperate steppe in 

northern China, but in general this did not affect foliar N:P ratios, and where it did, N:P 

ratios were higher rather than lower. Zhang et al. (2015) showed that soil N:P ratios and 

foliar N were reduced by fire in alpine meadows on the Qinghai-Tibet plateau, but that 

foliar N:P ratios were unaffected. The role of N-limiting conditions here is perhaps 

critical, because under N-limitation plant N:P ratios may be only weakly or non-

responsive to reductions in soil N availability or increases in P availability following 

fires, particularly if cellular N levels are close to the minimum quota required for 

growth. Further, under N-limitation plants might only increase P uptake if it facilitates 

increased N uptake. In either case, it seems that plant N:P is unlikely to be affected by 

fire-driven reductions in soil N availability or increases in soil P availability where 

plants are N-limited, such that fire’s stoichiometric impacts might not propagate further 

throughout the food-web in the same manner as in P-limiting environments. By 

definition, reduced N availability in burned areas would constrain biomass production 

where plants are N-limited. It therefore seems plausible that transitions from high 

biomass forest to comparatively low biomass grassland (i.e. savanna) under increased 

fire frequency could be driven by state of N-limitation that is reinforced by repeated 

burning (Pellegrini et al., 2014; Pellegrini, 2016), and this might be one of the key 

biogeochemical or stoichiometric mechanisms behind fire’s effects in N-limited 

systems.  

Thus, while fire’s stoichiometric impacts in soil tend to be similar in most 

ecosystems, their biological and ecological implications depend greatly on 
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biogeochemical context. This is because C:N:P ratio shifts in soil are driven primarily 

by the physico-chemical properties of C, N and P on an atomic or molecular level, while 

the biological and ecological responses are contingent on the type and degree of nutrient 

limitation, which is determined by soil age, lithology, climate, vegetation and possibly 

previous fire history. This does not diminish the findings of the current study, as 

approximately half of all terrestrial ecosystems are P-limited (Elser et al., 2007), and 

this proportion is likely higher in Australia, where the ancient soils have lost much of 

their mineral P over millennia (Viscarra Rossel & Bui, 2016). 

Given that P remained a critical driver of ecosystem properties at Peachester 

regardless of fire regime, it must have been variability in the strength of P-limitation (or 

co-limitation) that drove many of the effects observed in the current study. Varying 

degrees of nutrient limitation to growth are thought to emerge on a cellular level 

through the saturating relationship between growth and the cellular quota of the limiting 

nutrient, formalised in the ‘Droop model’ (Droop 1974). Sterner & Elser (2002) 

subsequently argued that this mechanism, among numerous others, scales up to regulate 

structure and function at higher levels of biological and ecological organisation. This is 

consistent with the results of the current study, where variation in plant P content 

propagated throughout the forest floor food-web (Figs. 4.1–4.4), affecting Coleoptera 

and Aranae abundance beyond certain N:P thresholds (Fig. 4.9), regulating rates of 

microbial C solubilisation (Fig. 5.3b), and influencing the functional importance of 

invertebrates to decomposition (Fig. 5.3d). 

However, while P appeared to regulate or influence many of the biological and 

ecological properties at Peachester, it would be misleading to suggest that N and other 

elements were unimportant. Foremost here is the role other elements play in a 

stoichiometric sense, as it is largely the imbalance between P and other biologically-

essential elements at Peachester that makes P so important. Long-term accumulation of 
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soil N (and C) in the absence of fire is thought to exacerbate P-limitation and disrupt the 

cycling of C, N and P in the soil—plant system, and in doing so may hasten the decline 

of eucalypt forest ecosystems (Close et al., 2009; Vitousek et al., 2010; Jones & 

Davidson, 2014). The finding that E. pilularis growth was clearly not N-limited, 

regardless of fire history (Figs. 3.1 & 3.2a), highlights the strong potential for this sort 

of soil N eutrophication at Peachester.  

At the same time, many elements other than P are clearly important in their own 

right. For instance, short term increases in soil N availability following fire can ease N-

limitation where present (Dijkstra & Adams, 2015), and increased rates of soil N 

mineralisation after fire might support increased growth rates of E. regnans (Dijkstra et 

al., 2017). Moreover, it seemed that the abundances of some litter invertebrates were 

more sensitive to N than P under all but the most P-limiting conditions (e.g. fine litter 

N:P > 30) at Peachester (Figs. 4.9 & 4.12), an effect which might be related to the very 

high N content of invertebrate exoskeletons (Fagan et al., 2002). Further, potential 

enzyme activities were strongly coupled with litter total N content at Peachester (Fig. 

5.4), possibly due to the N-rich nature of enzyme molecules (Sterner & Elser, 2002), 

and this might have contributed to the low rates of litter decomposition in the P-

enriched 2yB treatment. The presence and activity of invertebrates and enzymes are 

essential to overall ecosystem function (Chapin et al., 2002), and are unlikely to be the 

only critical ecosystem properties that are regulated by N. Thus, the importance of N 

should not be underestimated in the context of fire’s stoichiometric effects, even in 

predominantly P-limited systems. At the same time, the results presented in Chapter 6 

show that the biogeochemical cycling and stoichiometric balances of Na, K, Mg and S 

are modified by fire regime (Figs. 6.1–6.3), and that these effects appear to have 

important ecological implications (e.g. Fig. 6.4) which await further exploration. 
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7.3 Broader implications: phosphorus stoichiometry, fire traits and ecosystem 

development 

Another important pattern emerging from the results of the current study, which 

reinforces the idea that the stoichiometric effects of fire regime at Peachester are 

dominated by P-related mechanisms, was that stoichiometric shifts tended to favour P 

and, in purely organic (non-soil) material, were driven by variation in P to a greater 

extent than variation in other elements. Invertebrate biomass C:P and N:P were lower 

and P content higher under 2yB than NB, but C:N ratios and C and N content were 

unaffected (Fig. 4.4; Table 4.2). Similarly, the 2yB treatment was associated with higher 

P content and P:Na ratios in Thalycrodes pulchrum biomass, compared to the NB 

treatment (Table 6.3; Fig. 6.2). Moreover, out of P, K, Ca and Mg, only the P content of 

E. pilularis biomass was affected by fertilization with P, N and micro-nutrients together 

(Figs. 3.3 & 3.4). This relationship was also predicted by Sterner & Elser (2002), who, 

among others, argued that variation in cellular or overall organism P content is 

underpinned to a great extent by variation in cellular ribosomal RNA (rRNA) content 

(Church & Robertson, 1966; Elser et al., 2000a; Elser et al., 2003; Sterner & Elser, 

2002; Watts et al., 2006). This led to the stoichiometric ‘growth rate hypothesis’ 

(Sterner & Elser, 2002; Elser et al., 2003), which asserts that rapid growth has a P-rich 

signature, owing to the P-rich nature of rRNA and ribosomes which drive protein 

synthesis. 

As pointed out in Chapters 2, 4 and 6, one reason rapid growth rates can arise is 

in response to frequent disturbance (i.e. fire) and associated density-independent 

mortality of organisms (Pianka, 1970; Reznick et al., 2002). On an individual organism 

level this is thought to be due to the brief opportunity for growth and reproduction 

afforded by frequent disturbance (e.g. the ‘fire trap’ or ‘fire interval squeeze’ Bond & 

Keeley, 2005; Bond, 2008; Enright et al., 2015), and is coupled with P-enriched 
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biomass in some organisms (Elser et al., 2000b). On a population level it is usually 

considered to result from the abundant supply of resources relative to the low demand 

by consumers following massive reductions in their population, which allows rapid 

population recovery (Pianka, 1970). It seems clear from the current study that in 

recently or frequently burned environments the elemental resource which is most likely 

to be in abundant supply relative to organism requirements is P, so the potential 

constraints imposed by P on the adaptation of rapid growth rates (Elser et al., 2000a, 

2003) are likely to be relaxed. From this perspective, it seems plausible that pulses of P 

availability following fire might play an important role in the evolution of fire traits in 

plants, particularly those that fit the ‘r-selected’ life history strategy (Keeley et al., 

2011; Altwegg et al., 2014).  

The tendency of some eucalypt and coniferous species to germinate following 

fire and then grow rapidly in order to reach a size at which they might reproduce before 

the next fire is a well-documented example of an r-selected fire adaptation (Burrows et 

al., 1990; Nicolle, 2006; Waters et al., 2010; Tng et al., 2012; Altwegg et al., 2014). 

This lifestyle has strong potential for P-limitation or P co-limitation (Elser et al., 2003), 

and Chapter 3 presents evidence for this for E. pilularis (Fig. 3.1; although some aspects 

of the regenerative strategy of this species are unclear; Nicolle, 2006). Moreover, it has 

been argued that increased P availability might facilitate the bursts of reproductive 

activity observed in certain plants following fires (Butler et al., 2017b), including 

increased flowering, seed production and germination (Lamont & Downes, 2011; Nield 

et al., 2014, 2016). A key premise of this argument is that reproductive structures are 

extremely P-rich compared to most other plant tissues (Lott et al., 2000; Henery & 

Westoby, 2001), and this seems to hold even in the most P-limiting environments and 

P-sensitive taxa (Groom & Lamont, 2009). Thus, large investments in reproductive 
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capacity, consistent with an r-selected life history, would engender a large P 

requirement, and fire has the answer.  

These observations concern plants, but there is no obvious reason why similar 

fire adaptations could not occur among invertebrates. Massive mortality of epigeal 

invertebrates and micro-organisms during fire could certainly drive r-selection, which 

might translate to reduced size, rapid growth and high fecundity. Chapters 4 and 6 

considered the possibility that higher invertebrate P content on community and 

population levels, respectively (Fig. 4.4; Table 6.3), could be evidence for a higher 

proportion of rapidly growing, P-rich taxa, and enhanced growth rates of T. pulchrum 

populations or individuals in the 2yB treatment. Significant increases in invertebrate 

abundance have followed burns in numerous studies, particularly after the initial shock 

period (e.g. Cancelado & Yonke, 1970; Nagel, 1973; Lussenhop, 1976; Warren et al., 

1987; Dunwiddie, 1991), which might suggest bursts of reproductive activity or rapid 

population growth. Other than the current study, very few investigations have 

considered the role of nutrients in driving invertebrate responses to fire, much less 

invertebrate fire adaptations, and further study is needed. 

This hypothetical relationship between fire, P and positive selection for r-

strategies might be triggered by short-term surpluses of P following fire that cause 

plants to become less conservative (i.e. ‘leaky’) in terms of their P cycling, even in low 

P environments (Butler et al., 2017b). However, leaky P cycling is likely to accelerate 

ecosystem P loss in the long-term, as total P always tends to decline in ecosystems 

owing to its ultimate source being parent material (Walker & Syers, 1976). Consistent 

with this, Pellegrini et al. (2017) noted that soil P concentrations tend to decline when 

increases in fire frequency are sustained over decadal scales, and in Chapter 5 it was 

shown that litter in the 4yB treatment at Peachester had particularly low total P content 

and high C:P ratios (Fig. 5.1). On the other hand, proportional P cycling remains in a 
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highly-amplified state in the 2yB treatment because of the higher fire frequency, which 

delivered twice as many ash deposition and P mineralisation events, and hindered soil N 

accumulation to a greater extent, thus relieving ‘transactional’ as well as depletion- and 

sink-driven P-limitation (Vitousek et al., 2010). This suggests that P cycling could be 

equally, if not more leaky in the 2yB treatment than in the 4yB treatment. There is not 

significantly more P in total in 2yB soils (on a dry mass basis; Tables 3.1 & 6.1), and 

the total amount of P in the system can only decrease under normal circumstances 

(Walker & Syers, 1976); therefore the anti-conservative state of P cycling in the 2yB 

treatment may lead to substantial losses of P in future.  

The long-term depletion of P driven by leaky P cycling, in combination with 

other mechanisms of fire-driven P loss (i.e. erosion and offsite ash deposition; Raison et 

al., 1984; Sheridan et al., 2007; Lane et al., 2008), are likely to have just as many 

implications for organisms and ecosystems as the short-term pulses in absolute and 

proportional P availability that follow fires. A key example regarding organisms has 

been put forward by Orians & Milewski (2007), who asserted that the very low levels of 

P and other mineral nutrients in Australian soils, in combination with high sunlight 

intensity and sufficient water, drove the evolution of many of the unique traits of 

Australian flora, including nutrient-poor, C-rich and energy-dense biomass, and the 

large proportions of heavily lignified tissue. Orians & Milewski (2007) further argued 

that these traits can protect plants from fire, but also actively promote fires due to their 

low quality and energy density, after which plants can take advantage of increased soil 

P availability. Interestingly, these woody tissues seem to have facilitated certain r-

selected fire-adaptations such as serotiny, which not only ensures germination in P 

enriched ash-beds, but prevents seeds from being destroyed during fire. At the same 

time, heavily-lignified, carbohydrate-rich tissues exactly describe most K-selected fire 

adaptations, which favour long-term survival and persistence of mature organisms, and 
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iteroparity (Pianka, 1970; Giesel, 1976; Reznick et al., 2002). These adaptations include 

thick, protective bark and re-sprouting ability (Keeley et al., 2011; Pausas et al., 2015), 

which relies on large stores of carbohydrates in lignotubers (Canadell & Lopez-Soria, 

1998; Bond & Midgley, 2001). From this perspective, it seems plausible that the trade-

off between r- and K-selected fire traits is driven by differences in the abilities or 

preferences of plants to acquire and allocate P and carbohydrates to specific biological 

structures or processes, but this is speculative and further research is required.  

Scaling up to ecosystems, the potential long-term losses of P associated with 

protracted increases in fire frequency seem to contradict the idea that fire’s 

stoichiometric signature ‘rejuvenates’ soil biogeochemical conditions as described in 

Chapter 2 and elsewhere (e.g. Turner & Laliberté, 2015; Peltzer et al., 2016). However, 

fire’s tendency to generate P-rich, N-poor soil stoichiometry is only a transient effect 

and, while it has been associated with increased productivity and preclusion of 

premature ecosystem retrogression (Wardle et al., 2003; Close et al., 2009), it does not 

prevent the eventual transition of productive forest ecosystems to severely P-limited, 

low productivity heath or shrublands (Turner & Laliberté, 2015). Thus, it seems that fire 

eases P-limitation in the short-term, but might exacerbate P-limitation in the long-term, 

which leads to an stronger reliance of plants on fire for its ephemerally P-enriching 

effects (which increase as soil P availability declines; Chapter 2, Butler et al. 2018, 

Table 2), and to increasingly nutrient-poor, and thus increasingly flammable, 

ecosystems (Orians & Milewski, 2007). Here it is highly relevant that by depleting the 

levels of P, N or both, increased fire frequency can constrain litter decomposition (Figs. 

5.2–5.4), thereby accelerating fuel accumulation and increasing the potential for future 

fires. As a whole these patterns represent an ecological circular-causality (Hutchinson, 

1948), and a positive feedback between fire, environmental P availability and biological 

P demand. Given that positive feedbacks are inherently unstable, this relationship 
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between fire and P might contribute to the potential for fire to accelerate, rather than 

inhibit, the decline of regressive, P-limited ecosystems (Peltzer et al., 2016).  

Beadle (1953, 1962) was one of the first argue that P plays a critical role in 

regulating the structure and distribution of Australian vegetation communities. This idea 

has stimulated a substantial amount of research and is supported by studies of soil 

chronosequences (and associated soil P and N:P ratio gradients) in eastern and western 

parts of the continent (Attiwill & May, 2001; Wardle et al., 2004; Laliberté et al., 2013; 

Zemunik et al., 2016). Similar chronosequence studies also show that soil age and the 

accompanying variation in fertility (notably soil N:P ratios) have profound impacts on 

soil invertebrate communities (e.g. Bokhorst et al., 2017b). Another prevailing theory 

is, of course, that the distribution, stability, productivity and physiology of Australian 

vegetation communities has been, and continues to be, shaped by fire (e.g. Noble & 

Slatyer, 1981; Bowman, 2000). While the link between fire and P in this context has 

certainly been recognised (e.g. Adams et al., 1994; Chambers & Attiwill, 1994; 

Bowman, 2000; Close et al., 2009), the current study has revealed that the relationship 

is both broader (i.e. occurs consistently in fire-prone biomes around the world; Chapter 

2) and deeper (i.e. transcends trophic level and potentially underpins various fire 

adaptations as well as aspects of fire-driven succession) than prior research has 

indicated. Importantly, it is the stoichiometric imbalance between P and other essential 

resources, such as C, N and light, that gives P its primacy here, and it is fire’s ability to 

ease or exacerbate this imbalance that underpins fire’s P-driven effects. Thus, the 

mechanism of the fire–P relationship reported and discussed throughout this thesis is a 

stoichiometric one, and this underscores the value of stoichiometric approaches in fire 

ecology. 
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7.4 Recommendations for future research 

Based on the above discussion, and the results presented in Chapters 2–6, there is 

clearly tremendous potential for ongoing work into fire-stoichiometry relationships. 

Some critical knowledge gaps and research questions that were beyond the scope of the 

current study include, but are not limited to the following:  

1) What are the implications of fire-induced stoichiometry shifts in N-limiting 

environments? 

Fire’s P-rich, N-poor stoichiometric signature might have completely different 

implications in environments where, unlike Peachester, primary production and 

decomposition tend to be N-limited. Some particularly intriguing hypotheses in this 

context relate to fire-driven shifts in vegetation type. For example, exacerbation of N-

limitation in forest might trigger transitions to savannah. Similarly, rainforests occurring 

on P-rich soil may tend toward N-limitation, such that fire-driven N-losses facilitate 

invasion by Eucalyptus species during post-fire succession, particularly if the eucalypts 

are more likely to be P-limited than the original rainforest tree species.  

2) How does the growth, nutrient limitation status and community composition of 

understorey plant species respond to changing fire frequency? 

The current study showed that E. pilularis, the dominant species at Peachester, grows 

under co-limitation by P and at least one other nutrient regardless of fire history. 

Understorey plants at Peachester have a variety of growth forms, fire-affinities and 

nutrient acquisition strategies, and so might be limited by other nutrients. Understorey 

community composition is known to differ between fire frequency treatments at 

Peachester (Lewis et al., 2012), but the role of soil chemistry and stoichiometry in 

driving this effect has not been investigated explicitly. 
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3) Has fire frequency led to faster invertebrate (e.g. T. pulchrum) individual or 

population growth rates, consistent with the higher P content of invertebrate 

biomass?  

Although the P content of invertebrates seems to be higher in the 2yB treatment on 

individual and community levels, it is not known with any certainty if this is linked to 

faster growth rates as might be expected under the stoichiometric growth rate 

hypothesis (Elser et al., 2003). The theoretical considerations outlined in Chapters 4 and 

6 suggest that this could be the case, and might be driven by repeated mass mortality 

events associated with frequent fire. The observation of such an effect could be a 

significant milestone for both fire and biogeochemical ecology.  

4) How dominant are the stoichiometric mechanisms underpinning fire’s effects on 

decomposition? 

In the current study, there was clear evidence that decomposition is influenced by fire-

induced stoichiometry shifts. However, it is not clear to what extent these shifts impact 

decomposition relative to other environmental factors that vary between fire treatments, 

such as moisture, light, and total litter biomass. These factors almost certainly play a 

role, and reciprocal litter-bag transplants in combination with controlled, laboratory-

based incubation studies will be required to fully understand the stoichiometric 

constraints on decomposition in fire-affected forests. 

 5) What are the extended implications of fire-induced shifts in multi-element 

stoichiometry? 

Chapter 6 demonstrated that fire regimes can affect the stoichiometry of elements other 

than C, N and P in soil, and in ways that can be predicted based on volatilisation 

tendency and biological demand. Much like C:N:P ratio shifts, some of these effects 

were reflected in producer and consumer biomass. Chapter 6 provided only a glimpse 
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into the implications of these multi-element stoichiometry shifts, including stability of 

Na-limited processes under different fire regimes and the potential for fire-induced S-

limitation. These observations indicate that an increased focus on the stoichiometry of 

Na, K, Mg and S in fire ecology could yield many new insights.  

6) Is the trade-off between r- and K-selected fire adaptations mediated by P 

stoichiometry? 

As discussed in Section 7.3, P stoichiometry might play an important role in driving the 

trade-off between r- and K-selected fire adaptations. This hypothesis is largely untested. 

While the role of nutrients and energy is appreciated in this context (Orians & 

Milewski, 2007; Saura-Mas & Lloret, 2009), a significant amount of further research 

will be required for this relationship to be understood. 

7) How do the short- and long-term dynamics of fire’s effect on soil P availability 

influence ecosystem development and decline? 

In Chapter 2 and Section 7.3 some of the relationships between fire, P and ecosystem 

development were discussed. Fire’s ecological impacts likely depend strongly on the 

stage of soil or ecosystem development, and could either delay or advance ecosystem 

decline depending on the type and degree of nutrient limitation. Few, if any, studies 

have explored these drivers simultaneously, by examining the impact of fire on P 

stoichiometry and P cycling in ecosystems across a soil chronosequence, and this 

represents an exciting opportunity for future study. 

8) How might fire’s stoichiometric signature feed back into global biogeochemical 

cycles and climate change processes? 

Nutrient limitation constrains the ability of ecosystems to sequester C, and may also 

stimulate CO2 respiration of heterotrophic soil micro-organisms (Hessen et al., 2004). 

Fire’s role in easing or exacerbating N and P imbalances may thus influence ecosystem 
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carbon storage and greenhouse gas emissions, which are obviously crucial factors in the 

context of climate change. Further, as shown in Chapter 5, the elemental imbalances in 

litter associated with increased fire frequency contribute to inhibit decomposition in 

burned areas. As litter decomposition rate is a main determinant of fuel loads, this may 

impact on future fire regimes, which in turn impact soil C storage (Muqaddas et al., 

2015; Pellegrini et al., 2017), greenhouse gas emissions (Kim, 2003; Urbanski et al., 

2008; Liu et al., 2013) and primary production (Martin Calvo & Prentice, 2015).  

 

7.5 General conclusions 

This study represents the first detailed investigation into the extent and implications of 

fire’s elemental stoichiometric signature. Throughout this thesis, it has been shown that 

fire has a stoichiometric signature in the soil–plant system that favours P relative to C 

and N, an effect which is most probably due to the disparate tendencies for these 

elements to volatilize during fires. This appears to be globally consistent pattern, 

making the findings of this study applicable to many ecosystems around the world, but 

particularly those where P tends to limit biological processes. Results from the long-

term prescribed fire experiment at Peachester State Forest revealed that this 

stoichiometric signature is particularly pronounced in soil and litter when the fire return 

interval is two years on average. This is likely because the cycling of P in the 2yB 

remains in a highly-amplified state compared to that in the unburned area, due to the 

increased availability of P in soil relative to N, and because ecosystem stocks of C and 

N cannot re-accumulate within two years at Peachester. On the other hand, while soil C 

and N seemed mostly unaffected by quadrennial burning relative to the unburned 

treatment, there was some evidence that ecosystem P is beginning to be depleted in the 

4yB treatment. This effect may be due to leaky P cycling following post-fire spikes in 

soil P availability, leaching and erosion of P following fires, and offsite ash deposition.  
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Contrary to expectations, the large fire-induced shifts in soil N:P ratios did not 

affect the state of nutrient limitation for Eucalyptus pilularis. Instead, E. pilularis 

growth seemed to be persistently co-limited by P and at least one other nutrient, 

supporting the ideas that P availability is critical to the nutrition of eucalypt forests, and 

that N eutrophication in the long-term absence of fire could contribute to ecosystem 

decline. At the same time, fire-induced shifts in soil stoichiometry resonated throughout 

the forest-floor food web, as shown by the parallel shifts in the stoichiometry of plant 

material, soil and litter microbial biomass, and invertebrates on community and 

population levels. For microbial and invertebrate communities this could be evidence of 

community restructuring along stoichiometric lines. For invertebrates this was 

supported by shifts in ordinal and Coleoptera morphospecies assemblages that 

coincided with significant shifts in the stoichiometry of invertebrate community 

biomass. On the other hand, the stoichiometric shifts occurring within populations of 

the Nitidulid beetle Thalycrodes pulchrum might indicate altered physiologies in 

response to repeated disturbance and altered nutrient supply regime. Further, while 

certainly not the only mechanism that underpins the effects of fire regime on ecological 

structure and function, litter stoichiometry was clearly related to the abundances of 

some invertebrate taxa, influenced invertebrate community composition, constrained 

rates of litter C solubilisation and microbially-driven litter mass loss, and altered the 

relative roles of micro-organisms and invertebrates in litter decomposition. 

Finally, although N, Na, K, Mg, S and their stoichiometric ratios were also 

clearly affected by fire regime and may affect various aspects of ecosystem structure 

and function, it appears that in many ways P is the ‘master element’ at Peachester, due 

to its scarcity relative to other essential elements. Thus, it was fire’s ability to ease or 

exacerbate this imbalance that underpinned many of fire’s stoichiometrically-driven 

effects at Peachester. The importance of fire–P dynamics for influencing ecological 
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responses to burning has not gone unappreciated by prior researchers, but the current 

study is the first to use an explicitly stoichiometric approach in a P-limited system in 

this context. This has evidently yielded many new insights, and suggests that the long- 

and short-term relationships between fire regime and ecological P stoichiometry may be 

fundamental to the ecology of Australia, and perhaps of fire-prone biomes globally.
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