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Abstract 
Broadscale clearing and continued agricultural use of former temperate Australian woodlands 

has resulted in widespread land degradation and loss of biodiversity.  Tree clearing has not only 

removed key ecological structures and broken an important nutrient cycling pathway, but has 

exposed surface soils to extreme temperature fluctuations and evaporation.  Land–use 

intensification for cropping and livestock grazing has altered soil nutrients, compacted surface 

soils and reduced the cover and richness of the native plant understorey.  These modifications 

pose a threat to the long–term survival of species sensitive to extreme surface–soil conditions as 

well as the maintenance of species diversity.  As such, there is considerable interest in the 

restoration of temperate woodlands at both Federal and State levels, with the return of trees to 

the landscape the most common focus.  However, an important structural element removed and 

now missing from these lands is coarse woody debris (CWD) — boles and branches greater 

than 10 cm in diameter.  In the absence of source trees, CWD cannot naturally re–accumulate.  

Restocking of CWD is proposed to address this problem because of the positive impact of CWD 

on the abundance and richness of threatened fauna.  However, the impact of CWD on modified 

woodland surface soils and understorey plants is unknown.  Hence, the merits of restocking 

initiatives are difficult to assess. 

Coarse woody debris may moderate surface–soil temperatures and reduce the rate of surface–

soil moisture loss as well as restore soil nutrient cycling pathways.  Those effects may also 

influence the growth and survival of nearby understorey plants.  This thesis aims to quantify the 

likely impacts of CWD on surface–soil temperature, moisture content and soil characteristics as 

well as the effect on understorey plants.  Specifically, this thesis examines the impacts of 

eucalypt CWD on i) diurnal surface–soil summer maximum and winter minimum temperature, 

ii) the magnitude of the likely reduction in the rate of surface–soil moisture content, iii) surface–

soil characteristics and iv) adjacent understorey plant moisture content, growth and species 

composition, in a typical former temperate eucalypt woodland.  Goorooyarroo Nature Reserve 

in the Australian Capital Territory — an example of the endangered Eucalyptus melliodora–

Eucalyptus blakelyi woodland community to which CWD has been experimentally added — 

was used as the study site.  Each study drew upon both experimentally added and pre–existing 

CWD of varying decay states and diameters, all located beyond the edge of tree canopies to 

isolate the direct effects of CWD.  

To explore the impact of CWD on the soil thermal extremes, diurnal surface–soil temperatures 

were monitored at a depth of 2.5 cm during summer and winter near CWD and at reference 

distances away from CWD.  The results indicated that the presence of CWD reduced the 
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duration of extremely high summer and low winter surface–soil temperatures.  Surface–soil 

temperatures near CWD were largely maintained below a threshold temperature of 30°C in 

summer and above a threshold temperature of 5°C in winter compared to reference distances.  

The duration of time above 30 °C in summer was reduced by 93 % near CWD and the duration 

of time below 5 °C in winter was reduced by 77 %, compared with reference distances.  

Nonlinear statistical models were developed to explain the observed daily summer maximum 

and winter minimum surface–soil temperatures as functions of distance from CWD and CWD 

diameter.  Mean summer daily maximum surface–soil temperatures were significantly cooler by 

11.1 °C and mean winter daily minimum temperatures were significantly warmer by 1.9 °C near 

CWD compared to the respective mean maximum and minimum temperatures at reference 

distances.  Increasing CWD diameter increased the extent of the impact over distance from 

CWD in both summer and winter.  During summer maxima, larger diameter CWD also 

increased the magnitude of the reduction in surface–soil temperature near CWD.  The results of 

this study demonstrate that CWD, particularly of large diameter, can be effective in protecting 

surface soils from sustained exposure to extreme surface–soil temperatures.   

Surface–soil moisture content was calculated gravimetrically to a depth of 5 cm near CWD and 

at reference distances away from CWD.  Sampling was conducted at regular intervals following 

a major rain event in late summer that was sufficient to moisten the top 5 cm of soil.  Soil bulk 

densities associated with the gravimetric soil–moisture content were found to be significantly 

lower near CWD than at reference distances, indicating higher levels of soil carbon.  

Multivariate nonlinear modelling was used to explain the observed soil moisture content as a 

function of time after rainfall, distance from CWD and CWD diameter.  Modelling indicated 

that rates of soil moisture loss increased with increasing distance from CWD.  Drying times 

near CWD were 40% longer than drying times at reference distances from CWD.  Modelling 

also indicated that CWD diameter influenced the rate of soil moisture loss over distance from 

CWD.  That is, larger diameters reduced soil moisture loss over a greater distances from CWD.   

This study shows that CWD, particularly of large diameter, can significantly reduce surface–soil 

moisture loss in a water–limited ecosystem during dry periods.  CWD can also significantly 

reduce surface–soil compaction, yielding soil densities more characteristic of intact woodlands.   

Surface–soil characteristics consisting of carbon (C), nitrogen (N), C to N ratio (C:N), labile 

phosphorus (P), nitrate (NO3
-), ammonium (NH4

+), pH and electrical conductivity (EC) were 

measured adjacent to, and at reference distances away from CWD.  Soils were measured at 

depths of 0–1 cm, 1–3 cm and 3–5 cm.  A linear mixed model was used to test the effects of the 

presence of CWD, soil depth and CWD decay class and diameter.  Significantly larger values 

for C, N, C:N, P, NO3
-, EC, and significantly smaller values for pH were found adjacent to 
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CWD.  The greatest impact of CWD was on the uppermost surface soil.  CWD decay class and 

diameter had little influence on the measured soil characteristics.  The results suggest that the 

effect of newly added CWD is rapid, occurring after just two years.  These effects appear to be a 

consequence of the structural properties of CWD.  The results from this study demonstrate that 

CWD can significantly modify surface–soil characteristics.  As such, CWD could play an 

important role in returning surface soils to the conditions of intact woodlands.  

Total understorey plant moisture content, dry biomass, foliage cover as well as species 

composition and richness were compared between positions adjacent to and at a reference 

distance away from CWD.  A linear mixed model was used to test the effect of CWD, CWD 

decay class and diameter.  Total plant moisture content, dry biomass and foliage cover were 

significantly greater near CWD compared to reference distances.  Although CWD did not affect 

total species richness, native grass richness was significantly lower and cover by exotic forbs 

significantly greater near CWD than at reference distances.  CWD decay state did not 

significantly affect the measured plant attributes.  CWD diameter was positively related to plant 

moisture content and foliage cover.  The results indicate that CWD has a rapid impact, 

occurring within one year, on total plant moisture content, dry biomass and foliage cover.  As a 

consequence CWD could be important for the survival and growth of understorey plants within 

woodlands.  Greater plant moisture content near CWD suggests that CWD may be effective in 

protecting plants from extreme moisture loss and this effect appears to be greater for large 

diameter CWD.  However, changes in growing conditions near CWD may also alter competitive 

interactions in favour of existing exotic species.   

The results of this thesis indicate that CWD has both rapid and long–lasting physical and 

structural impacts on surface soils and understorey plants.  CWD appears to be effective in 

protecting surface soils from long–term exposure to extreme temperatures and moisture loss 

during dry periods, with the impact over distance scaling with CWD diameter.  Such CWD sites 

could form refugia better suited to soil–dependent biological activity, such as the germination 

and growth of the plant understorey.  At a landscape scale these refugia may be vital for the 

establishment and survival of drought sensitive species.  This potential role of CWD has not 

been previously reported and is particularly important in the context of the current and future 

predicted climate conditions.   

This thesis has also revealed that CWD returns surface soils to conditions that are more 

representative of intact woodlands by increasing soil C and labile P and reducing soil bulk 

density.  As such, CWD can be used to rapidly return missing soil heterogeneity to woodlands.  

Understorey plants would have greater access to available nutrients and soil moisture and this 
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could result in an increase landscape productivity and a change in plant diversity.  However, this 

may also discourage native grasses and encourage exotic forb species that are already present by 

accelerating their establishment and growth.  Such an outcome is likely to be context–

dependent, with the outcome varying to reflect different land management histories and 

ecosystem conditions.  Thus, strategies such as weed management should be applied to address 

the establishment of exotic species in association with CWD application.  This thesis makes a 

significant contribution not only in understanding the role of CWD in modifying surface soils 

and understorey plants, but in potentially guiding its application in restoring degraded 

woodlands.   
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Chapter 1: Introduction 
1.1 Background 
Coarse woody debris (CWD), fallen tree boles and branches with a diameter greater than 10 cm, 

is an important feature of forests and woodlands world–wide.  It is well established that CWD is 

a key component of nutrient cycling in forested ecosystems (Harmon et al., 1986) and provides 

a range of structural and physical resources including habitat for fauna (Maser et al., 1979) and 

substrates for flora (Harmon and Franklin, 1989).  Therefore, the loss of CWD can have 

negative consequences for ecosystem processes and biodiversity (e.g. Huston, 1993; Fraver et 

al., 2002).  CWD stocks have been depleted principally through the process of tree clearing 

which has removed CWD–source trees and confined CWD to small diameters (Siitonen et al., 

2000).   

The temperate eucalypt woodlands of Australia exemplify the factors leading to, and problems 

associated with, CWD loss from treed ecosystems.  Australian temperate eucalypt woodlands 

were once widespread throughout inland south–eastern and western Australia in areas of rainfall 

between 400–800 mm (Moore, 1975).  The woodland formation typically comprised widely 

spaced canopies and graminoid understorey (Gillison and Walker, 1981).  Since European 

settlement, these woodlands have been transformed into agricultural lands because of their 

attractive soils, low slopes and apparent high productivity (e.g. Moore, 1959).  Approximately 

one third (~500,000 km²) of the original extent of temperate woodlands has been transformed 

into valuable agricultural grasslands and pastures (AUSLIG, 1990), and remaining trees exist 

only in patches or as isolated individuals with little opportunity for regeneration (Yates and 

Hobbs, 1997).  CWD has also been removed as a result of tree clearing and agricultural use of 

fire (see Pyne, 1991) aimed at maximising agricultural productivity.  CWD stocks are not 

naturally re–accumulating because of the absence of large CWD–producing trees (see Killey et 

al., 2010) and firewood collection (West et al., 2008). 

Tree removal and high intensity agriculture have degraded the woodland environment.  The loss 

of trees has exposed surface soils to greater evaporation and temperature fluctuations (see Chen 

et al., 1993; Morecroft et al., 1998; Proe et al., 2001) and diminished the return of organic 

matter and nutrients to surface soils (see Eldridge and Wong, 2005; Wilson et al., 2007).  

Surface soils are also more likely to experience extreme temperatures and dry out as a result of 

increased soil density, reduced soil organic matter content and litter cover caused by livestock 

grazing (Johnston, 1962; Yates et al., 2000; Greenwood and McKenzie, 2001).  Livestock 

grazing has also impacted upon native woodland understoreys by promoting grazing–tolerant 

species (Moore, 1966) and reducing native species richness (Dorrough et al., 2007).  
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Furthermore, the broadscale application of fertiliser and sowing of nitrogen–fixing crops and 

exotic pastures has promoted the invasion by exotic grasses and forbs (McIntyre, 2008) because 

native understorey species are less competitive than exotic pasture species in enriched surface 

soils (McIntyre and Lavorel, 1994; Prober et al., 2002b).  The outcome is that woodlands 

generally exhibit highly modified understoreys and surface soils that are depleted in organic 

matter and exposed to climatic extremes.    

The transformation of temperate eucalypt woodlands to agricultural lands has caused wide–

spread loss of woodland biodiversity (Yates and Hobbs, 1997).  Trees and CWD removal from 

former woodlands has vastly reduced the physical and structural resources available for 

woodland organisms and has diminished landscape heterogeneity (see Lindenmayer et al., 2002; 

McElhinny et al., 2006).  The on–going decline in woodland biodiversity has been 

acknowledged by the recent listing of many woodland communities as threatened and 

endangered under Australian State and Federal Government legislation (e.g. Department of the 

Environment and Energy, 2018).  This listing has prompted efforts to restore former woodland 

areas.  Restoration efforts have placed the greatest emphasis upon revegetation by direct sowing 

and planting of native woodland trees and shrubs, with the goal of re–establishing fauna habitat 

(Dorrough and Moxham, 2005).  A limitation of this strategy is the time taken to generate 

critical woodland habitat resources, such as CWD and tree hollows, that may take more than 

100 years to form (Vesk et al., 2008).  The time taken for the production of CWD presents a 

problem for the immediate and short–term survival of species dependent on CWD and its 

associated resources (Manning et al., 2013).  One way to overcome this is to artificially restock 

woodlands with imported CWD sourced from nearby property development and forest 

harvesting (Mac Nally, 2006; Manning et al., 2011).  This method of restocking CWD has been 

justified by the positive effects of CWD on the abundance and richness of woodland fauna (e.g. 

Mac Nally et al., 2001; Michael et al., 2004; Manning et al., 2013).  However, the physical and 

structural consequences of CWD restocking on the surrounding degraded woodland 

environment are not known.   

Newly added CWD has an immediate physical impact on surface–soil temperature and soil 

moisture content.  Surface soils under piles of CWD compared to reference conditions have 

been shown to exhibit less extreme soil temperatures and greater soil moisture content than 

surrounding soils (Smethurst and Nambiar, 1990; O'Connell et al., 2004; Pettit and Naiman, 

2005; Law and Kolb, 2007).  These results are consistent with the expectation that CWD will 

act like other organic matter to reduce soil temperature fluctuations and reduce the rates of soil 

moisture loss (e.g. Chung and Horton, 1987; Bussière and Cellier, 1994).  However, the effects 

of CWD on seasonal extreme temperatures are not well quantified.  Likewise, it is not clear 
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from the current literature what the magnitude of the reduction in the rate of surface–soil 

moisture loss is due to CWD.  Furthermore, the physical relations of CWD to soil temperature 

extremes and surface–soil moisture content over varying distances from CWD and for varying 

CWD diameters has not been defined.  CWD could improve surface–soil conditions for 

organisms by maintaining suitable temperatures and moisture content for metabolic and 

physiological processes (Rosenberg et al., 1983).  This could be particularly important in the 

woodland context for creating refuge sites for organisms, particularly given the projected 

warming trends in temperature extremes and the increasing number of consecutive days without 

precipitation (Alexander and Arblaster, 2009) within an already highly variable climate (Leeper, 

1973).  Therefore, the importance of ameliorating extreme surface–soil temperatures and 

moisture loss is likely to increase, particularly for the survival of surface–soil organisms. 

Coarse woody debris may also have long–term physical and structural impacts on local surface 

soils.  Few studies have considered the impact of CWD on surrounding surface–soil 

characteristics.  Most studies of CWD have been conducted in wet temperate, deciduous, 

subalpine and boreal forests.  These landscapes differ climatically and functionally from the 

temperate woodlands of Australia.  In mesic forest ecosystems, CWD is shown to both store and 

release nutrients such as nitrogen and phosphorus (Lambert et al., 1980; Graham and Cromack 

Jr., 1982) and organic compounds such as polyphenols (Yavitt and Fahey, 1985; Ganjegunte et 

al., 2004) as CWD decomposes.  Therefore CWD directly impacts upon soil characteristics, 

particularly at the soil surface, with greater impacts occurring at more advanced states of 

decomposition (Spears and Lajtha, 2004; Hafner et al., 2005; Zalamea et al., 2007).  However, 

the impact of eucalypt CWD on surface–soil characteristics has not been quantified despite 

evidence that eucalypt CWD stores and releases nutrients and this effect varies with CWD 

decomposition and diameter (Brown et al., 1996).  As such, the impacts of CWD of varying 

decay states and diameters on woodland surface–soil characteristic are not known.  If CWD has 

an impact on surface soils, it could increase soil heterogeneity within a degraded woodland 

landscape (e.g. Ludwig and Tongway, 1995) as well as return soil conditions to those found in 

intact woodlands where nutrient cycling processes have been maintained (e.g. Prober et al., 

2002a).  

The physical and structural effects of CWD may extend to local understorey plants.  CWD can 

create protective structures where understorey plants can establish in semi–arid environments 

(Ludwig and Tongway, 1996) and CWD–associated improvements to surface soils can favour 

the establishment and growth of plants on floodplains (Pettit and Naiman, 2005) and lakeshores 

(Haskell et al., 2012) and following forest harvesting (Law and Kolb, 2007).  However, it is not 

clear from the literature what impact CWD restocking may have on the heavily modified 
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temperate Australian woodland understorey.  The outcome of CWD restocking on the plant 

understorey is of particular importance in the woodland context because the understorey is 

where most of the plant diversity exists (e.g. Tremont and McIntyre, 1994).  This diversity has 

greatly diminished with agricultural expansion (e.g. Prober and Thiele, 1995).  The re–

introduction of CWD could be used to promote the establishment and growth of understorey 

plants by creating locations where extremes of surface–soil temperature and moisture content 

are moderated and soil nutrient cycling improved (e.g. Tongway and Ludwig, 1996).  As 

consequence, CWD could influence the plant composition because the native understorey is 

particularly sensitive to soil moisture and nutrients (McIntyre and Lavorel, 1994; Prober et al., 

2002a).  CWD could also contribute to landscape heterogeneity by creating locations of greater 

plant productivity and refugia from extreme climatic conditions within the modified woodland 

environment (e.g. Tongway et al., 1989).  The magnitude of such an impact could be influenced 

by CWD decomposition and CWD size because surface–soil conditions may be influenced by 

these attributes of CWD (see Spears and Lajtha, 2004; Pettit and Naiman, 2005).  The impact of 

these attributes of CWD on understorey plants has not been previously considered.  

1.2 Thesis context and structure 
The degraded condition of eucalypt woodland surface soils and understorey plants is driving 

research interest in assessing (e.g. Dorrough et al., 2007; Duncan et al., 2008) and restoring 

surface soils and native understorey plants (e.g. Clarke and Davison, 2004; Cole et al., 2004).  A 

key focus of research to date has been to test techniques that alter surface soils with the aim of 

restoring the native understorey (e.g. Prober et al., 2005; Prober and Lunt, 2009).  Despite this, 

and the likely impacts of CWD on surface soils and understorey plants, the effects of CWD re–

introductions on the woodland environment remain untested.  This is a major weakness in 

research aimed at woodland restoration, particularly given the current applications of CWD to 

these landscapes and the threatened and endangered status of some woodland communities.  

Furthermore, there has been no examination of the impact of CWD on surface soils and 

understorey plants in ecosystems similar to Australian temperate eucalypt woodlands.  This 

thesis aims to address this knowledge gap by quantifying the likely impacts of CWD on surface 

soil–temperature, moisture content and soil characteristics as well as the effect on understorey 

plants.  A series of hypotheses were developed and tested independently for each of these 

research topics in four separate chapters of this thesis, as outlined below.  

1.2.1 Chapter 2: Extreme surface–soil temperatures 
This chapter aimed to quantify the impact of CWD on diurnal surface–soil summer maximum 

and winter minimum temperature, over varying distances from CWD and for varying CWD 

diameters, in a former temperate woodland.  It was expected that CWD would have an impact 
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on surface–soil temperatures, by blocking incoming solar radiation during times of summer 

maxima and by limiting cooling during times of winter minima, as a result of the thermal inertia 

associated with the mass of CWD (see Oke, 1993; Kluber et al., 2009).  As such, larger 

diameter CWD was expected to have a greater impact on surface–soil temperatures, as shown 

for thicker organic mulches (Bussière and Cellier, 1994).  It was, therefore, hypothesised that i) 

CWD would reduce the durations of time that surface soils experience extremely high 

temperatures in summer and extremely low temperatures in winter and ii) CWD diameter would 

affect the magnitude of the impact on surface–soil temperatures as well as the distance of the 

effect from CWD. 

1.2.2  Chapter 3: Rate of moisture loss from surface soils 
The aim of this chapter was to quantify the change in surface–soil moisture content over time 

after rain, at varying distances from CWD of varying diameters in a former temperate 

woodland.  It was expected that the rate of surface–soil moisture loss over time would be 

substantially reduced near CWD, as indicated by the effects of organic mulch on surface–soil 

moisture content (Chung and Horton, 1987).  CWD diameters were recorded, because diameter 

has been previously associated with differing impacts on surface–soil moisture whereby smaller 

diameter CWD may be associated with lower soil moisture content (Pettit and Naiman, 2005).  

It was therefore hypothesised that CWD would i) reduce the rate of surface–soil moisture loss 

over time since rain and ii) CWD diameter would affect the magnitude of the impact on 

surface–soil moisture as well as the distance of the effect from CWD.  

1.2.3  Chapter 4: Surface–soil characteristics   
This chapter aimed to quantify the effect of CWD on degraded former woodland soils.  The 

focus was on the A horizon because the effects of CWD are generally limited to the surface soil 

(Spears and Lajtha, 2004).  It was hypothesised that CWD would affect surface–soil 

characteristics of soil carbon (C), nitrogen (N), C to N ratio (C:N), labile phosphorus (P), nitrate 

(NO3
-), ammonium (NH4

+), pH and electrical conductivity (EC).  Additional attributes of CWD, 

decay class and diameter were used to assess their impact on the measured soil characteristics.  

A more advanced decay class corresponds to the loss of wood density that correlates with the 

decomposition age of CWD (Busse, 1994).  Decay class was used to compare the impacts of 

newly added CWD with the impacts of pre–existing CWD in more advanced states of 

decomposition.  Temperate eucalypt woodland species have highly durable timber (Cookson, 

2004) so CWD derived from these species potentially has long–term effects on surface soils.  

CWD diameter was recorded because of known differences in nutrient content with diameter 

and an inverse relationship between CWD diameter and decay in eucalypts (Brown et al., 1996). 
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1.2.4 Chapter 5: Understorey plants   
Coarse woody debris reintroductions to former temperate woodland communities may lead to 

an increase in plant establishment and growth.  This chapter quantifies changes in understorey 

plant moisture content, dry biomass, foliage cover as well as species composition and richness 

associated with CWD in extensively cleared temperate woodland formerly used for agriculture.  

The aim was to test four hypotheses, that i) plant moisture content is higher near CWD, 

reflecting the protective qualities of CWD; ii) CWD enhances plant growth and cover; iii) CWD 

alters species composition and richness by promoting cover and survival of species that are 

competitive in soils with higher nutrient concentrations and moisture content; and iv) the 

magnitude of the impact of CWD on the measured plant attributes is related to CWD decay state 

and large–end diameter.  The impact of grazing intensity by herbivores and total litter mass was 

also considered.  

1.3 Study location and method 
All of the studies in this thesis were conducted within a former woodland community of the 

Eucalyptus melliodora A. Cunn. Ex Schauer–Eucalyptus blakelyi Maiden found in south–

eastern Australia.  This community has been commonly transformed to agricultural landscapes 

because of its suitability for cattle grazing (Moore, 1975).  With only approximately 4% of the 

pre–existing extent of Eucalyptus melliodora–Eucalyptus blakelyi woodlands remaining in the 

south–east (Thomas et al., 2000), these former woodland communities are under threat of 

further degradation (NSW Scientific Committee, 2002) and are being targeted for restoration 

(e.g. Department of Environment Climate Change and Water NSW, 2010).  The Eucalyptus 

melliodora–Eucalyptus blakelyi woodland was located at Goorooyarroo Nature Reserve, in the 

Australian Capital Territory (Figure 1.1), was identified as a representative study site because it 

exemplifies the recent history of Eucalyptus melliodora–Eucalyptus blakelyi woodlands.  The 

Reserve has a history of sheep grazing since the 1850s (Lepschi, 1993), fertiliser application 

and establishment of exotic pasture species (McIntyre et al., 2010).  Goorooyarroo Nature 

Reserve now supports senescing isolated trees and small pockets of eucalypt regeneration as 

well as an understorey of native grass and pasture species (McIntyre et al., 2010).  In 2007, 

Goorooyarroo Nature Reserve became the site of a large–scale restoration experiment that 

included the application of 20–40 t ha−1 of ex–situ eucalypt CWD (boles with branches and root 

base removed) sourced from the nearby city of Canberra (Manning et al., 2011).  This re–

introduced CWD now supplements a small amount of naturally accumulated CWD already 

present in the Nature Reserve.  The range in CWD decay state from newly added to pre–existing 

decayed CWD as well as a range in CWD diameters allowed an examination of the effects of 

these attributes on surface soils and understorey plants.  As a consequence, Goorooyarroo  
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Figure 1.1 Site location marked with (+) to the north–east of Canberra in the Australian Capital Territory. 

 

Nature Reserve provided an ideal opportunity to conduct empirical studies examining the 

impacts of CWD in woodlands. 

A total of 12 isolated CWD were selected randomly across Goorooyarroo Nature Reserve to fit 

four decompositional ages or decay classes (e.g. Maser et al., 1979) and a range of large–end 

diameters ≥ 10 cm.  Samples were selected from pre–existing and treatment CWD.  Only CWD 

with a minimum length (>200 cm) and substantial contact with the ground (> 100 cm) were 

selected to maximise the interaction with surface soils and understorey plants.  Few CWD met 

these criteria, particularly due to the scarcity of pre–existing CWD, especially those with 

advanced decay.  An additional 12 CWD samples were selected for the understorey plant study 

because of the small sampling area available adjacent to CWD samples. 

The principal experimental design was to compare conditions near CWD to that at a control 

distance away from CWD.  A preliminary study of surface–soil temperature, during summer 

when temperature ranges are at their greatest (see Australian Bureau of Meteorology, 2010), 

was used to isolate the effect of CWD by distance and soil depth (Chapter 2).  The primary 

effect of CWD was found to be at 0 cm, followed by 10 cm from CWD, with no effect present 

at 80 cm from CWD.  These distances from CWD were used as a guide for subsequent 
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replicated experiments.  The results of the preliminary study also confirmed that soil sampling 

within the soil A horizon of ≤ 5 cm approximately captured the main effect of CWD (Chapter 

2).  This soil depth is where most of the understorey root mass exists within the soil profile 

(Lodge and Murphy, 2006) and this soil depth has strong links to plant productivity and effects 

species composition in Australian temperate woodlands (see Prober et al., 2002a).  Each of the 

experiments were treated individually to minimise interference to surface soils and to take into 

account the necessary climatic conditions required to address the research question.   

1.4 Publication summary and candidate contribution 
The material presented in this thesis is the research conducted during my candidature for the 

degree of Doctor of Philosophy between 2007 and 2019.  The contents of this thesis are 

presented as four chapters as published in the scientific literature.  The publication details and 

status are listed below in order of their appearance in this thesis.  My contributions to each of 

these publications is detailed and estimated as a percentage.  

1.4.1 Chapter 2  
For this paper I identified the topic and developed the hypothesis, designed the field method and 

collected all the data, conducted the statistical analysis and all the modelling.  I also wrote the 

manuscript and prepared all the figures and tables for publication, selected the journal and 

prepared the manuscript for publication as well as responded to reviewer comments as the 

primary author.  I estimate that my contributions to this paper were approximately >90 %.  

M.F. Hutchinson’s contributions included developing the form of the nonlinear functions for 

statistical analysis, interpreting nonlinear model outputs, editorial feedback on the manuscript, 

advice on methods for addressing reviewer comments and editorial feedback on my response to 

reviewers. 

Title:  Thermal refugia in cleared temperate Australian woodlands: Coarse woody debris 

moderate extreme surface soil temperatures 

Authors:  S.R. Goldin and M.F. Hutchinson  

Status:  Published  

Journal:  Agricultural and Forest Meteorology 

Date:  15 December 2015, volume 214–215, page 39–47 

DOI:  https://doi.org/10.1016/j.agrformet.2015.07.011 

https://doi.org/10.1016/j.agrformet.2015.07.011
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1.4.2 Chapter 3  
For this paper I identified the topic and developed the hypothesis, designed the field method, 

collected all the data and did all the laboratory analysis, conducted the statistical analysis and all 

the modelling.  I also wrote the manuscript and prepared all the figures and tables for 

publication, selected the journal and prepared the manuscript for publication as well as 

responded to reviewer comments as the primary author. I estimate that my contributions to this 

paper were approximately >90 %.  

M.F. Hutchinson’s contributions included developing the form of the nonlinear functions for 

statistical analysis, interpreting nonlinear model outputs, editorial feedback on the manuscript, 

advice on methods for addressing reviewer comments and editorial feedback on my response to 

reviewers. 

Title:  Coarse woody debris reduces the rate of moisture loss from surface soils of cleared 

temperate Australian woodlands 

Authors:  S.R. Goldin and M.F. Hutchinson  

Status:  Published  

Journal:  Soil Research 

Date:  10 October 2014, volume 57, issue 7, page 637–644 

DOI:  https://doi.org/10.1071/SR13337 

1.4.3 Chapter 4  
For this paper I identified the topic and developed the hypothesis, designed the field method 

with advice from my supervisory panel, I collected all the data and did all the laboratory 

analysis, conducted the statistical analysis and modelling.  I also wrote the manuscript and 

prepared all the figures and tables for publication, selected the journal and prepared the 

manuscript for publication as well as responded to reviewer comments as the primary author. I 

estimate that my contributions to this paper were approximately >90 %.  

M.F. Hutchinson’s contributions included advice on the analysis and statistical interpretation of 

linear mixed modelling, editorial feedback on the manuscript, advice on methods for addressing 

reviewer comments and editorial feedback on my response to reviewers. 

Title:  Coarse woody debris modifies surface soils of degraded temperate eucalypt 

woodlands 
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Authors:  S.R. Goldin and M.F. Hutchinson  

Status:  Published  

Journal:  Plant and Soil 

Date:  23 September 2013, volume 370, issue 1–2, page 461–469 

DOI:  https://doi.org/10.1007/s11104-013-1642-z  

1.4.4 Chapter 5 
For this paper I identified the topic and developed the hypothesis, designed the field method and 

collected all the data, identified the plant species and did all the laboratory analysis, conducted 

the statistical analysis and all the modelling.  I also wrote the manuscript and prepared all the 

tables for publication, selected the journal and prepared the manuscript for publication as well 

as responded to reviewer comments as the primary author. I estimate that my contributions to 

this paper were approximately >90 %.  

M.T. Brookhouse’s contributions included advice on the statistical analysis and interpretation, 

editorial feedback on the manuscript, advice on methods for addressing reviewer comments and 

editorial feedback on my response to reviewers. 

Title:  Effects of coarse woody debris on understorey plants in a temperate Australian 

woodland 

Authors:  S.R. Goldin and M.T. Brookhouse 

Status:  Published  

Journal:  Applied Vegetation Science 

Date:  June 29, 2014, volume 18, page 134–142 

DOI:  http://dx.doi.org/10.1111/avsc.12120 

https://link.springer.com/journal/11104/370/1/page/1
https://doi.org/10.1007/s11104-013-1642-z
http://dx.doi.org/10.1111/avsc.12120
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Chapter 2: Extreme surface–soil temperatures  
2.1 Abstract  
Extensive tree clearing and agriculture has exposed surface soils of former Australian temperate 

woodlands to more extreme temperature fluctuations.  Given the highly variable climate in these 

regions, and increasing temperature overall, amelioration of extreme surface–soil temperatures 

would have implications for soil–dependent biological activity.  Reintroduction of coarse 

woody debris (CWD) to these woodlands may moderate surface–soil temperatures.  Diurnal 

surface–soil temperatures at a depth of 2.5 cm were monitored during summer and winter at 

different distances from CWD with varying diameters.  CWD samples were located beyond the 

edge of neighbouring tree canopies.  The result of the initial analysis showed that CWD reduced 

the durations of time at extremely high summer and low winter surface–soil temperatures.  Soil 

temperatures near CWD were largely maintained below the summer high of 30 °C and above 

the winter low of 5 °C.  The duration of time above 30 °C in summer was reduced by 93 % near 

CWD and the duration of time below 5 °C in winter was reduced by 77 %, compared with 

reference distances.  Simple nonlinear statistical models were developed to explain the observed 

daily summer maximum and winter minimum surface–soil temperatures as functions of distance 

from CWD and CWD diameter.  The forms of these models reflected different dominant 

physical processes in each season.  Mean summer daily maximum surface–soil temperatures 

were significantly cooler by 11.1 °C and mean winter daily minimum temperatures were 

significantly warmer by 1.9 °C near CWD compared to the respective mean maximum and 

minimum temperatures at reference distances.  Increasing CWD diameter increased the range of 

the impact over distance from CWD in both summer and winter.  During the summer maxima, 

larger diameter CWD also increased the magnitude of the reduction in surface soil temperature 

near CWD.  The results of this study demonstrate that CWD can be effective in protecting 

surface soils from sustained exposure to extreme surface–soil temperatures.  Therefore, at a 

landscape scale, CWD could create thermal refuges better suited to soil–dependent biological 

activity, such as for the germination and growth of the plant understorey in woodlands.  This 

impact of CWD may be valuable for supporting understorey productivity and diversity in 

cleared lands.     

2.2 Introduction 
Coarse woody debris (CWD), consisting of fallen tree boles and branches with a small–end 

diameter greater than 10 cm, form an important organic component of forested ecosystems 

(Harmon et al., 1986).  Once in contact with the soil surface, CWD may moderate diurnal 

temperature extremes in the upper layer of the soil profile, like other organic mulches.  Organic 

mulches moderate soil temperature by blocking incoming solar radiation and outgoing water 
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vapour and heat flux (e.g. Chung and Horton, 1987).  Although there is evidence that CWD can 

moderate the range of diurnal soil temperatures (e.g. Spears et al., 2003), the effects of CWD on 

seasonal extreme temperatures over varying distances from CWD have not been well quantified.  

Moderating seasonal extreme soil temperature by CWD would be particularly important for 

protecting soil biological activity in locations with large seasonal and diurnal temperature 

fluctuations, such as in ecosystems extensively cleared of trees.   

Soils of cleared ecosystems are exposed to greater temperature fluctuations because of increases 

in incoming solar radiation and outgoing long–wave radiation (Chen et al., 1993; Morecroft et 

al., 1998).  Thus the upper profile of these soils experience greater maximum temperatures 

during summer and cooler minimum temperatures during winter (Marra and Edmonds, 1996; 

Proe et al., 2001).  The impact of tree removal on surface–soil temperature is likely to be 

particularly acute in the temperate former woodlands of Australia, because these woodlands 

have been extensively cleared to become major agricultural areas, with livestock grazing the 

most wide–spread land use (AUSLIG, 1990).  In areas formerly occupied by woodlands in the 

south–east, remaining trees are present in patches or as isolated trees surrounded by pastures 

(Yates and Hobbs, 1997).  Compounding the effects of tree removal on surface–soil 

temperature, is soil compaction from livestock grazing (Greenwood and McKenzie, 2001).  This 

also causes more extreme surface–soil temperatures (Yates et al., 2000).  As a consequence of 

clearing and agricultural practices, spatial thermal heterogeneity is reduced.  This may limit the 

availability of refuges for organisms sensitive to extreme surface–soil temperatures, particularly 

if temperatures are outside those suitable for metabolic and physiological processes (Rosenberg 

et al., 1983).  Amelioration of extreme soil temperatures is significant in the continental location 

examined here, because of the warming trend in climate extremes (Alexander and Arblaster, 

2009) in an already highly variable Australian climate (Leeper, 1973). 

The biodiversity in temperate Australian woodlands has diminished, largely as a result of tree 

clearing for agricultural intensification (Yates and Hobbs, 1997).  Consequently, there has been 

a focus on improving the condition of former temperate woodlands by returning habitat 

resources such as trees (e.g. Dorrough and Moxham, 2005).  However, CWD is also largely 

missing from temperate woodlands and continues to be limited by the loss of CWD–producing 

trees, agricultural practices and firewood collection.  To offset the depletion of CWD stocks, the 

systematic reintroduction of CWD has been proposed to increase volumes per unit area (Mac 

Nally et al., 2001) and to augment faunal habitat (Manning et al., 2013).  However, the capacity 

of CWD to moderate surface–soil temperature extremes has not been quantified in these cleared 

woodlands.   
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This study aimed to quantify the impact of CWD on diurnal surface–soil summer maximum and 

winter minimum temperature, over varying distances from CWD and for varying CWD 

diameters, in a former temperate woodland.  This impact of CWD has not been previously 

quantified.  However, it was expected that CWD would have an impact on surface–soil 

temperatures, by blocking incoming solar radiation during times of summer maxima and by 

limiting cooling during times of winter minima, as a result of the thermal inertia associated with 

the mass of CWD (see Oke, 1993; Kluber et al., 2009).  As such, larger diameter CWD was 

expected to have a greater impact on surface–soil temperatures, as shown for thicker organic 

mulches (Bussière and Cellier, 1994).  It was, therefore, hypothesised that i) CWD would 

reduce the durations of time that surface soils experience extremely high temperatures in 

summer and extremely low temperatures in winter and ii) CWD diameter would affect the 

magnitude of the impact on surface–soil temperatures as well as the distance of the effect from 

CWD.  Soil temperatures at a depth of 2.5 cm were measured, because this depth is strongly 

linked to understorey plant productivity and species composition in temperate Australian 

woodlands (e.g. Prober et al., 2002a).   

2.3 Methodology  

2.3.1 Site 
Coarse woody debris samples were located within Goorooyarroo Nature Reserve (703 ha), 

north–east of Canberra in the Australian Capital Territory (E 149º 18’, S -35º 20’), in south–east 

Australia.  The area that now comprises the Nature Reserve has largely been cleared of trees to 

provide land for sheep grazing from the 1850s onwards (Lepschi, 1993).  The woodland 

structure has been altered to open paddocks with scattered trees.  Remaining tree species are of 

the Eucalyptus melliodora A. Cunn. Ex Schauer–Eucalyptus blakelyi Maiden woodland 

community.  The primary ground cover vegetation consists of native grasses and the mean 

organic litter depth is 1.1 cm (McIntyre et al., 2010).  Most of the CWD were removed prior to 

the designation of the Nature Reserve in 2004.  Fresh eucalypt CWD were added to the Nature 

Reserve in October 2007 to improve the woodland condition for biodiversity (Manning et al., 

2011).   

Goorooyarroo Nature Reserve consists of low undulating hills, ranging between 640–800 m 

above sea level.  Soils are predominantly of sandy clay loam texture (McIntyre et al., 2010).  

Shallow soils of the upper slopes are rudosols (regosols) and tenosols (leptosols), and deeper 

soils of the lower slopes are chromosols (luvisols) and sodosols (solonetz) (Jenkins, 2000).  

Sheep grazing has contributed to soil compaction, erosion and modification of the understorey 

vegetation.   



Extreme surface–soil temperatures 

 

  14 

The mean annual temperature is 12 °C with an annual mean daily maximum in January of 27 °C 

and an annual mean daily minimum in July of 0 °C at the nearby Canberra airport 

meteorological station.  Daily maximum temperatures in summer frequently exceed 30 °C and 

winters are cool enough to inhibit plant growth, with an annual mean of 99 frost days in winter.  

Annual mean rainfall is 616 mm and the monthly mean rainfalls are similar throughout the year 

(Australian Bureau of Meteorology, 2010), but with maximum soil moisture occurring in winter 

and spring (Hutchinson et al., 2005).   

2.3.2  Preliminary study 
A preliminary study made an initial assessment of the effect of soil depth and distance from 

CWD in summer.  A single newly added treatment bole (40 cm diameter × 250 cm long) in an 

open paddock was selected.  Two transects aligned perpendicular to the bole and spaced 100 cm 

apart were located each side of the bole.  Thermochron (Maxim Integrated Products Inc., 

USA) 17 mm diameter data loggers (resolution 0.5 °C) were buried by removing a soil core 

using a 6 cm diameter steel pipe.  This method minimised soil disturbance.  Data loggers were 

buried at depths of 1 cm and 5 cm at distances of 0, 10, 20, 40 and 80 cm from the bole along 

each transect.  Temperatures were logged every hour for approximately eight days in February 

2008, giving a total of 190 logging times.  

Mean hourly soil temperatures were averaged over all transects for each distance and depth.  

Soil temperatures at a depth of 1 cm were more variable over time than temperatures at a depth 

of 5 cm, particularly at a distance of 80 cm from the bole (Figure 2.1).  Soil temperature patterns 

at a depth of 5 cm showed a slight delay over time compared to temperatures at a depth of 1 cm.  

Mean soil temperature at both depths rapidly increased with increasing distance from the bole 

(Figure 2.2).  There was little effect of the bole on soil temperatures beyond 40 cm.  To capture 

the maximum effect on soil temperatures, distances of 0, 10 cm and 80 cm were selected for 

further sampling and analysis.  The 10 cm measurements were used to gauge the rate of change 

in soil temperature over distance from CWD.  The midpoint depth of 2.5 cm was selected for 

subsequent experiments, because this soil depth is within the A horizon and approximates where 

CWD has the greatest impact on surface–soil characteristics (Goldin and Hutchinson, 2013; see 

Chapter 4).  In addition, the preliminary study results showed that data loggers buried at 1 cm 

were disturbed by rabbits and kangaroos, and there was a reduced temperature response to 

CWD at a depth of 5 cm.   
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Figure 2.1 Mean soil temperatures (°C) over all transects for the preliminary study in February 2008.  

Distances of 0 cm (black) and 80 cm (dot) from the bole over time (24 hrs) at depths of 1 cm and 5 cm.   
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Figure 2.2 Mean soil temperature (°C) of all transects at depths of 1 cm and 5 cm over distance from 

CWD for the preliminary study in February 2008.  Bars represent standard errors.       

 

2.3.3 Experiment  
Twelve individual CWD samples were located across Goorooyarroo Nature Reserve for 

analysis, as used by Goldin and Hutchinson (2013; see Chapter 4), and included both newly 

added and pre–existing CWD.  The samples were randomly orientated and generally located on 

west–facing mid to lower slopes with soil types consisting of regosols and luvisols.  All 

identified CWD samples were required to have a length of at least 200 cm and to have close 

contact with the ground to maximise their effect on surface–soil temperature.  CWD suspended 

above the ground were not considered, because this CWD would have a reduced physical 

impact on surface–soil temperature.  Furthermore, pre–existing CWD was limited due to the 

agricultural history of the site, and this restricted opportunities to test for different impacts of 

CWD in varying forms.  All identified CWD samples were located beyond the edge of 

neighbouring tree canopies and woody debris to minimise their effects.  Variation in 

decomposition state between the newly added and pre–existing CWD has been found to have 

minimal impact on surface–soil properties (Goldin and Hutchinson, 2013; see Chapter 4).  The 

recently added treatment CWD comprised tree boles with branches and root bases removed.  

Sampling of pre–existing CWD was therefore, restricted to sections without branches and roots 

to approximate the form of the recently added treatment CWD.   

Using the same methods as the preliminary study, temperature loggers were buried at a depth of 

2.5 cm at distances of 0, 10 and 80 cm from CWD on both sides, giving a total of 72 

temperature data loggers.  Distances were measured along a transect aligned perpendicular to 

the length of CWD, where the CWD had contact with the ground.  The 0 cm point was located 
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directly below the edge of the CWD, to allow clear access to the soil.  Sampling locations were 

selected to ensure that the ground cover was the same for all distances and sides of CWD.  

These methods were applied consistently across all samples.  CWD diameters measured at the 

intersection with the transect ranged from 25 to 65 cm.  Winter sampling was carried out from 

June to July 2008, and summer sampling from December 2008 to January 2009, giving a total 

of 43 days in each season.  The data loggers were set to log every half an hour for 6 weeks, 

giving a total of 2048 logging times.   

2.3.4 Data analysis 
Disturbance by animals caused displacement and failure of the data loggers, with 26 (36 %) of 

the data loggers lost in summer and 15 (20 %) lost in winter.  Recorded data were used only in 

the analyses when the logging results were present for all distances on the same sampling side 

of CWD for all 2048 logging times and 43 sampling days.  Thus all distances were equally 

represented within the dataset.  Of the 12 original CWD samples selected, there were five CWD 

samples in summer and seven CWD samples in winter with all logging times, days and 

distances on the same sampling side from CWD available.  These CWD were predominantly 

orientated east–west and had generally fallen with the slope that had a westerly aspect.  This 

means that the sampling transects were oriented predominantly north–south. 

2.3.4.1 Initial pooled data analysis 
Data for each CWD sample were summarised by the mean over sampling sides for each 

distance from CWD (0, 10 and 80 cm) for every logging time (half an hour) and day in summer 

and winter.  These data were used to: 

i) Plot the mean half hourly soil temperature over all days for each distance from CWD to 

identify times of extreme temperatures in summer and winter.    

ii) Calculate the mean diurnal, minimum and maximum soil temperature over both sampling 

sides for all days, for each distance from CWD in summer and winter.  The means for each 

distance from CWD were compared in a one–way analysis of variance followed by Tukey—

Kramer Honest Significant Difference, with a probability criterion of p < 0.05.  

iii) Calculate the mean duration in hours that soil temperatures were above summer thresholds 

and below winter thresholds for each distance from CWD, over all sampling days and CWD 

samples.  The summer temperature thresholds were set at every 5 °C between 10 and 45 °C, and 

the winter temperature thresholds were set at 0, 2, 5, 7, 10, 15 and 20 °C. 
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iv) Calculate the relationships between the absolute summer maximum and winter minimum 

temperatures and their respective means, for all distances from CWD for each CWD sample.  

These relationships were calculated by linear regression.  

2.3.4.2 Nonlinear models of temperature extremes  
The mean daily summer maximum (Smax) and winter minimum (Wmin) soil temperatures were 

calculated over both sampling sides for each distance from CWD for each of the five CWD 

samples in summer and the seven CWD samples in winter.  These data were tested for 

autocorrelation between days.  There was a significant autocorrelation at lags of 1, 2 and 3 days 

and not beyond these days.  Therefore, every fourth day was used in the analysis to remove 

significant day–to–day autocorrelation in the temperature values.  These data were used to fit a 

series of explanatory nonlinear functions of distance from CWD and CWD diameter.  The 

primary role of the models was to identify the magnitude of the impact of CWD on soil 

temperature at varying distances from CWD.  The structures of the models respected the 

different dominant temperature processes in summer and winter.  The models were fitted by 

minimising the root mean square residual error (RMSE). 

The response of Smax over distance from CWD was best modelled by a negative exponential 

function that approximated the form of the relationship found in the pilot study results (Figure 

2.2).  This form is consistent with the dominant process in summer being shading from 

incoming solar radiation in close proximity to CWD.  Daily Smax for every fourth day was 

initially fitted to distance x from CWD using a negative exponential function with three 

parameters as given by: 

Smax = 𝑎𝑎𝑠𝑠 + 𝑏𝑏𝑏𝑏−𝑥𝑥/𝑐𝑐 (Equation 2.1) 

where as is the value for Smax for each CWD sample site at infinite distance from CWD, which is 

effectively reached at the control distance of 80 cm, b is the difference in Smax between 0 cm and 

infinite distance from CWD, and c is the constant that defines the exponential rate of change in 

Smax over distance from CWD.  There were five as estimates, corresponding with the number of 

CWD samples, bringing the total number of model parameter estimates to seven. 

The model can be strengthened by scaling both the magnitude of the overall impact on 

temperature and its rate of decay with distance from the CWD according to CWD diameter.  

This matches the shading process more directly for each CWD sample with no increase in the 

number of parameters.  The model is given by: 

Smax = 𝑎𝑎𝑠𝑠 + 𝑏𝑏𝑏𝑏𝑏𝑏−𝑐𝑐𝑥𝑥/𝑑𝑑 (Equation 2.2) 
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where as is the value for Smax at infinite distance from CWD for each CWD sample site, b is the 

difference in Smax between 0 cm and infinite distance from CWD as scaled by d the CWD 

diameter, and c is the coefficient that scales the effect of distance x from CWD as a function of 

x/d. 

The response of Wmin over distance from CWD was best modelled by a modified Gaussian 

function.  This form is consistent with the dominant process of CWD limiting cooling of the 

surface soil as a result of the thermal inertia of CWD during winter.  Accordingly, this function 

approximated the similarity in Wmin between 0 and 10 cm before declining at 80 cm from CWD 

(see Table 2.1). 

Daily Wmin for every fourth day was fitted to distance x from CWD using a Gaussian function 

with three parameters, as given by:  

Wmin= 𝑎𝑎𝑠𝑠 + 𝑏𝑏𝑏𝑏−(𝑐𝑐𝑥𝑥/𝑑𝑑)2 (Equation 2.3) 

where as is the value for Wmin at infinite distance from CWD for each CWD sample site, b is the 

difference in Wmin between 0 cm and infinite distance from CWD and c is the coefficient that 

scales the Gaussian effect of distance x from CWD as a function of x/d.  There were seven as 

estimates, corresponding with the number of CWD samples, bringing the total number of model 

parameter estimates to nine.  This model was in accord with the a priori expectation that a 

larger CWD diameter would scale the rate of change in Wmin over distance from CWD.  Scaling 

b by CWD diameter, as shown for in Equation 2.2 was attempted but did not improve the model.   

The b estimates for the fitted Smax and Wmin functions were tested against the null hypothesis, 

that there was no difference in temperatures over distance from CWD, using a two–tailed 

Student’s t–test.  All functions were fitted using a Gauss–Newton least squares loss function in 

JMP 9.0.1 (SAS Institute Inc.). 

2.4 Results  

2.4.1 Initial pooled data analysis  
Comparisons of the mean diurnal, minimum and maximum soil temperate by distance from 

CWD are given in Table 2.1.  The mean diurnal and maximum soil temperatures were 

significantly cooler in summer at 0 and 10 cm, compared to the temperatures at the reference 

distance of 80 cm from CWD.  In winter, the mean minimum soil temperatures were 

significantly warmer at 0 and 10 cm, compared to the temperatures at 80 cm from CWD.   
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Plots of mean diurnal soil temperatures by distance from CWD for each season are shown in 

Figure 2.3.  Mean soil temperatures at 0 and 10 cm had smaller amplitudes than at 80 cm from 

CWD, with cooler temperatures during the summer maximum and warmer temperatures during 

the winter minimum compared to 80 cm from CWD.  The summer minimum for all distances 

from CWD occurred at 06:30 h and the summer maximum occurred at 17:00, 15:00 and 15:30 h 

for 0, 10 and 80 cm from CWD, respectively.  In winter, with fewer daylight hours, the 

minimum occurred at 07:30 h for all distances and the maximum occurred at 14:30 h for 0 cm 

and 15:00 h for 10 and 80 cm from CWD.   

The mean durations above temperature thresholds in summer and below temperature thresholds 

in winter at each distance from CWD, are shown in Figure 2.4.  Soil temperatures at 0 and 10 

cm from CWD largely remained between threshold temperature ranges of 10–30 °C during 

summer and 5–20 °C during winter.  At 0 cm, the durations above threshold temperatures of 20, 

25, 30 and 35 °C were reduced by 22, 71, 93 and 100 %, respectively, compared to durations at 

80 cm from CWD.  Conversely, during winter, at 0 cm, the durations below the threshold 

temperatures of 2, 5, 7 and 10 °C were reduced by 100, 77, 34 and 4 %, respectively, compared 

to durations at 80 cm from CWD.   

Across all CWD distances and CWD sample sites, the absolute summer maximum temperature 

was positively correlated to the mean summer maximum, with absolute temperature estimated 

to be approximately 6.3 °C (standard error ± 0.42) greater than the mean maximum temperature.  

Similarly, the absolute winter minimum temperature was positively correlated to the mean 

winter minimum, with absolute temperature estimated to be approximately -2.8 °C (standard 

error ± 0.05) lower than the mean minimum temperature across all CWD sample sites.  These 

results support the use of mean summer maximum and mean winter minimum temperatures for 

assessing the impact of CWD on temperature extremes.   

2.4.2 Nonlinear models of temperature extremes  

2.4.2.1 Mean summer maximum  
Parameter estimates and RMSE for the fitted Smax negative exponential models (Equation 2.1 

and 2.2 are given in Table 2.2.  The estimated ranges in values for 80 cm from CWD (as) for the 

initial model (Equation 2.1) are comparable to the observed mean summer maximum 

temperature for this distance (Table 2.1).  The initial estimated value for the mean total change 

in temperature over distance from CWD (b) (Equation 2.1) was -11.1 ºC.  This value is 

significantly less than zero (p < 0.0002) with a standard error of 1.4 ºC.  The estimate of  

-11.1 ºC approximates the difference between 0 and 80 cm from CWD for the mean observed 

temperatures (Table 2.1).  The model was further improved when b was scaled by CWD 
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diameter and the exponential rate of change in Smax over distance x from CWD was modelled as 

a function of x/d scaled by the coefficient c (Equation 2.2).  The final estimated value for b of 

0.25 was similarly well determined, with a standard error of 0.03 ºC, and was also significantly 

less than zero (p < 0.0004).  The estimate for c of 1.2 was reasonably well determined with a 

standard error of 0.5.  The value of c indicated that the rate of change in Smax over distance was 

rapid, with the impact of CWD essentially complete by 80 cm from CWD, as also shown in 

Figure 2.2.  The residuals of the final fitted model had no detectable trend over distance from 

CWD, indicating that this model (Equation 2.2) described the spatial trends in the observed data 

well.   

2.4.2.2 Mean winter minimum 
Parameter estimates and RMSE for the fitted Wmin Gaussian model (Equation 2.3) are given in 

(Table 2.2).  The smaller RMSE for the Wmin model compared to the Smax model is due to the 

smaller variation in temperatures for this season (Table 2.1).  The estimated range in values for 

as are comparable to the observed mean winter minimum temperature at 80 cm from CWD 

(Table 2.1).  The estimated value for the mean total change in Wmin over 0 cm and infinite 

distance from CWD (b) was well determined at 1.9 °C with a standard error of 0.5 and 

approximated the difference in observed temperatures between 0 and 80 cm from CWD (Table 

2.1).  This value was significantly greater than zero (p < 0.0006).  The Gaussian form of the rate 

of change in CWD over distance from CWD was a function of x/d scaled by the coefficient c.  

The small estimated value for c of 0.6 was well determined with a standard error of 0.2 and 

indicated that the mean rate of change in Wmin over distance was slow, with the impact of CWD 

extending well beyond 80 cm from CWD for large diameters.  Scaling b by CWD diameter did 

not improve the model.  This indicated that the overall effect of CWD during the winter minima 

is not a linear function of CWD diameter.  The calculated residuals between the observed Wmin 

and the fitted values had no detectable trend over distance from CWD, confirming that this 

model described the spatial trends in the observed data well.     
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Table 2.1 Mean soil temperature (°C) and corresponding standard error of the mean in parentheses 

by sampling distance from CWD (degrees of freedom =2).  Significant p–values denoted by an 

asterisk.  Significant differences between means within rows, denoted by letters a and b in 

descending order of value.    

Season Mean 0 cm 10 cm 80 cm p–value Total n 

 Diurnal 21.1 (0.6)b 21.9 (0.7)b 25.0 (0.3)a 0.0008* 15 
Summer Maximum 25.2 (1.3)b 27.8 (1.4)b 35.0 (0.7)a 0.0002* 15 

 Minimum 18.5 (0.4)a 18.4 (0.4)a 18.7 (0.5)a  0.9157 15 

       

 Diurnal 8.2 (0.3)a 8.2 (0.2)a 7.4 (0.3)a 0.0632 21 

Winter Maximum 10.2 (0.8)a 10.1 (0.5)a 10.1 (0.4)a 0.9876 21 

 Minimum 6.8 (0.2)a 6.8 (0.2)a 5.3 (0.4)b 0.0011* 21 
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Figure 2.3 Mean diurnal temperatures (°C) at each distance from CWD for summer and winter.  Distance 

from CWD, 0 cm (black), 10 cm (dash) and 80 cm (dot) over time (24 h).   
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Figure 2.4 Mean durations above temperature (°C) thresholds in summer and below temperature 

thresholds in winter, at each distance from CWD.   
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Table 2.2 Estimated values for parameters and standard errors in parentheses for fitted nonlinear 

models.  Range given for as values.  Root mean squared error (RMSE) and degrees of freedom (df) 

for fitted models.  

Season Model as b c RSME df 

Smax 𝑎𝑎𝑠𝑠 + 𝑏𝑏𝑏𝑏−𝑥𝑥/𝑐𝑐 34.1 (1.7)–38.6 (1.7) -11.1 (1.4) 36.1 (16.0) 4.197 158 

𝑎𝑎𝑠𝑠 + 𝑏𝑏𝑏𝑏𝑏𝑏−𝑐𝑐𝑥𝑥/𝑑𝑑 33.7 (1.2)–41.5 (2.2) -0.25 (0.03) 1.2 (0.5) 4.113 158 

       
Wmin 𝑎𝑎𝑠𝑠 + 𝑏𝑏𝑏𝑏−(𝑐𝑐𝑥𝑥/𝑑𝑑)2 4.8 (0.5)–6.3 (0.7) 1.9 (0.5) 0.6 (0.2) 1.933 222 

 

  



Extreme surface–soil temperatures 

 

  26 

 

2.5  Discussion and conclusion 

2.5.1 Diurnal temperatures 
Coarse woody debris was effective in reducing the occurrence of extremely high summer and 

low winter temperatures as well as the duration of time that temperatures were above and below 

the plotted threshold temperatures.  CWD clearly reduced the diurnal variation of mean soil 

temperatures (Figure 2.1 and 2.3).  This result is comparable to reductions in differences 

between diurnal minimum and maximum surface–soil temperatures associated with the addition 

of CWD on lakeshores (Haskell et al., 2012), the reduced diurnal variability in soil temperatures 

under CWD in old growth forest (Spears et al., 2003) and the slower diurnal warming in surface 

soils under forest harvest residue (Devine and Harrington, 2007).  In the present study, the times 

of summer maximum occurred later at 0 and 10 cm than at 80 cm from CWD (Figure 2.3).  This 

result is likely due to the delay in exposure to solar radiation and is in accordance with the 

hypothesis that CWD blocks incoming solar radiation (see Section 2.5.3).  

Coarse woody debris had a diminishing nonlinear effect on soil temperatures with increasing 

distance from CWD as shown initially in the preliminary study (Figure 2.2).  This result is 

similar to the trend in mean daily air temperature over distance from CWD on northern aspects 

of CWD found by Gray and Spies (1997).  In the current study, the effect of CWD on soil 

temperature varied between seasons, with significantly cooler mean and maximum summer 

temperatures and significantly warmer minimum winter temperatures near CWD (Table 2.1).  

The magnitude of the effect in summer was greater than in winter, as shown in Figure 2.3.   

The results shown in Figure 2.4 demonstrate that at distances of 0 and 10 cm from CWD, 

absolute soil temperatures stayed within moderate thresholds for longer than at 80 cm.  The 

durations above the summer threshold temperature of 30 °C were reduced by 93 % at 0 cm 

compared with durations at 80 cm from CWD.  The durations below the winter threshold 

temperature of 5 °C were reduced by 77 % at 0 cm, compared with durations at 80 cm from 

CWD.  Soil temperatures at 80 cm from CWD are more likely to reflect the ambient conditions 

found within woodlands.  

2.5.2 Nonlinear models of temperature extremes 
The nonlinear models were effective in describing the overall impact of CWD on mean 

temperature extremes, with the estimates of the relevant parameter b having percentage standard 

errors of 12 % and 26 % in summer and winter respectively.  This clearly confirmed the main 

hypothesis of the study that CWD would reduce the durations of time that surface soils 
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experience extremely high temperatures in summer and extremely low temperatures in winter.  

The parameter c scaling the rate of decay of the effect over distance from the CWD was less 

well determined, but significant, with respective percentage standard errors of around 42 % in 

summer and 33 % in winter.  This reflected the relative sparsity of sample points at intermediate 

distances.  The main role of this parameter was to confirm the nature of the likely physical 

processes acting in each season.  It also confirmed that CWD diameter affected the distance of 

the impact on soil temperature in both seasons and the magnitude of the impact in summer. 

The estimated mean total reduction in surfaces soil temperature near CWD during Smax was  

-11.1 °C (Table 2.2).  However, the final Smax model (Equation 2.2) demonstrates that the total 

magnitude of the difference in Smax over distance from CWD varied linearly with CWD diameter 

as scaled by –0.25.  Thus, the mean total change in Smax over distance from CWD ranged from 

-6.3 °C for 25 cm diameter CWD to -16.3 °C for 65 cm diameter CWD.  This result, together 

with the rapid decline in the effect away from the CWD confirmed that the impact of CWD in 

summer was dominantly due to shading.  Shading by CWD also explains why the impact of 

CWD on soil Smax did not extend beyond 80 cm from CWD.  The shading effect of CWD has 

been previously observed by Gray and Spies (1997) whereby there was a reduction in 

photosynthetically active radiation to 12 cm from CWD, for a 50 cm diameter log, on the 

northern aspect of CWD in the northern hemisphere.  The data available in the current study did 

not allow for testing of the difference between transects with a northerly and southerly aspect.  

Nevertheless, the result would most likely have shown greater shading on southern aspects in 

accordance with Gray and Spies (1997) and the distance of the effect would likely have varied 

with CWD diameter. 

In the Wmin model, the mean total change in Wmin over distance from CWD was 1.9 °C (Table 

2.2) and was not linearly related to CWD diameter.  However, the rate of change in Wmin over 

distance from CWD depended on CWD diameter, with the impact extending well beyond 80 cm 

from CWD for larger diameters.  This confirmed that the impact in winter was largely due to the 

thermal inertia of the CWD.  

2.5.3 Physical processes 
The forms of the nonlinear function fitted to daily Smax and Wmin, reflect different processes of 

surface soil heating and cooling.  Reductions in daily Smax close to CWD can be explained by 

simulation models that demonstrate the shading effect of organic mulches.  Specifically, these 

models demonstrate how mulch directly intercepts incoming solar radiation to reduce soil 

temperature as well as reduce outgoing water vapour transfer from the soil surface to reduce 

evaporative losses (Ross et al., 1985; Bussière and Cellier, 1994).  However, reduced 
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evaporation from soils under organic mulches limits evaporative cooling from the soil surface 

(Pan and Mahrt, 1987).  Therefore, surface soils near CWD have greater moisture content than 

surrounding soils (Goldin and Hutchinson, 2014; see Chapter 3) and greater soil moisture 

content increases soil heat capacity and thermal conductivity (Ochsner et al., 2001).  

Consequently, in the present study, greater soil moisture near CWD could have contributed to 

the cooler daily maximum temperatures by requiring more heat input to raise the soil 

temperature.  Reductions in daily summer maximum temperature near CWD are comparable to 

those found in empirical studies of soil under organic mulches used to enhance the survival and 

growth of domestic plants (Lal, 1974; Bristow, 1988).  Similarly, less extreme summer soil 

temperatures have been observed under woody forest residue (Smethurst and Nambiar, 1990; 

O'Connell et al., 2004).   

During the Wmin, the large thermal mass of CWD would have stored daytime heat and slowly 

radiated heat throughout the night.  The Gaussian form of the Wmin response to the distance from 

the CWD is consistent with thermal inertia as the main contributor to this response.  The 

thermal inertia of CWD has been indicated by reports of warmer below–surface temperature 

during times of minimum temperature (Savely Jr., 1939) and the lag time taken for CWD to 

cool down (Kluber et al., 2009).  In addition to the thermal inertia of CWD,  CWD could protect 

soils from radiative heat flux into the atmosphere (see Holmes et al., 2008) and it could trap heat 

that moves up through the soil (see Oke, 1993) to keep surface–soil temperatures warmer during 

the winter minima.  The warmer daily winter minimum soil temperature near CWD in the 

present study were consistent with warmer temperatures observed at night under branch 

treatments (Tongway and Ludwig, 1996), during cooler months under wood fibre mulch 

(Gruda, 2008) and under forest residue (O'Connell et al., 2004).   

2.5.4 Biological implications  
The results supported the hypothesis that, in ecosystems with large diurnal temperature 

fluctuations, CWD can significantly reduce the occurrence and durations of extremely high 

summer and low winter surface–soil temperatures.  As a consequence, CWD could create 

refugia (sensu Keppel et al., 2012) for biota sensitive to extreme temperature fluctuations.  In 

the present study, soil temperatures near CWD had longer durations below the threshold 

temperature of  

30 °C during summer and longer durations above the threshold temperature of 5 °C during 

winter, compared to reference distances.  Surface–soil temperatures outside the threshold 

temperature range of 5–30 °C could retard the germination and growth of native and exotic 

grass and forb species typical of temperate ecosystems (Davidson, 1969; Lodge and Whalley, 

1981; Willis and Groves, 1991).  This is particularly important because the soils affected by 
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CWD contain a large proportion of the plant understorey roots (Lodge and Murphy, 2006) and 

seedbank (Lunt, 1997).  In addition, the plant understorey is a key agricultural resource as 

pasture (Donald, 1973) and is also where most of the plant diversity exists within the studied 

ecosystem (e.g. Tremont and McIntyre, 1994).  At a landscape scale, the moderated soil 

temperatures near CWD may increase the persistence and expansion of understorey species, and 

this could improve the productivity and diversity in cleared lands (e.g. Goldin and Brookhouse, 

2015; see Chapter 5).  

2.6 Conclusion 
The results of this study show that CWD can maintain surface–soil temperatures below 

extremely high summer and above extremely low winter temperature thresholds.  Furthermore, 

CWD can also moderate the summer maximum and winter minimum temperatures over 

distance from CWD, and this impact varies with CWD diameter. These impacts of CWD were 

described by nonlinear models that reflected the likely dominant temperature processes 

associated with CWD during summer maxima and winter minima.  The models indicated that 

the impact of CWD during the summer maxima declines rapidly over distance from CWD, 

while during the winter minima the impact over distance from CWD is more gradual.  However, 

in both seasons, the rate of decline of the response with distance from CWD was scaled by 

CWD diameter.  Larger diameter CWD also increased the magnitude of the overall temperature 

reduction during the summer maxima.   

This study demonstrates that CWD, particularly those with large diameters, can be effective in 

protecting surface soils from the long–term exposure to extreme temperatures.  Thus, CWD 

could contribute to spatial thermal heterogeneity of surface soils in cleared ecosystems by 

creating small–scale thermal refuges within the landscape.  This outcome would have 

significant implications for soil–dependent biological activity, as in the example of the 

woodland plant understorey.   In woodland ecosystems, CWD could create soil temperatures 

better suited to the germination and growth of this important plant stratum, and this could lead 

to improvements in landscape productivity and diversity.  These key functions of CWD should 

be considered in the context of increasing high temperature extremes projected for the 

Australian continent. 
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Chapter 3: Rate of moisture loss from surface soils 
3.1 Abstract 
Reintroductions of coarse woody debris (CWD) to Australia’s temperate woodlands have been 

proposed to offset the impacts of long–term tree removal.  However, the magnitude of the 

reduction in the rate of surface–soil moisture loss due to CWD is not known.  Gravimetric soil 

moisture content was measured at different distances from CWD for 12 samples in a cleared 

temperate woodland.  Sampling was conducted at regular intervals following a major rain event 

in late summer.  Lower soil bulk densities near CWD indicated higher levels of soil carbon.  A 

multivariate nonlinear statistical model was constructed to explain the observed soil moisture 

content as a function of time after rainfall, distance from CWD and CWD diameter.  The model 

demonstrated that rates of soil moisture loss increased with increasing distance from CWD.  

Drying times near CWD were 40 % longer than drying times at reference distances from CWD.  

The model also showed that CWD diameter influenced the rate of soil moisture loss, with larger 

diameters yielding reductions in soil moisture loss over greater distances from CWD.  Locations 

of greater soil moisture availability associated with CWD may be particularly advantageous for 

organisms sensitive to low soil moisture levels and may increase productivity, particularly in 

water–limited ecosystems.  

3.2 Introduction  
Coarse woody debris (CWD), consisting of fallen tree boles and branches with a small–end 

diameter greater than 10 cm, contributes to the organic matter pool of forested ecosystems 

(Harmon et al., 1986).  Once in contact with the soil surface, organic matter reduces evaporation 

by decoupling the soil surface from the atmosphere (Pan and Mahrt, 1987).  CWD is likely to 

behave in a similar way, as suggested by evidence of higher than average soil moisture content 

under piles of CWD compared to reference conditions (e.g. Pettit and Naiman, 2005; Law and 

Kolb, 2007).  If CWD yields a substantial increase in soil drying time it could provide 

protection for organisms sensitive to low soil moisture levels, particularly in water–limited 

ecosystems. 

Tree removal reduces CWD stocks and limits the remaining CWD to small diameters (Siitonen 

et al., 2000), leading to the long–term decline of CWD.  Such reductions in CWD stocks are 

particularly acute in temperate Australian woodlands, since these woodlands have been 

extensively cleared to create agricultural lands (AUSLIG, 1990).  To offset this impact, CWD 

has been added to former woodlands, based on the premise that it can provide missing habitat 

for fauna (e.g. Mac Nally et al., 2001; Michael et al., 2004; Manning et al., 2011).  There is 

evidence that these additions also affect a variety of soil characteristics (Goldin and Hutchinson, 
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2013; see Chapter 4).  However, the magnitude of the impact of CWD on surface–soil moisture 

content of woodlands that have been altered by extensive tree removal and decades of 

agriculture is not known.  

Tree removal from temperate woodlands may lead to a rise in water tables and waterlogging 

(Walker et al., 1993).  However, tree removal may also expose surface soils to increased water 

evaporation as a consequence of increased incoming solar radiation and wind velocity and 

decreased relative humidity (Chen et al., 1993).  Decades of agricultural activity, largely 

involving livestock grazing, have also compacted surface soils, resulting in an increase in soil 

bulk density (Greenwood and McKenzie, 2001).  Consequently, these soils are likely to have 

low hydraulic conductivity, low water infiltration rates (Johnston, 1962; Willatt and Pullar, 

1984) and high runoff (Rauzi and Hanson, 1966), leading to low soil water content.   

The conversion of native forest to pasture (native grassland) can increase surface–soil carbon 

stocks (Guo and Gifford, 2002).  However, surface–soil carbon within temperate woodland 

remnants is higher than in grassy areas where trees are absent (Prober et al., 2002a).  This 

suggests that the removal of woodland trees may have caused a reduction in areas of greater 

surface–soil carbon.  In addition, decades of trampling by livestock are likely to have lowered 

surface–soil organic matter content (e.g. Greene et al., 1994).  Such woodland surface soils are 

therefore likely to have a lower water–holding capacity (e.g. Hudson, 1994).  Further drying of 

these soils may also become more likely given the projected increases in heatwaves and 

numbers of consecutive days without precipitation (Alexander and Arblaster, 2009).  

The aim of this study was to quantify the change in soil moisture content over time after rain at 

varying distances from CWD of various sizes in a cleared temperate woodland.  It was expected 

that the rate of soil moisture loss over time would be substantially reduced near CWD, as 

indicated by the effects of organic mulch on soil moisture content (Chung and Horton, 1987).  

Soil moisture content at different distances from 12 eucalypt CWD samples was measured over 

several weeks following a significant rain event in late summer.  The soils of this region 

normally experience their lowest moisture content in summer (Hutchinson et al., 2005).  

Repeated gravimetric soil moisture sampling and accompanying soil bulk density measurements 

were taken after the initial rain event and continued for three weeks until surface soils 

substantially dried out.  Soil bulk density was determined in order to calculate gravimetric and 

volumetric soil moisture content.  CWD diameters were also recorded as diameter has been 

previously associated with differing impacts on soil moisture (Pettit and Naiman, 2005).  



Rate of moisture loss from surface soils 

 

  32 

3.3 Methodology  

3.3.1 Site  
Coarse woody debris samples were located across the 703 ha Goorooyarroo Nature Reserve, 

north–east of Canberra in the Australian Capital Territory (E 149º 18’, S -35º 20’), in south–east 

Australia.  The area was largely cleared of trees to create suitable land for sheep grazing from 

the 1850s onwards (Lepschi, 1993).  Thus, the woodland structure has been altered to open 

paddocks with scattered trees.  Remaining tree species are typical of the Eucalyptus melliodora 

A. Cunn. Ex Schauer (yellow box) –E. blakelyi Maiden (Blakely’s red gum) woodland 

community.  For the Nature Reserve the primary ground cover vegetation consists of native 

grasses and the mean organic litter depth is 1.1 cm (McIntyre et al., 2010).  Most CWD were 

removed prior to the designation of the Nature Reserve in 2004.  Fresh eucalypt CWD were 

added to the Nature Reserve in October 2007 to improve the woodland condition for 

biodiversity (Manning et al., 2011).   

The Goorooyarroo Nature Reserve consists of low undulating hills, ranging between 640–800 m 

above sea level.  Soils are predominantly of sandy clay loam texture (McIntyre et al., 2010).  

Shallow soils of the upper slopes are rudosols (regosols) and tenosols (leptosols), and deeper 

soils of the lower slopes are chromosols (luvisols) and sodosols (solonetz) (Jenkins, 2000; 

Isbell, 2002; IUSS Working Group WRB, 2006) .  Sheep grazing has contributed to soil 

compaction, erosion and modification of the understorey vegetation.   

At the nearby Canberra airport meteorological station, annual average precipitation is 616 mm 

and the monthly mean precipitation is evenly distributed throughout the year (Australian Bureau 

of Meteorology, 2010).  However, precipitation can be highly variable and drought conditions 

are common.  The annual average pan evaporation is 1677 mm, with daily pan evaporation 

ranging from 8 mm per day in summer to 1–2 mm per day in winter.  Soil moisture availability 

is normally highest in winter and spring (Hutchinson et al., 2005).  The mean annual 

temperature is 12 °C with an annual average maximum in January of 27 °C and an annual 

average minimum in July of 0 °C.  Maximum temperatures in summer frequently exceed 30 °C 

and winters are cool enough to inhibit plant growth, with an annual average of 99 frost days 

within a winter.   

3.3.2 Sampling 
Twelve individual CWD samples in random locations across the entire Goorooyarroo Nature 

Reserve, as also used by Goldin and Hutchinson (2013; see Chapter 4), were identified for 

analysis.  The CWD samples were generally located on west–facing mid to lower slopes with 

soil types consisting of regosols and luvisols.  All identified CWD samples were required to 
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meet a minimum length criterion of at least 200 cm and to have close contact with the ground to 

maximise their effect on the drying of surface soils.  CWD suspended above the ground were 

not considered, because this CWD would have a different physical impact on surface–soil 

evaporation than the current restoration treatment of CWD that is in contact with the soil 

surface.  Furthermore, pre–existing CWD was limited due to the agricultural history of the site, 

and this restricted opportunities to test for different impacts of CWD in varying forms.  All 

identified CWD samples were located beyond the edge of neighbouring tree canopies and 

woody debris to minimise their effects.  The CWD samples were selected from newly added 

treatment and pre–existing naturally occurring CWD.  Variations in decomposition state 

between the newly added and pre–existing CWD had been found to have minimal impact on 

surface–soil properties (Goldin and Hutchinson, 2013; see Chapter 4).  The newly added 

treatment CWD comprised tree boles with branches and root bases removed.  Sampling of pre–

existing CWD was therefore restricted to sections without branches and roots to approximate 

the form of the newly added treatment CWD.   

Soil samples were taken either side of CWD at distances of 0, 10 and 80 cm from CWD along a 

transect aligned perpendicular to the CWD sample (Figure 3.1).  The samples at 80 cm were 

used as a reference and the samples at 10 cm were used to gauge the rate of decline in surface–

soil moisture over distance from CWD.  Transects were placed where CWD had contact with 

the ground.  CWD diameters were measured where the transect intersected with the CWD.  The 

CWD diameters ranged from 25 to 65 cm.  The 0 cm sampling point was located directly below 

the edge of the CWD, to allow clear access to the soil.  Repeated measurements were taken at 

each distance for each sampling day.  Sampling locations were selected to ensure that the 

ground cover was the same for all distances and sides of CWD.  A minimum separation of 20 

cm was maintained between all sampling locations to minimise any interactions.  These 

methods were applied consistently across all samples.   
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Figure 3.1 Illustration of soil sampling along a transect from a mid–point of the CWD for one sampling 

day at each CWD.  The front half of the CWD is not shown in the figure.  S denotes sampling side and D 

denotes sampling distances of 0, 10 and 80 cm from CWD.  Sampling was to a depth of 5 cm. 

 

Gravimetric samples were taken using a 6 cm diameter steel pipe inserted into the soil to a depth 

of 5 cm.  Samples were kept in an insulated cold box during field sampling to minimise 

evaporative losses.  Wet sample weights were determined immediately on returning to the 

laboratory at The Australian National University 18 km from the study site.  The soil samples 

were then dried at 105 °C to a constant weight (24 hours) (Blake, 1965).  Soil bulk density and 

volumetric soil moisture content values were calculated as follows: 

Soil bulk density (Db) is given by:  

Db = Wd / V  Equation 3.1 

where, Wd is the total dry weight (g) and V is the fixed volume (cm3) of the cylinder core.  Soil 

bulk density results were expressed in grams per cubic centimetre (g cm-3). 

Gravimetric moisture content (θg) is given by: 

θg = Ww-d / Wd  Equation 3.2 

where Ww-d is the amount of water expressed as the total weight (g) of wet soil minus the total 

weight (g) of dry soil. 

Volumetric soil moisture content (θv, %) is then given by: 
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θv = (Dbθg)(100/1) Equation 3.3 

Sampling was timed to commence after a significant rain event that was sufficient to moisten 

the top 5 cm of soil.  Over 12–15 February 2010, approximately 107 mm of rain fell in the area, 

as recorded at the nearby Canberra airport meteorological station.  This was more than twice the 

mean precipitation for February (Australian Bureau of Meteorology, 2010).  Sampling was 

conducted between 16 February and 26 March 2010.  The first samples were taken one day after 

the rain event, then 3, 7, 11 and approximately 19 days after February 15.  No precipitation fell 

on days 1 to 11.  However, two rain events, with an approximate total of 51 mm, occurred after 

day 11.  Therefore, sampling was postponed for 28 days until the soil moisture conditions of 

day 11 returned.  This delay was determined by monitoring mean θv at the reference distance of 

80 cm from CWD for a subset of CWD samples.  When the mean θv values at 80 cm from CWD 

reached a similar level to those found on day 11 at 80 cm from CWD, the day count was 

resumed for a further eight days to give the equivalent of 19 dry days following the initial rain 

event on February 15.  In total there were five sampling days for 12 pieces of CWD, each with 6 

sampling locations (n = 360).  These data were used to calculate the mean values over both 

sides of the CWD for each CWD sample.  

3.3.3 Data analysis  

3.3.3.1 Soil bulk density 
Mean values for soil bulk density were calculated by averaging over both sides of the CWD for 

each distance from CWD and for each sampling time (n = 180).  These data were then averaged 

over sampling time for each distance from CWD (n = 36).  Mean bulk density values were 

compared over distance from CWD (0, 10 and 80 cm) using a one–way analysis of variance 

(ANOVA) followed by Tukey–Kramer Honest Significant Difference (HSD), with a probability 

criterion of p < 0.05 using JMP 9.0.1 (SAS Institute Inc.).   

3.3.3.2 Mean volumetric soil moisture 
Mean values for θv were calculated by averaging over both sides of the CWD for each distance 

from CWD and sampling time (n = 180).  These data were used to compare mean θv between 

distances from CWD for each sampling time using the same ANOVA and Tukey–Kramer HSD 

methods outlined for soil bulk density.  

3.3.3.3 Nonlinear models  

Temporal–response model 
The mean θv values over both sides of the CWD for each distance from CWD were used to fit a 

series of exploratory univariate nonlinear functions.  The day 19 data were initially excluded 
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from the dataset (n = 144) to avoid the impact of rain after day 11.  The response of θv over time 

t for sampling to 11 days at each distance from CWD was fitted with an exponential decay 

function with two parameters given by: 

θv = 𝑐𝑐1 𝑏𝑏−(𝑡𝑡/𝑐𝑐2 )  Equation 3.4  

where c1 is the starting θv at time zero and c2 is the time constant (expressed in days) that defines 

the exponential rate of decline in θv over time.  The form of this decay function accords with the 

understanding that, under steady environmental conditions without rainfall, the rate of soil 

moisture loss will be proportional to the soil moisture itself.  The estimated parameter values for 

the different distances from CWD were compared using a Student’s t–test.   

Multivariate model 
To robustly describe the change in θv with respect to both time and distance from CWD, a 

modified Gaussian decay function of distance from the CWD was applied to the time–decay 

constant c2 of Equation 3.4, yielding a single multivariate decay function with four parameters, 

given by:  

θv = 𝑐𝑐1 𝑏𝑏
−� 𝑡𝑡

𝑐𝑐2+𝑐𝑐3(1−𝑒𝑒−[(𝑥𝑥/𝑑𝑑)𝑐𝑐4]2) 
� 

 Equation 3.5  

where c1 is the starting θv at time zero, c2 is the time–decay constant (expressed in days) at 0 cm 

from CWD, c3 is the total change in the time–decay constant between 0 cm and away from the 

CWD, and c4 is the coefficient that scales the effect of distance x from CWD over CWD 

diameter d as measured at the transect.  The a priori assumption was that larger CWD diameter 

would have a larger impact over distance from CWD.     

The multivariate decay function Equation 3.5 was calibrated on the data up to day 11 and then 

tested by including the day 19 data after making due allowance for the different rates of drying 

at different distances after day 11.  The θv for day 19 had been calibrated at 80 cm from CWD to 

determine the approximate equivalent time after the initial rain event.  However, the values of θv 

at 0 and 10 cm after the rain event, while similar to each other, were not calibrated for day 19.  

Therefore, the day counts for 0 and 10 cm from CWD were reduced before applying the 

multivariate decay function. The reduction was determined by minimising the root mean square 

error (RMSE) of the fitted model.  A day count of 15 was found to most accurately reflect the 

observed data for θv at 0 and 10 cm from CWD for the equivalent of 19 days at 80 cm from 

CWD.   



Rate of moisture loss from surface soils 

 

  37 

The estimated parameter values were compared between the 11–day and the 19–day 

multivariate decay functions using a Student’s t–test.  The estimates for c3 for the 11– and 19–

day multivariate models were tested against the null hypothesis, that there was no difference in 

the rates of change in θv over time between 0 cm and 80 cm from CWD, using a one–tailed 

Student’s t–test.  All functions were fitted using a Gauss–Newton least squares loss function in 

JMP 9.0.1 (SAS Institute Inc.).  

3.4 Results 

3.4.1 Soil bulk density 
Comparison of mean soil bulk density by distance from CWD is given in Table 3.1.  The soil 

bulk density mean at 0 cm were significantly less than the mean at 80 cm from CWD.   

3.4.2 Mean volumetric soil moisture 
Comparison of mean θv over distance from CWD by sampling time is given in Table 3.2.  

Differences in θv over distance from CWD became significant over time.  By day 19 the mean 

θv at 80 cm was significantly less than the mean θv at 0 and 10 cm from CWD.  The mean θv 

values over all distances from CWD for each sampling time and the mean θv values over all 

days for each distance from CWD were calculated for reference.  

3.4.3 Nonlinear models 

3.4.3.1 Temporal–response model  
The observed θv values and values from the fitted exponential decay models were plotted over 

time for each distance from CWD (Figure 3.2a–c).  Estimated RMSE and the fitted parameter 

values are given in Table 3.3.  Although the estimated parameter values varied between 

distances from CWD, they were not significantly different.  This appears to be principally due 

to the large standard error estimates that reflected the large variation between CWD samples, as 

indicated by the observed data (Table 3.2).  The starting values of θv at time zero as estimated 

by c1 were very similar over all three distances from CWD and the c1 values were consistent 

with the observed data (Table 3.2).  The time constant c2 that describes the exponential rate of 

change in θv over time was larger at 0 cm compared to 80 cm from CWD (Table 3.3), indicating 

that soil moisture loss over time was slower near CWD.   

3.4.3.2 11–day multivariate model  
Estimates of the four parameters for the fitted 11–day multivariate decay model are given in 

Table 3.3.  The estimated values for c1 and c2 approximated the mean parameter estimates for 

the 0 and 10 cm temporal–response models (Equation 3.4).  However, the 11–day multivariate 
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model estimates for c1 and c2 had smaller standard errors due to the smaller total number of 

parameters compared to the six parameters for the three separate temporal–response models.  

The RMSE for the 11–day multivariate model was also smaller than the mean RMSE for the 

three temporal–response models.  This confirmed the superiority of the multivariate model and 

the appropriateness of representing the impact of CWD diameter by a function of the ratio of 

distance over CWD diameter.  The parameter c3 accounted for the difference in time–decay 

constants between 0 cm and well away from CWD.  The estimated value for c3 was significantly 

less than zero (p = 0.0123), demonstrating that the time–decay constant at 0 cm was 

significantly smaller than at locations well away from CWD.  Thus the rate of moisture loss was 

significantly greater at 80 cm than at 0 cm from CWD.  The parameter c4 determined how 

quickly the time–decay constant increased with distance from CWD as scaled by CWD 

diameter.  It was not as well determined as the other parameters, due to limited distance 

sampling, but the estimated value of c4 indicated that the time–decay constant essentially 

reached its maximum value at no more than 80 cm from CWD for all CWD diameters.  The 

time–decay constant estimated for 0 cm away from CWD is c2 = 15.7 days and the time–decay 

constant estimated for locations well away from CWD is c2 + c3 = 11.1 days.  This value is 

similar to the estimate for the 80 cm temporal–response model.  These differences in time–

decay constants at different distances from CWD indicate that it would take around 40 % longer 

for θv at 0 cm to reach the same θv at locations well away from CWD, assuming there is no 

precipitation.     

3.4.3.3 Adjusted 19–day multivariate model  
Parameter estimates for the adjusted 19–day multivariate model fitted with 15 days for 0 and 10 

cm and 19 days for 80 cm from CWD are given in Table 3.3.  The residuals between θv and the 

fitted values had no detectable trend over time or distance from CWD, indicating that the model 

satisfactorily described the trends in the observed data.  There was no significant difference 

between the parameter estimates of the 11–day model and the adjusted 19–day multivariate 

model.  There was also a reduction in the parameter standard error estimates and RMSE.  

Allowing for the estimation of the two time adjustments (19 days and 15 days) made little 

difference to these standard error estimates.  This confirmed the validity of the 11–day model 

and the appropriateness of the adjusted 19–day model.  Three–dimensional surface plots of θv 

over distance from CWD over time were calculated from the 19–day model for the smallest (25 

cm) and the largest (65 cm) CWD diameters and plotted in Figure 3.3.  Plots for larger CWD 

diameters showed a reduced rate of change in θv over distance from CWD compared to the rate 

of change for smaller diameter CWD.  These surface plots also showed the increasing difference 

in θv over distance from CWD over time, with greater θv values occurring near CWD.   
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Table 3.1 Mean soil bulk density (g cm-3) and corresponding standard 

error of the mean in parentheses by distance from CWD (degrees of 

freedom = 2, n = 36).  Significant differences between means within 

rows, denoted by letters a and b in descending order of value. 

0 cm 10 cm 80 cm p–value 

1.00 (0.08) b 1.06 (0.07) ab 1.26 (0.05) a 0.0195 

 

Table 3.2 Mean observed soil moisture content (θv) and corresponding standard error of the mean 

in parentheses by time and distance from CWD (degrees of freedom = 2, n = 36).  Significant  

p–values denoted with an asterisks.  Significant differences between means within rows, denoted 

by letters a and b in descending order of value.   

Time (days) 0 cm 10 cm 80 cm p–value Mean over distance 

1 29.9 (2.4)a 28.7 (2.5)a 28.3 (2.0)a 0.8787 29 
3 26.3 (1.8)a 25.4 (1.9)a 24.1 (1.8)a 0.7019 25.3 

7 18.1 (1.4)a 18.6 (1.6)a 16.3 (1.7)a 0.5661 17.7 

11 15.7 (1.3)ab 16.5 (1.2)a 11.6 (1.1)b 0.0154* 14.6 

19 12.2 (0.9)a 11.3 (0.9)a 6.6 (0.7)b <.0001* 10.1 

Mean over time 20.4 20.1 17.4   
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Figure 3.2 Observed soil moisture content (θv) values and fitted exponential decay function over time for 

0 cm, 10 cm and 80 cm from CWD.  
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Table 3.3 Estimated values for parameters and standard errors in parentheses for fitted nonlinear 

models.  Root mean square error (RMSE) for the fitted models.  

Model c1 c2 c3 c4 RMSE Total n 

Response over time  
(0 cm)  30.2 (1.8)  14.2 (2.4)  – – 6.10 48 

Response over time  
(10 cm) 30.2 (1.9)  16.7 (3.4)  – – 6.41 48 

Response over time  
(80 cm) 31.1 (1.8)  11.1 (1.6)  – – 5.66 48 

Mean response over time  
(0, 10, 80 cm) 31.1 14.0 – – 6.06 144 

11–day multivariate 
response 31.1 (1.1)  15.7 (2.1)  -4.6 (2.0)  1.7 (2.1)  6.03 144 

Adjusted 19–day 
multivariate response 31.0 (0.9)  15.9 (1.5)  -4.4 (1.6)  1.8 (1.7)  5.53 180 
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Figure 3.3 Surface plot of observed soil moisture content (θv) by distance from CWD and time for the 

adjusted 19–day multivariate model of a (a) 25 cm diameter CWD and (b) 65 cm diameter CWD. 
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3.5 Discussion  

3.5.1 Soil bulk density   
It is evident from the results that CWD significantly reduced soil bulk density (Table 3.1).  

Mean bulk density values recorded near CWD are comparable to those found in remnant 

woodlands (Prober et al., 2002a), suggesting that CWD is effective in restoring soil density to 

values more representative of intact woodlands.  In this study, reduced soil bulk densities near 

CWD were likely a consequence of an increase in soil organic matter (Adams, 1973) as 

indicated by the increase in soil carbon near CWD in these woodlands (Goldin and Hutchinson, 

2013; see Chapter 4).  This may be associated with trapping of organic matter and litter (e.g. 

Orndorff and Lang, 1981).  Collection of organic matter and the greater soil moisture 

availability near CWD, may also have stimulated soil faunal activity to further lower soil 

density (Tongway et al., 1989).  In the current study, reduced soil exposure to trampling by 

livestock near CWD was not likely the cause of lower soil bulk density because livestock 

grazing ceased when the Goorooyarroo Nature Reserve was created in 2004.  

3.5.2 Soil moisture content  

3.5.2.1 Means 
Soil moisture content was high at the start of the sampling period due to the large rain event 

preceding the sampling period.  Hence, as shown in Table 3.2, surface soils were initially 

substantially wet at all distances from CWD and there were no significant differences in θv with 

respect to distance from CWD for day 1.  However, mean values of θv became significantly 

different over distance from CWD with increasing time.  By day 19, values of θv were 

significantly lower at 80 cm than at 0 and 10 cm from CWD supporting the expectation that 

CWD substantially reduces soil moisture loss over time.  These results are broadly comparable 

to the greater average soil moisture contents found under CWD (Spears et al., 2003; Hafner and 

Groffman, 2005), in plots with CWD (Pettit and Naiman, 2005; Haskell et al., 2012) and 

beneath logging residue (Smethurst and Nambiar, 1990; O'Connell et al., 2004; Law and Kolb, 

2007).  

3.5.2.2 Multivariate response models  
The significance of the estimated difference in the time–decay constant over distance from 

CWD (c3) confirmed the expectation that CWD substantially reduced the rate of soil moisture 

loss, with increasing loss occurring with increasing distance from CWD.  The validity of the 

11–day multivariate model was confirmed by the good fit of the adjusted 19–day multivariate 

model with essentially the same parameter estimates as the 11–day model.  The model results 

indicated that soil moisture loss at 0 cm was around 40 % slower than at locations well away 
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from CWD.  As such, CWD would maintain higher soil moisture content over longer periods 

without precipitation.  This refines the results of Gray and Spies (1997) who found little impact 

of distance from CWD using monthly observations.   

The results of reduced soil moisture loss near CWD are consistent with mulch simulation 

models which demonstrate that loss of surface–soil moisture over time is reduced under mulch 

compared to bare soils (e.g. Chung and Horton, 1987).  This is because mulch intercepts 

incoming solar radiation to reduce soil temperature, as well as prevent out–going water vapour 

from leaving the soil surface (Ross et al., 1985; Bussière and Cellier, 1994).  In addition, the 

soil near CWD in the present study may have had a higher soil water–holding capacity due to an 

increase in soil organic matter (Hudson, 1994) as reflected by the reduced soil bulk density near 

CWD (Table 3.1).    

The results presented here, indicate that during extended dry periods, surface soils near CWD 

may be protected from rapid moisture loss and this may advantage organisms sensitive to low 

soil moisture levels.  Reduced rates of soil moisture loss near CWD also mean that surface soil 

would be wetter compared to surrounding soils during extended dry periods.  In water–limited 

ecosystems, wetter surface soils near CWD may favour biological activity.  For example, wetter 

soils may enhance biogeochemical processes such as decomposition and mineralisation (e.g. 

Orchard and Cook, 1983) and this may result in higher concentrations of exchangeable soil 

nutrients near CWD (e.g. Goldin and Hutchinson, 2013; see Chapter 4).  Greater soil moisture 

content near CWD may also favour physiological processes such as plant photosynthesis and 

respiration (Rosenberg et al., 1983).  As such, CWD could create spatially discrete patches of 

high biological productivity, as demonstrated for understorey plants in former temperate 

woodlands (Goldin and Brookhouse, 2015; see Chapter 5).  

3.5.2.3 CWD Diameter 
The Gaussian component of the multivariate model described a physically plausible impact of 

CWD diameter on the rates of surface–soil moisture loss.  The calibrated impact of CWD 

diameter confirmed the a priori assumption that larger diameter CWD would have a larger 

effect over distance from CWD than smaller diameter CWD.  Thus larger diameter CWD would 

increase the size of the area protected from rapid surface–soil moisture loss and this may result 

in reduced moisture stress in organisms (Goldin and Brookhouse, 2015; see Chapter 5).  This 

impact of CWD diameter has not been previously reported, although it is consistent with the 

finding of significantly lower soil–moisture content under small diameter piles of CWD than 

under large diameter piles (Pettit and Naiman, 2005).  Larger CWD diameters also give rise to 

greater volumes of organic matter on the soil surface that may be better at limiting evaporation 
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from the soil, as shown for greater mulch thickness (e.g. Bussière and Cellier, 1994).  

Furthermore, larger CWD diameters would lead to more extensive shading, slower wind speeds 

and greater thermal inertia.  The present study shows that the presence of CWD, particularly 

large diameter CWD, would maintain higher soil moisture content for longer periods.   

3.6 Conclusion 
The combined effect of CWD on soil moisture loss over time and over distance from CWD has 

not been previously calibrated.  This study shows that CWD, particularly large diameter CWD, 

can significantly reduce surface–soil moisture loss in water–limited ecosystems during dry 

periods.  As such, CWD could be important for increasing heterogeneity in surface–soil 

moisture content by creating locations of greater water availability.  This would be particularly 

advantageous for organisms sensitive to low soil moisture levels.  In former temperate 

Australian woodlands, this may result in an increase in biological productivity, given their 

degraded condition and the possible increase in soil moisture loss during periods of extreme 

heat and low precipitation projected for future climates.  In addition, CWD can significantly 

reduce surface–soil compaction, yielding soil densities that are more characteristic of intact 

woodlands.  The reduced soil densities found near CWD are most likely due to the increase in 

soil organic matter content.  Thus, CWD may also play a significant role in improving the 

water–holding capacity of surface soils.   
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Chapter 4: Surface–soil characteristics 
4.1 Abstract  

Aims 
Reintroductions of coarse woody debris (CWD) to Australia’s temperate eucalypt woodlands 

have been proposed to address the paucity of CWD in these landscapes.  This study aimed to 

quantify the effects of CWD on surface soils. 

Methods 
Values of C, N, C:N, P, NO3

-, NH4
+, pH and electrical conductivity (EC) were measured 

adjacent to, and at reference distances from CWD.  Soils were measured at depths of 0–1 cm, 1–

3 cm and 3–5 cm for 12 individual CWD samples of varying decay classes and diameters.  A 

linear mixed model was used to test the effects of the presence of CWD, soil depth and CWD 

decay class and diameter. 

Results 
Significantly larger values for C, N, C:N, P, NO3

-, EC, and significantly smaller values for pH 

were found adjacent to CWD.  The greatest impact of CWD was on the upper–most surface soil.  

CWD decay class and diameter had little influence on the measured soil characteristics.  

Conclusion 
This is the first quantitative determination of the effects of eucalypt CWD on woodland soils in 

Australia.  The effect of added CWD is rapid, occurring after just two years.  The results suggest 

that the effects are due to the structural properties of CWD.  

4.2 Introduction  
Coarse woody debris (CWD), defined as having a small end diameter of greater than 10 cm, is 

an important part of forest nutrient cycling (Harmon et al., 1986).  CWD not only accumulates 

nutrients such as N as it decomposes (Graham and Cromack Jr., 1982), but CWD also releases 

nutrients by leaching (Yavitt and Fahey, 1985), bark loss (Lambert et al., 1980) as well as 

through sporocarp formation (Harmon et al., 1994), root colonisation (Sollins et al., 1987), and 

invertebrate frass (Edmonds and Eglitis, 1989).  The released nutrients are eventually returned 

to the soil surface (Spears and Lajtha, 2004).  In Australian temperate eucalypt woodlands, this 

nutrient cycling pathway has been broken by the large–scale removal of trees and CWD to make 

way for agriculture.  Furthermore, the absence of trees, continued agricultural practices and 

firewood collection are continuing to limit the levels of CWD in these landscapes.  To offset 
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these impacts, augmentation of woodlands with CWD has been proposed to rapidly increase 

CWD volumes per unit area (Mac Nally et al., 2001).   

The transformation of temperate woodlands to agricultural landscapes has degraded surface 

soils.  Since woodland trees significantly contribute to soil nutrients in these landscapes 

(Eldridge and Wong, 2005) the removal of these trees has limited the return of nutrients to 

woodland soils.  Land–use intensification for agriculture has also included widespread 

application of fertilisers and N–fixing crops (Donald, 1973) that have altered soil nutrients 

(Prober et al., 2002b).  This, coupled with livestock grazing, has modified the remaining 

understorey vegetation composition (Moore, 1966).  Only fragmented remnants have intact 

vegetation and nutrient cycling processes (Prober et al., 2002a), and these areas make up a small 

percentage of the total area occupied by woodlands prior to European settlement (Yates and 

Hobbs, 1997).  Returning trees to woodlands by sowing seeds and planting saplings is a popular 

restoration method.  However, these trees will take many years to significantly contribute to 

nutrient cycling processes.  Alternatively, applications of CWD could have a more rapid and a 

long–lasting influence on soil nutrients, but the actual impact of CWD on soils in these 

landscapes needs to be determined.  Australian studies on CWD nutrients and CWD–soil 

relationships are limited, and there has been no quantification of the impact of eucalypt CWD 

on soil nutrients, despite evidence that with increasing decay, eucalypt CWD can immobilise N 

and Ca, and release P and K (Brown et al., 1996).   

This study aimed to quantify the effect of CWD on degraded woodland soils.  The focus was on 

the A horizon because the effects of CWD are generally limited to the surface soil (Spears and 

Lajtha 2004).  Soils immediately adjacent to eucalypt CWD were compared to reference soils 

away from CWD in a eucalypt woodland, with specific focus on soil C, N, C:N, P, NO3
-, NH4

+, 

pH and electrical conductivity (EC).  The mineral A soil horizon was sampled at successive 

depths of 0–1 cm, 1–3 cm and 3–5 cm to assess the effect of CWD by depth.  Additional 

attributes of CWD, specifically decay class and diameter, were also used to assess their impact 

on the measured soil characteristics.  More advanced decay classes correspond to the loss of 

wood density that correlates with the decomposition age of CWD (Busse, 1994).  Decay class 

was used to compare the impacts of fresh CWD with the impacts of CWD in more advanced 

states of decomposition.  Temperate eucalypt woodland species have highly durable timber 

(Cookson, 2004) so CWD derived from these species potentially have long–term effects on 

surface soils.  CWD diameter was recorded because of known differences in nutrient content 

with diameter and an inverse relationship between diameter and decay in eucalypts (Brown et 

al., 1996).  
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4.3 Methodology  

4.3.1 Site 
Coarse woody debris samples were located in Goorooyarroo Nature Reserve, north–east of 

Canberra in the Australian Capital Territory (E 149º 18’, S -35º 20’) in south–east Australia.  

The Nature Reserve encompasses approximately 703 ha of Eucalyptus melliodora A. Cunn. Ex 

Schauer–E. blakelyi Maiden woodland.  Few overstorey eucalypts remain after decades of land 

management for sheep grazing.  Eucalypts are limited to isolated senescent trees and small areas 

of regeneration within an ex–pastoral landscape of predominantly native grass species.  The 

Nature Reserve has a history of fertiliser application and establishment of exotic pasture 

(McIntyre et al., 2010) prior to becoming a reserve in 2004.  Most of the CWD has been 

historically removed.  Production of CWD is restricted to senescent trees (Killey et al., 2010).  

However, fresh eucalypt CWD were added to the Nature Reserve in October 2007 to improve 

the woodland condition for biodiversity (Manning et al., 2011).  This added CWD comprises 

tree boles with branches and root bases removed.   

The average annual rainfall for the area is 616 mm and the monthly mean rainfalls are similar 

throughout the year (Australian Bureau of Meteorology, 2010).  The mean annual temperature is 

12 °C, with an annual average daily maximum in January of 27 °C and average daily minimum 

in July of 0 °C.  Soil moisture availability is normally higher in winter and spring, with most 

plant growth occurring in spring (Hutchinson et al., 2005).  The geology of the Nature Reserve 

is dominated by Middle Silurian clastic and carbonate sedimentary rocks, and felsic igneous 

rocks from the Middle Silurian and Lower Devonian (Best et al., 1978).  The Nature Reserve 

consists of low undulating hills, ranging between 640–800 m above sea level.  Shallow soils of 

the upper slopes are rudosols and tenosols, and deeper soils of the lower slopes are chromosols 

and sodosols (Jenkins, 2000).  These four soil types are respectively known as regosols, 

leptosols, luvisols and solonetz according to IUSS Working Group WRB (2006).  Mean organic 

litter depth was 11 mm for the Nature Reserve and surface–soil textures were predominantly 

sandy clay loam (McIntyre et al., 2010).  The A horizon was generally shallow (<10 cm) and 

was under laid by a textured B horizon.  

4.3.2 Sampling  
Twelve individual pieces of CWD in random locations throughout the Nature Reserve were 

identified for analysis.  Selected samples were primarily located on west–facing mid to lower 

slopes of regosols and luvisols.  All identified samples were required to meet a minimum length 

criterion of at least 200 cm and to have substantial contact with the ground to maximise the 

effect on the surface soil.  A further requirement was that the sampled CWD be located in 
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paddocks away from other trees and woody debris to minimise interference on the measured 

soil characteristics.  Large–end diameter measurements for all sample CWD ranged from 32 cm 

to 103 cm.  Newly added treatment and pre–existing CWD were selected to fit four decay 

classes giving a total of three samples in each decay class.  The decomposition rates for pre–

existing woodland eucalypt CWD were unknown.  Therefore, decay classes were used as a way 

of comparing relative amounts of decomposition between samples.  The decay class of each 

CWD was allocated to one of four classes ranging from the fresh (class I) treatment CWD that 

were two years old at the time of sampling, to the most decayed (class IV) pre–existing CWD, 

using a system that is comparable to Maser et al. (1979).  No examples of Maser’s decay class 

V were available.  The availability of pre–existing CWD was limited and this restricted the total 

possible number of sample sites.  Pre–existing CWD ranged from large branches to whole fallen 

trees of Eucalyptus melliodora, E. blakelyi and E. macrorhyncha F.Muell. ex Benth. species.  

Sampling was therefore restricted to sections without branches and roots to approximate the 

form of the treatment CWD.   

Soil samples were collected on October 21st and 22nd, 2009 after a five day period without 

rain.  The effect of the presence of CWD was tested by collecting soil samples at distances of 0 

cm and 80 cm from CWD.  The 0 cm point was located directly below the edge of the CWD, to 

allow clear access to the soil.  The control distance of 80 cm was measured perpendicular to the 

length of CWD.  To address local soil heterogeneity associated with each CWD, three locations 

were sampled on each side of the CWD at distances of 0 cm and 80 cm (Figure 4.1).  Sampling 

locations were evenly spaced over the full length where CWD had contact with the ground.  

Soils were sampled at depths of 0–1 cm, 1–3 cm and 3–5 cm following Tongway and Ludwig 

(1996).  Prior to sampling, small amounts of grass and forb cover were trimmed, and live plant 

material and organic matter carefully removed from the soil surface to allow consistent 

sampling of the mineral A horizon at both distances.  Soil depths of 0–1 cm were collected by 

paring the soil in very thin layers until 1 cm of soil had been removed.  Core samples were 

taken from subsequent soil depths using a 6 cm diameter galvanised–steel pipe to minimise 

contamination between depths.  All samples were placed in a paper bag and stored in a cool box 

until returning to the laboratory located 18 km from the study site.  Samples were dried in a cool 

room at 5 °C to minimise microbial activity and the dried samples were then sieved to <2 mm to 

remove roots and stones.   
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Figure 4.1 Illustration of sampling design for each CWD.  S denotes sampling sides, D denotes sampling 

distances of 0 cm and 80 cm from CWD and H denotes soil depths of 0–1 cm, 1–3 cm, and 3–5 cm from 

the mineral surface soil.   

 

Samples taken from matching sides, distances and soil depths at each CWD site were bulked 

using the same weight from each sample.  The result of sampling 12 CWD, each with two sides, 

at two distances from the CWD and at three soil depths, gave a total of 144 samples.  These data 

were used i) to calculate initial mean values pooled over side and depth for each CWD to test 

for differences over distance from the CWD and ii) for testing the effects of all candidate 

predictors using a linear mixed model for each measured soil characteristic. 

4.3.3 Laboratory analysis   
Dried soil samples were evaluated for total C, total N, exchangeable NO3

- and NH4
+ at a 

laboratory accredited by the National Association of Testing Authorities in accordance with 

ISO/IEC 17025.  Fine–ground (ring mill) soil samples were analysed for total C and N content 

using a combustion analyser LECO CNS–2000 (LECO Corporation USA).  Exchangeable NO3
- 

and NH4
+ were extracted using 1M solution of KCL, with a soil to extractant ratio of 1:10.  

Analysis followed 4500–NO3
- nitrogen (nitrate) method F (automated cadmium reduction) and 

4500–NH3 nitrogen (ammonia) method H (flow injection analysis version of the phenate 

method) (Eaton et al., 2005).   

The remaining determinations of P, pH and EC on dried soils were carried out at the Australian 

National University.  Labile P was extracted using the first fractionation method given by 

Hedley et al. (1982) and modified with anion–exchange resin strips and colorimetric analysis of 

http://www.nata.asn.au/
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extractions using the reagents ammonium paramolybdate and malachite green.  Soil pH and EC 

were determined using method codes 4A1 and 3A1 respectively (Rayment and Higginson, 

1992).  Determination quality was confirmed by repeating measurements of selected samples.   

4.3.4 Initial pooled data analysis  
Initial means were calculated for each CWD sample by averaging over sampling sides for each 

depth and distance from CWD (0 and 80 cm).  These data were then pooled over soil depth to 

compare means over distance from the CWD using a Student’s t–test (p <0.05) with unequal 

variance in GenStat 14th edition (VSN International Limited).  The initial mean values were then 

averaged over all 12 CWD samples and plotted by mean soil depth (0.5, 1.5 and 2.5 cm) for 

each distance from the CWD for further comparison. 

4.3.5 Linear mixed models  
The measured soil data for each side, depth and distance from CWD (n = 144) had positively 

skewed distributions and required transformation, except for pH which was normally 

distributed.  Phosphorus, NO3
-, NH4

+, EC and C:N data were transformed using log(y), where y 

was the observation.  Total C and N data were transformed using sin-1(√y)  (Quinn and Keough, 

2010).  Normality was assessed using the Shapiro–Wilk test.   

After applying these transformations, the sampled soil data for each side, depth and distance 

from CWD were analysed by applying a linear mixed model.  The linear mixed model was used 

to analyse the effects of distance from CWD, soil depth, CWD decay class and diameter for 

each measured soil characteristic.  Random effects accounted for the nested sampling structure 

and the fixed effects were the candidate predictors.  The random effects were estimated by 

Restricted Maximum Likelihood (REML) and the fixed effects were estimated using weighted 

least squares within the REML linear mixed model platform in GenStat 14th edition (VSN 

International Limited).  For all models, the random effects were CWD sample number, side, 

distance from CWD and soil depth.  CWD sample number and side were included to account for 

site–level and CWD–level variability respectively.  Distance from CWD and soil depth were 

included to stratify the data according to the sampling design.  Fixed effects were distance from 

CWD, soil depth, CWD decay class (I–IV) and CWD large–end diameter (32–106 cm) and their 

interactions.  Significant fixed effects and interactions were identified using the F–statistic and a 

probability criterion of p < 0.05.  Non–significant fixed effects were backwards eliminated to 

identify the most significant effects.  Trends for predicted means and coefficients of fixed 

effects were recorded.   
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4.4  Results 

4.4.1 Initial pooled data analysis  
Comparison by distance from CWD for the measured soil characteristics pooled over all soil 

depths are given in Table 4.1.  Mean values for P, NO3
- and EC were significantly greater at 0 

cm from CWD than at 80 cm from CWD.  The remaining measured soil characteristics had 

higher values at 0 cm from CWD, except for pH which was slightly smaller.  Standard errors 

reflect the large variation in soil characteristics over sites and soil depth.  Plots of mean values 

by sampling distance and soil depth are shown in Figure 4.2.  Mean values generally decreased 

as depth increased, except for pH, which increased, and for C:N at a distance of 80 cm from 

CWD, which also increased as depth increased.   

4.4.2 Linear mixed models 
A summary of the significant fixed effects estimated from the REML analysis of measured soil 

characteristics is given in Table 4.2.  Negative predicted trends over distance reflected lower 

values at 80 cm from CWD for all measured soil characteristics, except for pH, where this trend 

was positive and for NH4
+ where no candidate predictors were significant.  Soil depth was 

negatively related to C, N, P and EC and positively related to pH.  There was no significant 

relationship of soil depth with C:N and NH4
+.  A positive trend with increasing decay class was 

evident for EC only.     

Table 4.1 Mean values and corresponding standard error of the mean in 

parentheses for each soil characteristic by sampling distance from CWD 

(degrees of freedom = 1, n = 12).  Significant differences between means 

denoted by an asterisks. 

Soil characteristic 0 cm 80 cm p–value 

Total C (%) 6.50 (1.00) 4.25 (0.55) 0.065 

Total N (%) 0.39 (0.04) 0.32 (0.04) 0.214 

C:N ratio (C %:N %) 15.08 (1.06) 13.09 (0.43) 0.102 

Available P (mg/kg) 12.48 (0.93) 7.97 (0.90) 0.002* 

NO3
- (mg/kg) 18.73 (5.36) 6.00 (0.73) 0.038* 

NH4
+ (mg/kg) 127.60 (19.62) 126.80 (29.68) 0.982 

pH 5.10 (0.18) 5.37 (0.13) 0.240 

EC (dS/m–1) 0.13 (0.02) 0.07 (0.01) 0.005* 
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Figure 4.2 Plots of mean soil values at 0 cm and 80 cm from CWD by mean soil depth.  Open circles are 

for distances of 0 cm from CWD and closed circles for 80 cm from CWD.  Standard error bars shown.   
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Table 4.2 Summary of significant fixed effects for measured soil characteristics and their 

predicted trend from weighted least squares analysis within the REML linear mixed model.   

Non–significant results denoted by a dash and degrees of freedom (df). 

Response variable Fixed effect df F–statistic F–value Predicted 

 sin–1 (C %) Distance 1 7.15 0.014 negative 
Depth 1 84.22 <0.001 negative 

      

sin–1 (N %) Distance 1 4.96 0.036 negative 

Depth 1 104.35 <0.001 negative 

      

Ln (C:N %) Distance 1 8.56 0.006 negative 

      

Ln (P mg/kg) Distance 1 26.19  <0.001 negative 

Depth 1 163.00  <0.001 negative 

      

Ln(NO3
- mg/kg) Distance 1 17.68 <0.001 negative 

      

Ln (NH4
+ mg/kg) – – – – – 

      

pH  Distance  1 10.76 0.002 positive 

Depth  1 5.02 0.030 positive 

      

Ln(EC dSm–1) Distance 1 28.08 <0.001 negative 

Depth 1 27.55 <0.001 negative 

Decay class 3 7.73 0.009 positive  
 

  



Surface–soil characteristics 

 

  55 

4.5 Discussion 

4.5.1 Distance 
The significance of distance from CWD as a predictor of the measured soil characteristics 

(Table 4.2) supports the contention that CWD modifies surface soils in degraded temperate 

woodlands.  Higher values for C, N, C:N, P, NO3
-, EC near CWD (Table 4.1), are consistent 

with the higher soil nutrients close to logs in temperate Australian woodlands found by Lindsay 

and Cunningham (2011) and under Acacia aneura F.Muell. ex Benth. branch and log treatments 

in semi–arid regions of Australia (Tongway et al., 1989; Tongway and Ludwig, 1996).  

Furthermore, values for the measured soil characteristics observed near CWD in this study are 

similar to the values found by (Prober et al., 2002a) under remnant woodland trees.  They 

concluded that these values were more indicative of conditions prior to woodland modification 

for agriculture.  The differences in soil characteristics associated with CWD found in this study 

may be a direct result of CWD leachate (Hafner et al., 2005; Zalamea et al., 2007).  

Alternatively, differences in soils near CWD may have been the result of an indirect structural 

effect whereby soils could have been altered by the accumulation of CWD bark and fragments 

(Ganjegunte et al., 2004), leaf litter (Orndorff and Lang, 1981) and greater mineralisation 

associated with increases in moisture availability (Pettit and Naiman, 2005).   

In this study, lower pH values near CWD were opposite to the trend for other measured soil 

characteristics (Table 4.1 and 4.2).  These results are comparable to lower pH values reported in 

soils surrounding flood–deposited CWD in temperate Australian woodlands (Boyd et al., 2005) 

and under CWD elsewhere (Spears and Lajtha, 2004).  Reductions in soil pH near CWD may be 

the product of leaching of acidic extractives (non–structural organic compounds of plants) that 

are high in eucalypt wood (Hillis, 1962), bark and litter (Kraus et al., 2003).  Ammonia was the 

only soil characteristic that did not have a significant relationship with distance from CWD 

(Table 4.2).  Ammonia, along with NO3
-, had high mean values and standard errors (Table 4.1) 

that may reflect input via kangaroo and rabbit excrement on the Nature Reserve, in view of the 

high concentration of NH4
+ in animal urine, and that NH4

+ rapidly transforms to NO3
- (Vallis et 

al., 1982).  Kangaroos may have been attracted to the protection and shade provided by CWD 

(Eldridge and Rath, 2002).  Rabbits were also observed creating warrens under some CWD 

samples.   

4.5.2 Soil depth  
Decreasing values with greater soil depth for the measured soil characteristics, with the 

exception of pH, is a feature of temperate woodland soils (Wilson et al., 2008).  Furthermore, 

differences over distance from CWD were generally maintained with increasing depth for all 



Surface–soil characteristics 

 

  56 

measured soil characteristics (Figure 4.2).  There were significant trends with respect to 

increasing depth for C, N, P, pH and EC (Table 4.2).  There was no significant trend with 

respect to increasing depth for C:N, NO3
- and NH4

+.  This was likely due to high variation in 

these data from the combined error for C and N in the calculation of the C:N ratio and variation 

associated with animal excrement for NO3
- and NH4

+.  These results indicate that CWD has the 

most impact on the upper surface soil.  This finding is consistent with the results of Tongway et 

al. (1989) and Tongway and Ludwig (1996).   

4.5.3 Decay class 
It was anticipated that CWD decay class would influence the measured soil characteristics, 

because advanced decay can cause variations in eucalypt CWD nutrient content (Brown et al., 

1996).  Changes in soil characteristics with more advanced decay of CWD have been reported 

(Spears and Lajtha, 2004; Hafner et al., 2005; Zalamea et al., 2007).  However, in this study, 

decay class had no significant effect on the measured soil characteristics, except for EC.  

Electrical conductivity values increased with higher decay class, perhaps as a result of organic 

matter accumulation in soils surrounding CWD (Tongway and Ludwig, 1996).   

The lack of significant differences with respect to decay class indicates that there has been a 

rapid impact of the two–year–old CWD on woodland soils.  This suggests that CWD was more 

likely to have had an indirect structural effect on soils in these landscapes, rather than direct 

effects via CWD leachate.  This would further indicate that the influence of CWD on surface 

soils could persist for decades because of the long–term durability of eucalypt woodland timber 

(Mackensen et al., 2003).   

4.5.4 Diameter 
Coarse woody debris diameter was considered as a candidate predictor for the measured soil 

characteristics, because eucalypt CWD nutrient content varies with diameter and the potential 

for more rapid decomposition with decreasing diameter (Brown et al., 1996).  However, 

diameter was not found to have a significant influence on any of the measured soil 

characteristics.  This again suggests that the main impact of the CWD was structural.  CWD 

diameter may be a predictor of the spatial range of the effect, rather than the amount of effect on 

the measured soil characteristic.  This aspect was not captured in this study.   

4.6 Conclusion  
The results from this study indicate that CWD can significantly modify surface–soil 

characteristics in degraded temperate eucalypt woodlands.  As such, CWD could have an 

important part to play in returning surface soils to the conditions of intact woodlands.  
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Modification of soil characteristics by CWD appears to be rapid, with significant alterations in 

soil characteristics occurring two years after the CWD were added, suggesting that the impacts 

of the CWD were due to its structural properties.  The impacts were restricted to the top few 

centimetres of the surface soil.  The results indicate that augmentation of woodlands with CWD 

could be utilised as a means for rapidly returning missing soil heterogeneity to degraded 

woodland sites, with potentially long–lasting impacts.  This study provides the first quantitative 

determination of the effect of eucalypt CWD on woodland soils in Australia.  Further 

investigations are required to determine whether the effects found here are the direct result of 

CWD leachate or indirectly linked to the structure of the CWD.   
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Chapter 5: Understorey plants 
5.1 Abstract 

Question 
Does coarse woody debris (CWD) modify adjacent understorey plant moisture content, growth 

and species composition in extensively cleared temperate woodlands? 

Location  
Endangered Eucalyptus melliodora–E. blakelyi woodland in south–east Australia (E 149º 18’,  

S -35º 20’). 

Methods 
Total understorey plant moisture content, dry biomass, foliage cover as well as species 

composition and richness were compared between positions adjacent to and at a reference 

distance away from CWD of various decay states and large–end diameters.  Pre–existing CWD 

and CWD added in 2007 were tested.  A linear mixed model was used to test the effect of 

CWD, CWD decay class and large–end diameter.   

Results 
Total plant moisture content, dry biomass and foliage cover were significantly greater near 

CWD compared to reference distances.  Although CWD did not affect total species richness, 

native grass richness was significantly lower and cover by exotic forbs significantly greater near 

CWD than at reference distances.  CWD decay state did not significantly affect the measured 

plant attributes.  CWD large–end diameter was positively related to plant moisture content and 

foliage cover.   

Conclusions 
This is the first study to quantitatively determine the effect of CWD on understorey plants in a 

cleared temperate woodland.  The results indicate that CWD could be important for the survival 

and growth of understorey plants within ecosystems where trees have been removed.  Greater 

plant moisture content near CWD suggests that CWD may also be effective in protecting plants 

from extreme moisture loss.  This effect appears to be greater for large diameter CWD.  

Increases in total plant moisture content, dry biomass and foliage cover appear to be rapid and 

may be related to soil moisture availability as well as protection from solar radiation and soil 

nutrient enrichment near CWD.  However, changes in growing conditions near CWD may also 

alter competitive interactions in favour of existing exotic species.  In ecosystems similar to that 

examined here, the likelihood of reduced native grass richness along with an increase in exotic 
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forbs near CWD should be taken into account given that CWD may persist for decades.  This is 

particularly true in locations where invasive exotic weeds are present.   

5.2 Introduction 
Coarse woody debris (CWD), comprising fallen tree boles and branches with a small–end 

diameter of greater than 10 cm, is an important structural component in terrestrial woody 

ecosystems that provides habitat for flora and fauna (Harmon et al., 1986).  Tree removal leads 

to a decline in CWD stocks and confines remaining CWD to small diameter pieces (Siitonen et 

al., 2000).  The temperate eucalypt woodlands of Australia exemplify the impact of tree removal 

on CWD stocks.  Approximately 500,000 km2 or 31–35 % of the original extent of temperate 

Australian woodlands have been transformed into agricultural grasslands and pastures 

(AUSLIG, 1990; NLWA, 2001).  This transformation of temperate woodlands has led to 

widespread loss of biodiversity (e.g. Yates and Hobbs, 1997) and depletion of CWD stocks.  

The absence of large CWD–producing trees means that CWD stocks are not re–accumulating 

(see Killey et al., 2010).  Although revegetation may promote re–accumulation of CWD, this 

process may take decades (Vesk et al., 2008).  This delay in the accumulation of CWD stocks 

presents a barrier to rehabilitation of woodlands where species are dependent on CWD and its 

associated resources for suitable habitat (Manning et al., 2013).  

Artificially restocking cleared temperate woodlands with CWD, using materials sourced from 

urban property development and forest harvesting, may provide the means to overcome the 

delay in CWD re–accumulation (e.g. Mac Nally, 2006; Manning et al., 2011).  Examinations of 

the impacts of artificially restocking CWD in Australia’s temperate woodlands have focussed 

on the positive effects of CWD on the abundance and richness of woodland fauna (e.g. Mac 

Nally et al., 2001; Michael et al., 2004; Manning et al., 2013).  Little consideration has been 

given to the effect of CWD restocking on understorey plants.  This is surprising considering 

much of the floral diversity in Australia’s temperate woodlands resides in the understorey (e.g. 

Tremont and McIntyre, 1994).  Furthermore, modification of woodland communities, associated 

with tree removal and conversion to agricultural lands, has impacted heavily upon the plant 

understorey.  Specifically, introduction of exotic pasture species, application of fertiliser and 

subsequent grazing by livestock have favoured establishment of grazing–tolerant grass species 

(Moore, 1966), has promoted invasion by exotic grasses and forbs (McIntyre, 2008) and 

reduced the richness of native species on cleared woodland sites (Dorrough et al., 2006).  In 

addition, grazing by livestock has reduced native plant cover (Briggs et al., 2008) and biomass 

(Allcock and Hik, 2004).  Hence, the development of techniques to facilitate re–establishment 

of native understorey plants is attracting considerable interest (e.g. Clarke and Davison, 2004; 
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Cole et al., 2004; Prober et al., 2005).  Despite this interest, the response of understorey species 

to artificially restocking woodlands with CWD remains untested.   

In wet temperate ecosystems CWD acts as ‘nurse logs’ (Maser et al., 1979) by providing a 

substrate critical for germination and survival of plant species (e.g. Harmon and Franklin, 

1989).  However, CWD is unlikely to have a similar effect in drier temperate woodlands.  This 

is because the timber of woodland species typically has a high basic density (Ilic et al., 2000) 

and is highly resistant to decay (Mackensen et al., 2003) making it unsuitable as a substrate for 

plants.  Moreover, low rainfall and high evaporation typical of Australia’s temperate woodlands 

means that CWD moisture content is likely to remain low, limiting opportunities for plant 

establishment.  Nevertheless in semi–arid regions CWD may act as a protective structure that 

promotes establishment and growth of nearby plants (Ludwig and Tongway, 1996).  This 

impact of CWD is rarely documented.  On the other hand, elevated concentrations of plant–

available soil nutrients, greater soil moisture content and moderate soil temperatures associated 

with CWD have been shown to favour plant establishment and growth on floodplains (e.g. Pettit 

and Naiman, 2005), lake shores (e.g. Haskell et al., 2012) and following commercial forest 

harvesting (e.g. Law and Kolb, 2007).  Hence, it is possible that CWD reintroductions to cleared 

temperate woodland communities may lead to an increase in plant establishment and growth.  

However, the effect of CWD on understorey plants may depend upon CWD decay states and 

diameter.  CWD decay classes correspond with decompositional age (Busse, 1994) which, in 

turn, affects the ecological role that CWD plays (Maser et al., 1979).  CWD diameter may alter 

the effect of CWD on surface–soil attributes (e.g. soil moisture) (Pettit and Naiman, 2005). 

This study quantifies changes in understorey plant moisture content, dry biomass, foliage cover 

as well as species composition and richness associated with CWD in extensively cleared 

temperate woodland formerly used for agriculture.  The aim was to test four hypotheses, that i) 

plant moisture content is greater near CWD reflecting the protective qualities of CWD, ii) CWD 

enhances plant growth and cover, iii) CWD alters species composition and richness by 

promoting cover and survival of species that are competitive in soils with greater nutrient 

concentrations and moisture content and iv) the magnitude of the impact of CWD on the 

measured plant attributes is related to CWD decay state and large–end diameter.  The impact of 

grazing intensity by herbivores and total litter mass was also considered.    

A modified Eucalyptus melliodora–E. blakelyi woodland was selected for this study.  Although 

formerly widespread in south–east Australia, as little as 4 % of the pre–1750 extent of  

E. melliodora–E. blakelyi woodlands remains (Thomas et al., 2000).  This community typifies 

the transformation of woodlands to agricultural lands (Moore, 1975).  As a consequence  



Understorey plants 

 

  61 

E. melliodora–E. blakelyi communities are listed as endangered under Australian legislation 

(e.g. Part 13, Environment Protection and Biodiversity Conservation Act 1999) and are 

currently a focus of restoration efforts (e.g. Manning et al., 2011).   

5.3 Methodology  

5.3.1 Site 
The CWD examined in this study is located in Goorooyarroo Nature Reserve on the north–

eastern edge of the Australian Capital Territory (E 149º 18’, S -35º 20’), south–east Australia.  

The area that now comprises Goorooyarroo Nature Reserve was largely cleared of trees to 

create suitable land for sheep grazing from the 1850s onwards (Lepschi, 1993).  As part of the 

clearing process, CWD stocks were removed from the site.  Grazing ceased in 2004 when 

Goorooyarroo Nature Reserve was established.  The Nature Reserve now comprises 

approximately 703 ha of modified Eucalyptus melliodora–E. blakelyi woodland.  This 

woodland consists of isolated senescent trees and pockets of eucalypt regeneration. 

The floristic details of Goorooyarroo Nature Reserve are described by McIntyre et al. (2010).  

The understorey is dominated by native grasses of the genus Rytidosperma (syn. 

Austrodanthonia) species as well as exotic pasture grass and herbaceous broadleaved species.  

The predominance of exotic species in some locations, combined with elevated soil nutrient 

concentrations, reflects previous agricultural manipulation of the site including application of 

fertilisers (McIntyre et al., 2010).  Herbivorous faunal species, including native eastern grey 

kangaroos (Macropus giganteus) as well as introduced brown hares (Lepus capensis) and 

European rabbits (Oryctolagus cuniculus), currently graze within the Nature Reserve.   

The warmest average monthly maximum temperature at the nearby Canberra airport 

meteorological station is 27 °C during January and the coldest average monthly minimum is 0 

°C during July.  Maximum temperatures in summer frequently exceed 30 °C.  Winters are cool 

to cold, with an annual average of 99 frost days each year (Australian Bureau of Meteorology, 

2010).  Average annual rainfall is 616 mm and the rainfall is distributed evenly throughout the 

year.  The annual rainfall for 2008 and 2009 was 535 mm and 442 mm respectively.  Soil 

moisture content is greater in winter and spring, with most plant growth occurring in spring 

(Hutchinson et al., 2005). 

During October 2007 Goorooyarroo Nature Reserve was restocked with eucalypt CWD sourced 

from the nearby city of Canberra, as part of a series of restoration experiments (Manning et al., 

2011).  This artificially added CWD supplements a small amount of naturally accumulated 

CWD already present within the Nature Reserve.  The presence of both recently added 
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treatment and pre–existing naturally occurring CWD within the Nature Reserve provided an 

opportunity to examine the impacts of CWD of different decomposition age on understorey 

plants.  

5.3.2 Sample selection 
Live and dead trees can significantly modify understorey plants and soil nutrients (Jackson and 

Ash, 1998).  To minimise the confounding influence of overstorey trees, only CWD samples 

beyond the extent of the nearest tree canopy and other woody debris were selected.  To 

maximise the interaction with the surface soil and understorey plants, only CWD >200 cm in 

length with a ground contact length >100 cm were selected.  The recently added treatment 

CWD comprises tree boles with branches and root bases removed.  Therefore, the selection of 

pre–existing CWD samples was restricted to sections without branches and roots to approximate 

the form of the recently added treatment CWD.  The selection criteria applied in this study 

meant that only 24 suitable pieces of CWD were found within the Nature Reserve.   

The range in CWD decay states and large–end diameters available on the study site presented 

the opportunity to examine the impact of these characteristics on understorey plants.  

Consequently, sample CWD was selected to represent a range of decay states to account for the 

time–dependent impacts of CWD.  Each CWD sample was assigned to one of four decay 

classes, using a classification similar to that proposed by Maser et al. (1979).  This system was 

used to compare the impacts of fresh treatment CWD with pre–existing CWD of more advanced 

states of decomposition.  Decay classes ranged from fresh treatment CWD that was 

approximately one year old at the time of sampling (class I), to the most decayed pre–existing 

CWD (class IV).  No examples of Maser’s decay class V were available.  The large–end 

diameter recorded for the selected CWD samples ranged from 29.7 to 102.5 cm (Table 5.1).   

Table 5.1  Summary of CWD minimum and maximum large–end diameters by 

decomposition class.  

CWD type Decay class Total n Minimum large–end 
diameter (cm) 

Maximum large–end 
diameter (cm) 

Treatment  I 6 32.5 69.5 
     

Pre–existing II 6 29.7 83.5 

 III 6 31.9 102.5 
 IV 6 33.6 84.5 
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The intensity of grazing by kangaroos, rabbits and hares in the vicinity of each CWD sample 

was recorded.  Signs of herbivory and trampling as well as scat quantity, relative age and scat 

type (kangaroo or hare/rabbit) were combined within a single rating of low, medium or high 

grazing intensity.  The impact of litter mass was also assessed, since litter accumulates near 

CWD (Orndorff and Lang, 1981) and it may affect plant community structure (Facelli and 

Pickett, 1991).  

5.3.3 Assessment of CWD 
Two transects, spaced 50 cm apart, were established on both sides of each CWD sample.  These 

transects were set perpendicular to the long axis of the CWD sample.  Quadrats (10 cm x 20 cm) 

were placed at 0 cm (0–10 cm) and 80 cm (75–85 cm) from the point at which the CWD 

contacted the ground along each transect.  This sampling procedure yielded 192 quadrats (24 

pieces of CWD × 2 sides × 2 transects × 2 distances). 

All understorey vascular plants species were identified within each quadrat and categorised as 

either native or exotic.  Species identification was conducted during peak flowering in late 

spring to early summer (November–December) in 2008.  Nomenclature followed Harden 

(1992–2002) and online updates (The Royal Botanic Gardens and Domain Trust, 2012).   The 

presence of bare ground and the vertical projection of foliage cover of all vascular plants in each 

quadrat were estimated for each species as a percentage of the quadrat.  Each quadrat was 

divided into grids to allow the systematic estimation of cover.  To overcome any potential 

observer bias, the same observer recorded cover in all quadrats.  Species richness was also 

recorded for all vascular plants.  Cover was summarised by predominant life forms of grass, 

forb, cryptogam and bare ground.  Cryptogams were not identified to species level.     

Total plant moisture content, total dry biomass and total litter mass were determined for each 

quadrat.  During summer in February 2009, all vascular plants were harvested to determine 

moisture content and aboveground biomass.  This timing emphasised any potential CWD–

related effect on plant moisture content.  Sample collection was timed to avoid morning dew.  

CWD was sampled randomly with respect to decay class, large–end diameter and grazing 

intensity.  Plant material was severed within 1 cm of the soil surface.  All non–decomposed 

litter of bark, wood, foliage, charcoal and scats were also harvested from each quadrat. 

Harvested plant material was stored in an insulated cool box in the field and transported to the 

Australian National University, 18 km from Goorooyarroo Nature Reserve.  The wet weight of 

plants was assessed immediately on arrival at the laboratory.  All plant samples were oven dried 

at 80 °C for 48 hours (Cornelissen et al., 2003) to obtain dry biomass.  Total plant moisture 

content was calculated as the difference between initial wet weight and oven–dry weight.  Litter 
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samples were dried using the same oven temperatures and times as plant biomass, and weighed 

separately by litter type.  Litter types included CWD bark/wood, non–CWD bark/twigs, foliage, 

charcoal and scats. 

5.3.4 Data analysis 

5.3.4.1 Initial pooled data analysis  
Coarse woody debris sample–level means for each plant and litter attribute were calculated at 

each distance from CWD by averaging over transects and CWD sides.  This provided two 

means for each attribute, one at 0 cm and the other at 80 cm from CWD, for each CWD sample.  

CWD sample–level means for each distance from CWD were subsequently calculated for 

predominant life form cover and richness for native and exotic species.  CWD sample–level 

means of foliage cover for the most frequently occurring species and genera was also calculated.  

The differences between distances from CWD for each plant and litter attribute were tested 

using a paired Student’s t–test (p <0.05).  Occurrences of sedges and ferns were too infrequent 

to test for differences between distances from CWD for these life forms. 

5.3.4.2 Linear mixed models 
Using all of the raw data (n = 192), a linear mixed model was constructed where random effects 

accounted for the nested sampling structure and the fixed effects were the candidate predictors.  

The random effects were estimated by Restricted Maximum Likelihood (REML) and the fixed 

effects were estimated using weighted least squares within the REML linear mixed model 

platform in GenStat (14th edition, VSN International Ltd., Hemel Hampstead, UK).  For all 

models, the random effects were CWD sample number, side and transect.  CWD sample 

number, side and transect were included to account for site–level and CWD–level variability 

respectively.  Fixed effects were distance from CWD, CWD decay class (I–IV), CWD large–

end diameter (29.7–102.5 cm), grazing intensity (low, medium, high), litter mass (0.1–437.7 g) 

and their interactions.  Significant fixed effects and interactions were identified during 

modelling using the F–statistic and a probability criterion of p < 0.05.  Non–significant fixed 

effects were backwards eliminated to identify significant effects.   

Total plant moisture content and dry biomass contained zero values and were transformed using 

the natural log(y +1), where y was the observation.  Percentage total foliage cover data were 

transformed using sin-1(√y) (Quinn and Keough, 2010).  Normality was confirmed within all 

plant attributes with a Shapiro–Wilk test.   
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5.4 Results 

5.4.1 Initial pooled data analysis  
Total plant moisture content, dry biomass, foliage cover and litter mass were significantly 

greater at 0 cm compared to the reference distance of 80 cm from CWD (Table 5.2).  Although 

total species richness did not significantly differ between distances, native grass richness and 

total grass richness were significantly lower at 0 cm compared with 80 cm from CWD (Table 

5.3).  In contrast, exotic and total forb cover was significantly greater at 0 cm compared with 80 

cm from CWD.  Grass cover (native, exotic and total), exotic grass richness, native forb cover, 

forb richness (native, exotic and total) and cryptogam cover did not significantly differ between 

0 and 80 cm from CWD.   

CWD–derived bark/wood and foliage litter was significantly greater at 0 cm compared with 80 

cm from CWD (Table 5.4).  However, herbivore scat mass was significantly lower at 0 cm 

compared with 80 cm from CWD and there was no significant difference between distances 

from CWD for non CWD–derived litter and charcoal mass.  

5.4.2 Species frequency and cover 
The most frequently occurring species and genera were exotic Rumex acetosella L. (syn. 

Acetosella vulgaris), Austrostipa species, Bothriochloa macra (Steud.) S.T.Blake, exotic 

Bromus species, Elymus scaber (R.Br.) Á.Löve, Microlaena stipoides (Labill.) R.Br., Oxalis 

perennans Haw. and Rytidosperma species.  Cover by Rumex acetosella was significantly 

greater at 0 cm compared with the reference distance of 80 cm from CWD (Table 5.5).  

Although a marginally non–significant the mean positive difference between distances from 

CWD is evident for the native grass species Microlaena stipoides.  No significant differences 

were evident between distances from CWD for the remaining frequently occurring taxa.   

5.4.3 Linear mixed models 
Negative trends for distance from CWD within the REML results reflect larger values at 0 cm 

compared to 80 cm from CWD for all plant attributes except total species richness, for which 

there was no trend over distance (Table 5.6).  CWD large–end diameter was positively related to 

total plant moisture content and foliage cover.  Grazing intensity was negatively related to all 

measured plant attributes, except total species richness.  There was a negative interaction 

between distance from CWD and grazing intensity for total dry biomass and foliage cover, 

reflecting the greater proportional difference between distances at lower grazing intensity.  Total 

litter mass was also negatively related to all plant attributes.  Litter mass was the only fixed 

effect to significantly affect total species richness.  CWD decay class was not significantly 

related to any of the measured plant attributes.  
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Table 5.2  Mean difference between 0 and 80 cm from CWD and corresponding 

standard error of the mean in parentheses for measured attributes (n = 24).  

Positive differences indicate higher values at 0 than at 80 cm.  Significant 

differences between means denoted by an asterisks. 

Attribute Mean difference p–value 

Total moisture content (g) 4.33 (0.89) < 0.001* 

Total dry biomass (g) 4.53 (1.00) < 0.001* 
†Total foliage cover (%) 14.36 (5.31) 0.013* 
†Total species richness (n)  -0.33 (0.22) 0.138 

Total litter mass (g)  47.98 (15.31) 0.005* 
†excluding cryptogams   

 

Table 5.3  Mean difference between 0 and 80 cm from CWD and corresponding 

standard error of the mean in parentheses for cover and richness of predominant 

life forms for native and exotic species (n = 24).  Positive differences indicate 

higher values at 0 than at 80 cm.  Significant differences between means denoted 

by an asterisks. 

Life form Attribute Native/exotic Mean difference p–value 

Grass Cover (%) Native 2.48 (6.27) 0.695 

Exotic  0.01 (0.65) 0.994 

Total  2.49 (6.47) 0.704 

Richness (n) Native  -0.60 (0.12) < 0.001* 

Exotic  0.08 (0.10)  0.411 

Total  -0.52 (0.16) 0.004* 

     

Forb Cover (%) Native  0.44 (0.51) 0.394 

Exotic  11.06 (3.80) 0.008* 

Total  11.50 (3.85) 0.007* 

Richness (n) Native  0.04 (0.07) 0.528 

Exotic  0.11 (0.10) 0.263 

Total  0.16 (0.14) 0.268 
     
†Cryptogam Cover (%) Total  -2.31 (1.17) 0.059 

Bare ground Cover (%) Total  -10.21 (3.87) 0.015* 
†species not determined    
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Table 5.4  Mean difference between 0 and 80 cm from CWD and 

corresponding standard error of the mean in parentheses for litter 

mass by type (n = 24).  Positive differences indicate higher values 

at 0 than at 80 cm.  Significant differences between means denoted 

by an asterisks. 

Litter type (g) Mean difference  p–value 

CWD bark/wood  46.80 (15.74) 0.007* 
Non CWD bark/twigs  0.31 (0.53) 0.565 

Foliage litter  1.35 (0.50) 0.013* 

Charcoal  0.15 (0.14) 0.302 

Scats  -0.62 ( 0.21) 0.006* 
 

Table 5.5  Mean difference between 0 and 80 cm from CWD and 

corresponding standard error of the mean in parentheses for 

foliage cover by frequently occurring species and genera (n = 24).  

Positive differences indicate higher values at 0 than at 80 cm.  

Significant differences between means denoted by an asterisks. 

Species foliage cover (%) Mean difference p–value 
†Rumex acetosella 10.06 ( 3.76) 0.014* 
Austrostipa species 0.85 (1.39) 0.546 

Bothriochloa macra -2.53 (1.97) 0.212 
†Bromus species 0.08 (0.06) 0.197 

Elymus scaber 0.16 (0.10) 0.130 

Microlaena stipoides 5.62 (3.24) 0.096 

Oxalis perennans 0.26 (0.42) 0.551 

Rytidosperma species -0.37 (0.41) 0.372 
†exotic species 
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Table 5.6 Significant fixed effects and degrees of freedom (df) for measured plant attributes and 

their predicted trend from weighted least squares analysis within the REML linear mixed model.  

Response variable Fixed effect df F–statistic F–value Predicted 

 Ln(moisture content) Distance  1 95.14 <0.001 negative 
Large–end diameter 1 10.52 0.004 positive 

Grazing intensity 2 7.67 0.003 negative 
Litter mass 1 8.41 0.004 negative 

      
Ln(dry biomass) Distance  1 36.04 <0.001 negative 

Grazing intensity  2 14.36 <0.001 negative 
Litter mass 1 9.24 <0.003 negative 

Distance × Grazing 

 

2 3.86 0.025 negative 
      
†Sin-1(total foliage cover)  Distance  1 5.32 <0.023 negative 

Large–end diameter 1 8.63 0.008 positive 

Grazing intensity 2 21.70 <0.001 negative 
Litter mass 1 36.69 <0.001 negative 

Distance × Grazing 

 

2 3.99 0.022 negative 
      
†Species richness Litter mass 1 16.54 <0.001 negative 
†excluding cryptogams     
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5.5 Discussion  

5.5.1 Plant moisture content 
Elevated plant moisture content found near CWD compared with reference distances (Table 5.2 

and 5.6) supports the first hypothesis that CWD acts as a protective structure for understorey 

plants.  That is, greater plant moisture content may reflect lower evaporation near CWD 

associated with lower soil surface temperatures and reduced exposure to solar radiation (Gray 

and Spies, 1997).  If so, the results of this study are consistent with observations of greater plant 

moisture content in grasses protected by tree canopies (Wilson et al., 1990).  Alternatively, the 

negative relation between total plant moisture content and distance from CWD, reported in this 

study (Table 5.6), may also reflect greater forb cover near CWD (Table 5.3).  Unfortunately, the 

relation between total plant moisture content by life form could not be tested between distances 

from CWD, because life forms were not separated prior to measurement of moisture content.  

5.5.2 Plant growth and cover 
Greater total dry biomass and foliage cover near CWD compared to reference distances (Table 

5.2 and 5.6) support the second hypothesis that CWD enhances plant growth and cover.  The 

result for total dry biomass differs from the effect of harvest residue in low–productivity Pinus 

ponderosa forest, where CWD had little impact on understorey grass biomass (Law and Kolb, 

2007).  However, greater total understorey foliage cover in the present study is consistent with 

Ludwig and Tongway’s (1996) observations following the addition of Acacia aneura branches 

in semi–arid woodlands.  Greater total dry biomass and foliage cover near CWD reported in this 

study are also broadly comparable to improved growth of seedlings and seedling transplants 

near CWD reported for riparian ecosystems (Pettit and Naiman, 2006; Haskell et al., 2012).  

Enhanced plant growth and foliage cover near CWD compared to references distances reported 

here, may reflect increased productivity associated with greater soil moisture availability 

(Goldin and Hutchinson, 2014; see Chapter 3) and greater concentrations of nitrate and labile 

phosphorous near CWD at the Goorooyarroo Nature Reserve study site (Goldin and 

Hutchinson, 2013; see Chapter 4).   

Variation in grazing intensity between CWD samples was negatively related to total plant 

moisture content, dry biomass and foliage cover (Table 5.6).  At the sample level, significantly 

lower mass of kangaroo, rabbit and hare scats near CWD compared to reference distances 

(Table 5.4), suggests that grazing may be less intense near CWD, as previously reported by 

Ludwig and Tongway (1996).  This may reflect the presence of unpalatable species near CWD 

in the present study, such as Rumex acetosella (Table 5.5).  However, grazing appears to reduce 
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the positive impact of CWD on understorey biomass and cover.  Further investigations would be 

necessary to quantify the relation of CWD to herbivory.   

5.5.3 Species composition and richness 
The negative difference of native grass richness and positive difference of exotic forb cover 

between distances from CWD (Table 5.3) support the third hypothesis that CWD can alter 

competitive interactions between understorey species.  As noted above, surface soils near CWD 

in Goorooyarroo Nature Reserve exhibit greater plant–available nutrients and lower pH (Goldin 

and Hutchinson, 2013; see Chapter 4) as well as greater soil moisture availability.  These 

CWD–related changes to surface soils may have substantially altered the composition of grass 

swards in favour of species typical of higher productivity sites such as Microlaena stipoides 

(Magcale-Macandog and Whalley, 1994).  Although the results were marginally non–significant 

(p = 0.096; see Table 5.5), Microlaena stipoides was more frequent near CWD than at reference 

distances in the current study.  Likewise, surface soils near CWD may have also enhanced 

exotic forb cover.  The greater abundance of exotic forbs was predominantly driven by Rumex 

acetosella (Table 5.5).  R. acetosella is an effective coloniser of disturbed habitats and paddocks 

in temperate Australia, owing to its rhizomatous habit and low palatability (Archer and Martin, 

1979).  In the current study, the presence of R. acetosella in the Nature Reserve may reflect the 

history of livestock grazing.  Greater concentrations of soil nutrients and available moisture 

content near CWD may favour the establishment of exotic over native species (e.g. Davis et al., 

2000), and may explain greater cover by R. acetosella near CWD in the present study.  This is 

supported by the strongly positive response of R. acetosella to fertiliser application (Harris, 

1971).   

The accumulation of litter near CWD may partially explain the relation between CWD and 

species composition and richness.  While total litter mass was negatively related to all plant 

attributes, it was the only fixed effect in the REML modelling to significantly influence total 

species richness (Table 5.6).  Litter can smother plants and prevent seedling establishment 

(Facelli and Pickett, 1991) and inhibit plant growth, resulting in an overall change in species 

composition (Sydes and Grime, 1981) and reduced species richness (Carson and Peterson, 

1990).  This may be particularly true of CWD–derived litter in the present study (Table 5.4) 

because it is vastly heavier and thicker than foliar litter.  Changes in species composition near 

CWD, may also reflect an allelopathic effect of phenolic leachate from bark and wood litter (see 

Kuiters, 1990).   
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5.5.4 CWD decay state and diameter 
Coarse woody debris decay classes were used to compare between treatment (added ~1 year 

earlier) and pre–existing CWD of more advanced decomposition age.  Contrary to the fourth 

hypothesis, decay class was not significantly related to any of the plant attributes.  This suggests 

that the effect of CWD on understorey vegetation is rapid, occurring within one year of 

application.  Likewise, the persistent effect of CWD in advanced decay classes suggests that 

effect of CWD on understorey plants may last for decades because of the durability of woodland 

CWD (Mackensen et al., 2003).  However, consistent with the fourth hypothesis, CWD large–

end diameter was positively related to plant moisture content and total foliage cover.  However, 

CWD large–end diameter was not a significant predictor for the other plant attributes (Table 

5.6).  The positive relation between CWD large–end diameter and plant moisture content 

suggests that the size of CWD affects its capacity to protect understorey plants from drying out 

and to improve survival during drought.  

5.6 Implications and Conclusions  
This study provides the first quantitative assessment of the effect of CWD on understorey plants 

in cleared temperate woodlands.  The results reported in this study indicate that CWD can 

significantly increase total plant moisture content, dry biomass and foliage cover of understorey 

plants in a woodland context.  As such, CWD could have an important role to play in rapidly 

returning understorey plants to similar ecosystems where trees have been extensively cleared, 

with potentially long–lasting effects.  Greater plant growth near CWD, reported in this study, 

suggest that CWD may create spatially explicit sites of high productivity, and this may 

contribute to landscape heterogeneity and diversity.  Furthermore, greater plant moisture content 

near CWD may also increase survival of drought sensitive species.  This effect appears to be 

greater for large diameter CWD.   

Greater concentrations of soil nutrients and moisture content near CWD may explain the greater 

total plant moisture content, dry biomass, foliage cover and the differing species composition 

near CWD.  In the context of the woodland examined, an existing exotic forb species (Rumex 

acetosella) was greatly advantaged by CWD.  This suggests that CWD–associated changes in 

species composition are likely to reflect existing ecosystem condition and the land use history.  

This is important since most temperate woodlands in south–east Australia have an agricultural 

history and are likely to contain exotic species.  R. acetosella, for example, is widespread 

throughout temperate Australia.  The substantial increase in cover by R. acetosella reported here 

indicates that reintroducing CWD to cleared woodlands may favour establishment of exotic 

species that are more competitive in soils with greater nutrient concentrations and moisture 

content near CWD.   
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The change in species composition reported in this study indicates that there is a shift towards a 

reduction in the native grass richness and an increase in exotic forbs near CWD.  Therefore 

CWD reintroductions may disadvantage existing native understorey species in cleared temperate 

woodlands where exotic weeds are prevalent.  This possibility should be taken into account 

given the potentially long–term impacts of CWD.  Establishing native species near CWD may 

require weed management followed by sowing or plantings of native species (e.g. Microlaena 

stipoides) that can tolerate and compete with exotic species in the higher productivity soils near 

CWD.  Such a treatment would require further investigation. 
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Chapter 6: Discussion and conclusion 
6.1 Overview 
This thesis provides the first quantitative assessment of the effects of eucalypt CWD on 

woodland surface soils and understorey plants.  The context for this thesis differs substantially 

from previous CWD studies.  Firstly, Australian temperate woodlands are drier and less 

productive than the wet temperate forests in which CWD has been commonly studied (see 

Harmon et al., 1986).  In wet temperate forests CWD decomposes more rapidly and therefore 

may function differently to CWD of temperate eucalypt woodlands.  For example, in wet 

temperate forests, CWD is a source of nutrients that impacts surface soils (Spears and Lajtha, 

2004; Hafner and Groffman, 2005; Zalamea et al., 2007) as well as a sink of nutrients as it 

decomposes (Graham and Cromack Jr., 1982; Sollins et al., 1987) and a substrate for seedlings 

(Harmon and Franklin, 1989; Gray and Spies, 1997).  Secondly, the woodlands studied in this 

thesis are not influenced by water inundation, like CWD found on floodplains and lakeshores 

(Boyd et al., 2005; Pettit and Naiman, 2005; 2006; Haskell et al., 2012).  In these ecosystems 

inundation may influence the impact of CWD on surface soils and understorey plants by 

entraining sediments, plants and seeds.  Lastly, while the degraded condition of temperate 

eucalypt woodlands is comparable to CWD studies conducted in low productivity semi–arid 

rangelands (Tongway et al., 1989; Ludwig and Tongway, 1996; Tongway and Ludwig, 1996; 

Law and Kolb, 2007) and forest plantations where trees have been removed (Smethurst and 

Nambiar, 1990; O'Connell et al., 2004; Devine and Harrington, 2007), this thesis differs from 

these studies in that it considers the fine–scale impacts of large individual pieces of CWD rather 

than small branches and piles of harvest residue.  While studies that consider the impact of 

CWD in heavily cleared and altered temperate woodlands demonstrate the obvious benefits of 

CWD as immediate structural complexity and habitat for organisms (Mac Nally et al., 2001, 

Michael et al., 2004, Manning et al., 2013), they do not consider the wider impact of CWD on 

the surrounding degraded woodland. 

To addresses these gaps in the literature, this thesis focuses upon the key drivers of ecological 

processes — temperature variability, moisture availability and soil characteristics — in 

quantifying the direct physical (i.e. CWD as an organic mulch) and structural (i.e. as a trap for 

litter and organic matter collection) impacts of CWD.  In doing so, this thesis contributes to the 

CWD literature and to the underpinning science assessing CWD as a restoration method for 

woodlands.  This thesis quantifies, for the first time: i) the effects of CWD on woodland 

surface–soil temperature extremes and soil moisture content after rain, as a function of distance 

from CWD and CWD diameter, ii) determines the effect of eucalypt CWD on woodland 

surface–soil characteristics for CWD of different CWD decay states and diameters, and iii) 
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identifies the changes in woodland understorey plants associated with CWD of different decay 

states and diameters.  This thesis also considers both the impact of pre–existing and 

experimentally added CWD within a typical degraded temperate woodland community of 

Eucalyptus melliodora–Eucalyptus blakelyi.  Unlike previous CWD studies, this thesis focuses 

on the fine–scale surface–soil conditions that affect local biological processes, habitat quality 

and productivity and how these changes may affect understorey plants.  The conclusion to this 

thesis discusses the combined key processes driving modifications to surface soils and 

understorey plants, identifies research areas for further investigation and makes consequent 

recommendations on the use of CWD for woodland restoration.   

6.2 Key findings—physical and structural processes 
Key processes driving CWD–associated changes in surface soils and understorey composition 

can be inferred as a result of this thesis.  The key processes are either a direct result of the 

physical presence of CWD (i.e. organic mulch effect) or as an indirect result of the structural 

features of CWD (i.e. litter and organic matter collection (Figure 6.1).   

Upon deposition, CWD immediately forms a physical barrier, protecting surface soils and 

understorey plants from incoming solar radiation as well as reducing water vapour and heat 

efflux from the soil surface as reported for organic mulch (e.g. Chung and Horton, 1987).  

Wetter soils also contribute to cooler summer temperatures as a result of increased heat capacity 

and thermal conductivity (Ochsner et al., 2001).  Consistent with these processes, in this thesis 

surface soils near CWD were found to be cooler during summer maxima and wetter during dry 

periods compared to the control distance from CWD (Chapter 2 and 3).  Further, the reduced 

surface–soil temperature extremes and drying near CWD during summer, was shown to protect 

understorey plants from moisture loss and this may be advantageous for drought sensitive plant 

species (Chapter 5).   

During winter, CWD protects surface soils from extreme cold during temperature minima by 

reducing radiative heat loss from the soil surface (see Holmes et al., 2008) and by trapping heat 

moving up through the soil profile (see Oke, 1993) as well as maintaining soil temperatures by 

storing heat associated with the thermal mass of CWD (Savely Jr., 1939).  As a consequence, 

CWD moderates extreme cold during winter (Chapter 2) and this may protect nearby 

understorey plants from frost damage.  This thesis demonstrates that the distance over which the 

physical impact of CWD is expressed, scales with diameter (Chapter 2 and 3).  Therefore the 

magnitude of refugia created for understorey plants also scales with CWD diameter (Chapter 5).   
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Figure 6.1 Illustration summarising the likely processes responsible for changes in surface soils and 

understorey plants near CWD.  The structural properties of CWD facilitate accumulation of organic litter.  

Litter accumulation may cause a change in plant species richness and a reduction in soil pH, increase soil 

concentrations of C, N, P as well as electrical conductivity (EC) and organic matter content.  High soil C 

concentrations and organic matter content increases soil water–holding capacity and reduces soil density.  

The physical properties of CWD may protect surface soils from temperature extremes and moisture loss 

as well as protect understorey plants from exposure to solar radiation and frost.  This may increase plant 

growth and survival.  Soil microbial activity could be stimulated by greater moisture availability, 

accumulation of litter and organic matter.  Microbial activity would result in mineralisation of available N 

and P and this would enhance plant growth and change understorey species interactions and composition.  

Microbial activity could also reduce the soil density.   
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CWD was shown to express a key structural attribute as a source of, as well as trap for, organic 

litter (Chapter 5).  Organic litter accumulation near CWD may negatively impact plant growth 

by smothering plants, as shown in Chapter 5, altering species richness (Sydes and Grime, 1981; 

Carson and Peterson, 1990).  Relative to soil, this litter is high in nutrients (Hingston et al., 

1979; Brown et al., 1996) and, on decomposition, contributes to the high concentrations of C, N, 

P and high electrical conductivity (EC) near CWD as shown in Chapter 4.  Bark and foliage 

litter also contains acid extractives (Kuiters, 1990) that may lower soil pH, as illustrated in 

Chapter 4, and alter understorey plant species composition (see Chapter 5).  High concentrations 

of total soil C (Chapter 4) and the accumulation of organic matter are likely to lower soil bulk 

density and increase soil water–holding capacity near CWD (Chapter 3).  This process would 

stimulate soil microbial activity (Wardle, 1992) which would contribute to the mineralisation of 

plant–available forms of N and P and low soil density near CWD reported in Chapter 3 and 4.  

High concentrations of plant–available forms of soil nutrients near CWD coupled with greater 

soil moisture availability enhance plant growth and change species composition to favour 

species more competitive in enriched soil conditions (Chapter 5).  The structural impact of 

CWD may vary slightly between new and older CWD.  Specifically, higher EC associated with 

CWD (see Chapter 4) may reflect greater litter accumulation over time (Tongway and Ludwig, 

1996). 

6.3 Further research 
This thesis focuses on quantifying the primary impacts of CWD on the surrounding woodland 

environment and the direct effects on surface soils, as well as the secondary impacts on 

understorey plants.  In utilising CWD and applying it to restore woodlands, further areas of 

research arose as a consequence of the work presented in this thesis.  These cover several 

research questions and issues regarding CWD development and applications within the 

woodland context.   

1. Does CWD have an indirect or direct impact on surface–soil characteristics? 
The results of this thesis suggest that CWD indirectly affects surface soils by accumulation of 

litter and organic matter (Chapter 3, 4 and 5).  However it is not clear if CWD itself directly 

affects surface soils through processes such as leaching (Hafner et al., 2005; Zalamea et al., 

2007) or through nutrient immobilisation and release on decay (Brown et al., 1996).  Further 

research to determine the cause of the changes to surface soils would clarify whether CWD has 

a direct effect on some of the measured surface–soil characteristics.  This information would be 

useful for adjusting the location and amount of CWD applied in woodland restoration initiatives 

to achieve representative woodland surface soils.   
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2. Does CWD protect understorey plants from herbivores? 
Coarse woody debris may protect understorey plants from grazing by herbivores, but this 

attribute of CWD could not be quantified in this thesis.  If CWD protects understorey plants 

from herbivores, then the application of CWD may be valuable for reducing herbivory and this 

may benefit native species sensitive to high grazing intensity (see Dorrough et al., 2007).  

Quantifying the capacity of CWD to protect understorey plants from herbivory may influence 

the type of CWD characteristics used in reintroductions, particularly if there is a relation 

between CWD diameter and structure and herbivory as reported by de Chantal and Granström 

(2007).  CWD could also be considered as an alternative to fencing, which is commonly used to 

protect woodland plants from herbivory (see Spooner et al., 2002).     

3. How long does it take for woodland CWD to form naturally?  
The production of CWD increases with tree age, with larger diameter trees more likely to 

produce CWD than those with smaller diameters (Killey et al., 2010).  Therefore, estimating the 

growth rate of woodland trees would be valuable for determining how long it would take for 

and tree plantings applied for restoration of woodlands (Dorrough and Moxham, 2005) to 

produce CWD.  To date there has been only one empirical study on the growth of woodland 

trees, Eucalyptus melliodora (Banks, 1997).  Banks (1997) reported that after 64 years E. 

melliodora diameters were 52 cm, giving an average growth rate of approximately 0.81cm per 

annum.  However, the small sample number of this study and the lack of replication makes this 

estimate unreliable.  Alternatively, production of CWD from tree plantings has been modelled 

and estimated to only occur after 100 years from revegetation (Vesk et al., 2008).  It is unclear 

from the current research what relation exists between tree age and diameter and the production 

of CWD.  Understanding the growth rate of woodland tree species would be useful for 

estimating the delay in and the long–term production of CWD formation in revegetated areas 

and how much CWD would be required to supplement these areas until the time of natural 

CWD production. 

4. How long does woodland CWD last? 
Despite recent efforts to calculate decomposition rates of eucalypt CWD (Mackensen et al., 

2003; Webber, 2008; Grove et al., 2009), decomposition rates for temperate woodland species 

remain unknown.  Temperate woodland eucalypt species are characterised by slow grown (e.g. 

Banks, 1997) high density (Ilic et al., 2000) durable timbers (Cookson, 2004).  Therefore it is 

possible that CWD could remain in the environment for hundreds of years as predicted for 

timber from the woodland species E. camaldulensis Dehnh. and E. tereticornis Sm.  For these 

species, the time required to lose 75% and 95% of their timber mass is 175 years and 375 years 

respectively (Mackensen et al., 2003).  Assessing the rates of woodland CWD decomposition 



Discussion and conclusion 

 

  78 

would be useful for estimating the time taken for CWD to produce difference resources (see 

Maser et al., 1979) as well as estimating the long–term trends and developments in CWD 

accumulation in temperate woodlands.  In particular the results would be critical for calculating 

the amount of CWD to be applied when restocking woodlands with CWD.   

5. Where is a sustainable source of CWD for restocking woodlands? 
Limits on source CWD for restocking temperate woodlands may restrict its application more 

widely, unless practical and sustainable sources of CWD are identified to address the prevailing 

tree densities and the paucity of CWD in woodlands.  CWD have been collected for 

experimental purposes from property development sites (Manning et al., 2011) and from local 

forest harvesting (Mac Nally, 2006).  Outside of the experimental context, CWD restocking 

maybe impractical as it would be expensive to transport large loads of CWD unless there is a 

readily available source of trees nearby.  High density tree plantings, such as those by Greening 

Australia, and sites of high density natural regeneration (see Dorrough and Moxham, 2005; 

Vesk et al., 2008) could be utilised.  These stands could be thinned and trimmed to produce 

CWD.  Managed thinning speeds up the natural process of thinning and would give the 

remaining trees greater access to space and resources, and thus accelerate diameter growth and 

structural development (Florence, 1996; Dwyer et al., 2010).  Lower tree densities are also more 

likely to produce fallen timber and facilitate the formation of a widely spaced canopy of 

dominant trees that is more characteristic of temperate woodlands (see Gillison and Walker, 

1981; Vesk et al., 2008).  A reduction in canopy cover in these areas could also allow the re–

establishment of grass cover (see Dwyer et al., 2010).  These improvements to the woodland 

formation would provide greater structural complexity for woodland organisms (see McElhinny 

et al., 2006).  Sources of CWD and the role of tree thinning for CWD production and woodland 

restoration is an area yet to be explored and is an important practical consideration that needs to 

be addressed for this restoration technique.  

6. Do CWD additions have a role to play within natural woodlands? 
This thesis focuses on the impacts of CWD in modified temperate eucalypt woodlands where 

surface soils and understorey plants have been heavily impacted by decades of agriculture.  The 

results demonstrate that the physical and structural impacts of CWD moderate surface soil-

temperature extremes and the rapid loss of surface soil moisture content as well as increase the 

availability of surface soil nutrients.  These impacts influence ecological processes such as the 

growth and composition of understorey plants.  As such, CWD may be critically important for 

providing missing refugia and heterogeneity for organisms in modified landscapes.   
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The findings of this thesis contribute to the well-established literature on the ecological 

importance of CWD worldwide (e.g. Harmon et al., 1986) and in Australian forests and 

woodlands (Mac Nally et al., 2001; Lindenmayer et al., 2002; Michael et al., 2004; McElhinny 

et al., 2006; Manning et al., 2011).  However, it is not clear from the results of this thesis if 

CWD would make a substantial physical and structural contribution to a natural woodland 

because in these locations surface soils are not as exposed and altered as in modified 

woodlands.  Furthermore, the presence of existing CWD, trees, shrubs and grass tussocks within 

natural woodlands may diminish the relative importance of adding CWD for the ecological 

purpose of creating refugia and increasing landscape heterogeneity.  Further research 

investigating the role of CWD additions in natural woodlands may improve our understanding 

of how CWD contributes to the ecology of woodlands overall as well as their restoration and 

resilience.  The outcomes of this research would be particularly important for conserving 

vulnerable natural woodlands given they largely exist as small remnant patches within heavily 

modified landscapes (Yates and Hobbs, 1997; Prober and Smith, 2009).  This research could 

also incorporate the ecological significance of variations in CWD diameter and decomposition 

within these landscapes. 

7. Does CWD restocking increase fire risk?  
CWD restocking of temperate woodlands may be perceived as creating a higher wildfire risk by 

increasing the fuel loading.  This is particularly pertinent given the unprecedented Australian 

mega-fires of 2019-2020 that may be indicative of future conditions within a changing climate 

(Boer et al., 2020).  However, when considering fuel hazards, the physical properties of the 

fuels themselves must be considered, not just their total biomass.  Specifically, the surface-area-

to-volume ratio of fuel size is an important determinant for ignition.  High surface-area-to-

volume ratio fuels (i.e. fine fuels) ignite more readily and burn more rapidly than coarse fuels 

(Rothermel, 1972).  By virtue of its low-surface-area-to-volume ratio, CWD is less easily 

ignited and makes a lesser contribution to fire rate of spread than fine fuels.   

Rather than present an extra fuel, the addition of CWD in modified woodlands may reduce fire 

hazard.  For example, CWD may reduce rate of spread by shielding fine fuels downwind from 

pre-heating (Sullivan et al., 2018).  If true, the larger the CWD the greater the capacity to 

protect fine fuels from ignition.  However, the fire hazard presented by CWD may be impacted 

by the wood characteristics such as the decomposition of CWD (Hyde et al., 2011) and by the 

vertical arrangement of CWD (Rothermel, 1972) which may affect its combustibility.  Further 

research is necessary to determine how CWD can reduce the spread and severity of fire with 

respect to CWD orientation, diameter and loading (Sullivan et al., 2018) so that an acceptable 

level of fire risk associated with different CWD loading (Brown et al., 2003) can be considered.  
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6.4 Applications 
The application of CWD in restoring woodland sites will be restricted by the operational budget 

and supply of source CWD.  CWD application may be most cost effective if more than just the 

bole is added (i.e. large trimmed branches) and the source trees located onsite or locally.  It may 

also be more cost effective if some CWD pieces have intermittent contact with the ground, 

because over time the CWD contact with the ground will increase as the CWD decomposes.  

Apart from operational restrictions, it is difficult to prescribe a specific CWD load for restoring 

a particular woodland landscape.  Estimates of CWD loads for woodlands with differing levels 

of degradation vary between 12–125 t ha−1 (Mac Nally et al., 2002; Woldendorp et al., 2004).  

The amount of CWD required will be context dependent, varying with the woodland type, land 

use history, existing structural complexity, climate and the desired restoration outcome.  The 

quantitative results of this thesis may be useful in prescribing the amount and the application of 

CWD in particular eucalypt woodlands for specific desired restoration outcomes.  The three 

main considerations in applying CWD in eucalypt woodlands evident as a result of this thesis 

are, CWD diameter, placement of CWD and the importance of managing weed invasions, as 

described below. 

Diameter 
This thesis demonstrates that the impact of CWD diameter scales in two ways, i) the greater the 

CWD diameter the greater the magnitude of the impact and ii) the greater the CWD diameter the 

larger the area affected by CWD.  Clearly, large diameter CWD should be applied if the purpose 

of application lies in restoring woodlands to enhance the survival of organisms sensitive to 

extreme temperatures, moisture loss and drought stress.   

Position in the landscape 
In this thesis, sample CWD was carefully selected to have substantial contact with the ground 

and to be isolated away from trees to maximise the direct effect on surface soils and understorey 

plants.  Without substantial contact with the ground CWD would not provide a barrier to 

outgoing heat flux and water vapour from the soil surface.  Furthermore, CWD would have little 

structural impact because CWD could not physically trap litter, limiting the accumulation of 

nutrients and litter.  CWD located near or under tree canopies instead of out in the open, would 

have a smaller relative impact, because CWD would have a reduced physical impact on surface 

soils and understory plants due to reduced incoming solar radiation (tree shading) and 

evaporation.  Therefore, to gain the maximum impact from CWD it would be important to 

maximise the length of CWD contact with the ground and place CWD on i) surface soils most 

exposed to extreme temperature fluctuations and extended drying to maximise the protective 

impact from CWD and ii) surface soils that have been depleted of soil C and other organic 
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matter.  CWD contact with the ground would be easily achieved by removal of root bases, limbs 

and crowns prior to placement.  Placing CWD on exposed and eroded surface soils would 

immediately create refuge islands where surface–soil conditions and characteristics would 

improve to support soil organisms, such as understorey plants.  In doing so, CWD could create 

surface soil heterogeneity in heavily degraded woodland areas as well as create a network of 

refugia between isolated patches of more intact woodlands.   

Managing invasive weeds 
This thesis demonstrates how CWD could be used to return understorey plants to degraded 

woodlands and create spatially explicit patches of high plant productivity.  However, it also 

demonstrates that the resource–rich patches created by CWD could alter woodland species 

composition by disadvantaging existing native understorey species and favouring existing 

undesirable exotic weed and pasture species (e.g. Rumex acetosella) as shown in this thesis, see 

Chapter 5).  Given the impacts of CWD are rapid and long–lasting, long–term weed 

management would be necessary, particularly in low–lying areas where pastures have been 

sown and fertilisers applied.  In these locations of high soil fertility and acidity associated with 

agricultural practices, the impact of CWD may increase concentrations of N, P and lower soil 

pH and this could further exacerbate invasion of exotic weeds adapted to these soil conditions.  

In addition to weed management, the sowing or direct planting of native species that can tolerate 

and compete with exotic species in the higher productivity soils near CWD could be applied 

during the application of CWD (e.g. Microlaena stipoides), see Chapter 5).   

6.5 Conclusion 
This thesis establishes that CWD has both rapid and long–lasting physical and structural 

impacts on surface soils and understorey plants in degraded temperate woodlands.  CWD is 

effective in protecting surface soils from long–term exposure to extreme temperatures and 

moisture loss during dry periods, an impact that scales with CWD diameter.  As such, CWD has 

the capacity to create small–scale refuges that would contribute to spatial thermal heterogeneity 

of surface soils within the landscape.  The surface soil within these refugia would have 

enhanced biological activity, particularly in relation to the establishment, growth and survival of 

understorey plants.  Furthermore, these refugia have the potential to act as islands where heat 

and drought sensitive species could re–establish and survive.  This may be especially true in 

locations that are heavily exposed to extreme surface–soil conditions such as the more degraded 

areas within woodlands.  This application of CWD is particularly important in the context of the 

current and predicted future climate conditions of extreme heat and low precipitation for 

Australia.  Furthermore, because this thesis has focused on process–based outcomes, the 
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findings could apply to other degraded ecosystems that may have wide temperature fluctuations 

and low precipitation.  

An important finding of this thesis is that CWD can return surface soils to conditions that are 

more representative of intact woodlands relatively quickly by increasing soil C and labile P and 

reducing soil bulk density within two years.  In doing so CWD can generate spatial 

heterogeneity in surface soil, both at a landscape–scale as well as at a local scale within the top 

5 cm of the soil profile.  Greater surface soil heterogeneity would increase landscape 

productivity as well as diversity by creating surface soils that allow organisms to grow and 

establish.  However, the increase in surface soil nutrients and lower pH associated with CWD 

may have some undesirable outcomes for understorey species composition, particularly if CWD 

is placed in a disturbed landscapes with exotic species.  In these locations CWD may discourage 

native grasses and encourage exotic forb species that are already present by accelerating their 

establishment and growth.  Hence, the outcome of CWD reintroductions on understorey plants 

is likely to be context–dependent, with the outcome varying to reflect different land 

management histories and ecosystem conditions.  This outcome is a weakness of current 

initiatives aimed at restoration of woodlands using CWD to improve their condition as well as a 

problem for managing diminishing threatened understorey diversity in these landscapes.  In 

highlighting this problem, this thesis makes a significant contribution not only to understanding 

the role of CWD in modifying surface soils and understorey plants, but in potentially guiding its 

application in previously wooded ecosystems that have experienced similar degradation.   
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