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Abstract

This thesis addresses gaps in knowledge of soil respiration in forests of south-east Australia.
Soil respiration plays a major part in the cycle of carbon between soils - the biggest pool of
terrestrial carbon - and the atmosphere. Despite its global significance, we have only a
limited understanding of the magnitude and responses of soil respiration, and especially of
its components, to abiotic (temperature, moisture, soil fertility) and biotic (photosynthesis,
seasonality of belowground C allocation patterns and root growth, quality and quantity of
above and belowground litter) controls. Furthermore, vegetation type may modulate the
influences of these abiotic and biotic controls and with soil respiration research having
been based mostly in the northern hemisphere, it is crucial that regional studies be
conducted further afield. This thesis also considers the context of the current increase in
atmospheric [CO,] and resulting predicted climate change that will directly or indirectly
impact on soil respiration through extreme weather events, changes in the frequency and

intensity of fires or increase in growth.

Using both field and laboratory based techniques | measured respiration from soils
supporting a variety of Eucalypts. Elevated atmospheric [CO,] did not have an effect on
rates of soil respiration in a Eucalyptus saligna plantation, contrary to usual findings.
Drought on the other hand slowed rates of respiration, owing to a slowing of the transfer of
photosynthates from leaves to roots. The impact of an increase in above-ground litter
deposition, a possible consequence of extreme weather events, or continuous increase in
primary production can be subdued by the nature and quality of the litter in Eucalyptus
pauciflora woodlands. No effect was recorded in the field but ground litter added to soils in

the laboratory triggered a response including a priming effect.




Root priming effect was also found to increase basal heterotrophic respiration by 54% on
average in Eucalyptus regnans. The study on the contribution of roots to total soil
respiration showed that it is necessary to use hybrid techniques to separate and estimates
the contribution of components of soil respiration; in this thesis’ case the use of collars and
chambers in the field and respirometer in the laboratory was determinant in identifying

root priming effect.

Great spatial variation in respiration rates was measured both in the simple ecosystem of a
Eucalyptus saligna plantation and as a result of fire disturbance at the Messmate 1 site

supporting Eucalyptus obliqua and Eucalyptus radiata.

Finally, a synthesis of the results of the whole thesis considered the effect of soil
temperature on soil respiration and showed that contrary to what is commonly agreed by

the Qi model, respiration rates reached a plateau for temperatures between 16°C to 23°C.
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Chapter 1. Introduction. Soil C, sources of respired CO,, and approaches to measurements

Chapter 1
Introduction

Soil C, sources of respired CO,, and approaches to measurement

1.1 Introduction

Soil respiration is a major force in the regulation of carbon (C) cycling and climate in
the earth system (Luo and Zhou 2006). Soil respiration releases carbon dioxide
(CO,) from soil to the atmosphere via the combined activity of (i) roots (autotrophic
root respiration) and associated microorganisms, mainly respiring the recently-
assimilated C by plants (rhizomicrobial respiration), and (ii) micro- and
macroorganisms decomposing litter and organic matter (humus) in soil, referred to as
heterotrophic respiration (see Figure 1.1 and details below; Hogberg et al. 2005).
After photosynthesis, soil respiration is the second largest C flux in most terrestrial
ecosystems, and may account for ~70% of total ecosystem respiration on annual
basis (Kuzyakov and Larionova 2005). Globally, soil respiration emits 98+12 Pg
CO,-C yr* to the atmosphere (Raich et al. 2002). This flux is approximately an order
of magnitude larger than the current annual anthropogenic CO,-C emissions from
fossil fuel combustion (Boden et al. 2010). Soil respiration provides the pathway
between the organic C reserves in the soils and the atmosphere. Organic C reserves
within the surface soil horizons (to the depth of 1 m) of terrestrial ecosystems are
huge (1576 Pg) and exceed the combined total C in the aboveground biomass (550
Pg) and the atmosphere (750 Pg, Schlesinger and Andrews 2000). Increased storage

of carbon in world soils could help offset anthropogenic emissions of CO, and this is
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rapidly becoming a priority focus for global research and policy. In similar but
opposite fashion, even a small change in release of CO, from soil via soil respiratory
processes would have a profound impact on the atmospheric CO, budget at regional
and global scales (Rustad et al. 2000). Any processes, climate perturbations, or
management practices that decrease organic C inputs to or enhance outputs from soil
are likely to have adverse implications for soil health and climate change (Bond-

Lamberty and Thomson 2010).

Despite this clear global significance, we have only a limited understanding of the
magnitude and responses of soil respiration, and especially of its components, to
abiotic (temperature, moisture, soil fertility) and biotic (photosynthesis, seasonality
of belowground carbon allocation patterns and root growth, quality and quantity of
above and belowground litter) controls. Furthermore, soil respiration is generally
faster (~ 20%) in grasslands than forest stands, and slower (~ 10%) in coniferous
forests than adjacent broad-leaved forests, under similar edaphic and climatic
conditions, demonstrating that vegetation type may modulate the influences of
abiotic and biotic controls on soil respiration (Raich and Tufekcioglu 2000). Critical
elements in understanding mechanisms responsible for belowground C cycling and
whether a soil will become a future CO, source or sink are: (i) quantification of
individual soil respiratory components, and (ii) assessment of their responses to
different environmental and plant factors (e.g. temperature, moisture, nitrogen (N)

availability, seasonality of carbon allocation).
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Figure 1.1.

29

Soil respiratory components, autotrophic (root, rhizmicrobial) and “true
heterotrophic respiration, arranged according to their dependency on substrate type
(with their turnover times ranging from days for recent photosynthates to months to
decades for complex forms of organic matter in soil), belowground carbon allocation
supply and environmental controls (soil temperature and water availability). Nitrogen
availability in soil may equally influence both autotrophic and heterotrophic
components of soil respiration. (From Singh et al. 2011)

1.2 Isolation and quantification of the components of soil respiration

Because root respiration and “rhizo-microbial” respiration are extremely difficult to
measure separately, they are often grouped as autotrophic respiration (Cisneros-
Dozal et al. 2006, Hogberg et al. 2001, Kuzyakov 2006). Nevertheless, rhizo-
microbial respiration results mainly from the activity of mycorrhizal fungi and other
rhizosphere microorganisms growing on plant assimilated C, and should,

taxonomically, be classified as heterotrophic respiration. In recognition of the
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difficulty of separating autotrophic and heterotrophic respiration under natural (field)
conditions, Hogberg et al. (2005) suggested considering an autotroph-heterotroph
continuum. According to this autotroph-heterotroph continuum, autotrophic
respiration includes the respiration of roots and associated microorganisms that are
directly dependent on recent plant-assimilated carbon for their activity. The “true”
heterotrophic respiration however includes respiration from free-living micro- and
macro-organisms oxidising plant litter, and inherent soil organic matter, containing
more complex organic molecules than recent plant assimilates (Cisneros-Dozal et al.

2006).

Detailed reviews of the methods used to partition soil respiratory components have
been presented in Hanson et al. (2000) and Hogberg et al. (2005). In summary, the
methods employed can be grouped into four broad categories: (1) integration of
physically-disintegrated respiratory components (root, leaf litter, soil organic matter,
etc); (2) exclusion of live roots from soil monoliths via root trenching, with the
assumption that severed roots disappear by decomposition within a short time; (3)
the use of non-invasive stable or radioactive isotopes that rely on different ‘isotopic
signatures’ of CO, derived from living roots and soil organic matter; and, (4) stem
girdling in forest ecosystems (involving instantaneous termination of photosynthetic
C flow to roots and associated microorganisms without affecting micro-climate, at
least initially, Hogberg et al. 2005). More recently, mycorrhizal mesh-collar
chambers have been employed in situ for isolation of the contributions of root,
extraradical ectomycorrhizal, and soil heterotrophic respiration to total soil
respiration in a young Lodgepole pine forest (Heinemeyer et al. 2007). This

technique has been tested in a limited range of ecosystems.

4



Table 1.1.
Estimates of the contribution of autotrophic respiration to total soil respiration based on some novel partitioning methods.

Biome Vegetation type (age in years) Approach Ra/Rs* References
Boreal Scots pine forest (45-55) Girdling 0.54 Hogberg et al. (2001)
Scots pine forest (45-55) Girdling 0.65 (2™ year)  Bhupinderpal-Singh et
al. (2003)
Norway spruce forest (40) Girdling 0.40/0.608 Olsson et al. (2005)
Norway spruce-dominated forest (120)  Girdling 0.53 Hogberg et al.(2009)
Scots pine-dominated forest (150) BC of respired CO, in response to 0.65 Ekblad and Hogberg
seasonal variations in air relative (2001)
humidity
Temperate Norway spruce forest (35) Girdling 0.50 Subke et al. (2004)
European Chestnut (57) Girdling 0.36 Frey et al. (2006)
Mixed deciduous forest (~60) Radiocarbon 0.66 Gaudinski et al. (2000)
Mixed deciduous forest (~60) Radiocarbon 0.71/0.801 Borken et al. (2006)
Tall grass prairie (na) Clipping + shading 0.30 Wan and Luo (2003)
Montane spruce-dominated forest (130) Root trenching 0.44 Diaz-Pinés et al. (2010)
Douglas-fir forest (55) Root trenching 0.39 Jassal and Black (2006)
Loblolly pine forest (15) B3C-depleted CO, (in Free-Air Carbon 0.55 Andrews et al. (1999)
Dioxide Enrichment plots)
Tropical Eucalyptus plantation (2) C (from C, to C; vegetation change) 0.68/0.738 Giardina et al. (2004)
Eucalyptus plantation (6.5) Girdling 0.24 Binkley et al. (2006)
Old moist lowland forest (na) Root trenching 0.38 Sayer and Tanner (2010)
Semi-arid perennial grasses (na) Radiocarbon 0.74 Carbone et al. (2008)
Semi-arid shrubs (na) Radiocarbon 0.81 Carbone et al. (2008)
Savannah (na) 3C (from C, to C; vegetation gradients)  0.46 Millard et al. (2008)

*Maximal contributions of root respiration (Ra) to total soil respiration (Rs), either on day, seasonal or annual time steps, as reported by the authors
are included here. ‘na’ means not available.
8from fertlised/non-fertilised treatments, respectively.

fifrom control/throughfall exclusion treatments, respectively
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Estimates of the contribution of autotrophic or heterotrophic respiration to total soil
respiration vary widely depending on the type of ecosystem studied and the methods
used to partition the fluxes (Hanson et al. 2000, Subke et al. 2006). Contributions of
soil respiratory components are also influenced by the seasonality of plant C
allocation as well as by climatic controls on microbial and/or root activities (Hogberg
et al. 2005, Subke et al. 2006). In recent years, despite variations in biomes and
ecosystems studied, the development and careful application of some of the more
novel techniques, such as tree-girdling, grass clipping + shading, root trenching, and
non-invasive C-isotope based approaches have helped refine estimates (Table 1.1).
For example, using a tree girdling approach autotrophic respiration in a boreal forest
was estimated to contribute between 50 and 65% of total soil respiration
(Bhupinderpal-Singh et al. 2003, Hogberg et al. 2001). Hogberg et al. (2009)
reported a maximum mean contribution of autotrophic respiration of ca. 56% for
unfertilised boreal forests and ca. 44% for temperate forests. Contributions of
autotrophic respiration in a subtropical eucalyptus forest were much smaller (24%)
than those reported by Hogberg et al. (2009), and this was attributed to continuous
respiration of large root starch reserves for up to several months following tree
girdling (Binkley et al. 2006). In the same way as tree girdling, a grass clipping +
shading approach has also reasonably separated soil respiratory components, such as
root plus rhizomicrobial (30%), aboveground litter (14%) and belowground litter
plus soil organic matter (56%), in a tall grass prairie. Novel root trenching
approaches that eliminate or account for methodological artefacts associated with
classical long-term trenching experiments seemingly allow robust partitioning of
autotrophic and heterotrophic components of soil respiration (Diaz-Pines et al. 2010,

Jassal and Black 2006, Sayer and Tanner 2010). Furthermore, non-invasive C isotope
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methods involve fewer methodological artefacts than most other partitioning
methods (HOgberg et al. 2005, Subke et al. 2006), and have consistently reduced the
variability attributed to estimates of the contributions of soil respiratory components

to total soil CO; efflux (Paterson et al. 2009).

Each component of soil respiration returns C to the atmosphere on different time
scales, with rapid C cycling associated with root/rhizosphere respiration (days to
months), followed by litter C decomposition (years), and then inherent soil organic
matter decomposition (decades to centuries, Cisneros-Dozal et al. 2006, Kuzyakov
and Larionova 2005). Increases in root respiration may not directly affect soil carbon
storage because root respiration is closely linked to carbon uptake by photosynthesis
and, obviously, to the proportion of recently fixed carbon that is distributed to the
belowground parts of plants whereas increases in heterotrophic respiration may lead
to significant reductions in soil C stocks. The relatively slow turnover rate of litter
and soil organic matter makes heterotrophic respiration an important component of

soil respiration with profound implications for long-term storage of organic C in soil.

The rate at which carbon is ‘allocated’ belowground and then exuded into the soil,
can indirectly affect soil C turnover, through stimulation or the so-called ‘priming’ of
microbial respiration (Kuzyakov 2002, Kuzyakov and Cheng 2001). ‘Priming
effects’ were named by Bingeman et al. (1953) and is defined as “strong short-term
changes in the turnover of soil organic matter caused by comparatively moderate
treatments of the soil” (Kuzyakov et al. 2000). Soil respiration may be primed by the

addition of substrates through litter and root decomposition (Crow et al. 2009, Hamer
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and Marschner 2005, Nottingham et al. 2009, Prevost-Boure et al. 2010, Sulzman et
al. 2005), or an increase in root exudation or the colonisation of soils by roots (Cheng
and Kuzyakov 2005, Dijkstra and Cheng 2007a, Zhu and Cheng 2011). Priming
effects may be positive, leading to an increase in belowground respiration that is
greater than the combined CO, effluxes of untreated soil and that from the substrate
turn over or root activity, or negative, resulting in slower rates of respiration
(Blagodatskaya and Kuzyakov 2008, Kuzyakov et al. 2000). The direction of
priming (ie positive or negative) is directly dependent on the C:N ratio of the active
SOM pool as well as the nutrient composition of soils (Kuzyakov et al. 2000) and the
amount of organic carbon added relative to the carbon contained in soil micro
organisms (Blagodatskaya and Kuzyakov 2008). The extent of rhizosphere priming
is governed by plant species (Dijkstra and Cheng 2007a) and phenology (Cheng et al.
2003), atmospheric concentration in CO, (Cardon 1996), plant biomass (Dijkstra et
al. 2006), nutrient status of soil (Liljeroth et al. 1994) and soil moisture (Dijkstra and
Cheng 2007b). Many of these influences are predicted to change under future climate

scenarios.

1.3 Regulation of soil respiration

1.3.1 Photosynthesis and carbon allocation

Girdling, clipping and shading can be used as experimental treatments that slow or
terminate carbon supply from aboveground plant tissues to roots (Bhupinderpal-
Singh et al. 2003, Ekblad et al. 2005, Hogberg et al. 2001, Kuzyakov and Cheng
2001, Wan and Luo 2003) allowing researchers to examine their effect on

belowground processes. Pulse-labelling has been used to trace the flux of recently-
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fixed C through the plant-microbe-soil continuum (Hogberg et al. 2008).
Combining treatments and techniques has allowed demonstration of a direct and
rapid link between the supply of photosynthates and autotrophic components of soil
respiration. These studies clearly show that photosynthesis and patterns of carbon
allocation are major controls on root respiration. Globally, soil respiration is
positively related to aboveground net primary production, and consequently to litter
production (Raich and Schlesinger 1992). For heterotrophic soil respiration,
substrates are supplied via root exudates, leaf litter, root litter and native soil organic
matter. Root exudates are mostly highly labile while leaf and root litter are rather less
available and native soil organic matter is usually the least available. Manipulations
of litterfall suggest a clear relationship with soil respiration (Fontaine et al. 2004,
Sayer et al. 2007, Sulzman et al. 2005) and litterfall phenology helps determine soil
respiration patterns on an annual basis (Deforest et al. 2006). Factors that limit
photosynthesis or the supply of photosynthates to roots, for example, irradiation,
water availability, soil fertility, and aboveground herbivory, or the accessibility and
availability to microbial enzymes of soil organic matter (e.g. aggregation, water
availability, substrate quality), serve as confounding factors and may mask the effect
of rates of supply of substrates for respiration. It is important to note, but difficult to
isolate, the influence of the supply of substrate from such confounding factors. Any
time lag between photosynthesis and root and root-derived respiration must also be
considered when interpreting autotrophic respiration (Kuzyakov and Gavrichkova

2010).

1.3.2 Temperature




Chapter 1. Introduction. Soil C, sources of respired CO,, and approaches to measurements

In global models, temperature is widely considered the most important abiotic
control of soil respiration (Cox et al. 2000, Falge et al. 2002, Fang and Moncrieff
2001). In these models, the relationship of soil respiration to temperature is often
described by Qio-based formulations and applied at local, regional and even global
scales (e.g. Cox et al. 2000, Falge et al. 2002, Fang and Moncrieff 2001). Often Q19
is assumed = ~2, i.e. the respiration rate doubles for every 10°C increase in
temperature, and rather too rarely do authors acknowledge differences in short- and
long-term responses and acclimation of soil respiration to changes in temperature
(e.g. Atkin et al. 2000, Larigauderie and Korner 1995). Because Qio of soil
respiration is often derived via seasonal variations in temperature, it is difficult to
separate the temperature effect from other seasonally variable influences such as
carbon allocation to roots, solar radiation and moisture. Some studies have suggested
different seasonally-derived Qi values for root and heterotrophic respiration, with
root respiration being twice as sensitive (Q1o ~4) as heterotrophic respiration (Qio ~2)
(Boone et al. 1998, Epron et al. 2001). This suggestion has been criticised because of
the lack of consideration given to such confounding variables (e.g. seasonality of
belowground carbon allocation and root growth) in increasing Q1o of root respiration
(Bhupinderpal-Singh et al. 2003, Hogberg et al. 2001, Ruehr and Buchmann 2010,
Schindlbacher et al. 2009). In fact, some studies demonstrate a lack of response of
root and/or mycorrhizal respiration to temperature (Heinemeyer et al. 2007, Hogberg
et al. 2005), especially during periods when C allocation remained more-or-less

constant (Bhupinderpal-Singh et al. 2003).

While soil respiration and soil and/or air temperatures are frequently related

(Hogberg et al. 2009), temperature cannot automatically be considered the most
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important determinant of root respiration that seems substrate-limited for long
periods (Schindlbacher et al. 2009). Similarly, while temperature is a major regulator
of the decomposition of litter and soil organic matter (Schindlbacher et al. 2009), the
accessibility and supply of organic substrates to microbial enzymes in soil play key
roles in limiting heterotrophic respiration (Davidson and Janssens 2006, Davidson et

al. 2006, Schindlbacher et al. 2009).

1.3.3 Soil moisture

The availability of moisture clearly limits many biological processes in soils,
including respiration. The activity of both root and heterotrophic respiratory
components are usually reduced when soils are either very wet or very dry. When
very dry, the activity of heterotrophs can be limited by the rate of diffusion of
extracellular enzymes and soluble C substrates. This can potentially lead to
dormancy and/or death of microorganisms as well as a reduction in microbial
mobility (Orchard and Cook 1983). Soil fungi are generally better adapted to water
stress than bacteria or microfauna in soil (Swift et al. 1979). On the other hand, gas
exchange and soil oxygen concentrations are usually reduced in very wet soils,

including at sites of microbial and root activity.

As with temperature, seasonal covariance of photosynthetic rate, litterfall,
precipitation and root and microbial activity, make highly difficult interpretation of
the effect of soil moisture on soil respiration (Jassal et al. 2008). Nevertheless, across

a range of ecosystems at moderate temperatures (e.g. > 16 °C, Almagro et al. 2009),

11
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soil moisture emerges as a main driver of soil respiration, especially in the range <

20% volumetric soil moisture content (Almagro et al. 2009, Jassal et al. 2008).

1.3.4 Nitrogen availability

Soil N availability indirectly affects soil respiration and its components by
influencing plant growth and productivity, belowground carbon allocation, fine root
growth, litter quantity and quality, microbial enzyme activity, composition of
decomposer community, and decomposability of recalcitrant organic matter in soil
(Janssens et al. 2010). Productive, nitrogen-rich soils usually support faster rates of
plant growth and growth respiration is increased commensurately. Increased plant
growth usually results in greater annual litterfall, thereby providing greater
availability of substrates for heterotrophic activity. On the other hand, rates of fine
root production, including mycorrhizal colonisation of roots, are often less under
high-N conditions and both root and heterotrophic respiration may also be reduced
(Janssens et al. 2010). The reverse trend might be expected in N-poor soil — greater
investment by plants of fixed energy (photosynthate) into the growth of fine roots

and mycorrhizas - leading to increased rates of respiration.

The quality of litter and soil C, and N availability and its interaction with organic C,
help regulate decomposition of organic matter in soil. There may be only weak
responses to the application of N by plant litter with wide C-to-N (>30) and lignin-
to-N ratios (as found in many forest ecosystems) owing to enhanced formation of
recalcitrant compounds (Janssens et al. 2010, Knorr et al. 2005). In a major review,

Fog (1988) hypothesized the reasons for slower decomposition of plant materials
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under optimal N availability were: (a) formation of additional recalcitrant
compounds (such as polyphenol-organic N complexes, and/or (b) inhibition of
appropriate growth conditions for certain fungi (white rot) with lignolytic enzyme

synthesis capabilities.

1.4 Responses of soil respiration to future global change scenarios

Current atmospheric CO, concentrations are ~110 ppm above preindustrial
concentrations of 280 ppm. Atmospheric CO, concentrations are predicted to
increase further to >550 ppm by 2100 (Forster et al. 2007). These increases as well as
those of other greenhouse gases in the Earth’s troposphere, are contributing to global
warming and possibly to changes in patterns of precipitation (Forster et al. 2007). It
has been estimated that global mean surface temperature will rise by 1.6 to 6.4 °C by
2100 (Forster et al. 2007), while the frequency of more intense rainfall events may
increase by 5% - 10% per °C of warming, similar to the rate of increase in
atmospheric water vapour content (Allison et al. 2009). Intensification of
hydrological cycles seems likely to be accompanied by increased precipitation
extremes, including heavy precipitation in already-wet areas and increased drought in
already-dry areas (Allison et al. 2009). For example, subpolar and polar regions are
likely to experience increases in precipitation whereas an opposite trend (e.g. longer
dry spells followed by heavier but shorter precipitation events) is expected in (sub)-
tropical regions (Solomon et al. 2007) such as Australia. These drier and hotter
conditions predicted by climate models in the tropical regions will in all probability
contribute to amplify the number, intensity and extent of fires in these parts of the
world (Flannigan and Vanwagner 1991, Stocks et al. 1998, Williams et al. 2001).

Such global changes have consequences for the functioning of terrestrial ecosystems,
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including soil respiration, and a greater understanding of their interactive effects, is
required to accurately estimate uncertainties in global climate change projections and

predict ecosystem feedbacks to atmospheric CO; levels (Rustad 2008).

1.4.1 Increased atmospheric CO,

Rising atmospheric [CO,] generally increases rates of photosynthesis and
consequently net primary productivity (Norby et al. 1999). The average increase in
plant growth for a number of studies was 51% for grassy species and 42% for woody
species (Zak et al. 2000). Numerous CO, experiments also report a general
enhancement of belowground C cycling and increased rates of soil respiration
(Bernhardt et al. 2006, Deng et al. 2010, Janssens et al. 1998, Lin et al. 2001, Pataki
et al. 2003, Pregitzer et al. 2006, Trueman and Gonzalez-Meler 2005, Wan et al.
2007). Thus, although more C may be sequestered in plant biomass under elevated
CO, than under ambient CO,, there may also be a simultaneous and greater output of
either ‘newly added’ or ‘old’ C through respiration (Heath et al. 2005, Hungate et al.
1997, Trueman and Gonzalez-Meler 2005) and this is likely to limit the potential for
increased C sequestration in terrestrial ecosystems exposed to increased atmospheric
[CO,]. A meta-analysis by Jastrow et al. (2005) indicated that increased atmospheric
[CO,] could result in potential additional storage of C (~5.6%) in soils due to

generation and protection of root-derived C into micro-aggregates.

Fine root biomass, the total number of roots, and root length generally increase with
atmospheric [CO,] (lversen et al. 2008, Matamala and Schlesinger 2000, Pritchard et

al. 2008, Rogers et al. 1994, Tingey et al. 2000), but specific root respiration
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(respiration per unit root growth) is not always so affected (Matamala and
Schlesinger 2000) or is not affected to such an extent that root and rhizosphere
respiration are increased (Edwards and Norby 1999). This suggests that root and
rhizosphere respiration may be more closely related to photosynthetic activity and
belowground carbon allocation under rising atmospheric [CO;], rather than fine root

growth per se.

Increased inputs of aboveground litter as well as increased root production, turnover
and mortality under increased atmospheric [CO,] contribute to increased CO, efflux
from soils by increasing the amounts of organic substrate available for heterotrophs
(Deng et al. 2010, Zak et al. 2000). Heath et al. (2005) showed that increasing soil
heterotrophic respiration with atmospheric [CO,] could be attributed mainly to
enhanced production and turnover of root exudates. Furthermore, Trueman and
Gonzalez-Meler (2005) found that the ‘priming’ effects of increased supply of root
exudates enhanced decomposition of ‘old’ soil C. In contrast, litter produced by
plants grown with increased atmospheric [CO,] may be richer in lignin and poorer in
N than plants grown at ambient [CO;] (Henry et al. 2005, Knops et al. 2007), and
this may adversely affect soil heterotrophic respiration. There is some evidence that
concentrations of N in foliage in deciduous forest decline over time under increased
atmospheric [CO;] relative to ambient atmospheric [CO2] (Norby et al. 2009).
However, in other studies specific rates of litter decomposition were unchanged by
CO, treatment (Henry et al. 2005, Knops et al. 2007). Increased atmospheric [CO;]
may also have an indirect effect on organic matter decomposition through a shift in
plant community composition. For example, there were more dicots, particularly

legumes, in a grassland plot exposed to increased atmospheric [CO,] than in plots
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under ambient conditions; this could enhance soil N availability and consequently

alleviate N limitations to litter decomposition (Allard et al. 2004).

In water-limited systems, CO,-induced reductions in leaf stomatal conductance and
plant transpiration (Deng et al. 2010, Field et al. 1995) can help increase availability
of water in soil and thus soil respiration directly, as well as indirectly via enhanced
photosynthesis, total belowground C input and substrate accessibility (Field et al.
1995, Pendall et al. 2003). The reverse may also be true in already-wet ecosystems -
COg,-induced reductions in stomatal conductance may decrease instantaneous soil
respiration rates due to increased diffusional constraints on soil-atmosphere gas
exchange (Bader and Koérner 2010). Clearly, many of the potential CO, effects
depend on phenology (e.g. greater effects in developing forest stands than mature
stands), the length of exposure to elevated CO, (e.g. less stimulation after long-term
exposure) and soil conditions (Deng et al. 2010; Bader and Koérner 2010). As an
example, Tingey et al. (2006) found that when a covariance model was used to
remove the influence of temperature, soil moisture and elapsed time from planting,
increased atmospheric [CO,] had a significant negative effect on mean soil
respiration over a 3-year period of growth of ponderosa pine seedlings. An overall
decline in response of soil respiration over time may be attributed, at least in part, to
declining rates of N mineralisation under conditions of increased atmospheric [CO5]

(Bernhardt et al. 2006).

1.4.2 Climate warming
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Climate warming can potentially convert terrestrial ecosystems from C sinks to C
sources. This prediction is supported by a range of studies that show soil warming
increases soil respiration by 20% overall, with forest ecosystems being more
responsive to treatment than other ecosystems (Luo and Zhou 2006, Rustad et al.
2001). In a recent warming experiment, where soil temperature was increased by 4
°C above ambient, Schindlbacher et al. (2009) noted continuous increases in soil
respiration by up to ~ 45-47% for 2 years, with nearly similar responses of
autotrophic and heterotrophic components. Similarly, in a soil-only warming
experiment, Bronson et al. (2008) recorded a 24% increase in soil respiration in the
first year and an 11% increase in the second, following a 5 °C increase in soil
temperature relative to the control treatment. Warming-induced prolongation of plant
growing seasons and enhanced photosynthesis, may contribute to increases in soil
respiration and increased N availability via organic matter mineralisation (Niu and
Wan 2008, Wan et al. 2005). Warming may also increase soil respiration by
enhancing mycorrhizal fungal biomass and throughput of recent photosynthate
through roots and mycorrhizal fungi (Hawkes et al. 2008). However, several studies
suggest initial responses of soil respiration to warming may dissipate with time as a
result of any of the following: acclimation of respiring organisms including roots and
microbes (Atkin et al. 2000, Bradford et al. 2008, Luo et al. 2001, Melillo et al.
2002); rapid depletion of readily available soil carbon pool (Hartley et al. 2007);
decreases in fine root biomass (Bronson et al. 2008); reductions in soil moisture

content (Rustad and Fernandez 1998).

Microbial acclimation to climate warming can include a shift in microbial

community composition with increasing abundance of temperature-tolerant and
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substrate-efficient fungi and possible reductions in the relative abundance or activity
of bacteria (Zhang et al. 2005). Other researchers have discounted such acclimation
as a major factor in soil respiration following climate warming (Eliasson et al. 2005,
Hartley et al. 2008, Kirschbaum 2004), focusing instead on warming-induced
limitation of substrate supply and low-carbon soils being especially susceptible ,
especially those from colder regions (Luo et al. 2001). Some soil warming
experiments (e.g. mature Picea abies forests, Comstedt et al. 2006; grasslands, Luo
et al. 2001, Wan et al. 2007) have shown no effects of increased soil temperature on
soil respiration, while others have shown reduced respiration (by as much as 23-
31%). Reductions in rates of respiration were attributed to complex interactions
between physiology and substrate supply (Bronson et al. 2008). Clearly much more

needs to be done to understand the effects of climate warming on soil respiration.

1.4.3 Precipitation extremes

Predicted interactions of soil respiration with future patterns of precipitation at
regional scales (Almagro et al. 2009, Asensio et al. 2007, Borken et al. 2006,
Davidson et al. 2008, Harper et al. 2005, Jarvis et al. 2007, Stape et al. 2008) mostly
emphasize precipitation extremes (high rainfall to prolonged droughts). In general,
soil respiration rapidly increases following precipitation on soils previously
submitted to a prolonged drought - a phenomenon known as the “Birch effect”
(named after H.F. Birch, one of the first to describe this phenomenon, Davidson et al.
2008, Jarvis et al. 2007). Four reasons are commonly listed to explain this effect: (a)
successive drying and wetting of soils disrupt soil aggregates and make the labile

organic matter available for microbial decomposition; (b) dry spells kill soil
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microorganisms that are subsequently decomposed when soils re-wet; (c) wetting of
dry soils triggers a sudden growth and turnover of microbial biomass causing
enhanced mineralisation of intercellular compounds in response to increased soil
water potential; (d) microbes respond to osmotic shock during rewetting by releasing
labile carbon-rich solutes that accumulated in their cytoplasm during the dry periods
(Jarvis et al. 2007). Furthermore, displacement of CO, in soil pores following
infiltration of rainwater may also contribute to rapid increases in soil CO, efflux i.e.

usually called soil respiration (Huxman et al. 2004).

The Birch effect is more likely observed in ecosystems that experience longer
droughts followed by heavy precipitation events (e.g. xeric ecosystems). Pulses of
soil respiration accompanying rewetting following an extended dry period, increased
annual emissions of CO, in Mediterranean ecosystems (Almagro et al. 2009, Jarvis et
al. 2007) and the time taken for soil respiration to return to pre-precipitation, basal
rates can range up to 30 days (Jarvis et al. 2007). The observation that a ‘rewetting
index’ (precipitation over time elapsed between a precipitation event and soil
respiration measurement), rather than soil water content, best described CO, efflux
during summer drought emphasizes the need to consider precipitation rates and
patterns in any assessment of overall carbon balance, especially in xeric ecosystems

(Almagro et al. 2009).

Here too, however, there are examples of no effect of precipitation pulses on soil
respiration (Muhr et al. 2008), or examples of short lived pulses producing a net

decrease in soil respiration over the growing season (Harper et al. 2005). These
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inconsistent results have been attributed to the overriding effects of substrate
availability, e.g. as observed in a cold desert ecosystem in USA (Fernandez et al.
2006), or extreme water stress for plants or microbes, thereby limiting the response
of soil respiration to precipitation events (Harper et al. 2005, Sponseller 2007).
Furthermore, soil hydrophobicity can potentially increase with drought; this may
delay the movement of water through the soil and thereby the response of soil
respiration to precipitation (Muhr et al. 2008). Spatial variation in soil respiration is
observed in ecosystems with irregular soil hydrophobicity or patchy vegetation
cover. Water from precipitation can accumulate in places while in other places it may
run off or be intercepted by plants, thus leading to uneven distribution of soil
moisture (Muhr et al. 2008, Sponseller 2007). Wetting can also have a negative
impact on aerobic respiration when soils become saturated, severely limiting gas
exchange, and sometimes leading to an increase in soil CO, concentration but no

immediate release of soil-respired CO; to the atmosphere (Smart and Penuelas 2005).

Extreme precipitation events, especially strong reductions in total precipitation, may
also adversely affect autotrophic respiration simply by limiting net primary
productivity (Harper et al. 2005). Heinemeyer et al. (2007) found a strong positive
response of extraradical ectomycorrhizal respiration to changes in soil moisture as a
result of prolonged drought followed rainfall. Absolute rooting depth is strongly and
positively related to mean annual precipitation in many vegetation types (Schenk and
Jackson 2002) and any increase in new plant C input to deeper soil layers may prime

old soil carbon decomposition (Heimann and Reichstein 2008).
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1.45 Fire

Effects of fire on soil CO, effluxes depend on the nature of the ecosystem, age of the
forest stand, species composition, severity of the burn and frequency of fire.
Immediately after a fire, soil respiration rates may be slowed due to the death of
above ground vegetation, death of part of the soil microbial population (Hamman et
al. 2007) or the consumption of substrate such as litter (Dumas et al. 2007). In the
longer term, fire frequency and intensity will influence soil respiration by facilitating
the rejuvenation of forests. Indeed, total soil respiration increases with the age of the
stand (Gough et al. 2007) although it can be reduced again in the oldest stands

(Czimczik et al. 2006).

The relative contribution of the heterotrophic or autotrophic component of soil
respiration to total respiration following fire varies with time. In boreal forests, in the
months and up to three years following fire, the decomposition of fire residues can
create a peak in soil respiration that is of heterotrophic origins (Bond-Lamberty et al.
2004, Schulze et al. 2000). The part of heterotrophic respiration (Rh) is then reduced
in younger stands -ie 5 to 70 year old (Bond-Lamberty et al. 2004, Czimczik et al.
2006, Gough et al. 2007). However, in warmer climates, Rh is not always affected by
fire and can thus stay constant in the first years following the burn (Irvine et al. 2007,
Meigs et al. 2009). Besides the increase or decrease of substrate available to
microbes, Rh may be directly affected by changes in decomposer communities
(Dumas et al. 2007) and in their structure especially immediately after fire
(Barcenas-Moreno and Baath 2009, Hamman et al. 2007, Kara and Bolat 2009).

Owing to a higher sensitivity to disturbance and reliance on plant and tree hosts,
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fungi death is relatively greater than bacteria death as shown by the higher
bacteria/fungi ratio in burnt compare to unburnt sites (Hamman et al. 2007, Kara and
Bolat 2009). However total microbial biomass often returns quickly to its pre-fire
level (Hamman et al. 2007, Kara and Bolat 2009) because the slow recovery of
fungal growth is balanced with the ability of bacterial growth to recover quickly after

fire and to a larger level than pre-fire conditions (Barcenas-Moreno and Baath 2009).

Indirectly, burning of the soil cover and understories can impact soil processes as the
soil insulating (eg by moss and litter) and shading layers (eg shrubs, tree canopy) are
greatly reduced up to the point of disappearing (Czimczik et al. 2006, Dumas et al.
2007). This results in sudden changes in soil temperatures due to the loss of the
dampening effect provided by the insulating layer of vegetation whereas an overall
increase and more extreme soil temperatures can be expected because of the greater
exposition of soils (Czimczik et al. 2006, Dumas et al. 2007). The return of pre-fire
soil temperatures in burnt sites is dependent on the recovery of the different strata of
vegetation and can take less than two years (O'donnell et al. 2009). Soil moisture is
also affected by the changes in vegetation cover since higher soil temperatures
should increase direct evaporation whereas the possibly non-functioning understory
and tree canopy would have transpiration greatly reduced (Dumas et al. 2007,
Hamman et al. 2007). Because of the many influences of fire in forest ecosystems,
the time lag between a fire event and the return to pre-fire level of heterotrophic

respiration changes with intensity of fire and the composition and age of the stand.
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A quick recovery of root respiration and therefore autotrophic respiration, possibly
due to the densification of the understorey that benefited from the opening in the
canopy after fire, can counterbalance the decrease in Rh and see a return of total soil
respiration to pre-fire level within 2 years (Irvine et al. 2007). The consumption of
the litter layer and opening of the canopy by more intense fires can also lead to an
enrichment in species diversity (Dumas et al. 2007) and/or a shift in species
abundance (Meigs et al. 2009). This in turn may be accompanied by a change in NPP
that can partly compensate for the loss of aboveground live carbon and thus maintain

the rates of soil respiration (Meigs et al. 2009).

Fire can greatly increase, decrease or not alter soil water repellency depending on
fire intensity and behaviour and soil characteristics (ie texture, water content, type
and quantity of SOM). In the case of mid intensity fires (ie soil temperature between
175 to 200°C), the moving underground of the repellent layer may lead to
waterlogged soils whereas soil erosion might be favoured through the disappearance
of the surface repellency. In contrast, high intensity fires with soil temperatures
reaching between 250 and 300 °C tend to burn the repellent layer, thus decreasing
soil hydrophobicity (Debano 2000). In any case, the change in soil water content
resulting from the variation in hydrophobicity can delay the penetration and
movement of water through the soil (Muhr et al. 2008) and therefore, affect
decomposition rates (Davidson and Janssens 2006) or limit NPP (Harper et al. 2005)

and as a consequence soil respiration can be impacted.
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Nutrient availability in soils is immediately affected by fire to a degree that is
dependent on the intensity of the fire, the soil physical properties and the moisture
content of soils. Burning of litter and aboveground vegetation leads to loss of
nutrients such as C, H, O, N, S and P through volatilisation during fire or surface
run-off and wind dispersion of the ashes post fire. (Burke et al, 2005, Lagerstroem et
al, 2009, Raison, 1979). Part of these nutrients may be transported to nearby unburnt
ecosystems and may therefore impact on their soil respiration (Raison 1979).
Therefore fire may not only impact burnt areas but also nearby systems. Less severe
fires may free nutrients from the partially burnt aboveground vegetation, especially
in forests where fuel is more abundant and incomplete burn are more common
(Raison 1979). A return to pre-fire chemical condition usually takes approximately
one year but may be as long as 30 years in the case of the more destructive fires

(Khanna and Raison 1986, Raison 1979).

Intense fires reduce total N in soil but available forms of N are usually more
abundant (Kutiel and Naveh 1987, Raison 1979). Fire may also stimulate N fixation
or ammonification and therefore be followed by an increase in NH4-N (Khanna and
Raison 1986, Raison 1979). Moreover, fire may stimulate the emergence of N-fixing
species such as Acacia sp in Australia that will lead to enrichment in soil N (Raison

1979).

1.5 Soil respiration in a changing world - interactions

Terrestrial ecosystems are expected to experience multiple, concurrent and

interacting, changes in global climate and these global changes will directly or
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indirectly influence activities of roots and microbes in soil, and consequently soil

respiration.

There are still very few studies e.g. (Deng et al. 2010, Norby and Luo 2004, Wan et
al. 2007, Zhou et al. 2006) that have included multi-factor analysis of soil respiration
(Rustad 2008). The available information shows that responses of soil respiration to
multiple factors can be non-interactive or interactive and usually non-additive (Luo
et al. 2008, Rustad 2008). For example, interactive effects of multiple global change
factors were non-significant for soil respiration between warming and increased
precipitation (Zhou et al. 2006), elevated CO, and warming (Edwards and Norby
1999, Niinisto et al. 2004), elevated CO, and nitrogen addition (Butnor et al. 2003),
and increased atmospheric [CO,], air warming and water availability (Garten et al.
2009, Wan et al. 2007). On the other hand, Deng et al. (2010) found a strong
interactive effect of increased atmospheric [CO,] and added nitrogen on soil
respiration in young, subtropical forests and the combined effect of this two-factor
treatment on soil respiration was greater (increased by 50%) than the either of the
treatments alone (29% increase by elevated CO, and 8% increase by nitrogen
addition). Similarly, belowground C turnover was affected more by warming plus
increased atmospheric [CO;] than by increased atmospheric [CO;] alone, and the

interaction was strongly mediated by nitrogen supply (Loiseau and Soussana 1999).

The highly variable, non-additive and complex responses of soil respiration to
combinations of change factors have constrained our ability to predict feedback

effects to future global scenarios. This underlines the need for further multi-factor
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experiments in a range of ecosystems and over longer time-scales than used to date

(Rustad 2008).

1.6 Objectives

The large annual emissions of CO; through soil respiration, 98+12 Pg CO,-C yr,
signify the importance of soil respiration in the global C cycle. However, there is a
lack of consensus and inconsistencies amongst studies on the role of the regulation of
soil respiration by multiple abiotic (environmental) and biotic (plant-related) factors
and the quantification of the soil respiratory components. This is mainly due to
variations in the type and age of ecosystem studied, the timescale of measured
responses, artefacts induced by methodologies employed (especially when seeking to
partition soil respiratory components) or to the size of experimental units (e.g.
glasshouse, whole-plant chambers, ecosystem-scale as in Free-Air Carbon Dioxide
Enrichment experiments), and lack of consideration of the confounding influences of
other factors not included in the experimental design. The global change drivers
(such as elevated CO, concentration, elevated temperatures, precipitation extremes,
rising N deposition) variably influence soil respiration with potential to further alter
the global C cycle through feedback effects. The quantifying of soil respiration
components and the understanding of the factors impacting on soil respiration is
fundamental to predicting responses of soil respiration to global change and to
improving predictions of future C sequestration in terrestrial ecosystems.(Luo et al.

2008, Rustad 2008).
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In order to answer some of the above, this thesis focuses on understanding the effect
of the predicted enriched atmospheric [CO,], the resulting changes in climate and
their regional consequences on the belowground respiration of soil supporting native

vegetation from south eastern Australia.

The following chapter presents the results of a study on the effect of elevated
atmospheric [CO;] and changes in rainfall patterns on soil respiration. This study

includes analysis of the components of soil respiration.

Finally, Chapter 3 describes a pulse labelling experiment using *CO; to trace the
fate of carbon through trees submitted to a drought treatment replicating the changed
rainfall pattern expected within the next fifty years. The comparison with carbon
circulation through irrigated trees helps decipher the impact of rainfall patterns on

carbon allocation belowground.

Chapters 4 to 5 examined the impact of native vegetation fires, also called bushfires,
on soil respiration. First of all, I investigated the recovery of soil respiration post-fire
in three different forest types (Chapter 4). Then, using the well known approach of
trenching, coupled to the novel laboratory respirometer, | focused on the role of roots
as both a direct and indirect contributor to soil respiration (Chapter 5). This chapter
explores root priming effect and leads to the next (Chapter 6) where | aimed to
examine the effects of litter input on soil respiration and the associated priming effect

that may derive from it.
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For such a large land mass, soil respiration in the Australian environment is little
known. Most soil respiration studies have taken place in the northern hemisphere in
conditions rarely encountered in Australia. This thesis will significantly improve the
knowledge of soil respiration on the continent as well as elucidate some of the

drivers of soil respiration at the global scale.
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Chapter 2

Effects of availability of soil water and atmospheric CO, on soil

respiration in a Eucalyptus saligna plantation

2.1 Introduction

The atmospheric concentration of carbon dioxide (CO;) has increased by 36% since
the mid 18™ century, from a pre-industrial value of about 280 ppm to 379 ppm in
2005, and continues to increase by an average of 1.9 ppm/year (Forster et al. 2007).
Increasing atmospheric [CO;] as well as increasing concentrations of other
greenhouse gases in the Earth’s troposphere, are likely contributing to global
warming (Forster et al. 2007) and possibly to changes in patterns of precipitation
whereby the frequency of intense rainfall events might increase by 5% - 10% per °C
of warming (Allison et al. 2009). Belowground or soil respiration, is the major flux
of CO, to the atmosphere. Averaged over 18 European forests, soil respiration
contributed 69% of the total terrestrial ecosystem respiration (Janssens et al. 2001).
In other words, an estimated 10% of the CO, of the atmosphere cycles through soils
each year (Raich and Potter 1995), which represents about ten times the amount of

CO; produced by burning fossil fuels.

Despite its importance in the carbon cycle, soil respiration is not as well known as its
above-ground counterpart. In part this is due to the difficulty of isolating and
quantifying soil respiration components between autotrophic and heterotrophic

sources. Autotrophic respiration can be clearly identified as root respiration. Because
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of methodological constraints, respiration from rhizosphere microorganisms,
including mycorrhizal fungi, is usually coupled with the autotrophic respiratory
component and the argument for this is that these microorganisms are highly
dependent on plants for their supply of recently-fixed carbohydrates via
photosynthesis. In a strict sense, soil respiration from these sources should however
be classified as heterotrophic respiration. Heterotrophic respiration also includes
respiration from free-living microorganisms in soil (Cisneros-Dozal et al. 2006,
Hogberg et al. 2001). While root respiration has been evaluated as representing 10 to
90 % of total soil respiration in different studies (Hanson et al. 2000), the
development of new techniques has allowed to refine these values to an average of

over 50 % in a bracket of 24% to 81% (see Table 1.1, Chapter 1).

Soil temperature is usually regarded as the most important regulator of soil
respiration (Fang and Moncrieff 2001) by either facilitating litter and organic matter
decomposition (Schindlbacher et al. 2009) or impacting directly on rhizosphere
respiration. In recent years, however, soil moisture has risen in importance as a result
of increased study. Soil moisture can become the main driver of soil respiration at
warmer temperatures (e.g. > 16 °C, Almagro et al. 2009). Respiration in many soils is
also highly moisture-dependent at lower soil moisture contents (< 20%, Almagro et
al. 2009, Jassal et al. 2008) where it is frequently difficult to disentangle direct
moisture effects from its indirect effects on, for example, substrate and enzyme

mobility and nutrient availability (Harper et al. 2005).
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Increased atmospheric [CO,] often, but not always, increases rates of photosynthesis
and net primary productivity (Norby et al. 1999). Photosynthesis is, in turn, a major
regulator of autotrophic respiration (Bhupinderpal-Singh et al. 2003, Ekblad et al.
2005, Hogberg et al. 2008, Hogberg et al. 2001, Kuzyakov and Cheng 2001, Wan
and Luo 2003) and, globally, soil respiration is positively related to aboveground net

primary production (Raich and Schlesinger 1992).

In addition, increased atmospheric [CO,] can lead to reductions in leaf stomatal
conductance and plant transpiration, helping conserve soil water. The possibility of
indirect promotion of soil respiration via this process has some support (Deng et al.
2010, Field et al. 1995, Pendall et al. 2003). On the other hand, increases in soil
water content in wet ecosystems due to reductions in stomatal conductance could
increase impairment of gas diffusion, particularly between soil and atmosphere
(Bader and Korner 2010). To varying degrees, increases in atmospheric [CO,] and
resulting changes in climate are thus expected to affect most components of soil

respiration.

Because of their size, trees and forests are difficult subjects for field-based studies of
effects of changing atmospheric [CO,] and water availability that usually require
costly infrastructure. That infrastructure has included open top chambers (OTC,
Drake et al. 1989, Leadley and Drake 1993, Mandl et al. 1973, Norris et al. 1996)
and closed top or whole tree chambers (WTC, Barton et al. 2010, Kellomaki et al.
2000, Medhurst et al. 2006) for single trees, and Free Air CO, Enrichment (FACE,

Hendrey et al. 1999, Lewin et al. 1994, Nagy et al. 1994) for forest stands.
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Here | present the results of a study of soil respiration using Whole Tree Chambers to
grow Eucalyptus saligna over a period of 12 months. E. saligna is native to Australia
but used around the world as a fast-growing hardwood suited to plantations. The aim
of this study was to quantify the effects of atmospheric [CO,] and water availability
on soil respiration with the straightforward hypothesis that both increased
atmospheric [CO,] and increased water availability would increase rates of

respiration.

2.2 Materials and methods

2.2.1 Site description

The Hawkesbury Forest Experiment (HFE) is located at the University of Western
Sydney campus in Richmond, North-West of Sydney, Australia (Lat. 33°36°40” S,
Lon. 150°44°26.5” E). It sits on the alluvial floodplain of the Hawkesbury River at
elevation 25 m a.s.l. The soil is a chromosol, sandy in texture, with a pH around 5.2
in the first 20 cm, C:N ratio around 20.6 and is low in C 1.1% within first 20 cm), N

(0.07% in first 20 cm) and P (8 ppm within first 20 cm).

Average annual temperature in the area is 17 °C, varying between a mean minimum
temperature for the coldest month of 3°C and a mean maximum temperature for the
hottest month of 29°C. The mean annual precipitation is 801 mm spread over an
average 74.6 days receiving over 1mm of rainfall mostly in the spring months of

November and summer month of February but with a strong inter annual variation.
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One-month old Sydney blue gums (Eucalyptus saligna) were planted in May 17" and
18™ 2007, 2.6 metres apart along rows separated by gaps of 3.85 metres. Twelve
whole tree-chambers (WTC) were installed, each around one tree. The WTC are well
described in Barton et al (2010) and Medhurst et al (2006). Briefly, the WTC consist
of an alloy frame covered initially with polyvinyl chloride (PVC) panels. The PVC
was later replaced with ethylene-tetrafluoroethylene (ETFE) that offers better UV
and light transmittance. The WTC are 3.25 m in diameter and 2.5 m high, in the
shape of a slightly tapered cylinder surmounted by a three meter tall cone. The
cylindrical part was extended to 5.15 m in September 2008 to allow for the rapid
growth of the trees. A PVC floor situated 0.45 m above ground and sealed around the
stem of the tree, separates the soil compartment from the above ground compartment.
The chamber walls are buried into the soil just outside of a root barrier that extend to
a depth of 1 m. The underfloor compartment is constantly ventilated but can also be

sealed when needed.

Two environmental variables could be controlled inside the chambers and comprise

the independent variables for this experiment: soil moisture and atmospheric [CO,].

At the start of the experiment, to ensure a good establishment of the trees, all WTC
were irrigated by sprinklers with 10 mm of water every third day. A first drought
cycle started on 16 February 2008 when all irrigation ceased for half of the

experimental plots. The imposed drought was broken on 18 September 2008 after
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more than 200 days. A second drought cycle started on 26 October 2008 and lasted

until 4 March 2009 (a further 129 days).

Atmospheric [CO;] was either ambient or elevated and the treatment started at the
day of planting. Ambient [CO,] in the ambient chambers matched that of the external
environment of the site and varied between 380 ppm and 500 ppm, mainly due to a
typical diurnal cycle (higher at night). Elevated [CO,] was maintained 240 ppm

above ambient atmospheric [CO,] (Barton et al. 2010).

There were three replicates of each possible combination of water and CO,

treatments:

e ambient [CO,]-drought,
e ambient [CO,]-irrigated,
e elevated [CO;]-drought,

o elevated [CO,]-irrigated.

Six additional control trees and treatments (three drought, three irrigated) were
established to evaluate the WTC effect on dependent variables such as air
temperatures or water vapour deficit. (Barton et al. 2010). A frame bearing a plastic
sheet was installed 300 to 200 mm over the soil and around the stem of each tree,
preventing rainfall from reaching the soil. Sprinklers controlled the moisture
delivered to the soil around the trees in accordance with the irrigated and drought

treatments inside the WTC (Barton et al. 2010).
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Two mini-rhizotron tubes were also installed in each of the WTC and control plots at
a distance of 500mm and 1000mm from the base of the tress. These were used to

monitor the growth of roots to a depth of up to 600 mm.

2.2.2 Belowground respiration measurements

Static chambers were used to measure soil respiration. At first, four chambers were
inserted in the soil in February 2008 within each WTC as well as in the control plots
to a depth of about 50mm: Two chambers were placed at about 500 mm from the

stem of the trees and two more at a distance of about 1000 mm.

In September 2008, the original four chambers were replaced with two sets of mesh-
collar chambers based on the design by Heinemeyer et al. (2007). Each set consists
of one 50 mm tall x 200 mm diameter sharpened collar inserted to 10 mm into the
soil and maintained in place with pegs and two 250 mm tall x 200 mm diameter
cores inserted to a depth of 200 mm into the soil. The cores were equipped with four
50 x 50 mm windows distributed evenly on their side 65 mm from the top edge of the
core. Each window was fitted with a 38-pum nylon mesh or a 1-um nylon mesh that
respectively allows or prevents the in-growth of mycorrhizal hyphae inside the cores.
A deeper 700 mm long and 100 mm diameter core without windows was also
inserted in each WTC or control plot. It is designed to exclude any roots, including
the deeper growing ones. Soil respiration was measured with a Vaisala carbocap GM
343 (Vaisala, Helsinki, Finland) mounted on a 5.25 litter lid. The lid-Vaisala-collar
association works as a static chamber equipped with its own CO, analyser. The lid

was left on the collars for ten minutes out of which only the last eight were
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considered in order to calculate the rate of evolution of CO,. The recording during

the first two minutes was discarded in order to allow the [CO.] to stabilise.

Measurements were taken on a monthly basis from March to May 2008, and again
from September to December 2008 and then every three weeks until 9 February
2009. Soil respiration was measured a few hours before and after midday at the
warmest time of the day. Two rounds of overnight measurements were made on one
elevated WTC, one ambient WTC and one control plots for both irrigated and
drought treatments. Results showed that there was no major diurnal variation in soil
respiration and maximum rates were recorded at any time of day or night. At the time
of measurements, soil temperature was recorded on each plot at 100 mm depth and

soil volumetric water content at 120 mm depth.

During the March 2009 rewatering campaign of the droughted WTC, and due to a
pulse labelling experiment that ran for the previous month, the whole under floor
space of the WTC was used as a static chamber. The Vaisala GMP 343 was fitted
through the sidewall of the under floor compartment of the WTC and a computer fan
was used to mix air evenly. A first measurement was conducted on 3 March for basal
data and then on five occasions starting 5 March 8am until 6 March 5pm. More
measurements were taken once on each of the next three days and finally on 11 and
13 March. This regime of measurement permitted a detailed characterization of the
response of soil respiration to rewatering in comparison with the brief analysis after

the first rewatering in September 2008.
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Root data were collected with the mini-rhizotron on 4 dates between 12 March and

26 June 2008.

Microbial biomass of the top 10 cm of the ambient WTC was analysed as part of the
pulse labelling experiment (see Chapter 3). The fumigation extraction method
described in Vance et al. (1987) was used. Dissolved organic carbon was extracted

from fumigated and non-fumigated soils with 0.125M K,SO,.

2.2.3 Statistical analysis

Data were analysed using two-way ANOVA with [CO,] treatments and irrigation
treatments as factors for each time point. Linear regression was used to investigate

the influence of soil temperature and soil moisture on soil respiration.

2.3 Results

2.3.1 Soil respiration and aboveground biomass

Rates of soil respiration presented a similar pattern to the rates of growth of the
aboveground biomass regardless of the watering and [CO,] treatment (Figure 2.1).
The ratio soil respiration:aboveground growth rate was greater for the earlier soil
respiration measurements in September and October 08 (between 8 and 23). They
then declined to values between 4.5 and 9. The irrigated-elevated [CO,] WTC

presented the greatest ratio, starting at 23 and ending at 6.5 (Figure 2.1 d).
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Figure 2.1.

Rates of belowground respiration and aboveground biomass of the Eucalyptus saligna at HFE in (a) Irrigated-ambient [CO,], (b)
Droughted-elevated [CO;], (c) Droughted-ambient [CO,], (d) Irrigated-elevated [CO,] whole tree chambers (WTC). Results are
averaged over three replicates of WTC. Aboveground biomass data provided by Craig Barton.
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2.3.2 Irrigation treatment

On most occasions and independent of [CO;] treatment, rates of soil respiration were
significantly faster when water was applied than when it was withheld (Figure 2.2,
Table 2.1). There was one exception for the second measurement in April 2008 when
rates were not significantly different between drought and irrigated treatments.
Furthermore, in October 2008 and March 2009, there were sudden and short-lived
increases in soil respiration after the drought treatment was stopped by irrigating the
droughted plots. Rates of respiration were transiently faster for these previously dry
soils than the irrigated soils, albeit the difference was not significant (Figure 2.2 and

2.3, Table 2.1, two-way ANOVA, P>0.05).

Table 2.1.

Results of two-way ANOVA analysis of the effect of the irrigation treatment, [CO,]
treatment and their combination on soil respiration within WTC. WTC effect is the
result of ANOVA analysis of soil respiration from ambient WTC and control plots.
All results in bold are significant (P<0.05).

Irrigation X
Irrigation CO,, treatment CO2 WTC effect
Fvalue Pr(>F) Fvalue Pr(>F) Fvalue Pr(>F) Fvalue Pr(>F)

11/03/08 9.7 0.014 28 0131 0.6 0.454 46.0 0.000
3/04/08 0.0 0916 0.0 0.894 0.0 0.938 0.0 0.907
15/05/08 9.1 0.017 0.8 0.392 0.5 0.490 0.7 0.434
8/09/08 4.7  0.062 0.5 0.504 0.7 0.434 5.7 0.043
8/10/08 0.1 0.710 21 0.182 0.0 0.864 0.1 0.806
10/11/08 6.8 0.031 20 0.193 1.4 0.266 7.3 0.027
2/12/08 259 0.001 1.9 0.200 16 0.237 17.7  0.003
22/12/08 9.8 0.014 1.8 0.215 0.1 0.826 9.6 0.015
12/01/09 108 0.011 6.3 0.036 0.2 0.682 6.0 0.040
9/02/09 7.1 0.029 1.4 0.268 0.1 0.810 11.0 0.011

The drought treatment had a greater effect on ambient [CO,] WTC and control plots
than elevated [CO,] WTC. Droughted control plots showed significantly (two-way

ANOVA, P<0.05) slower rate of soil respiration compared to irrigated plots in April
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and from December to January inclusive, with a less marked difference in November
(P=0.057). Inside the ambient [CO,] WTC during the summer months, the rate of
soil respiration was significantly (P<0.05) faster in wet than droughted plots, except
for the second set of measurements in December when differences were only
marginally significant (P=0.067). Elevated [CO,;] WTC showed no significant
difference in soil respiration in spring and autumn but significantly (P<0.05) faster

rates in irrigated than droughted chambers during other months.
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Figure 2.2.

Time series of soil respiration measured at the Hawkesburry Forest Experiment
(HFE) between March 2008 and February 2008 plotted against the watering
treatment. Each line is the mean of six replicates across three ambient WTC and
three elevated [CO,] WTC. Stars show a significant difference (P<0.05) in soil
respiration calculated with two-way ANOVA.

2.3.3 Rewatering effect

In March 2009, after 129 days of drought, the droughted plots were irrigated. There
was an immediate (within 24 hours of rewatering) switch from faster rates of soil
respiration in irrigated plots to faster rates in droughted plots (see Figure 2.3). This

effect lasted for the remainder of the measurements over the following eight days.
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Soil respiration for all treatments in the WTC followed the same pattern during this
time. After five days, soil respiration in the elevated [CO,]-droughted WTC began

declining compared to other plots.
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Figure 2.3.

Time series of soil respiration following rewatering on 4 March 2009. Soil
respiration was measured using the under-floor space of the WTC as a static
chamber. Mean of six replicates across three ambient WTC and three elevated WTC
subjected to drought treatment (receiving no water) or irrigated treatment.

2.3.4 Elevated [CO,] treatment

Rates of soil respiration were slightly greater in ambient than elevated WTC except
in March and April 2008 (Figure 2.4). This difference was not significant (ANOVA,

P>0.05), apart from January 2009.

Soil respiration followed a similar annual pattern in elevated and ambient [CO,]
WTC. Rates in ambient [CO,] WTC ranged from a low 181 mg CO, m? h™ in
September 2008 to a high 502 mg CO, m™ h™* in December 2008. Elevated [CO-]
WTC released a minimum of 158 mg CO, m?h™ in September 2008 and a maximum

of 416 mg CO, m2h™* in December 2008.
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Figure 2.4.

Time series of soil respiration at HFE averaged over six control plots, six elevated
[CO,] WTC and six ambient [CO,] WTC across irrigation and drought treatment.
Standard error bars are displayed in the negative direction.

2.3.5 Interaction between treatments

No interaction between [CO,] and watering treatment was recorded for any

measurement day or across all measurements.

2.3.6 Soil temperature and moisture

Regardless of treatment, rates were very variable throughout the year for WTC and
control plots (Figure 2.4). They were greatest in the warmer summer months of
March 2008 and February 2009 and least during the colder winter months of

September and May 2008.

Soil moisture was a more prominent driver of soil respiration than soil temperature

(Table 2.2). A significant link between soil temperature and soil respiration could
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only be established on two occasions across all treatments. On the other hand, there
was a significant effect of soil moisture on soil respiration during six out of the nine
measurements between March 2008 and February 2009. Except in October 20009,
following rewatering of droughted plots, soil temperature only had an impact on the
soil respiration of irrigated trees for five out of the nine measurements between
March 2008 and February 2009 (linear regression, P<0.05). Soil respiration of all
[CO,] treatments, controls or irrigated treatments was affected at some times by soil
moisture. In the contrary, soil temperature of droughted plots had no effect on soil

respiration.

After the March 2009 rewatering, there was a small increase in microbial biomass of
the top 10 cm of soil of the droughted-ambient [CO,] WTC for up to 13 days (Figure
2.5). However, the increase was not such that microbial biomass in the droughted

WTC became greater than in the irrigated WTC.
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Table 2.2.

P values per treatment and for each treatment from linear regression analysis between soil temperature and soil respiration and soil volumetric
water content and soil respiration.

3 Apr08 15 May 08 8 Sep 08 80ct08 11 Nov08 3 Dec08 23 Dec08 13 Jan 09 9 Feb 09

4%

Soil Al 0.955 0.128 0.297 0.000 0.938 0.960 0.351 0.125 0.024
femperatre - ontrols 0.197 0.925 0.989 0.041 0.841 0.612 0.148 0.194 0.240
Ambient 0.272 0.334 0.602 0.007 0.255 0.067 0.697 0.674 0.282
Elevated 0.988 0.720 0.266 0.001 0.437 0.910 0.741 0.706 0.222
Droughted 0.402 0.492 0.126 0.019 0.204 0.070 0.327 0.863 0.990
Irrigated 0.047 0.033 0.204 0.007 0.023 0.210 0.542 0.010 0.515
Soil All 0.015 0.049 0.134 0.001 0.005 0.157 0.502 0.001 0.005
OIS ontrols 0.130 0.487 0.134 0.504 0.153 0.511 0.238 0.035 0.002
Ambient 0.955 0.414 0.075 0.007 0.004 0.080 0.111 0.016 0.367
Elevated 0.005 0.094 0.013 0.008 0.259 0.520 0.157 0.042 0.158
Droughted 0.973 0.366 0.991 0.109 0.235 0.190 0.784 0.688 0.741

Irrigated 0.247 0.958 0.484 0.033 0.326 0.411 0.918 0.031 0.755
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Figure 2.5.

Soil microbial biomass (0-10 cm depth) from the ambient WTC before and up to 13
days after the 5 March 2009 rewatering.

2.3.7 Partitioning of components of respiration and the ‘WTC effect’

There was no detectable difference in rates of soil respiration measured from the

mesh-collars compared with the rates measured from the short collars.

There was a significant difference in rates of soil respiration between open-air
control and ambient [CO,] WTC in March, September and from November 2008 to
February 2009. However in March and September 2008, respiration from the control
plots was 68% and 35% greater than from the ambient [CO,] WTC whereas the trend
was reversed in May 2008 and from November 2008 with 15 to 34% slower rates of
soil respiration in control plots than WTC (see Figure 2.4). There were greater and
more frequent differences within the drought treatment than within the irrigated
treatment: out of the ten measurements, on seven occasions there was a greater

difference between droughted control and droughted WTC than between irrigated
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controls and irrigated WTC. Soil respiration from the droughted controls ranged
from -55% to +82% of those measured in droughted WTC, whereas respiration in
irrigated controls plots varied from -27% to +56% of those measured in respective

irrigated WTC.

2.3.8 Root growth

The trees in droughted WTC regardless of [CO,] treatment, irrigated-elevated [CO,]
WTC and irrigated controls grew more roots at depth between 0 and 30 cm than 30
to 60 cm (Figure 2.6). Trees in irrigated-ambient [CO,] WTC and droughted controls

grew more roots at 30 to 60 cm depth.

A large amount of roots was present at depth below 30 cm. Most of these roots were

thus below the maximum depth of the mesh-collar chambers (ie at depths >20 cm).
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Figure 2.6.

Root length density (a) and root weight (b) recorded with a mini-rhizotron on four
dates. Results are averaged over the four dates and reported as mean across three
replicates for each [CO,]-irrigation treatment combination and over the three control
for each irrigation treatment. Data provided by Tarryn Turnbull.

2.4 Discussion

2.4.1 Irrigation treatment

Greater soil respiration from watered WTC than from droughted WTC are consistent

with results of many other studies. In Brazil, irrigated clones of Eucalyptus grandis x
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urophylla produced a faster rate of soil respiration than their rain-fed counterparts
over two years (Stape et al. 2008). Furthermore, the drought and rainy periods of the
year were matched by respectively slow and fast rates of soil respiration in eucalypts
forest (Stape et al. 2008) as well as in conifers, broadleaf mixed and evergreen

broadleaf forests (Tang et al. 2006).

Only when the HFE experiment was established and when long drought cycles were
broken, were rates of soil respiration in droughted plots faster than those in irrigated
plots. The lack of significant differences in March and April 2008 can be attributed
to the short period of treatment (i.e. after drought was established on the droughted
plots). The elapsed time did not allow for clearer treatment effects. The switches in
soil respiration in October 2008 and in March 2009 following irrigation of the
droughted plots present a different scenario. The sudden increase in soil respiration
after rewatering of soils previously submitted to a lengthy dry episode, is called
“Birch effect” named after H.F. Birch, one of the first to describe this phenomenon

(Jarvis et al. 2007). Four reasons are commonly listed to explain the Birch effect:
1. Successive drying and wetting of soils make organic matter available for
decomposition by breaking soil aggregates.
2. The dry spells kill soil micro-organisms which are subsequently decomposed
when wetting occurs, hence releasing nutrients.

3. Wetting triggers a sudden growth of microbial biomass and fungal hyphae.

4. The rewetting generates an osmotic shock to the microbes that respond by
releasing carbon rich solutes that accumulated in their cytoplasm during the

dry periods.
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Microbial biomass increased after the March 2009 rewetting of the droughted plots at
HFE but not significantly so. An increase in microbial activity rather than biomass is
the most likely explanation for the peak in respiration. As the HFE was not submitted
to many drying and wetting cycles and the sandy texture of the soil would not
support many aggregate, the first of the four reasons for the Birch effect is probably
not relevant to this site. This leaves decomposition of micro-organisms killed by the
drought, and the consequent release of carbon (through osmotic shock) as the most
likely explanation of the sudden increase in soil respiration) following the watering

of the droughted plots at HFE.

Recent studies have shown both an increase in yearly forest soil CO, emissions
(Jarvis et al. 2007) and no extra release of CO, (Muhr et al. 2008) following the
wetting of previously dry soils. In the present study, the watering of droughted plots
had no significant effect on soil respiration. Moreover, the observed increase in
respiration rates of the late September 2008 rewatering observed in October 2008
had disappeared within one month. Similarly, in March 2009 rates of soil respiration
in the three droughted-elevated [CO,] WTC began declining almost immediately
after rewatering. These results suggest that over a year, no extra CO, would be
emitted due to the Birch effect. The response of soil respiration to precipitation
following a period of drought is sometimes proportional to the length of the drought
and the amount of rain (Almagro et al. 2009). Results presented here reflect a
particular set of circumstances that can form the basis of future work. As the

Australian climate of the 21% century is predicted to bring longer dry spells broken
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by heavier rainfall episodes (Csiro and Bom 2007), models to predict soil respiration

in Australia will have to include models and observations of future weather patterns.

A majority of measurements between March 2008 and February 2009 presented a
positive relationship between soil temperature and soil respiration on irrigated plots
and between soil moisture and respiration across all treatments. Jassal et al. (2008)
noted that water stress in a Douglas fir forest significantly reduced carbon dioxide
emissions from soils. Furthermore, under a threshold of 11 m*.m™ of soil water at 4
cm depth, soil respiration was not affected by soil temperature, but was linearly

dependent on soil moisture content.

Available evidence suggests trees within droughted plots accessed water from deep
soil layers (Duursma et al. 2011). It seems likely that root respiration was maintained

at normal rates by that supply of water.

2.4.2 Elevated [CO,] effect

Most studies note an increase in soil respiration when vegetation is exposed to an
elevated [CO,] atmosphere (Bernhardt et al. 2006, Hamilton et al. 2002, Hoosbeek et
al. 2007, Lin et al. 2001, Pajari 1995, Wan et al. 2007, Zak et al. 2000). However, in
other cases including this study, there has been no effect (Bader and Korner 2010,
Oberbauer et al. 1986) or even a negative effect (Tingey et al. 2006). The intensity of
stimulation of soil respiration varies with the age or the composition of the stands
(King et al. 2004, Pregitzer et al. 2006) and the length of exposition to elevated
[CO,] (King et al. 2004). When observed, increases in respiration are greater in

young stands and during initial years of fumigation. Genotype can also be a factor as
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reported by Kasurinen et al. (2004). They observed a positive effect of elevated
[CO,] on soil respiration under one clone of silver birch (Betula pendula) whereas
the effect was negative under another clone with the difference increasing after three
years. Most studies of the effect of elevated [CO;] on soil respiration under woody
plants have been conducted in the northern hemisphere on local species. The HFE is
one of the first climate change experiment that is field based and using Eucalyptus
sp. While it could be hypothesised that the present experiment follows the bulk of the
literature, the results suggest specific characteristics of Eucalyptus saligna (e.g.

patterns of root growth) modify the climate response relative to other species.

Increases in soil respiration caused by exposure to atmosphere with an elevated
[CO;] can be partly due to an increase in aboveground litter and root production and
turnover leading to an increase in heterotrophic respiration (Matamala and
Schlesinger 2000, Pritchard et al. 2008, Tingey et al. 2000). Here, the floor in the
WTC prevented any aboveground litter reaching the soil. The input of microbial

decomposers feeding on surface litter was thus missing.

Autotrophic respiration can be enhanced through an increase in fine root biomass,
total number of roots and root length (Matamala and Schlesinger 2000, Pritchard et
al. 2008, Tingey et al. 2000). However specific root respiration (respiration per unit
of root biomass) is not always changed in elevated [CO,] experiments (Matamala
and Schlesinger 2000, Tang et al. 2006) or is not affected to such an extent that roots

and rhizosphere respiration increases (Edwards and Norby 1999).
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2.4.3 Soil respiration partitioning

Respiration rates recorded here are at the upper limit of those in the literature but on
par with rates observed in forest ecosystems (Subke et al. 2006). This was expected
as trees belonging to Eucalyptus species are fast growing and recent photosynthates
contribute strongly to root respiration (Hogberg et al. 2001). This point is confirmed
by the closeness of the rates of above ground biomass growth and soil respiration
during the measurement period. As a matter of comparison, the WTC at the HFE
were previously used in Sweden for 40-year-old spruce trees (Medhurst 2006)
whereas during the two years of fumigation at the HFE the Eucalyptus saligna grew

from a seedling stage up to 10 metres tall.

Mesh-collars did not create any difference in soil respiration despite the roots inside
being severed from the trees and collars with the 1-um mesh window preventing in-
growth of mycorrhizal hyphae (Heinemeyer et al. 2007). In April 2009, after the
trees were harvested, the mesh-collars were removed from the soil of the WTC. The
integrity of the collars had not been compromised during the time they spent in the
soil of the WTC and control plots. Washing and isolating of the roots from inside the
mesh-collar chambers led to the observation that roots did not decompose and some
kept growing after installation of the mesh-collar chambers. Some of the roots on the
side of the mesh-collar chamber walls seemed to be relatively young eight months
after the collars were installed. After girdling Eucalyptus grandis x urophyla,
Binkley et al (2006) did not observe a drop in soil respiration to the magnitude that
was witnessed in a similar experiment in a boreal pine forest (Bhupinderpal-Singh et

al. 2003, Hogberg et al. 2001). Fine root biomass and respiration was identified as
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the cause for this abnormally low reduction in soil respiration. Owing to large stores
of carbohydrates in roots, typical to Eucalyptus species (Williams and Woinarski
1997), there was no decrease in either root biomass or root respiration for up to five
months after girdling. It seems, therefore, that if mesh-collar chambers are used to
isolate the components of soil respiration a longer time period should be employed
before expecting an effect. Alternatively, the collars could be installed at the seedling
stage of the tree life in order to ensure that the roots are kept out of the collars. The
later would also eliminate the possibility that root decomposition will fuel

heterotrophic respiration.

The conditions at the HFE sites played a role in the lack of effect of the mesh-collar
chambers. The soil at HFE is a poor water retainer and half of the trees are submitted
to a drought experiment. Roots were found at depths greater than the lower part of
the mesh-collar chambers with the mini-rhizotron (Figure 2.5) and were suspected to
grow below 1.5 m depth (Duursma et al. 2011), hence contributing to respiration

measured from mesh-collar chambers.

2.4.4 Whole-tree chamber effect

Greater soil respiration in the control plots than in the WTC as recorded in March
and September 2008 is consistent with the observation by Niinisto et al (2004) in
their closed chamber experiment. However, over the four years of their experiment,
there was no reversal of the trend of greater soil respiration in the control plots than

in the ambient WTC to lower respiration in the control plots than in the WTC.
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Soil respiration is linked positively to the temperature measured at the soil surface
(Bronson et al. 2008, Niinisto et al. 2004, Pajari 1995, Rustad et al. 2001) as well as
soil moisture (Keith et al. 1997, Orchard and Cook 1983, Tang et al. 2006). The
respective impact of each of these factors on the soil CO, efflux might change
according to the seasons: soil moisture can become a limiting factor in summer
whereas temperature would be a limiting factor in winter. Measurements of soil
temperatures (results not presented) showed that for both the September and October
measurements, soils in the outside control plots were on average 1.4 °C warmer than
in the ambient WTC, a significant difference, whereas the difference ranged from a
0.1 °C cooler to a 0.9 °C warmer for the other months. Except in May, soil moisture
was always lower in the control than the WTC plots. The WTC experimental design
at HFE has an effect on soil conditions that varies between seasons; this could
explain the observed switch from greater to lower soil respiration in the control plots

compared to ambient WTC.

2.4.5 Spatial variability in soil respiration

Rates of respiration recorded in March 2009 using the whole underfloor of the WTC
were much greater than rates measured with static chambers. A test in February 2009
using both techniques revealed that on average measurement using the whole
underfloor of the WTC were 38.5% greater than measurements using static chambers
placed on soil collars. The greater rates can be explained by the spatial heterogeneity
in respiration rate depending on the distance from the stem of the tree. There is an
exponential increase along a radius from between 1.5 and 1 m to the base of the tree

(see Baldocchi et al. 2006, Saiz et al. 2006). Collars were placed at 0.95 metres from
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the base of the trees. They were thus unable to detect the fastest rates of respiration.
Moreover, the removal of the soils from the WTC and control plots revealed that
roots had accumulated along the root barrier that prolonged the walls of the WTC.
Respiration rates could therefore be greater along a narrow strip at the edge of the
WTC adding up to the respiration measured in March 2009 from the whole

underfloor of the WTC.

2.5 Conclusion

Increased atmospheric [CO,] did not induce significant changes in soil respiration
from a Eucalyptus saligna plantation. However, drought led to a significant reduction
in soil respiration compared to an irrigated treatment. Considering predictions of
increasing dry spells in future in Australia, soil respiration may be predicted to
decline; however, irregular and intense rainfall events may buffer the effect of drier
weather by stimulating sudden and intense releases of soil CO,. Because of the
chamber effect and the relatively short duration of the present study, extrapolation of
results to field and ecosystem scales should be undertaken with caution. Long-term
studies are needed to better understand the future effect of climate change on soil

respiration.
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Chapter 3

The tracing of carbon through trees and soil from leaves to

atmosphere: a pulse labelling experiment

3.1 Introduction

Recent studies taking advantages of novel techniques such as girdling and/or the use
of stable carbon isotopes have shown that the autotrophic component of soil
respiration plays a major part in the total respiration of forest soils. In mature forests,
it is common to observe a rhizosphere contribution of more than 50% to total soil
respiration and up to 73% has been observed in eucalyptus plantations (Table 1.1
Chapter 1, Giardina et al. 2004). Most of the CO, that is released by roots into the
soil comes from recently metabolised photosynthates, although the timing (“speed of
link”) between aboveground assimilation and soil respiration is a matter of debate
(Mencuccini and Holtaa, 2010, Kayler et al., 2010). Hogberg et al (2001) for instance
observed that within five days of a large scale girdling of 20 metre tall boreal pine
trees, respiration rates were reduced by up to 37%. Experiments measuring the
natural abundance of *C in CO, have confirmed the link between photosynthates and
root respiration (Ekblad et al. 2005, Ekblad and HAgberg 2001). The pulse labelling
of trees with **CO, or **CO, has brought a new resolution to the mapping of carbon
allocation within trees and their ecosystems. It allows tracing the fate of carbon
through trees from absorption at the canopy level to storage in tissues and release
into soils or the atmosphere (Carbone et al. 2007, Hogberg et al. 2008, Subke et al.

2009, Warren et al. 2012).
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Pulse labelling also provides a means of studying how each component of
respiration, particularly root respiration, will react to future changes in climate. A
number of studies have applied pulse labelling to grasslands in situ (Bahn et al. 2009,
Johnson et al. 2002) or seedlings of trees in pots (Phillips and Fahey 2005) and non-
mature trees in mesocosms (Ruehr et al. 2009). However, the physiology of seedlings
or saplings and mature trees are often different and transposing the results obtained
in the laboratory to full scale trees or forest ecosystems is problematic. Recently,
several field based experiments have measured C allocation at the tree and plot scales
(Carbone et al. 2007, Hogberg et al. 2008, Subke et al. 2009). When coordinated
with climate change experiments such as elevated atmospheric [COq],
drought/irrigation or elevated temperature treatments, the impact of these factors can
be observed on C allocation to the various compartments of trees and to the CO,

efflux of both above and below ground tissues (Ruehr et al. 2009).

As stated above, different labels can be used separately or in combination, and low
level **C (Carbone et al. 2007) or dual labelling of **C and **C have been applied
(Carbone and Trumbore 2007). **C offers a greater resolution than **C and is more
suitable for long term tracing of C. However, being a radioactive component, it is
more challenging to manipulate and more costly to analyse. Hogberg et al (2008)
have demonstrated that short period labelling of 14 year old Pinus silvestris with >95
atom% *3CO, could be successfully applied to tracing carbon through the plant into

the soil.
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Here | present the results of a **CO, pulse labelling experiment in whole tree
chambers (WTC) at the Hawkesbury Forest Experiment (HFE, see Chapter 2) that
offers the advantage of studying small trees rather than seedlings or small saplings in
a greenhouse setting. The initial aim of this pulse labelling was to study the influence
of drought and [CO,] on the speed at which carbon travels through Eucalyptus

saligna trees and is respired belowground.

3.2 Materials and methods

3.2.1 Field site and plant and gas sampling

The pulse labelling experiment took place at the Hawkesbury Forest Experiment in
Richmond, Australia. The HFE examined the effect of elevated atmospheric [CO,]
and disruption in water availability (drought) to the growth and functionality of
Sydney blue gums (Eucalyptus saligna; see Chapter 2 for details) and associated soil
processes. Briefly, one-month old Sydney blue gums (Eucalyptus saligna) were
planted in May 2007, 2.6 metres apart along rows separated by gaps of 3.85 metres.
Twelve whole tree-chambers (WTC; 3.25 m diameter and 8.15 m tall) were installed,
each growing one Eucalyptus saligna under a controlled environment where
atmospheric [CO;] and water delivery to the soil were altered in a factorial design
with three replicates of each combination of water and CO, treatment: ambient
[CO,]-dry, ambient [CO,]-irrigated, elevated [CO,]-dry and elevated [CO,]-irrigated.
Since the elevated atmospheric [CO;] treatment did not deliver a significant effect on
soil respiration, while the drought treatment did (see Chapter 2), only the ambient
[CO,] WTC were used for this pulse labelling experiment. A PVC floor situated 0.45

m above ground and sealed around the stem of the tree separated the soil
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compartment from the above ground compartment. The chamber walls were buried
into the soil just outside of a root barrier that extended to a depth of 1 m. The
underfloor compartment was constantly ventilated but could also be sealed when
needed. At the time of the pulse labelling, the droughted trees had not received any
water for more than three months but were rewatered on 4 March 2009, four days

before the end of the pulse chase experiment.

At around midday on 10 February and 11 February 2009, after ensuring the WTC did
not present any leak, the six ambient [CO,] chambers were pulse labelled with 5
litres of 99 atom% *CO, (WTC 1, 5, 3 and 7 on 10 February, WTC 7 and 11 on 11
February). The ventilation of the top compartment of the WTC was shut before
introducing the *CO,. The atmospheric [CO;] inside the chamber was left to draw
down until the compensation point was reached (at which absorption of CO, for
photosynthesis was balanced by the release of CO, through respiration). The [CO,]
within the WTC was monitored with both an inbuilt WTC gas analyser and a
portable CO, gas analyser Vaisala GMP342 (Vaisala, Finland). When the [CO,]
stabilised 1.5 to 2 minutes after introduction of the label, three air samples were
taken through the wall of the WTC with a syringe and fine needle. Another two
series of three samples were taken at the estimated mid-point of the draw-down (20
to 60 minutes after pulse labelling depending on WTC) and again when the
compensation point was reached (1.5 to 2.5 hours after pulse labelling depending on
WTC). For each sample, 12 ml of gas was extracted and immediately transferred to

an evacuated Exetainer tube.
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The pulse was then traced for a month through leaves, roots and soil CO, effluxes.
First of all, two fully expanded leaves were collected from each tree 24 hours before
the pulse and then immediately at the end of the draw down (time point 0) and 1, 2,
4,8, 12, 18, 24, 48, 72, 144, 480, 552, 576 hours after the pulse. They were frozen
immediately at -80°C before being freeze-dried and ground in a Retsch ball mill
(MEP instruments, North Ryde, Australia). Samples were stored in desiccators until

further analysis.

Soil samples were collected 24 hours before and then 2, 4, 7, 20, 23, 27 and 34 days
after the pulse labelling. Four samples per WTC were collected with a 5-cm auger at
three depths: 0-10 cm, 10-30 cm and 30-70 cm. Roots were extracted from soil
samples by wet sieving (>250 pwm) and separated into root tips (using a microscope),
fine roots (<1 mm in diameter) and coarse roots (>1 mm in diameter). All root
samples were immediately frozen at -80°C before being freeze-dried. Fine and coarse
roots were ground to a powder in a Retsch ball mill, and all samples were kept in

desiccators before further analysis.

A Keeling plot approach was used in order to estimate the §'*C of soil-respired CO,.
Gas sampling of soil respiration was conducted using the whole underfloor space of
the WTC after shutting down the ventilation system and blocking ports, thus creating
a large size static chamber (~3.7 m®). A Vaisala GMP342 CO, analyser was
connected to the inside of the under floor compartment of the WTC and controlled
from the outside to measure the rate of soil respiration. A computer fan was installed

to circulate air in direction of the Vaisala and gas sampling spot in order to insure
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optimum air mixing. When sampling commenced, the under floor fan of the WTC
was turned off, the computer fan turned on and the air vents of the WTC shut. The
door of the above floor part of the WTC was kept ajar in order to eliminate any
pressure difference between the two compartments. Gas samples (12 ml) were then
taken through the outer wall of the WTC, the first one immediately after conducting
the above operation. Another three samples followed at an interval of 10 minutes.
The fifth and last sample was taken when the underfloor [CO;] reached 1000 ppm or
above. Each sample was immediately transferred to a 12 ml evacuated Exetainer
tube. Blue Tack was applied to the top of Exetainer tubes to prevent any leakage or
exchange and associated fractionation during storage before §'°C analysis. Small
needle gauges were chosen in order to avoid large holes in the WTC walls and
Exetainer septa and hence limit any future leakage. The precise time at which each
sample was taken and the [CO;] in the below floor compartment of the WTC as

displayed by the Vaisala data logger were both recorded.

A first sampling of soil respiration was conducted 24 hours prior to pulse labelling.
Starting five hours after pulse labelling, samples were collected every six hours for
the next seven days. The intensity of sampling was then reduced to twice a day for
two days and then once a day for three days. Finally there were three more samplings
three days apart ending 3 March inclusive. As the droughted plots were watered on 4
March, a new round of sampling was started from 5 March with three sampling
events for this day, two for the following day and one sampling per day on the next

four days. Three samples from a standard CO, in air gas bottle were also taken on
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each day of sampling in order to account for any exchange of gas through the septum

of the Exetainer tubes resulting in a possible *3C shift during storage.

3.2.2 Isotope analysis and theory

All samples were analysed on a DeltaV Advantage isotope ratio mass spectrometer
(IRMS), coupled to a FlashHT and Conflo IV (Thermo Fisher Scientific, Bremen,
Germany). Ground leaf (0.5 mg), root tissue and of whole root tips (0.4 mg) were
weighed into tin capsules for §°C analysis. Isotopic values are expressed in &
notation (%o) relative to the Vienna Pee Dee Belemnite (VPDB) standard, following

the formula:

5= "= oo
Rstandard-1

where R is the ratio of the *3C to *2C in the sample and standard respectively.

The amount of *CO, taken up by the trees during the pulse labelling was estimated
with the difference in *CO, measured immediately (1.5 to 2 minutes) after
introduction of the labelled CO, and the amount of **CO, measured at compensation
point at the end of the labelling period. First of all, the 5*CO, of the air samples

taken during pulse labelling was converted to *3C atom percent values following the

equation:
8sample
100 *0.0111802*( — ) +1
" 1000
CO, atom % = (1)
8sample
1+0.0111802* () +1
1000
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where 0.0111802 is the standard value of **C/*?C ratio of VPDB.

Then, in order to calculate the amount of **CO, present in the upper compartment of

the WTC.:
m(**C)=*C0O, atom % * m(CO,)

where m(*3C) is the amount of *3C in mg and m(CO,) is the amount of CO, in mg

measured with the Vaisala GMP 342 at time of sampling.

The amount of *CO, taken up by the trees was then:

m(**C) taken up = m(*3C) start pulse - m(*3C) end pulse.

Equation 1 was used to calculate the atom percent of each sample of soil respiration
as the basis to determine the amount of *C that went through the trees and the soil
and was released as *3CO; into the atmosphere through soil respiration. To estimate
the amount of *CO, in soil respiration that originated from the pulse labelling
(excess “*C respired), expressed as mg*CO, m?, the amount of **CO, occurring
naturally (*CO, background in atom%) and measured from the pre-pulse sampling
was subtracted to the amount of **CO, measured in the sample at any given time
(**CO, sample in atom%) and the difference multiplied by the respiration rate at this
time following the equation:
(**CO, sample — *CO, background)

Excess *C respired = *(Rs*Swrc*T)  (2)
100
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where Rs is the soil CO, effluxes (mg CO, m? h™') calculated as the average of the
rates of soil respiration at the time the soil efflux samples were taken and the rate of
respiration recorded during the previous sampling. Swrc is the basal area of the WTC

(8.295768 m?) and T is the elapsed time between sampling (in hours).

The mean residence time and half life of the introduced *3C through the tree and soil

were calculated following the exponential decay formula used by Ruehr et al (2009):
N(t)=Nee™ (3)

Where N(t) is the quantity of *3C after time t, Ny is the quantity of *C at the peak of
3C corresponding to time t=0, A is the decay constant and t is the time in days. The
mean residence time was derived from this equation as t=1/A and the half life is
112=In(2)/A. The fit of the model was verified by calculating the correlation between
values of N(t) calculated with the model and the N(t) values measured from samples

of soil respiration.

Hereafter 8*3Ciear designates the 8*°C signature of leaves of the pulse labelled trees,
8"Croots designates the 8¢ signature of roots of pulse labelled trees and 83Crs the

§8"3C signature of soil respired CO5.

3.3 Results

Immediately after introduction of the labelled CO,, the [CO,] in the aboveground

compartment of the WTC was ranged from 368 to 416ppm - close to the normal
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atmospheric concentration for this site in the middle of the day. The §'°C signature
was, on average, just under 13000%o immediately after introduction of the **CO,,
over 8800%o at mid draw-down and about 1900%o0 at compensation point (Figure
3.1). Depending on the WTC, it took between 80 and 150 minutes to reach the
compensation point, however there was no relationship between CO, uptake and
watering treatment, as CO;, draw-down in the watered WTC 3 and 11 were
comparable to the droughted WTC 5 and 9 but all differed from WTC 1 and 7
(Figure 3.1). Moreover, a similar amount of *3*CO, was taken up by the trees
regardless of the watering treatment they received (Table 3.1). The **CO, that was
absorbed by the trees during labelling amounted to just over 50% of what was

introduced in each WTC.

Table 3.1.

Amount of *CO, taken up by trees during pulse labeling and recovered into soil
respiration during pulse chase after 9723 mg of *3CO, were introduced in each WTC.
Result in mg of **CO, plus/minus standard error

WTC CO, (in mg) taken [ °CO, (in  mg) | ®°CO; (in mg)
up by trees recovered from soil | recovered from soil
respiration after 10 | respiration during the

days pulse chase
Irrigated 4633 +426 1302 +180 1562 +239
Droughted 4966 +424 872 85 1314 112
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Figure 3.1.

Draw-down after introduction of 5 | of **CO, in the whole tree chambers at HFE in
the droughted and irrigated treatments.

8"3Ciear peaked immediately (at the end of the draw-down) in two out of the three
irrigated WTC but took up to two hours to peak in two of the three droughted
chambers (Figure 3.2). §°Cier dropped rapidly back to pre-pulse values in all the
WTC within 48 to 72 hours. The decrease mostly followed a typical decay function
for the leaves of the irrigated WTC. In droughted chambers, however, a new peak
appeared clearly between 12 and 24 hours after the pulse labelling corresponding to

the period between the middle of the night and the middle of the day. From 48 to 72
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hours post-pulse labelling, §"*Ciesr declined gradually over the next 21 days, marking

the end of the pulse chase in the leaves. For the last three leaf samplings, 5"°Ciess

returned to pre-pulse values in the irrigated WTC. In droughted WTC, 8"Ciesr

remained above its pre-pulse level.
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Figure 3.2.

8*3C of E. saligna leaves during the pulse chase period. The vertical dotted line
represents the pulse labeling and the horizontal dashed line is the pre-pulse value
8*3C for each tree. Light markers indicate droughted WTC, dark markers are irrigated

WTC.
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Figure 3.3.

Evolution of the §3C values of soil respiration (5"*Cgs) of each of the labeled WTC
during the 26 day pulse-chase.

In the soil CO; efflux, §"*Crs peaked between 40 and 52.5 hours (approximately two
days) after pulse labelling in the irrigated WTC (Figure 3.3). 8*3Crs reached a peak
between 73 and 87 hours (three to four days) after pulse in the soil respiration of the
droughted WTC. An increase in §3Crs in WTC 1, 3, 5 and 7 could be observed as
soon as six hours after the pulse labelling. It took 18 hours for WTC 9 and 11 to
show the same trend. There were large variations in the size of §Crs peaks both

within and across treatments. The mean of the value for the peaks of §*Cgs for
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irrigated WTC was 212%o, greater than that of the droughted WTC at 133%o.
However, the second highest peak was that of a droughted WTC (WTC 7) at 214%e.
There was a strong correlation between the value of the peak of §'*Ciesr and the peak
of 8*3Cgs with a coefficient of correlation equalling 0.926 for the droughted trees and

0.986 for the irrigated trees.

The excess *3C label could be measured in the soil CO, effluxes for a longer period
of time after pulse labelling in the droughted WTC than the irrigated chambers. The
mean residence time of the label in the soil respiration of the droughted WTC was
more than eight days whereas it was approximately six days in the irrigated WTC

(Table 3.2). This difference was not significant (t test, P>0.05)

Table 3.2.

Mean residence time and half life of the C label in the soil CO, effluxes as
calculated by equation 3

Treatment Mean residence time in Half life in days (t1/2)
days (1)

Droughted 8.2+0.7 57+£05

Irrigated 6.1+0.5 4.2+0.3

The pre-pulse 83Crs ranged from -20.8%o to -24.2%o for the irrigated WTC and -
21.9%o to -23.5%o in the case of the droughted WTC. By the last sampling date, one
month after labelling, none of 8*Cgs of any of the WTC was back to the pre-pulse

values. The 8**Cgs of the irrigated WTC were the closest to normal at the end of the
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pulse chase, between 2%o and 8.3%o above the pre-pulse values, whereas droughted

WTC were 8.4%o to 11.7%o above their pre-pulse values.

The rewatering of the droughted chambers on 4 March did not result in a change in

the general pattern of the evolution of the 813CR3 from these WTC.

Over the sampling period following the pulse labelling, an average of approximately
1.31+0.11 g and 1.56+0.24 g of **CO, was recovered from the soil CO, effluxes of
respectively each of the droughted and irrigated WTC (Table 3.1). This represents
26% and 34% of the amount of *CO, that was taken up by the trees during pulse
labelling. The mean residence time and half life of the label in soil respiration were
already different between droughted and irrigated trees ten days after the pulse
labelling: only 0.87 +0.08 g of *CO, had been emitted from the soils of the
droughted WTC whereas 1.30 +0.18 g of **CO, had been emitted from the irrigated
WTC, accounting for 18% and 28% respectively of the *CO, that was taken up by
trees during labelling. The difference in amount of **CO, emitted from the soils of
the droughted WTC and irrigated WTC was however not significant at any time

(ANOVA, P>0.05).
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Figure 3.4.

Evolution of 8*3Cyes in the root tips collected at three different depths for each WTC
and treatment during the 34 day pulse chase.

Before pulse labelling, 8*3C 005 Values were highly variable across WTC. Regardless
of the treatment and depth they ranged from -15%o to -30%o (Figure 3.4 and 3.5).
After labelling, there was no clear pattern or peak of labelled C concentration across
watering treatments. Within a given WTC, root type (ie root tips, root <lmm
diameter and root>1mm diameter) and soil depth produced clear patterns. Coarse
roots (>1mm) 8*3C between day 4 and day 7 after pulse labelling followed that of the

fine roots (<1mm) between day 2 and 4 after pulse labelling. Most of the time,
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8"Croots Stayed within the values of -30%o and -15%o. The greatest 8°Cioors Were

measured in root tips.
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Figure 3.5.

Evolution of §*Cyoqts in the fine roots (<1 mm) and coarse roots (>1 mm) collected at
three different depths during the 34 day pulse chase. Results are averaged over three
WTC for each treatment.
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3.4 Discussion

The present results show that the delay between pulse labelling and the peak of
8"3Crs Was governed by the velocity at which photosynthates travelled from the E
saligna canopy to their belowground compartments. It took only 6 to 18 hours to
observe an increase of 613CR5 and less than 48 hours, on average, for 813CR5 to peak
in the irrigated trees. More time, 80 hours approximately, was required to observe
peaks of 8*3Crs in droughted trees. Drought has been shown to slow the transfer of
recently metabolised carbohydrates from the canopy to the belowground
compartment of trees (Ruehr et al. 2009). A second factor that may have been
involved at the HFE is root distribution. Based on their water intake, droughted trees
were suspected to have roots growing deeper than irrigated trees (Duursma et al.
2011). This difference in the depth of root increases the distance the labelled C has to
travel through the droughted trees compared to the irrigated ones before being
released into the soil by root respiration. However, for both irrigated and droughted
trees and considering that the trees were up to 10 metre tall at HFE, the time lag
between pulse and the maximum enrichment in 813CR3 was short. The literature
reports lags ranging from two to four days for trees half the size of the E. saligna at
HFE (Carbone et al. 2007, Hogberg et al. 2008, Horwath et al. 1994, Subke et al.
2009). Depending on the season, pulse labelling on 8 to 9 metre tall beech trees
showed a lag of 64 to 84 hours before the peak of *CO, was observed in the soil
respiration (Plain et al. 2009). Air temperature is a key driver of phloem velocity and
has previously been argued to explain the variations in delay between pulse and the
peak of &C in soil respiration (Plain et al. 2009). Temperatures were
uncharacteristically low during the pulse chase experiment at HFE which suggests

that the increase in 8**Crs could have started earlier under warmer air temperature.
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There was no peak of 813Croots in the roots and only a general increase in 813Cr00t5 of
root tips. There was a great variability in the labelling of the roots within treatment
and with depth of the roots. In agreement with the present results, Hogberg et al
(2008) only found a slight increase of 8C of 2 to 3 %o in the ectomycorrhizal root
tips of pulse labelled Pinus silvestris and the amount of label in roots was
heterogeneous. Newly photosynthesized carbon in both grass and trees is sent in
priority to the growing compartments of plants such as the root tips (Phillips and
Fahey 2005, Thornton et al. 2004). In contrast to the quick change in 8*3C observed
in the root tips of Lolium perenne, larger and older roots showed only little change
when air supply was switched from atmospheric origin to a **C-enriched source
(Thornton et al. 2004). Because recent assimilates are transported in soluble forms
that can diffuse easily through membranes (Phillips and Fahey 2005, Thornton et al.
2004) and because they are transported to growth areas where membranes are more
porous to solute (Thornton et al. 2004), a major part of the labelled C is released
directly into the soils. Only a small part of newly photosynthesized C stays in the
root tips, being assimilated in tissues that will become part of the thicker roots once
the roots are elongating. As the label is retained in fine roots that will grow to coarser
roots, there is a delay in 813Cro0ts €VOlUtion between the fine and coarse roots such as
the one observed between day 4 abd day 7 following the pulse labelling. The
combination of an absence of true peak of 8%3Croots but a clear peak in 813CR3 at HFE
indicates that most of the labelled C went through the roots and passed directly into
the soil as a product of respiration. Hogberg et al. (2002) demonstrated that in a
boreal forest, 75% of the C allocated to roots was respired. The residence time of

recently photosynthesized C in the root tips must therefore be very short. Because,
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the sampling regime for the roots was not as intensive as the one for soil CO,
effluxes, a peak of 8"3Coos May have appeared on the second day after the pulse
labelling but could have been missed by either sampling on Day 1 or Day 3 after

pulse labelling if it was of a short duration.

Methodologically, the structure of the WTC presented a number of benefits in
conducting a **CO, pulse labelling experiment. First of all, the floor of the WTC had
the advantage of isolating the soil compartment from the labelling of the canopy.
This type of separation is easily achievable in laboratory experiment using smaller
trees or plants. In the field however, on large scale pulse labelling, it is not always
possible to separate the above ground compartment and soil compartment (Bahn et
al. 2009, Hogberg et al. 2008, Subke et al. 2009). The non isolation of soil from the
canopy compartment results in observing an immediate increase of §*3C in the soil
CO, efflux that lasts for 48 to 72 hours after pulse labelling (Hogberg et al. 2008,
Subke et al. 2009). This initial increase in 5'*C originates from the penetration of the
label by gas diffusion into soil during pulse labelling. The labelling study at the HFE
can be seen as being at the crossroad of laboratory pot experiments using single
plants and larger scale field experiments in natural ecosystems. At HFE, a single tree
was growing inside each WTC and the soil within the WTC was sprayed to prevent
the growth of any grass or woody plants. Moreover, none of the “CO, was
transferred by diffusion into the soil during labelling. Any **C in soil CO, efflux after
labelling, besides that that is naturally occurring, is therefore originating from the
roots of the sole E saligna growing in the chamber. This confirms that the increase of

83Crs that appeared 6 to 18 hours and peaked 48 to 80 hours after pulse originated
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from the *CO, that the trees were labelled with and is the product of root respiration.
The walls of the WTC were buried into the soil and extended by a one metre deep
root barrier preventing most roots from neighbouring trees to penetrate the
belowground space of the WTC and induce a dilution of the label. This also ensured
that very little, if any, of the label was lost to transport by roots outside of the
sampling area. Finally, using the whole underfloor for sampling soil CO, effluxes
eliminated the spatial variations in magnitude of 5*Cgrs values that sampling using
small collars and static chambers are subjected to (Subke et al. 2009). Root
distribution was very variable within each WTC as was noted during soil extraction
after harvesting of the trees. Collar sampling may have resulted in an approximation
of the true value of the peaks of 8*3Cgrs because the root density might have varied
underneath each collar. The current method of sampling the whole underfloor of
WTC for soil respiration allowed a more accurate representation of the recent *C

allocation in soil respiration of each WTC.

3.5 Conclusion

The *CO; pulse labelling experiment at HFE confirmed the finding of previous study
that root respiration is directly linked to recently metabolised photosynthates. This
first pulse labelling of Eucalyptus trees has indicated that the pathway of newly
synthesized carbohydrates from leaves to roots may be faster in this genus of trees
than for others. However the time lag between CO, assimilation by the canopy and
soil respiration of the corresponding carbon is increased by drought that reduces the
velocity of the transfer of carbon through the plant. More research needs to be done

on the effect of the length of the drought period and the potential correlation with the
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time lag between the formation of photosynthates in the canopy of trees and the

release of the CO; to the atmosphere from the belowground compartment.
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Chapter 4

The recovery of soil respiration post fire: examples of two sites in

South East Australia.

4.1 Introduction

Climate change is expected to increase rainfall extremes in already wet areas such as
polar and sub-polar regions while dry areas such as part of the sub-tropics would see
longer dry periods with shorter and more intense rainfall events. As a consequence to
the increase in atmospheric [CO,], temperatures could increase by 1.1 to 6.4 °C by
2100 (Solomon et al. 2007). Other possible changes will be region-specific such as,
in Australia, an increase in frequency of strong cold fronts that generate strong winds
(Hasson et al. 2009). These conditions are likely to create and increase the
occurrence of favourable circumstances to the lighting and propagation of wildfires

(Adams et al. 2013, Attiwill and Adams 2012, Williams et al. 2001).

On the global scale, the origins of fire can be traced to the appearance of terrestrial
plants (Bowman et al. 2009). Fire holds a more central place in Australia’s natural
and anthropogenic history than in most other parts of the world (Attiwill 1994). Most
of the ecosystems of the continent present conditions such as highly flammable
vegetation, dry and hot climate, large areas of bushland that are conducive to fires
(Attiwill 1994). Indeed, the past hundred years alone were marked by a series of
major, large-scale events that, originating from natural causes or human activities,

were spread all around the continent from sea level to the Australian Alps. The states
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of Victoria (1926, 1939, 1993, 2009), New South Wales (2001-2, 2003), South
Australia (1983, 2005) and Tasmania (1967) were all touched by these wildfires. For
instance the High Country fire of January-February 2003 affected an area of 1.75
million hectares, removing all plant cover in places (Bear and Pickering 2006),
whereas the ‘Black Saturday’ fire in Victoria in February 2009 was of a lesser extent,
burning over 272 000 hectares, but was the most costly in term of human lives

(Attiwill and Adams 2012).

Fire has an impact on a great many ecosystem processes and particularly on carbon
cycling. The effect of fire on soil respiration is dependent on the nature of the
ecosystem, age of the forest stand, species composition and severity of the burn.
Immediately after a fire event roots and microbial death will slow soil respiration
(Hamman et al. 2007). In the longer term, fire frequency and intensity influence soil
respiration by facilitating the rejuvenation of forests. Indeed, total soil respiration is
generally greater in older than younger stands (Gough et al. 2007) although, some

very old stands show declining respiration (Czimczik et al. 2006).

The contribution of each component of soil respiration to total respiration
(heterotrophic or autotrophic) also varies with the frequency of fires. In boreal forests
the decomposition of fire residues can create a peak in soil respiration of
heterotrophic origins in the months and up to three years following fire (Bond-
Lamberty et al. 2004, Schulze et al. 2000). Heterotrophic respiration (Rh) is then
reduced in younger stands -i.e. 5 to 70 years old (Bond-Lamberty et al. 2004,

Czimczik et al. 2006, Gough et al. 2007). However, in warmer climates, Rh is not
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always affected by fire and can thus stay constant in the first years following the burn
(Irvine et al. 2007, Meigs et al. 2009). Moreover a quick recovery of root respiration,
possibly due to the dense understorey that benefits from the opening in the canopy
after fire, can correct the imbalance between autotrophic and heterotrophic
respiration within two years (Irvine et al. 2007). Root respiration will also be

dependent on the species sensitivity to fire and their ability to recover after a burn.

Eucalyptus trees are often classified as ‘seeders’ when stands are killed by fire and
regenerate from seed germination or ‘resprouters’ when trees survive fire and
regenerate from epicormic shoots or coppice. Soil respiration originating from roots
may vary according to which category the dominant species of a Eucalyptus forest
belongs to. Equally the opening of the canopy and consumption of the litter layer
following more intense fire sometimes lead to an enrichment in species diversity
(Dumas et al. 2007) and/or a shift in species abundance (Meigs et al. 2009). This in
turn may be accompanied by a change in net primary production (NPP) that can
partly compensate for the loss of aboveground live carbon and thus maintain the rates

of soil respiration (Meigs et al. 2009).

Here | focus on the effects of wildfires on soil respiration in natural forests in two
regions of South-Eastern Australia. This work addresses the lack of published
examinations of the international hypotheses described above with the hypothesis
that the soil respiration in Australia is resilient to fire and that respiration of soil
supporting ‘resprouters’ will recover more rapidly than that of soils supporting

‘seeders’.
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4.2 Materials and Methods

This work was conducted on two different sites in contiguous States of South East
Australia at the Mount Disappointment State Forest in Victoria and Snowy Plains in

New South Wales.

4.2.1 Mount Disappointment State Forest

The first experimental site is located in the Mount Disappointment State Forest
approximately 50 km North of Melbourne, in the state of Victoria, at an altitude of
around 800m above sea level. The mean annual rainfall in the area, calculated over
the 15 years preceding this study, is 640 mm over an average 91.5 rainy days. Mean
minimum temperatures vary from 3.9 °C in July to 12.6 °C in February whereas
mean maximum temperatures oscillate between 9.0 °C in July and 24.6 °C in January

(BOM).

Three sites were chosen for their differences in tree cover and age class. The first site
is dominated by Messmate (Eucalyptus obliqua) accompanied with Narrow-leaved
Peppermint (Eucalyptus radiata) and a bracken fern understorey (Pteridum
esculatum). It is hereafter referred to as Messmate 1. A second site is a stand of
Messmates (E. obliqua), Narrow-leaved Peppermints (Eucalyptus radiata), Broad-
leaved Peppermints (Eucalyptus dives) and an understorey of bracken fern (Pteridum
esculatum). It is referred to as Messmate 2. The final site is almost exclusively

covered with Mountain Ash (Eucalyptus regnans) and a few Silver Wattles (Acacia
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dealbata) and is therefore referred to as Mountain Ash. Each study site consisted of a
square plot of 40 m by 40 m, bordered by a 20 metre buffer from roads or other tree

stands.

The soils are sandy clay loam (Udic Ustochrept) at Messmate 1, dark reddish brown
gravely sandy clay (Umbreptic Ustoprecht) for the Messmate 2 site and brown earth
(Udic Ustochrept) at Mountain Ash of which a detailed description is given in
Adams (1984). The pH level is 5.0 at the Messmate 1 site, 5.4 at Messmate 2 and 5.7
under the Mountain Ash forest. In November 2009, total carbon content was 3.3% at

Messmate 1, 4.9% at Messmate 2 and 10.7% at the Mountain Ash site.

The ‘Black Saturday’ bushfires on 7 February 2009 burnt through the sites
incinerating the litter layer and understorey and defoliating the crown of the trees.
About six months after the fire storm, the first signs of vegetative regrowth were
beds of moss scattered over the sites and surrounded by patches of bare soil.
Messmates, belonging to the so-called ‘resprouters’ group of eucalypts, survived the
fire storm and resprouted from epicormic shoots at Messmate 1 and 2. Understorey
consisted mainly of bracken accompanied with seedlings and coppices at Messmate 1
and grass at Messmate 2. In contrast, Mountain Ash is an obligate seeder and killed
by wild fire, regenerating via seed germination. Seedlings appeared as soon as
November 2009 at the Mountain Ash site and grew to about a metre tall by February
2010 and about 2 metres by December 2010. Because of the intensity and extent of
the fire (272 000 ha), no un-burnt sites could be found in the vicinity of the study

site.
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The moss patches at Messmate 1 and Mountain Ash sites were mapped in February
2010. For each 1m? square, the moss was recorded as none, less than 50%, 50-75%,
75-100% or 100% cover. The moss beds covered 66% of the Messmate 1 site and
74% of the Mountain Ash site (see Figure 4.1). Expansion of the moss beds was slow
at the Messmate 1 site whereas hardly any bare patch of soil was left by July 2010

under the Mountain Ash.

Collars for measuring soil respiration were installed on 16 October 2009. The collars
were 200 mm diameter and 50 mm tall. They were inserted into the soil to a depth of
about 20 mm and maintained in place with alloy pegs. At both the Messmate 1 and
Mountain Ash sites, five sets of two collars were installed. For each set, one collar
was on soil covered by moss and the other one was nearby on a patch of bare soil,
from here on respectively called Moss plots and No Moss plots. Collars in each set
sat at less than 1.5 m from each other. Nine single collars were installed at Messmate

2 (No Moss).
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Figure 4.1.
Mapping of the moss beds at the Messmate 1 and Mountain Ash sites of the Mt Disappointment State forest.
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By February 2010, the growth of the Mountain Ash seedlings at the Mountain Ash
site was rendering impossible the use of the 200 mm diameter collars. Therefore, in
March 2010, the experimental design was adapted. The size of the collars was
reduced to 100 mm diameter. They were installed between seedlings in a way that
excluded seedlings from the inside of the collars. It thus avoided both interference
between above ground respiration and soil respiration and disturbance of the
microenvironment around the collars that would have resulted from pruning the
seedlings. Soil respiration was monitored for two months using both collar sizes in
order to ensure that there was no difference between the two. The results were near

identical differing by no more than 7% on average (t test, P>0.05).

Soil respiration was measured at monthly intervals starting in November 2009, one
month after the collars were installed, until March 2011 (17 months). Measurements
of soil respiration were made using Vaisala carbocap GMP343, an infra red gas
analyser, mounted on a 5.25 litre lid (1.63 litre lid after March 2010 at the Mountain
Ash site) and linked to a Vaisala MI70 data logger. At each site, the Vaisala was
calibrated for atmospheric pressure and relative humidity measured with a Kestrel
3500 mini weather station. The lid was placed on the collar and the lid-Vaisala-collar
association worked as a static chamber. The lid was left on the collars for 10 minutes.
The recording during the first two minutes was discarded in order to allow the [CO,]
to stabilise. Respiration rates were calculated from the linear increase in [COq]
recorded by the Vaisala for the remaining eight minutes. Soil temperature at 100 mm
depth and soil volumetric water content were recorded beside the collars during the
measurements with a MP406 probe linked to a MPM160 meter (ICT international,

Armidale Australia).
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Every three months a comprehensive soil sampling was conducted. At Mountain Ash
and Messmate 1, two cores of soil were taken near the collars on both the Moss and
No Moss patches, ie five soil samples of bare soil, five soil samples of moss-covered
soil per plot. At Messmate 2, one sample was taken beside each collar and then
pooled with the nearest two samples for a total of three bulked samples. Soils were
sieved to 2 mm and analysed for gravimetric water content and pH each month as
well as for microbial biomass on the more intensive samples collected quarterly. The
“water drop method” (Watson and Letey, 1970) was used on the Messmate 1 soils
sampled in February 2011 to investigate potential differences in hydrophobicity
between Moss and No Moss soils. Triplicate of 1 g of each soil as well as the black
layer that sits between the moss layer and the soil were oven dried at 65 °C for 48
hours and then cooled in a desiccator at ambient temperature for another 48 hours.
Four drops of deionised water were placed on each soil. The time it took the soils to

absorb the water was recorded.

4.2.2 Snowy Plains

The second experimental site was located in the Snowy Plains (36°06'05"S
148°31'35"E) of the Snowy Mountains in New South Wales, Australia at an altitude
comprised between 1475 m and 1700 m above sea level. The mean annual minimum
temperature at the study site is 1.7 °C and the maximum 10.2 °C. Average annual
precipitation is ~ 1600 mm. Sites are snow covered for approximately three months
of the year from July to September. Soils are derived from the Silurian Granodiorite,

approximately 433 1.5 million years.
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Three woodland sites were established on private property used in the summer time
for cattle grazing. The sites were sub-alpine woodland of Eucalyptus pauciflora
(Snow Gum) with an understorey dominated by woody shrubs such as Bossiaea
foliosa (N-fixing), Leucopogon spp. (Ericaceous) and Tasmannia xerophila or a
herbaceous understorey dominated by grasses such as Poa spp. Eucalyptus
pauciflora regenerate from fire by both shoot sprouting or coppicing and seed
germination. In this study, | considered only ungrazed plots that were fenced to

exclude cattle but not native animals.

Each plot was 80 m x 40 m. Plots were established in the 2006/2007 Australian
summer. A subplot covering one half of each plot was burnt in early spring in March
2007. The fire recreated the intensity of a wildfire. It incinerated the understorey and
litter layer and killed some of the trees. The biomass of the living trees in the unburnt
woodland (180 tonnes ha™) was twice as much as the tree biomass in the burnt

woodlands (85 tonnes ha™).

In June 2009, collars (200 mm diameter x 50 mm tall) were installed for measuring
soil respiration. Five collars were inserted 20 mm into the soil of each burnt and

unburnt woodland plot.

Soil respiration measurements started on 23 October 2009, more than four months

after installation of the collars, and lasted until 27 May 2010. A second campaign
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went on after winter from October 2010 and up to March 2011. Soil respiration was

measured using the same method as the one used at Mount Disappointment.

Soil samples were taken on the day of soil respiration measurement. For each sites-
treatment combination, four cores were bulked together and sieved to 2 mm. Soil
moisture analysis and pH measurements were performed on each type of soils.
Microbial biomass count was performed on the samples taken on the first and last

measurement days.

4.2.3 Statistical analysis

All analysis was performed in R. Repeated measure ANOVA (RM ANOVA) with
treatment and date as factors was used to detect any effect of fire on soil respiration
in the woodlands of the Snowy Plains for the whole length of the experiment. It was
also used for test for variation between Moss and No Moss plots at Messmate 1 and
the Mountain Ash site across time. Student t-test was used to test for differences in
respiration rates each month between Moss and No Moss plots at Mountain Ash site
and Messmate 1 and burnt and unburnt woodlands of the Snowy Plains. The effect of
soil temperature and soil moisture on soil respiration at all sites was calculated using

linear regression.

Two-way ANOVA was also used for differences in soil water content and soil
temperatures between burnt treatments in the Snowy Plains and Moss and No Moss

plots at Messmate 1.
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4.3 Results

4.3.1 Belowground respiration

Soil respiration rates at Mt Disappointment could be separated into two distinct
periods: the first 10 months of measurements until September 2010, and then from
this date to March 2011 (Figure 4.2). During the first period, soil respiration was
stable, displaying very little seasonal variation during the first year of measurements
at Messmate 1 and 2. There was however a surge in respiration in February 2010 at
Messmate 1 and 2 and from January to March 2010 at the Mountain Ash site. Rates
in February were twice as fast as rates in January. On the other hand, from
September 2010, soil respiration increased each month following the seasonal pattern
that is usually observed in soil respiration. Rates were greater during the 2010/2011
season than the previous year at Messmate 1 and 2 but to a lesser proportion at the
Mountain Ash site. In any case soil respiration rates followed a similar pattern along
the year at all sites albeit with different values. Across time, the Mountain Ash site
showed greater extremes in respiration rates than did the two other sites. In contrast,
it did not show a strong seasonal effect similar to the one observed from September
2010 until March 2011 at Messmate 1 and 2, especially if discounting the peak of

respiration in January 2011 under the Mountain Ash forest.
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Figure 4.2.

Rates of soil respiration at the three sites of the Mount Disappointment State forest

For each measurement, rates of soil respiration were significantly greater from moss-
covered soils than bare soil at the Messmate 1 site (Figure 4.3, t test, P<0.05).
However, differences at the Mountain Ash site between moss-covered and bare soils
were not significant (ANOVA, P<0.05, data not shown). For this reason,
measurements from collars on bare soil at this site were not taken after November
2010. Rates at the Messmate 2 site were in the mid-range of those recorded at the

two other sites.
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Figure 4.3.

Rates of soil respiration at the Messmate 1 site of the Mt Disappointment state forest.
* indicates significant difference (t test, P<0.05)

Rates of belowground respiration at the Snowy Plains were variable from month to
month and were greater during the second, wetter year of measurements (Figure 4.4).
For example, soils of the unburnt woodlands displayed a seasonal maximum
respiration rate of 945 mgCO, m? h™* in January 2011, compared to a peak at 544
mgCO, m? h™* in February 2010 during the previous summer. There was a clear
seasonal effect in both years although it was somewhat subdued in the summer 2009-
2010 due to a drop in respiration for the month of January 2010. Minimum
temperatures on the day of measurement were a low 3.7 °C, in contrast to the

monthly mean of 12 °C.

No significant effect of fire was recorded (RM ANOVA, P<0.05), despite the burnt
woodlands presenting a different aspect to unburnt woodlands. The unburnt

woodlands can be classified as Snow Gum woodland with shrubby understorey
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whereas the burnt woodlands are Snow Gum woodlands with grassy understorey due
to the shrubs being replaced with grass. Averaged over the three plots, live tree
biomass of the unburnt woodlands was more than double that of the burnt

woodlands.
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Figure 4.4.

Rates of soil respiration at the Snowy Plains. Rates are averaged over the three
woodland sites.

4.3.2 Effect of soil moisture

Soil moisture varied greatly over time at both Mt Disappointment and Snowy Plains
(Figure 4.5). Soil moisture was greater during the second half of 2010 and early 2011
at both sites. At Mount Disappointment, soil water content was stable between
November 2009 and April 2010, except for a peak in February 2010. Soil water
content increased significantly in the winter months of 2010 and remained elevated
until early summer. Soil moisture was significantly different and usually greater in

the moss-covered plots at Messmate 1 than the No Moss plots (Two-way ANOVA,
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P<0.05). The black layer between moss beds and the soil was very hydrophilic
whereas the moss-covered and bare soils did not present any difference in
hydrophobicity. The black layer absorbed the four drops of water in less than three

seconds whereas it took an average of ten seconds for the soils to do so.

At the Snowy Plains, soil moisture was variable in the 2009-2010 season but greater
and more stable during the second season of measurements, reflecting rainfall at the
sites. There was no difference in soil moisture between the burnt and unburnt plots

(Two-way ANOVA, P>0.05).

Soil respiration was positively linked with volumetric water content at Messmate 1
for both the moss-covered and bare soils and in the Snowy Plains (linear regression,
P<0.05). No such link could be established at Messmate 2 and under the Mountain

Ash trees at Mt Disappointment.
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Figure 4.5.

Volumetric water content at all sites of Mt Disappointment (a) and the Snowy Plains

(b)

4.3.3 Soil temperature effect

Soil temperature was a major governor of soil respiration at the Messmate 2 and the
Mountain Ash sites of Mt Disappointment and at the Snowy Plains (linear regression,
P<0.05). However, no relation was established at Messmate 1 (linear regression,
P>0.05). In the Snowy Plains, soil temperatures were overall significantly greater in

unburnt than in burnt woodlands (RM ANOVA, P<0.05).
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There was a very significant positive impact of the combination of soil moisture and
soil temperature on belowground respiration for Messmate 1 for both moss-covered
and bare soils as well as at Messmate 2 at Mount Disappointment and in the Snowy

Plains (general linear model, P<0.01, Table 4.1).

Table 4.1.

Coefficients of equations generated by general linear model of soil respiration as a
function of soil volumetric water content and temperatures at Mt Disappointment and
the Snowy Plains. All models are significant at P<0.01

Volumetric Temperature  Intercept R square

Water Content
Messmatel Moss 12.0 36.5 -393.9 0.264
Messmate 1 No moss 4.5 11.2 -31.4 0.109
Messmate 2 10.9 26.2 -272.7 0.284
Woodland Burnt 10.3 33.5 -393.8 0.348
Woodland Unburnt 9.7 40.7 -387.2 0.531

4.3.4 Cumulative soil respiration

Patterns of cumulative soil respiration were similar at Messmate 2 site and both the
Moss and No Moss plots at the Messmate 1 site albeit with a steeper slope for the
former two (Figure 4.6a). Cumulative respiration of the Mountain Ash forest was
more variable reflecting the extremes in instantaneous rates of belowground
respiration we observed at this site. Between December 2009 and October 2010,
more CO, was released from the soils of the Mountain Ash forest than from the soils
of the other sites. There was a shift from October 2010 when the cumulative soil
respiration of the Mountain Ash site decreased to values lower than at Messmate 2

and the Moss plots of Messmate 1 sites.
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Cumulative respiration at the Snowy Plains revealed a much steeper slope on the
second year the site was visited (Figure 4.6b). Soils of burnt and unburnt woodlands
released similar amount of CO, in the atmosphere during the time that the sites were

monitored.
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Figure 4.6.

Cumulative soil respiration at the three sites of the Mount Disappointment state
forest (a) and the Snowy Plains (b)
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4.3.5 Weather

The year 2010 was the fifth wettest year on record in the State of Victoria and the
wettest year since 1974. It was the third wettest year on record in New South Wales
and the wettest since 1956. Most of the rain fell in the second half of the year. The
station of Kilmore Gap, the closest to the Mount Disappointment sites recorded
1088.2 mm of rain in 2010, 160% of the average annual rainfall for the location. The
closest weather station of the Snowy Plain recorded 1447 mm of rain for the same
year, representing 130% of the annual average. Maximum temperatures were close to
the annual average but minimum temperatures were warmer by half a degree than the
annual average in both Victoria (Stern et al. 2011) and NSW (Bureau of

Meteorology).

4.3.6 Microbial biomass

Except for August 2010, microbial biomass was consistently greater in the bare soil
than the moss-covered soil of Messmate 1 by 11% to 100% (Figure 4.7). The amount
of microbial biomass was variable with time on all sites but overall the soils covered
with Mountain Ash had greater values than the soils of Messmate 1 and 2. An
increase in microbial biomass in February 2010 corresponding to a peak of
respiration and only a few days after the sites had received more than 50mm of rain

in 48 hours.

Microbial biomass presented little variation between treatments at the Snowy Plains

(ANOVA, P>0.05).
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Soil microbial biomass from chloroform fumigation and 0.5M K,SQO, extraction at
(@) Mt Disappointment and (b) the Snowy Plains
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4.4 Discussion

Soils under moss beds of the Messmate 1 site produced more CO, than the
contiguous bare soils. The proximity of the Moss and No Moss collars strongly
suggests the difference is not due to tree roots. The moss beds were very distinct at
the time collars were installed. As time passed, the moss also colonised bare soil
patches. However, respiration rates of Moss plots remained greater than rates
recorded to No Moss plots. This result supports the original hypothesis that moss
beds are an indicator of soil processes. The original area covered by moss had a
strongly hydrophilic black layer between the soil and the moss. This layer represents
an accumulation of soil and charred litter that was washed and settled in depressions
or in areas presenting a greater surface tension between soil and particles. DeBano
(2000) explained that soil water repellency post-fire depends on fire intensity and
behavior and soil characteristics (ie texture, water content, type and quantity of
SOM). In the case of mid intensity fires (ie soil temperature between 175 to 200°C),
the development of an underground repellent layer may lead to waterlogging of
surface soils, whereas soil erosion might be favored by the disappearance of surface
repellency. In contrast, high intensity fires with soil temperatures reaching between
250 and 300 °C tend to burn the repellent layer, reducing soil hydrophobicity
(Debano 2000). The black layer seemingly created a moist environment, rich in
nutrients and favourable to the establishment of moss and microbes. In turn moss
provided an insulating and shading layer, reducing evaporation and resulting in the
consistently greater soil water content. Microbial biomass was generally greater in
the No Moss plots than the Moss plots. Greater microbial activity and turnover rates,
stimulated by the moist environment, may thus be causing greater rates of

heterotrophic soil respiration from moss-covered soils. The mapping of the moss
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patches at the Messmate 1 site showed that they covered about 66% of the total area
of the site. Based on the calculation of cumulative soil respiration, moss-covered
soils contributed approximately three times more than bare soils to the respired soil

CO, at Messmate 1 over the course of this study (367 tCO, ha™ versus 130 tCO, ha’

1).

The results of the present study indicate that, when considering belowground
respiration, soils of forest ecosystems dominated by resprouting trees (Messmate 1
and 2 and Snowy Plains) are more resilient than those dominated by obligate seeders
(Mountain Ash). The return of a normal seasonal pattern of soil respiration at
Messmate 1 and 2 from September 2010 and the absence of strong reaction to
extreme climatic events suggest that these two sites were on path to recovery, 18
months after the fire storm. Similarly, two and a half years after the burn, burnt and
unburnt plots at the Snowy Plains did not show any significant difference in soil
respiration, despite fire having reduced living tree biomass by half and grass
replacing shrubs as the understorey on the burnt plots. In contrast, two years after the
fire, the Mountain Ash sites were still subject to sudden increases and decreases in
soil respiration rates following rainfall events and/or extremes in temperatures, such

as those observed in January 2011.

The surge in soil respiration rates in February 2010 illustrates the extreme sensitivity
of soil respiration to the vagaries of the weather after removal of vegetation by fire.
Soil water content and soil temperature are the main drivers of belowground

respiration. When soil temperatures are warm to hot (>16-20°C, Almagro et al.
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2009), belowground respiration is directly dependant of soil moisture. There was a
positive effect of the combination of soil moisture and soil temperatures on soil
respiration at all sites in Mount Disappointment. A surge in respiration rates in
February 2010 could be expected due to unseasonably high level of soil moisture
combined with hot soil temperatures characteristic to this summer month (18.8 to
22.3°C across sites). The extent of this surge (eg a doubling of respiration rates from
the previous month) and the time lag after the precipitation event (eg three days) is
less common in normal conditions. Soil moisture was exceptionally high for two
reasons: First, four and three days before measurements, the region received
respectively 35.8 mm and 19.8 mm of rain, accounting for more than 66% of the
total amount of rain since the January measurement. Secondly, there was a low level
of evapotranspiration due to the lack of canopy cover at both the tree level and
understorey level. Such an increase in soil moisture following the removal of canopy
cover by fire has been observed in forests such as Oak Pines and Ponderosa Pines
(Dumas et al. 2007, Hamman et al. 2007). Soil temperatures might also have been
increased from their pre-fire values by reduction of the canopy, understorey and litter
layer that provide shading and insulation to soils (Czimczik et al. 2006, Dumas et al.
2007). It can take less than two years to observe a return of pre-fire soil temperatures
in burnt sites (O'donnell et al. 2009) whilst non-functioning understory and trees
would have transpiration greatly reduced thus increasing soil moisture (Dumas et al.
2007, Hamman et al. 2007). A contiguous trenching experiment at the Mountain Ash
site (see Chapter 5) has revealed that the removal of seedlings led to a significant
increase of soil temperatures in the trenched plots and a general increase of soil
moisture. Because of the fire, the tampering effect of the vegetative cover has

disappeared, rendering soil respiration more responsive to extreme weather events.
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As a consequence, the impact of weather on soil respiration will diminish earlier in
plant communities that are more resilient to fire as was illustrated by the doubling of
the soil respiration rates under Mountain Ash stands in January 2011 whilst rates

hardly increased at the two other sites of the Mt Disappointment forest.

At the Snowy Plains, respiration rates of burnt and unburnt woodlands were similar.
Microbial biomass and total tree biomass were also similar in between plots, but the
living tree biomass was twice as much in the unburnt plots than in the burnt plots. At
these sites, heterotrophic respiration of woodland with shrubby understorey,
characteristic of the unburnt sites, is greater than respiration in woodland with grassy
understorey, characteristic of the burnt sites (Jenkins and Adams 2011). Autotrophic
respiration must thus be greater on the burnt plots than the unburnt plots to
compensate for the deficit in heterotrophic respiration. The grassy understorey might
be a major contributor of the autotrophic component of soil respiration in the burnt
plot. In addition, the trees surviving the fire may have benefited from the opening in
the canopy and the reduction in competition for nutrients from the dead trees in order
to increase their rates of photosynthesis. This could translate into greater specific root
respiration from the living trees since rhizosphere respiration is linked directly to the

production of photosynthates (Hogberg et al. 2001).

The irregularity of respiration rates at more disturbed sites such as the Mountain Ash
site translates into variation in cumulative soil respiration. Mountain Ash stands were
clearly the biggest contributors to soil respired CO, at the Mt Disappointment forest

from the start of measurements in November 2009 until October 2010. At this date,
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the cumulative amount of CO, respired by the Mountain Ash soils dropped below
that respired at Messmate 1 (Moss) and two months later Messmate 2. Again the
soils of the Snowy Plain did not show any differences between treatments including
on the second campaign of measurements despite wetter weather and wetter soils.
This confirms that three and four years after fire, soil microbial community and
aboveground vegetation have recovered in a way that soil respiration is not affected

by the burn anymore.

4.5 Conclusion

Recovery of soil respiration to pre-fire pattern was quicker on sites dominated by
resprouting trees than sites covered with seeder trees. However, spatial variation of
respiration rates within site persisted even after the seasonal pattern of respiration
had returned. Future studies on the impact of fire on belowground respiration will
have to consider the potential for spatial variation in respiration rate. Early visits of
burnt sites following fire are required in order to identify any clues that the sites may
present a mosaic of areas with different respiration rates such as the one we observed
at the Messmate 1 site at Mt Disappointment. As fire may become more common in
regions already subjected to regular burning, future research should focus on the role
of the increase in frequency of fires. Fire may also become a regular feature in
regions where it is absent or only occurs exceptionally; the response of the
belowground respiration of these ecosystems will also need to be studied in order to

establish accurate regional and global carbon budgets.
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Chapter 5

Contributions of tree roots to soil respiration: field and laboratory

studies

5.1 Introduction

Soil respiration is usually described as being the sum of heterotrophic respiration,
originating from free living fungi and bacteria decomposing soil organic matter
(SOM), and autotrophic or rhizosphere respiration from roots and associated
myccorhizal fungi feeding on plant photosynthates. Each of these components is
often studied as separate entities (Hanson et al. 2000, Kuzyakov and Larionova

2005).

One of the common techniques used to partition total soil respiration is to isolate sub
plots of soils by trenching accompanied by removal of aboveground vegetation
(Hanson et al. 2000, Kuzyakov 2006). The resulting CO, efflux from trenched plots
is then considered to be solely of heterotrophic origins, and can thence be used to
partition respiration (autotrophic and heterotrophic) from nearby un-trenched plots.
Although widely used, trenching presents well-known limitations: disturbance effects
of trenching include changes in soil water content and soil temperature, interference
of root decomposition fuelling microbial respiration (Diaz-Pines et al. 2010) and
increases in the upward flux of CO; due to the absence of root respiration (Jassal and
Black 2006). All these factors can lead to overestimation of heterotrophic respiration.
Recent studies have shown that total belowground respiration is more complex than

just the sum of its component parts, due especially to priming effects in the
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rhizosphere (Cheng and Kuzyakov 2005, Dijkstra and Cheng 2007a, Zhu and Cheng
2011). Rhizosphere priming effects (RPE) include impacts by roots and associated
fungi on the decomposition of soil organic carbon by heterotrophs. RPE can be both
negative and positive - from a 50% reduction to a 320% increase in heterotrophic
respiration (Cheng and Kuzyakov 2005). The extent of priming effects are governed
by plant species (Dijkstra and Cheng 2007a) and phenology (Cheng et al. 2003),
atmospheric concentration in CO, (Cardon 1996), plant biomass (Dijkstra et al.
2006), nutrient status of soil (Liljeroth et al. 1994) and soil moisture (Dijkstra and
Cheng 2007b). Many of these are in turn predicted to vary under climate change
scenarios. Beside the well-known increase in atmospheric [CO,], climate change
models are forecasting shifts in species composition, extension of the growing
season, an increase in plant biomass triggered by the fertilising effect of elevated
[CO,] and increases in atmospheric and soil temperatures (Solomon et al. 2007).
RPE have not been widely studied and usually involve crops or non-woody plants
except for a few cases (Bader and Cheng 2007, Cheng 2009, Cheng et al. 2003,
Dijkstra and Cheng 2007a, Dijkstra et al. 2006, Zhu and Cheng 2011). Studies
conducted in the laboratory involve a high level of soil disturbance which can mask
or increase the impact of rhizosphere priming effect on SOM decomposition,
particularly if experiments are of short duration (Bader and Cheng 2007, Dijkstra and

Cheng 2007a, Zhu and Cheng 2011).

Because of the lack of knowledge of specific mechanisms of RPE, soil respiration
and climate models still tend to consider heterotrophic and autotrophic components

of belowground respiration separately, rather than as part of a continuum between
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plants and soil. Hence it can be assumed that the accuracy of these models could be

enhanced by improving the understanding of this crucial aspect of soil respiration.

Here | used a field technique to separate components of soil respiration as well as a
novel, flow-through, laboratory based gas monitoring system measuring
heterotrophic respiration only (respirometer), in order to isolate autotrophic and
heterotrophic parts of soil respiration and evaluate possible rhizosphere priming

effects.

5.2 Materials and Method

5.2.1 Site description

The experimental site is located in the Mount Disappointment state forest about 50
km North of Melbourne, Australia at an altitude of around 800m above sea level. See
Chapter 4 for details. The Mountain Ash (Eucalyptus regnans) site was chosen for
this study. The study plot is a 40 m by 40 m square. A detailed description of the
soils is given in Adams (1984). In brief, the soil is a brown earth (Udic Ustochrept)
with an average pH of 5.7 (See Table 5.1), total carbon content in surface 5 cm of
10.1% and total N of 0.47%. Atmospheric [CO,] at this site, as measured between

November 2009 and March 2011, was 375 ppm.

The Mountain Ash site was amongst the 330,000 ha of land burnt by the “black
Saturday” bushfires, an extreme fire event, on 7 February 2009. The high intensity

wildfire totally defoliated the crown of the trees and incinerated the litter layer and
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understorey. As Mountain Ash are obligate seeders, the trees were killed by the fire,
the stand regenerated from seeds. The first seedlings appeared in October 2009,

about seven months after the fire storm.

5.2.2 Trenching and soil respiration measurements

In March 2010, collars of 100 mm diameter and 80 mm tall were installed for
measuring soil respiration. The collars were inserted into the soil to a depth of about
20mm and maintained in place with alloy pegs. They were installed between
seedlings in a way that excluded seedlings from the inside of the collars and thus
avoided interference between above-ground respiration and soil respiration, while
not hindering seedling growth. Measurements were taken from five collars and
averaged to determine the rate of belowground respiration at the site. At the same
time, five quadrats 1 m x 1 m were cleared by pruning the seedlings at their base. A
trench was dug around each quadrat to a depth of 40 cm, about 20 cm below the root
zone, and plastic barriers were installed before refilling the gap between soil and
barrier. Each quadrat contained one collar therefore giving five trenched and five un-
trenched collars from which respiration was measured. Any plants that appeared
inside the trenched plots were removed. The pruned seedlings were kept, dried at
60°C and weighed to an average of 340 g per plot (ie 3.4 t ha™). In March 2011, the
average biomass of the seedlings at the site had increase to an average of 786 g m™

(ie 7.86 t ha'). The March 2010 sampling revealed that the number of stems totalled

nearly 700,000 per hectare.

107



Chapter 5. Contributions of tree roots to soil respiration: field and laboratory studies

Soil respiration was measured at monthly intervals starting in April 2010 at the
trenched plots, one month after the collar installation. Measurements of soil
respiration were made using a Vaisala carbocap GMP343 mounted on a 1.63 I lid and
linked to a Vaisala MI70 data logger. The lid is placed on the collar and the lid-
Vaisala-collar association works as a static chamber. The lid was left on the collars
for 10 minutes. The recording during the first two minutes was discarded in order to
allow the [CO_] under the lid to stabilise. The rate of CO, efflux was calculated from
the slope of the evolution of [CO;] during the remaining 8 minutes. Soil temperature
at 100mm depth and soil volumetric water content were recorded beside the collars

during the measurements.

Soil was collected from the un-trenched plots once a month by taking four 100 mm
deep soil cores and pooling them. Every three months and on the last visit in March
2011, a more intensive sampling was made by taking and pooling two cores of soil
adjacent to each collar. One core was collected from each trenched plot and kept
separate. Soils were sieved to 2 mm and analysed for gravimetric water content and
pH each month as well as for microbial biomass on the more extensive samples

collected quarterly.

In parallel to field measurements, | completed laboratory measurements of
heterotrophic respiration from the soil samples collected quarterly in August 2010,
November 2010, February 2011 as well as March 2011. The respirometer technique
described in Jenkins and Adams (2010) was used: 80 to 100 g of fresh soil, sieved to
2 mm, was added to polycarbonate cylinder connected to an infra-red gas analyser

(IRGA) and differential oxygen analyser (DOX) for CO, and O, analysis. The tubes
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were let to equilibrate at constant temperatures in a water bath for an hour prior to
and during measurements. | measured respiration at a range of temperatures 5-10-15-
20-25°C corresponding to the soil temperatures observed in the field between
November 2009 and March 2011. Measurement started at the temperature closest to
the soil temperature recorded in the field when collecting the samples. Respiration
rates were calculated over 60 seconds after CO, concentration had remained steady

for 3 minutes.

The respiratory quotient (RQ) of each soil was calculated as the ratio between

effluxes of CO, and uptake of O,.

Table 5.1.

Soil characteristics at all soil sampling dates. Mean calculated from five samples
from each of the un-trenched (U) and trenched (T) plots. Microbial biomass and
labile carbon are given with standard error. Both soil temperature (Temp) and
gravimetric water content (GWC) were measured in the field when sampling.

Temp GWC pH  Microbial biomass Labile C
ey ™ (MgCgsoil)  (ugCgsoil®)
U 7.3 48.2 5.6 175 (35) 122 (27)

Aug-10
T 8.9 46.6 5.5 134 (48) 107 (19)
U 16.4 41.9 5.8 79 (09) 133 (16)

Nov-10
T 16.8 44.2 5.8 56 (27) 136 (10)
U 15.8 42.8 5.5 103 (42) 148 (41)

Feb-11
T 20.2 43.2 5.7 76 (10) 117 (19)
U 16.6 33.8 5.5 94 (06) 44 (15)

Mar-11
T 22.7 41.5 5.4 56 (11) 42 (13)

3.2.3 Statistical analysis
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All statistical analyses were performed in R. Rates of soil respiration measured in the
field from trenched and un-trenched plots were compared with a two sample t-test
assuming equal variance. Linear regressions were performed to estimate the impact
of soil volumetric water content and soil temperature on soil respiration for both
treatments. Repeated measure ANOVA was used to compare respiration rates

measured in the laboratory on soil from un-trenched and trenched plots.
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5.3 Results

5.3.1 Field experiment

1000
i: —-%-- Mountain ash trenched
(\"E 800 A —x— Mountain ash Untrenched
o
o 600
c’ —
= ,
S0l I - AN
£ [ V) ; g
'5- &* T\ "// RN
$ o J ) T %ﬁ‘ \‘\
= 200 4 ¥ ;. ~o < ye X X
S X _—
(9p]

O T T T T T

Apr-10 Jun-10  Aug-10  Oct-10 Dec-10 Feb-11  Apr-11

Figure 5.1.

Rates of belowground respiration measured in situ for the trenched and un-trenched
plots of the Mountain Ash site of the Mt Disappointment state forest. Star symbol
indicates significant difference in respiration rates (t-test, P<0.05).

In situ, the trenched plots showed slower rates of soil respiration compared to un-
trenched plots, within one month of installation (Figure 5.1). Overall the difference
between trenched and un-trenched plots was significant (two-way ANOVA, P<0.05).
On a monthly basis, respiration rates were significantly faster (t-test, P<0.05) for
April to June 2010 and March 2011. For these months, rates of respiration for
trenched plots were approximately half those from un-trenched plots (Figure 5.2). On
all other dates, trenched plots released between 63% and 90% of the amount of CO,
that was released from the un-trenched plots. From these results and assuming that
the respiration rates measured on the trenched plots are of heterotrophic origins only,

heterotrophic respiration varied from 48% to 90% of total soil respiration.
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Soil temperatures were significantly warmer (ANOVA, P<0.05) by an average of
2.1°C in the trenched plots compared to the un-trenched plots. Rates of respiration
were linked to soil gravimetric water content and soil temperature for trenched plots

but only to soil temperature for un-trenched plots.
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Figure 5.2.

Respective proportion of autotrophic (Ra) and heterotrophic (Rh) soil respiration as
calculated from the mean of the five trenched plots and the mean of the five un-
trenched plots
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5.3.2 Laboratory experiment

Measured in the laboratory with the respirometer, heterotrophic respiration rates
from soils of the un-trenched plots (R,) were consistently greater than those
measured from the soils sampled from the trenched plots (R;, Table 5.2). The ratio
between respiration rates from the trenched and un-trenched plots (Ryi) was
calculated from the rates of respiration recorded at temperature 15°C and above as

follow:

It ranged from 9% to 162% depending on soil temperatures (between 15 and 25°C)
and month of collection. Data from the lower temperatures (<15°C) were excluded as
the relative standard errors at these temperatures averaged 45% and were up to 85%,

much greater than for other soil temperatures (average of 23%).

There is a clear distinction between the first three series of measurements and the
March 2011 measurements. For the August to February measurements, Ry,
calculated from the mean of respiration rates between 15°C and 25°C, consistently
averaged between 15% and 33%. In March 2011, R,; averaged 142% across

temperatures (Table 5.2, Figure 5.3).
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Table 5.2.

Rates of heterotrophic respiration (ug CO»-C g dry soil * hour™®) measured on the respirometer between 5°C and 25°C. Results with standard
errors are averaged over measurements performed on five samples taken from the trenched plots (R;) and five samples taken from the un-

Vil

trenched plots (Ry).

Sampling 5°C 10°C 15°C 20°C 25°C  Mean 15to
date 20°C
Aug-10 Ry 1.19 (0.45) 2.25 (0.40) 3.82 (0.50) 7.64 (1.17) 9.27 (1.34)

R¢ 0.52 (0.17) 1.49 (0.20) 3.19 (0.56) 6.63 (1.14) 8.48 (1.24)

Rur 127% 51% 20% 15% 9% 15%
Nov-10 Ry 1.36 (0.46) 2.61 (0.55) 3.63 (0.25) 5.04 (0.25) 8.30 (0.42)

R¢ 0.48 0.10) 1.48 (0.24) 2.69 (0.34) 4.05 (0.43) 5.92 (0.50)

Rur 83% 77% 35% 25% 40% 33%
Feb-11 Ry 0.26 (0.04) 1.34 (0.15) 5.38 (0.78) 8.88 (0.62) 9.79 (0.74)

R¢ 0.04 (0.01) 0.55 (0.21) 4.83 (0.64) 6.51 (0.52) 7.49 (0.39)

Rur 494% 145% 11% 36% 31% 26%
March1l Ry 2.50 (0.44) 2.13(0.21) 2.79 (0.33) 5.27 (0.51) 10.24 (1.09)

Rt 0.77 (0.08) 0.94 (0.09) 1.07 (0.15) 2.40 (0.27) 4.17 (0.51)

Rut 223% 128% 162% 120% 145% 142%
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Figure 5.3.

Rates of heterotrophic respiration measured at 20°C with the respirometer for the
trenched and un-trenched plots. Rates are averaged over the measurements of five
soil samples for each of the trenched and un-trenched plots.

Respiration rates increased exponentially from lower to higher temperatures (Table
5.2). Rates measured using soil samples collected in March 2011 were slowest at
most temperatures, closely followed by those measured for soils collected in
November 2010. August 2010 and February 2011 soil collections presented similar

rates of respiration for measurements conducted at or above 20°C.

Microbial biomass in soils of un-trenched plots was closely related to that of
trenched plots (Figure 5.4). The slope of the linear relationship was <1. The
relationship between microbial biomass in trenched and un-trenched plots was
stronger in soils collected in the first four smaplings (multiple R?=0.9924,
P=0.003814) than over the whole period (multiple R?=0.9603, P=0.003389). The
ratio of microbial biomass on trenched and un-trenched plots (MB,) was calculated

as:
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(MBu-MBt)

MByxr=
MBt

Where MBu is microbial biomass in un-trenched plots and MBt is microbial biomass
on trenched plots. For each sampling, the values of MB,; and R were also strongly

correlated (correlation coefficient of 0.9987, P=0.001297).

The amounts of labile carbon were similar in both treatments at all times.
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Figure 5.4.

Microbial biomass of trenched as a function of un-trenched plots. Each point is
calculated from Chloroform fumigation and K,SQO, extraction on three replicates of
soil samples collected at each of the five trenched and un-trenched plots.

Q1o for heterotrophic respiration were calculated from the exponential equation
Qi0=e'®. Q1o was significantly greater in soils from the trenched plots than the un-

trenched plots for all sampling dates (Table 5.3). Over time, Q1o were similar across
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the sampling months of August, November, and March for trenched and un-trenched
plots. Soil samples for February 2011 had much higher Qio, around twice those of

previous samplings.

Table 5.3.

Qi values calculated from the respirometer measurements of heterotrophic
respiration between 5°C and 25°C and respiratory quotient calculated at 20°C.

Aug-10 Nov-10 Feb-11 Mar-11
QlO RQ QlO RQ QlO RQ QlO RQ

Un-trenched 3.0 (0.6) 1.3 (0.2) 2.7 (0.9) 1.3(0.3) 49(1.2) 09(0.3) 25(06) 060
Trenched  3.5(0.9) 1.9(0.9) 3.7(12) 16(05) 7.4(32) 1.2(0.3) 35(0.9) 0.6(0.2

Respiratory quotients for soils from trenched plots were always greater than those for
un-trenched plots (Table 5.3). RQ values for both treatments were greater than 1 in
August and November. There was then a decrease in RQ, suggesting a change in
substrates. In February, RQ was close to 1, yet in March RQ was around 0.6 for both

treatments.

5.4 Discussion

Rhizosphere priming effects (RPE) were estimated to increase basal heterotrophic
respiration by 54% over the course of the year-long study. Soil respiration in the
field, heterotrophic respiration in the laboratory and microbial biomass were greater
in un-trenched than trenched plots. Rhizosphere priming effects in un-trenched plots
were greater than any priming effects induced by root decomposition in the trenched

plots.
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Priming effects can be generated by litter decomposition, including root decay. The
ratio Ry was five to ten times lower in soils collected in August 2010 to February
2011 than in soils collected in March 2011. The difference was attributed to roots
decomposition in trenched plots during the earlier months (Diaz-Pines et al. 2010).
Yet despite increased respiration due to root decay, rates of heterotrophic respiration
in un-trenched plots were faster than those in trenched plots. RPE was thus more
powerful in stimulating SOM decomposition than priming effects induced by root
decay. Clearly, in the present study, RPE is affecting SOM decomposition through
increased microbial biomass. This contrasts with the results of Cheng (2009) who
concluded that RPE stimulated the turnover of microbial populations rather than

microbial biomass.

Soils collected in March yielded a larger estimate of RPE (ie. increasing basal
respiration by 142%). Several factors suggested that effects of root decomposition

had substantially diminished by March:

e In the field, respiration rates of trenched plots relative to un-trenched plots
slowed in March compared to the previous months.

e The March 2011 sampling revealed a sharp and significant decrease in the
microbial biomass of the trenched plots compared to their un-trenched
counterparts, indicating a reduction in substrate availability - most probably
roots of seedlings had decomposed.

e The respiratory quotient of soils from trenched plots decreased in March 2011
to the value of the un-trenched plots whilst it had been greater on the four

previous occasions, confirming most fine roots had decayed.
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Estimates of RPE from soils collected in March 2011 might thus be closer to true
RPE and yet they might be conservative. Soil moisture in trenched plots was greater
than in un-trenched plots in March 2011, contrary to previous months. In the field,
soil respiration from trenched plots was linked to soil moisture. Laboratory
measurements were made at field moisture. It is therefore likely that rates of
respiration of soils from trenched plots were overestimated compared to rates that

would be measured if soil moisture was the same as in un-trenched plots.

Rhizosphere priming effects decreased the temperature sensitivity of heterotrophic
respiration as shown by the significantly greater Qo of the soils from trenched plots.
This result contrasts with those of Zhu and Cheng (2011). These authors concluded
that RPE increased the sensitivity of SOM decomposition to changes in soil
temperatures and that the level of RPE itself was dependant on soil temperatures.
The effect of soil temperatures on the intensity of RPE could not be tested since the
present experimental design relies on root free soils for measurements of soil
respiration. A long-term field experiment using stable isotopes or growing trees in a

control environment could elucidate the sensitivity of RPE to soil temperatures.

Autotrophic respiration was estimated to average just over 49% of total soil
respiration of Mountain Ash, making heterotrophic respiration accounting for 51%.
A positive relationship between respiration rates and soil temperatures for the
trenched plots may contribute to a possible overestimation of the contribution of
heterotrophs to soil respiration. Autotrophic respiration is usually thought to

contribute from 24% to 81% of soil respiration (see Chapter 1). Experiments using
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an interruption of supply of photosynthates to soil, such as trenching or girdling,
refined these estimates to 36 to 65% (Bhupinderpal-Singh et al. 2003, Diaz-Pines et
al. 2010, Frey et al. 2006, Hogberg et al. 2001, Jassal and Black 2006, Sayer and
Tanner 2010). The estimate of autotrophic respiration derived here was calculated
from measurements taken in the first three months of trenching and those of March
2011. Sayer and Tanner (2010) showed that heterotrophic respiration can be
estimated by measuring respiration immediately before and up to five days after
trenching and that results are similar to that measured one year later, after roots on
the trenched plots have decomposed. Fine root decomposition can last from several
months to more than two years after trenching and thus interfere with the process of
isolating heterotrophic and autotrophic respiration (Epron et al. 1999, Sayer and
Tanner 2010). It appears that roots of Mountain Ash seedlings did not start
decomposing for the first few months post-trenching and their root system had

decomposed more or less entirely by March 2011.

5.5 Conclusion

This study showed that trenching experiments have one very important limitation,
the lack of consideration to the rhizosphere priming effect, when used to estimate the
contribution of autotrophic and heterotrophic respiration to soil respiration. Priming
effect was estimated to reach close to 140% and was so intense that it could be
detected despite the clear impact of root decomposition in the trenched plots. RPE
translated into an increase in microbial biomass and increased temperature sensitivity

of heterotrophic soil respiration.
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The current results on rhizosphere priming effect should be validated by using a
method using isotopic composition of the CO, respired by both trenched and un-

trenched plots.
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Chapter 6

Increase of litter input to soil and belowground respiration

6.1 Introduction

Net primary productivity (NPP) is likely to be enhanced under predicted climate
scenarios of increased atmospheric [CO,] and temperature. Increased atmospheric
[CO,] can increase rates of photosynthesis and hence plant growth (Norby et al.
1999). Warmer temperatures may contribute to lengthening of the growing seasons
of grasses (Niu and Wan 2008, Wan et al. 2005) and woody species such as those of
northern Europe (Morales 2007). A meta analysis of effects of elevated [CO,]
predicted plant growth to increase by a little over 50% for grassy species and over
40% for woody species (Zak et al. 2000). The associated increase in litter production
may however contribute to an increase in heterotrophic respiration due to larger
amounts of organic matter being available to heterotrophs (Deng et al. 2010, Zak et
al. 2000). Moreover, an increase in temperature is also likely to enhance litter

production and decomposition (Schindlbacher et al. 2009).

It has been suggested that tissues of plants growing in atmospheres enriched in CO,
have reduced nitrogen (N) concentrations but are richer in lignin than those of plants
growing at ambient [CO;] (Henry et al. 2005, Knops et al. 2007). This too could
affect decomposition and heterotrophic respiration due to their negative relationship
with C:N ratios, lignin content and lignin:N ratios, and positive relationships with N
concentrations (Melillo et al. 1989, Melillo et al. 1982). In the long term, changes in
litter chemical properties may alter nutrient and C contents of soils. Consequently,

soil respiration is often N-limited (Jones 1998) and will also be subject to indirect
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change by atmospheric [CO,]. Studies on litter decomposition using litter bags in
elevated [CO,] atmospheres have, however, not always recorded a change in specific

decomposition rates, even after two years (Henry et al. 2005, Knops et al. 2007).

Addition to soil of substrates such as litter or glucose leads to an increase in
respiration which is greater than that suggested by the amount of substrate alone
(Crow et al. 2009, Hamer and Marschner 2005, Nottingham et al. 2009, Prevost-
Boure et al. 2010, Sulzman et al. 2005). This extra release of CO,-C is attributed to
the ‘priming effect’, named by Bingeman et al. (1953), and recently defined as
“strong short-term changes in the turnover of soil organic matter caused by
comparatively moderate treatments of the soil” (Kuzyakov et al. 2000). Priming
effects can also be negative resulting in slower rates of respiration (Blagodatskaya
and Kuzyakov 2008, Kuzyakov et al. 2000). The direction of priming effects (i.e.

positive or negative) is directly dependent on:

e the C:N ratio of the active SOM pool (Kuzyakov et al. 2000)
e the nutrient composition of soils (Kuzyakov et al. 2000)
e the amount of organic carbon added relative to the carbon contained in soil
microorganisms (Blagodatskaya and Kuzyakov 2008).
Due to limitations in technology and the difficulty of separating components of soil
respiration (autotrophic and heterotrophic), most studies have focussed on detecting

and quantifying priming effects rather than identifying governing mechanisms.

Several mechanisms have been proposed as driving priming effect. The most widely
accepted is that of co-metabolism. Co-metabolism is the process by which the

addition of substrate provides the energy necessary for microbes to produce the
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enzymes required for decomposition of organic matter, including the added substrate
and recalcitrant or stable SOM (Kuzyakov et al. 2000). Fontaine et al (2003)
complemented the co-metabolism theory by suggesting that addition of substrate to
soil first stimulates the activity of specialized and fast-growing microorganisms,
commonly referred to as r-strategists, that are otherwise dormant since they cannot
metabolize SOM. Once r-strategists have exhausted the higher energetic compounds
rich in labile C found in the added substrate, they either die or enter a dormant stage.
Slow-growing K-strategists then establish and use more recalcitrant components of
the substrate. They are only stimulated toward the end of substrate decomposition;
their role is only important if the substrate contains polymerised compounds that r-
strategists cannot use. Since microorganisms release enzymes that contribute to the
degradation of organic matter and K-strategists are more responsive to refractory
compounds, the enzymes they synthesize to degrade added substrates may also have
an impact on SOM decomposition. Therefore, more chemically rich substrates added
to the soil tend to broaden the spectrum of synthesized enzymes and, hence, the
likelihood of both impact on litter decomposition and respiration of SOM (De Nobili

et al. 2001, Fontaine et al. 2003).

The composition of substrates added to soil determines the extent to which K-
stategist microorganisms can participate in the increase of CO,-C efflux from
amended soils and how long a response will be observed. Litter, containing
polymerised substances, has a longer residence time in soil than purified simple
substance such as glucose, and thus facilitates the growth of the K-strategist
population and their release of SOM decomposing enzymes. This hypothesis is based
on a range of studies including a number of experiments using simple sugars such as

sucrose and fructose as substrates. Other studies have shown that priming effects can
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be caused by addition of sugar C (Hamer and Marschner 2005, Nottingham et al.

2009, Wu et al. 1993).

Respiratory quotients (RQ) are defined as the number of moles of CO, produced for
every mole of O, consumed (RQ = RCO,/ RO,). The value of RQ depends on the
origin of the C substrates available for respiration (Dilly 2001). When simple
carbohydrates are decomposed, RQ is 1. A low RQ (<1) is typically associated with
the metabolism of more refractory compounds. A high RQ (>1) indicates metabolism
of readily available organic acids (e.g. citric and oxalic acids) or other compounds
that are more oxidised than sucrose (Dilly 2003). Novel technology measuring both
CO, effluxes from and O, intakes by soils facilitate the calculation of RQ and may

contribute to the determination of the origin of soil respired CO..

Here | examine the influence of litter on soil C cycling using field- and laboratory-
based studies. Soils from the Australian High Country were manipulated through
long-term addition and removal of litter. | hypothesised that soil respiration would be
positively correlated with amounts of litter in the field and that the effect would be
increased with time as litter decomposed. The laboratory experiment examined rates
of respiration under controlled conditions and standardised amounts of litter addition.
| used a novel system able to measure both heterotrophic soil respiration and O,

uptake allowing calculation of the RQ of the incubated soils.

6.2 Materials and methods

The experimental site is located in the Snowy Plains (36°06'05"S 148°31'35"E) of the

Snowy Mountains in New South Wales, Australia at an altitude comprised between
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1475 m and 1700 m above sea level (see Chapter 4). The mean annual minimum
temperature at the study site is 1.7 °C and the maximum 10.2 °C. Average annual
precipitation is ~ 1600 mm. Sites are snow covered for approximately three months

of the year from July to September.

Three sod tussock grassland sites (20 m x 20 m) and three sub-alpine woodland sites
(40 m x 40 m) were established on private property used in the summer time for
cattle grazing. The sites chosen for this study are fenced to exclude cattle. The
grassland sites are dominated by grasses Poa Spp and the woodland sites are
dominated by Eucalyptus pauciflora (snow gum) with an understorey dominated by
woody shrubs such as Bossiaea foliosa (N-fixing), Leucopogon spp. (Ericaceous)

and Tasmannia xerophila with patches of grasses such as Poa spp.

Soils are derived from Silurian Granodiorite, approximately 433 +1.5 million years
and are alpine humus (Costin, 1962) with a upper layer rich in organic matter. The
pH averaged 5.0 for the woodland soils and 5.3 for the grassland soils. Total carbon
is 8.4 % for a C:N ratio of 7.69 in the woodland soil and 4.1 % for a C:N ratio of

13.82 in the grassland soil.

6.2.1 Field experiment

At each of the three woodland sites, five collars (50 mm tall x 200 mm diameter)
were installed during October 2009 and measured baseline soil respiration for five
months. During late February 2010, three sets of two quadrats (1 m?) were marked in
each of the woodland sites (n=3), nearby previously installed collars. Litter was

raked from one quadrat and applied to the adjacent quadrat, thus creating a ‘no litter
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treatment’, a ‘double litter’ treatment and ‘control’ using the previously installed
collar. A collar (50 mm tall, 200 mm diameter) was inserted into the soil at the centre

of each quadrat, and maintained in position by alloy pegs.

Litter was also sampled in an adjacent area (1 m?) and was dried at 60 °C and

weighed for biomass estimates.

Soil respiration was measured at monthly interval starting one month after the litter
manipulation. Measurements were taken during the active growing season from

March 2010 to May 2010 then resumed from October 2010 to March 2011.

Soil respiration was measured using Vaisala carbocap GMP343 (Vaisala, Helsinki,
Finland) mounted on a 5.25 | lid and linked to a Vaisala MI70 data logger. At each
site, the Vaisala was calibrated for atmospheric pressure and relative humidity
measured with a Kestrel 3500 mini weather station. The lid is placed on the collar
and the lid-Vaisala-collar association works as a static chamber. The lid was left on
the collars for 10 minutes out of which only the last eight were considered for
calculation of the rate of CO, efflux. The recording during the first 2 minutes was
discarded in order to allow the [CO,] to stabilise. Respiration rates were calculated
from the linear increase in [CO,] recorded by the Vaisala. Soil temperature at 100
mm depth and soil volumetric water content were recorded adjacent to collars at the

time of measurement.

During March 2011, soil was sampled from 0-100 mm in each of the woodland and
grassland plots. One core was taken from each ‘double litter’ and ‘no litter’ plot.

Samples were sieved and bulked according to the treatment and plot they were
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collected from (i.e.woodland controls, woodland “+” litter, woodland “-” litter and
grassland, n=3 per treatment). Microbial biomass C and labile C were determined
from these samples using the fumigation-extraction method (Ohlinger 1995).
Subsamples were fumigated for 48 hours and C content determined by Mn(l11) assay,
at an absorbance of 495 nm. Microbial biomass was calculated assuming a ke of 0.35

and labile carbon was determined from non-fumigated samples.

6.2.2 Laboratory experiment

In March 2011, three 100 mm deep cores of soil were taken from each of the
woodland (n =3) and each of the grassland (n =3). The soils were sieved to 2 mm and
bulked by soil type. Gravimetric water content was 46% for the woodland soil and
38% for the grassland soil. Three sets of soils were isolated for each woodland and
grassland soils. The first set was kept as a control. They are referred to as W for the
woodland controls and G for the grassland controls. | added 0.7 g woodland
litter/100 g woodland soil dry weight (WL) and 0.16 g grassland litter/100 ¢
grassland soil dry weight (GL) to a second set and doubled the amount of litter for
two more sets 1.4 g/100 g soil for woodland soils (W2L) and 0.32 g litter/100 g
grassland soil (G2L). The lower amounts of litter correspond to those measured in
the field on a comprehensive survey (Jenkins, personal communication). The litter
(<5 mm) was collected adjacent to the plots from three random quadrats of an area of
1 m? for the grasslands and 2 m? in the case of the woodlands. The two types of litter
were kept separated, dried at 65°C for three days and ground to a powder (<0.75
mm). Total nitrogen and carbon in ground litter were measured using combustion
analysis (Elementar Vario Max CNS, Analysensysteme GmbH). All other nutrients

were determined by nitric acid digestion followed by measurement by ICP-AES
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(Table 6.1). Respiration was measured at 20°C within an hour of adding the ground
litter and then 1, 3, 7, 10, 16, 25, 50 and 110 days after litter addition. The soils were
incubated at 20°C between measurements. After 16 days of incubation, respiration
was measured at different temperatures, ie 5-10-15-20-25°C, corresponding to soil

temperatures recorded in the field from early Spring to late Autumn.

Soil respiration was measured using a ‘respirometer’ as described in Jenkins and
Adams (2010): 100 g of fresh soil sieved to 2 mm was added to polycarbonate
cylinder connected to an infra-red gas analyser (IRGA) and differential oxygen
analyser (DOX) for CO;, and O, analysis. The tubes were maintained at constant
temperatures in a water bath during and up to an hour before measurements.
Respiration rates were calculated over 60 seconds after CO, concentration had

remained steady for three minutes.

6.2.3 Statistical analysis

All data analysis were performed in R. Repeated measure ANOVA, with time and
litter treatments as factors, were applied to data collected from the field. One-way
ANOVA was used for each measurement to compare soil respiration, soil
temperature and soil moisture. Two way Student t-tests, with litter amount as a

factor, was used for each laboratory measurement and corresponding RQ.
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Table 6.1.

Amount of elements added to 100 g dry weight of grassland and woodland soils
when 0.16 g of grassland litter (GL) and 0.7g of woodland litter (WL) were added to
either soil.

Nutrients Grassland Litter | Woodland Litter
Nitrogen (N) 2.1 6.2
Carbon (C) 57.0 335.1
C:N 27.1 54.0
Phosphorus 0.1 0.6
Potassium mg/100g DW soil 0.4 1.2
Sulphur 0.2 0.7
Sodium 0.0 0.1
Calcium 0.6 8.4
Magnesium 0.3 1.0
Copper 2.2 36.2
Zinc 1.1 19.9
Manganese ppm 6.7 38.3
Iron 96.0 134.0
Boron 0.1 0.7
6.3 Results

An average of 4.8 t ha™! or 480 + 154 g m™ was added to the double litter plots and

therefore removed from the no litter plots.

6.3.1 Litter effect

The litter manipulation had no effect on soil respiration in the field at any time
(Figure 6.1, RM ANOVA, P>0.05). The respiration rates of both no litter and double

litter plots followed a similar pattern to rates of the control plots. Neither soil
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volumetric water content nor soil temperatures differed significantly between
treatments (Figure 6.2, RM ANOVA, P>0.05). There was little difference in
microbial biomass or labile carbon of the soils sampled in March 2011 (Figure 6.3)

and it was not significant for any of the treatments (ANOVA, P>0.05).
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Figure 6.1.

Soil respiration from the controls, no litter and double litter plots measured on site at
the Snowy Plain.
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Figure 6.2.

Soil temperature (a) and soil volumetric water content (b) measured in the field on
the control (standard litter), double litter and no litter plots.
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Figure 6.3.

Microbial biomass and labile carbon measured after Chloroform fumigation and
K2SO,4 extraction from soil samples collected in March 2011, one year after
manipulation.

In the laboratory, the addition of litter to both woodland and grassland soils had an
immediate positive effect on the rates of respiration (Figure 6.4). One hour after
adding litter, rates of respiration in woodland soils had increased by 100% in the WL
treatment and a further 150% in the W2L treatment. Rates of respiration were
significantly different between all treatments one hour after litter addition to the

woodland soils (t-test, P<0.05).

The litter-promoted increase in respiration lasted throughout the 110 days of
incubation at both rates of addition although the amplitude of the response
diminished over time. Of the nine measurements, the difference between WL
treatment and control was significantly greater for six of the first seven
measurements up until Day 25. The only exception was on Day 10 (t-test, P<0.05).

In the case of the W2L treatments, the increase in respiration compared to the control
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soils was significant for all but two of the measurements, 24 hours and 110 days after

litter addition (t-test, P<0.05).

The amplitude of the immediate response of the grassland soils to the litter addition
was greater than that of the woodland soils. One hour after addition, rates of
respiration of the GL soils were more than 100% greater than that of the control soils
(G soils) whilst the increase for the G2L soils was almost 200% greater. The
response of the grassland soils decreased within 24 hours and was only significant on
one occasion, 16 days after litter addition, for the GL soils and 3, 10, 16 and 50 days

after addition in the case of the G2L soils.
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Heterotrophic soil respiration measured on the respirometer in the laboratory for
woodland (a) and grassland (b) soils. Litter amendments are 0.7 g woodland
litter/100g DW woodland soil and 0.16 g grassland litter/100g DW grassland soil.
Double litter amendments are addition of 1.4 g woodland litter/100g DW woodland
soil and 0.32 g grassland litter/100g DW grassland soil. “*” indicates significant
difference to the non amended soils (P<0.05)

After 16 days of incubation, measurements were conducted at a series of soil
temperature ranging from 5 to 25°C (Figure 6.5). Respiration rates increased with
temperature regardless of the treatment. The calculated R? of the relation between

respiration rate and temperature was over 0.98 for all treatment except the control
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grassland for which R* was 0.86 and the P-values of the linear regression between

the two variables were all <0.05 (Table 6.2).
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Figure 6.5.

Heterotrophic soil respiration measured in the laboratory at 5, 10, 15, 20 and 25°C.
on day 16 of litter incubation with fitted curves. Litter amendments are 0.7 g
woodland litter/100g DW woodland soil and 0.16 g grassland litter/100g DW
grassland soil. Double litter amendments are addition of 1.4 g woodland litter/100g
DW woodland soil and 0.32 g grassland litter/100g DW grassland soil.
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Table 6.2.

R square and P-value for linear regression of rate of heterotrophic soil respiration
measured in the laboratory at 5, 10, 15, 20 and 25°C on day 16 of litter incubation
and for grassland and woodland soils with various amount of litter addition.

Treatment R’ p-value
Woodland soils 0.9833 0.00092
Woodland soils + litter 0.9893 0.00047
Woodland soils + double litter 0.9892 0.00047
Grassland soils 0.8637 0.02230
Grassland soils + litter 0.9875 0.00059
Grassland soils + double litter 0.9892 0.00048

6.3.2 Cumulative respiration and priming effect

Analysis of cumulative amount of CO; released suggests clearly that, without added
litter, rates of respiration slow over time as substrates become more limiting (Figure

6.6).

The priming effect was calculated as follows:

(Cumulative respiration of soil + litter) — (Cumulative basal respiration of the

controls + C added by litter).

All respiration values were those calculated over the length of the incubation period
(i.e. 110 days). Priming effect was responsible for the release of 4 mg of CO,-C g dry
soil™ from the WL soil, 15 mg CO,-C g dry soil* from the W2L soils corresponding
respectively to 26% and 95% of the basal respiration measured from the W soils.
Priming effects in grassland soils released 3 mg CO,-C g dry soil™* from the GL soils
and 5 mg CO,-C g dry soil™* from the G2L soils, or roughly 140% and 170% of the

basal respiration measured for G soils.
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Figure 6.6.

Cumulative heterotrophic soil respiration from woodland (a) and grassland soils (b).
Litter amendments are 0.7 g woodland litter/100g DW woodland soil and 0.16 ¢
grassland litter/100g DW grassland soil. Double litter amendments are addition of
1.4 g woodland litter/100g DW woodland soil and 0.32 g grassland litter/100g DW
grassland soil.
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Figure 6.7.

Respiratory quotient calculated as the number of moles of CO; released divided by
the number of moles of O, absorbed during respiration measurements of the
grassland soils (a) and woodland soils (b) with no litter, single addition and double
addition of litter.

6.3.3 Respiratory quotients

Respiratory quotients (RQ) for all treatments and both soil types were between 0.4

and 0.6 until Day 16. Except for two outliers on Day 10 and 25, RQ of grassland
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controls were ~0.6 for the 110 days of incubation. From Day 25, RQ from grassland
treatments increased to about 0.8. For both soil types the amount of litter added did
not affect RQ except in the woodland soils at Day 50 and Day 110 when W2L soils

had a greater RQ than WL soils.

6.4 Discussion

Litter amendments of subalpine soils from the Snowy Mountains strongly increased

heterotrophic respiration in the laboratory manipulations but not in field trials.

6.4.1 Litter addition and heterotrophic respiration

In the laboratory, litter addition had an immediate positive impact on heterotrophic
respiration (one hour after soils were amended with litter) such that the fastest
respiration rates were measured at this time (over the 110 days). Lags of one day
(Hamer and Marschner 2005) and up to six days (Nottingham et al. 2009) between
substrate addition and response of soil respiration have been previously reported. The
immediate response to the addition of litter of respiration rates in grassland soils
were proportionally greater than those of woodland soils, despite the lesser amounts
of grassland litter. The grassland litter contained only 17% of the C and 30% of the N
contained in woodland litter. The response to litter input was, however, more
sustained in the case of the woodland soils. This could be due to a fraction of
woodland litter carbon being in forms such as aromatic components that are very
refractory (Dilly 2001) and thus released at a slow rate. This is borne out by C:N
ratios that suggest woodland litter (C:N=54) would overall be more refractory than

the grassland litter (C:N=27.1). C:N ratios of grassland litter suggests that some
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carbon was in a form that is readily available and quickly used by r-strategist
microorganisms. Impacts of litter addition were thus more intense but shorter lived in

the grassland soils.

In contrast, the more refractory woodland litter provides opportunity for K-strategist

populations to grow and be sustained for the entire incubation period.

6.4.2 Priming effect

The soils amended with litter presented an increase in respiration originating both
from litter decomposition and a priming effect. The priming effect accounted for an
extra 26% release of CO; for the WL treatment (above basal rates of respiration) and
95% for the W2L treatment. It similarly accounted for an extra 139% for the GL
treatment and 173% for the G2L treatment. These values are likely an
underestimation of priming, as not all the C added via additions of litter were
mineralized by the end of the incubation period. For woodland soils, the intensity of
the priming effect was positively correlated with the amount of litter added. The
doubling of woodland litter more than trebled the amount of CO,-C released by the
woodland soils originating from the priming effect. On the other hand, the doubling
of grassland litter resulted in less than a doubling of extra CO,-C production in the
grassland soils. Recent studies have shown that the complexity of the substrate has a
marked effect on the intensity of priming. The combined addition of two substrates
resulted in a greater priming effect than the additive effect of addition of the same
substrates separately (Hamer and Marschner 2005) whereas soil amendment with
root extracts yielded a greater priming effect than amendment with glucose or amino

acids (De Nobili et al. 2001).
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Both the direction (negative or positive) of the priming effect and its intensity are
dependent on the nature of the substrates, and the nutrient composition of soils, and
the C:N ratio of the SOM pool (Kuzyakov et al. 2000). Here, although grassland
litter (with a lower C:N) produced a greater priming effect than the woodland litter at
field stocking rate, the doubling of the input did not produce a proportional response.
This may be a result of the greater C:N ratio in grassland soils. Indeed the C:N ratio
of the grassland soils at ~14 is roughly twice that of the woodland soils at 7.7. Based
on treatment effects observed in this study, any increase in NPP and subsequent litter
production (e.g. as a consequence of changes in climate) will not translate into a
similar increase in priming of respiration in grassland and woodland soils of the

Snowy Plains.

RQ were low (<<1) during the whole incubation period. This indicates a heavy use
of O, during the process of respiration of recalcitrant C. Respiration acts upon several
pools of carbon, each requiring different amounts of oxidation and energy. The r and
K-strategist theory (Fontaine et al. 2003) suggests initial use of easily degradable
forms of C at RQ>1. RQ in the present experiment suggest more recalcitrant forms of
C were being used as substrates soon after litter addition. Nottingham et al (2009)
detected a priming effect after sucrose and maize addition. Their peak of ‘priming’
release of CO, was followed by a peak release of CO, derived from substrate
decomposition, then a sustained CO, efflux originating from priming. The
consistently low RQ values observed in this study suggests that sudden increases in

respiration are consequences of both litter decomposition and SOM decomposition.
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The capacity of soils of the High Country of Australia to be C sinks and the strength
of the sink may be reduced by a continuous, climate-fuelled increase in primary
production that will ensure constant and increased litter inputs to soil. Repeated
substrate addition to soil leads to a greater increase in CO; efflux than a similar
amount of substrate added in a single dose (De Nobili et al. 2001, Hamer and
Marschner 2005). Repeated substrate addition can maintain priming effects in C rich
soils, such as those of cool and alpine areas, for many years (Sayer et al. 2011). Even
irregular litter inputs, once triggered, can sustain priming effects for months after the

original substrate has fully decomposed (Fontaine et al 2011).

In coming decades, soil CO; efflux from the Australian high country should increase
due both to the enhanced input from litter decomposition and associated priming
effects. The chemical nature of the C inputs and the availability of other key
minerals, such as N and P, determine whether recalcitrant pools of soil C grow or
become depleted (Fontaine et al. 2011). C originating from litter decomposition has a
relatively short turnover time (Schlesinger and Lichter 2001) and priming effects can
be fuelled by recalcitrant forms of carbon (Heimann and Reichstein 2008, Sayer et al.

2011). In the long term, this may lead to a depletion of soil carbon.

6.4.3 Field study

Results of laboratory studies do not always correlate with results of field studies as
was the case in the present study. Indeed Prevost-Bouré et al (2010) observed an
effect of litter treatment in the field but not in the laboratory. Similarly, the removal
of root activity from field plots artificially enriched in litter, reduced or even

cancelled the priming effect (Subke et al. 2004). There is growing evidence that
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positive feedbacks between rhizosphere activity and litter decomposition governs the
presence and intensity of priming effects created by litter input (Prevost-Boure et al.

2010, Schaefer et al. 2009, Subke et al. 2004).

The lack of response of soil respiration to litter treatment for the sites studied here
may be the result of several factors. First, rates of decomposition are very slow in
cold climates such as the Snowy Plains. During the winter months, study sites are
snow-covered and monthly measures in spring, summer and autumn months show
that soil temperatures range from 5°C to 16.8°C. Secondly, the dominant plant
species in the woodland, Eucalyptus pauciflora (snow gum) and Bossia foliosa are
sclerophyllous. The tough epidermis of leaves slows their decomposition. Litter
added to the woodland plots in the Snowy Plain contain woody materials that have
much slower rates of decomposition than grassland leaf litter, for example. Overall,
litter additions in the field, where whole leaves, pieces of bark, twigs and other
highly refractory material are added, presents very different responses to laboratory

additions of ground leaf litter.

6.4.4 Temperature effect

Measurements on Day 16 of incubation at a range of temperatures from 5 °C to 25
°C, confirmed that respiration rates increase with temperature regardless of litter
addition. At any given temperature, respiration rates were greater in amended soils
than in the control, albeit not significantly so. Predictions of increased temperatures
in future have a general corollary of increased rates of decomposition of litter and
litter and soil respiration (Schindlbacher et al. 2009) especially in colder climate such

as those at high altitude.

144



Chapter 6. Increase of litter input to soil and belowground respiration

The high country of Australia includes large areas of inverted tree lines, where air
temperatures in the bottom of valleys are much less than on the slopes. Often,
temperatures on the flat bottom of valleys fall well below freezing, preventing the
growth of trees and favouring grasses that offer protected meristematic tissues. At the
local scale, global warming might translate into an increase of the temperatures in the
valleys that could, in turn, lead to a colonisation of grasslands by trees. The resulting
change in vegetation cover would most probably alter the soil carbon dynamics of
the local ecosystems (Jackson et al. 2002, Jenkins and Adams 2010). Moreover, the
transition period from grassland to woodland may change both soil characteristics
and above ground carbon and nutrients inputs. As demonstrated above, soil stored

carbon may be compromised.

6.5 Conclusion

In light of the present results and the current state of the research, it is predicted that
the heterotrophic component of soil respiration will increase in the coming decades
in the Australian High Country. However, the extent of this increase will depend on
the degree of changes in climate that will be experienced at the regional scale and, as
a consequence, the increase in primary production and the quantity of litter
generated. More research is needed on the relations among soil temperature, litter
decomposition and soil respiration. Longer-term field-based experiments are required
to quantify accurately the extent and consequences of priming effect and the level of
interaction between free living microorganisms and the rhizosphere. The use of

isotopic methods could improve the understanding of the mechanisms in action.
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Chapter 7

Conclusion

The previous chapters have shown that climate change cannot be reduced to elevated
atmospheric [CO;], elevated temperatures or a change in rainfall patterns when
studying its impacts on soil respiration. Climate also affects soil respiration indirectly
through changes in natural conditions that may trigger a change in primary
productivity or foster major disturbances such as wildfires. This chapter provides a
synthesis of previous chapters, presenting the main findings of this thesis, as well as
providing an overview of technical issues in measuring and partitioning soil

respiration. The results presented in this thesis are also placed in a global context.

7.1 Techniques for measuring soil respiration

Various techniques were used to measure soil respiration and separate its autotrophic
and heterotrophic components.

Static chambers were chosen for field measurements. Multiple measurements of
several small areas within a plot or research site, using collars or chambers, are still
very widely used to determine rates of soil respiration within a wide range of
ecosystems. A key limitation of this approach is the risk of over or under-estimation
of respiration rates because of gradients in respiration in relation to location of
dominant overtstorey trees whereby respiration rates are faster closer to trees and
diminish with increasing distance from the trees. Between about 1 and 1.5 m from
tree stems, respiration rates slow exponentially (Baldocchi et al. 2006, Saiz et al.

2006). At the HFE, for example, switching from portable static chambers to using the
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whole underfloor of the whole tree-chambers (WTC) led to recording respiration
rates that were 38.5% faster on average. The uncertainty of estimation of rates of soil
respiration for whole ecosystems based on point measurements has a clear

dependence on tree stocking rates as well as intensity of sampling.

Many of the designs used to partition soil respiration into its main components and
quantify the contribution of each component are ecosystem-specific. For example,
girdling has proved to be successful when used on Scots pines (Pinus sylvestris,
Bhupinderpal-Singh et al. 2003, Hogberg et al. 2001). However, when used in
Eucalyptus stands, the release of reserves of carbohydrates contained in roots
delayed the effect of the girdling on soil respiration by six months (Binkley et al.
2006). The decrease in soil respiration after this period was still lower than observed
when girdling Scots pines and there was no decrease in fine root biomass or fine root
respiration. Girdling approaches require a more or less immediate reduction in root
and mycorrhizal respiration to be successful (i.e. to be able to quantify the separate
contributions of different processes), and girdling is clearly not a useful approach for

eucalypts or resprouting trees (Binkley et al. 2006).

The mesh-collar chambers that were used successfully by Heinemeyer et al (2007)
are another example of the specificity of experimental designs to particular
ecosystems. Similar mesh-collar chambers did not deliver the expected partitioning
of the components of belowground respiration at HFE (Chapter 2). Both
experimental sites were plantations and both had no understorey. Pine trees are
known for their shallow roots whereas, although many roots of the Eucalyptus

saligna at HFE grew at less than 30 cm depth, the collars did not reach deeper than
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25 cm and more roots grew at depth estimated to be up to 4.5 metres (Duursma et al.
2011). The collars were thus rendered inefficient for the purpose of eliminating root
contributions to soil respiration. Moreover, inspection of the soil within the collars
showed that roots survived for up to nine months after being severed from trees via
the installation process. Root decay was very slow and roots remained alive for
several months after being severed. The study at the HFE confirmed the results of
Binkley et al (2006) and indicated that the use of mesh-collar chambers needs special
consideration when applied to eucalypts. For example, mesh-collar chambers might
be used in plantations with no understorey, in well-watered areas, provided they are
installed at the time seedlings are planted. The depth of rooting should be monitored
in order to determine when roots start growing deeper than the wall of the collars.
From this time onward, respiration rates measured from within the mesh collars

should be considered to be partly fuelled by root respiration.

Chapter 5 of this thesis suggests that previous estimates of the ratio of
autotrophic:heterotrophic respiration calculated using the ‘trenching method’ might
have under-estimated heterotrophic components due to a rhizosphere priming effects
(RPE). Heterotrophic respiration was estimated to be 51% of total respiration.
However, RPE increased basal heterotrophic respiration as much as 142% in un-
trenched plots supporting seedlings. Clearly when estimated via trenching, the
autotrophic component of soil respiration comprised root and rhizosphere respiration
as well as that generated by RPE. Estimating RPE in Chapter 5 was possible by
coupling field and laboratory measurements. Similarly, trenching could be coupled
with Tuneable Diode Laser absorption spectrometers (TDL) that can continuously

measure natural abundance of carbon isotopes both on and off-site with little
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disturbance (Moyes et al. 2010, Powers et al. 2010). TDL can also be used for
measuring of the isotopic composition of CO, efflux of both soil and aboveground
compartments of trees after they were submitted to **C-CO, pulse labelling (Plain et
al. 2009). The partitioning of components of ecosystem respiration thanks to TDL
technology (Zhang et al. 2006) seems a useful approach to separating autotrophic and

heterotrophic soil respiration, as well as helping account for the root priming effect.

7.2 Autotroph-heterotroph continuum

Because of the uncertainty remaining in separating autotrophic respiration from
heterotrophic respiration, Hogberg et al. (2005) suggested an autotroph-heterotroph
continuum (see Chapter 1). The existence of an autotroph-heterotroph continuum
was illustrated in the unveiling of the root priming effects (RPE) in the soil of the
Eucalyptus regnans (Mountain Ash) forest at Mt Disappointment, regenerating after
being burnt less than a year prior (see Chapter 5). In these soils, microbial biomass
was clearly stimulated by the presence of roots. Recent methods for separating the
various component of soil respiration have led to detailed studies of root priming
effects. Mostly those studies have provided assessment of the scale of the effect but
little guidance as to its cause, other than general assertions about ‘co-metabolism’
and supplies of C. While there are reports of negative RPE (reducing respiration by
up to 50%), most studies report strong increases in respiration (by up to 320%,
Cheng and Kuzyakov 2005). The extent of the priming effect is dependent on species
composition (Dijkstra and Cheng 2007a), plant phenology (Cheng et al. 2003),
atmospheric [CO,] (Cardon 1996), plant biomass (Dijkstra et al. 2006), nutrient
status of soil (Liljeroth et al. 1994) and soil moisture (Dijkstra and Cheng 2007D).

All of these are in turn predicted to be influenced by climate change (Solomon et al.
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2007). RPE provides a link between changes in atmospheric conditions, plants and
soil respiration of heterotrophic origin. For instance, in a given ecosystem, warmer
air temperatures may cause a change in plant phenology or a shift in plant species
(Walther et al. 2002) but may not translate into warmer soil temperatures to an extent
that soil microbe activity and/or turnover are significantly enhanced. However, and
through its impact on above ground vegetation and RPE, climate warming seems
likely to affect on heterotrophic respiration.

Similarly, heterotrophic soil respiration is stimulated by increased concentrations of
atmospheric CO,, mostly through greater root growth and turnover, as well as
enhanced production of litter, leading to an increase in the amounts of organic
substrate available for heterotrophs (Deng et al. 2010, Zak et al. 2000). Increases in
root production are accompanied by enhanced production and turnover of root
exudates that are the main contributors to the increase in heterotrophic respiration
(Heath et al. 2005). Root exudates also contribute in enhancing decomposition of
recalcitrant soil organic matter (SOM) by free-living microbes (Trueman and
Gonzalez-Meler 2005), hence increasing the impact of elevated atmospheric [CO;]
on soil respiration through the mechanism of priming effect.

Chapter 6 showed that increased inputs of aboveground litter contributed to increased
heterotrophic respiration from soil of the Australian high country. The litter addition
induced a priming effect that led to the release of between 26% and 170% more CO;
from these soils than would have been emitted by the unamended soils and the sole
decomposing litter depending on nature of the soils and amount and origin of added
litter. Litter amendment in the field however, did not deliver any changes in soil
respiration which shows that there is a delay between production of litter and

observing the actual alterations it may have on carbon cycling. Green litter has faster

150



Chapter 7. Conclusion

rates of decay than abscised litter such as that used in the study in Chapter 6 (Woods
and Raison 1983). Litter of Snow Gums (E. Pauciflora) can show a 25% weight loss
for the first 12 months of decomposition, whilst other subalpine Eucalypt species
such as Alpine Ash (E. delegatensis) can lose up to 39% of their weight (Woods and
Raison 1983). By comparison, in tropical climates, litter of E. urograndis lost 20-
30% of its dry mass over the first three months of decomposition (Ngao et al. 2009).
Moreover, a short term increase in belowground respiration is sometimes observed in
the weeks following application of litter to soils possibly due to a flush of easily
decomposable compounds washed away from the fresh litter (Subke et al. 2004).
This suggests temporal variability in decomposition of litter from Eucalyptus sp. The
impact of a climate-fuelled increase of litter production on heterotrophic respiration
may thus vary seasonally or could be affected by unusual increases in litter input
such as after extreme weather events which occurrence is predicted to increase with
climate change. Globally, litter produced by plants growing in an atmosphere
enriched in CO, may be richer in lignin but poorer in N but it is still debated whether
this will reduce rates of litter decomposition (Henry et al. 2005, Knops et al. 2007)

and therefore rates of heterotrophic respiration.

7.3 Regional specificity

Rates of soil respiration measured in various ecosystems of south east Australia and
presented in the previous chapters are faster than what is usually reported globally

(Table 7.1).
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Table 7.1.

Rates of soil respiration measured around the world in various forest ecosystems (in
mg CO, m?h™)

Forest type Location Respiration rates References
inmgm?h?

Lodgepole pine+silver birch UK 169-219 Heinemeyer et al.
2007

Pinus sylvestris+Picea abies  Sweden 270-580 Hokberg and
Ekblad 1996

Loblolly pine (16 yo) Nth Carolina 146 Matamala and
Schlessinger 2000

Norway spruce Nth Sweden 221-295 Comsted et al.
2006

Pinus sylvestris Finland 170-220 Niinisto et al. 2004

Pinus sylvestris Finland 23-167 Pajari 1995

Evergreen forest Brazil 123-147 Goreau and Mello
1988

Maple forest Ontario 355 Ellis 1974

Pine forest 332

Young forest Malaysia 106 Ceulemans et al.
1987

Poplar Alaska 142 Ruess et al. 1996

White spruce 136

Birch-aspen 165

White spruce 130

Deciduous forest Maine 302 Fernandez et al.
1993

Conifer forest 302

Eucalyptus saligna Australia 175-548 Chapter 2

plantation

Eucalyptus pauciflora 189-945 Chapter 4

woodland

Messmate 1: E. obliqua, E. 304-879 Chapter 4

radiata

Messmate 2: E. obliqua, E. 226-768 Chapter 4

radiata, E. dives

Moutain Ash: E. regnans 137-872 Chapter 4
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Figure 7.1.

Temperature dependence of soil respiration across all experimental sites presented in
previous chapter: raw soil respiration data (a) and normalized data (relative to the
maximum respiration rates observed at each site) (b). The curve drawn in (a) is not
fitted to the data.

In south east Australia, soil respiration as a function of soil temperatures followed
the global trend. Respiration rates increased with temperature and reached a
maximum between 16 and 25°C, depending on species and locations (Figure 7.1).

Above these temperatures, respiration rates slowed. The maximum soil temperatures
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at which soil respiration rates were the fastest was lower than that usually observed
in biochemical and physiological studies for which 45 to 50°C delivers the fastest
rates (Luo and Zhou 2006). Soil microbial respiration has also been previously
demonstrated to peak at 23°C (Flanagan and Veum 1974).

Temperature sensitivity of soil respiration is usually described by a Qo value of
approximately 2 (Chapter 1, Atkin et al. 2000, Larigauderie and Korner 1995). Q1 is
calculated from an exponential or Arhenius model that assumes the temperature
response of soil respiration increases continuously (Bekku et al. 2004, Curiel Yuste
et al. 2004, Gaumont-Guay et al. 2006, Janssens and Pilegaard 2003, Lloyd and
Taylor 1994, Yuste et al. 2003, Zimmermann and Bird 2012) and does not allow
respiration to decrease at greater temperatures (Khomik et al. 2009). However, soil
respiration is dominated by biological processes rather than physical or chemical
processes and, as was shown in the present thesis (Figure 7.1), there is an upper limit
of temperature to the increase of respiration rates that may be caused by enzyme
degradation (Atkin and Tjoelker 2003, Davidson and Janssens 2006).

Other factors limit the temperature response of soil respiration. The combination of
microbial response, specific root respiration and root growth ensure that the
temperature sensitivity of soil respiration is highly seasonal and dependent on species
composition, plant phenology, stage of development and soil moisture (Luo and
Zhou 2006). Experimental sites used in the studies reported in this thesis were
scattered over south east Australia from near sea level to sub-alpine country and were
covered with a variety of Eucalyptus species of varying ages. Soil respiration of
eucalypts-dominated forests and woodlands of south east Australia was strongly
regulated by a combination of soil temperature and soil moisture (linear model,

P<0.01, n=99, adjusted R?=0.442):
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SR=25.888T + 12.396 VWC -317.615

Where SR is soil respiration, T is temperature and VWC is volumetric water content.

Contrary to most results published in the literature that show an acceleration of
respiration rates caused by elevated atmospheric [CO,] (Bernhardt et al. 2006, Deng
et al. 2010, Janssens et al. 1998, Lin et al. 2001, Pataki et al. 2003, Pregitzer et al.
2006, Trueman and Gonzalez-Meler 2005, Wan et al. 2007), belowground
respiration of soils supporting Eucalyptus saligna at the Hawkesbury Forest
Experiment (HFE) was not responsive to atmospheric enrichment in CO, (see
Chapter 2). The majority of studies have been conducted in the northern hemisphere
and on local species. The ecology of Australian species is very specific and might not
be shared by species indigenous to other continents. For instance many Australian
trees are evergreen whilst being angiosperms. Moreover, the two genera Eucalyptus
and Acacia dominate Australian forests and are strongly indigenous (Attiwill and
Leeper 1987). Australian tree species are ancient with a long evolutionary period that
can be traced from the mid-Tertiary, including periods of higher and lower
atmospheric [CO.], higher and lower temperatures and higher and lower rainfall than
present. This may give them the ability to better sustain environmental changes.
Results obtained at the HFE, seemingly contradictory to results from experiments
conducted elsewhere, illustrate the need for further research in lesser visited and

researched locations and species.

In contrast to its response to elevated atmospheric [CO,] and although eucalypts have
evolved for millions of years and adapted to the mostly dry Australian climate, the

response of soil respiration to drought and rewatering at the HFE presented a similar
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pattern to that of soils supporting species that grow elsewhere in the world. Drought
significantly slowed rates of soil respiration by reducing the velocity of newly
photosynthesized C travelling through the trees, soils and back to the atmosphere
(Chapter 3). Rewatering of droughted soils generated a rapid increase in soil
respiration. The response of soil respiration to rewatering of droughted Eucalyptus
saligna was however short lasting and its amplitude was subdued compared to that of
other soils and vegetation types. Indeed, it appears that breaking the drought at the
HFE would not have incurred a significant increase in respired CO, on the long term.
The adaptation of eucalypts to a dry climate must be accompanied by a similar
adaptation of mycorrhizas and free living soil microbes. Because mycorrhizas are
associated with roots and trees depend partly on microorganisms for nutrient supply
whilst microorganisms depend on trees allocation of recently photosynthesized C,
one must present similar adaptation to environmental conditions as the other does.
Equally, free-living micro-organisms and macro-organisms rely on plant litter and
inherent soil organic matter for survival and as such must be specialised in oxidising

products of particular plants.

7.4 Fire and Australian ecosystems

Impacts of fire as a natural recurring event has been well studied (see Chapter 1).
However, this thesis considered the impact of large scale wild fires that fit the
definition for mega-fire: the 0.1% of fires that account for £95% of total area burnt
and +85% of total costs of fire suppression (Attiwill and Adams 2012). Mega-fires
may be promoted by changes in climate. This thesis also focused on soil respiration
in Australia where fires are an integrated part of the ecosystems and mega-fires have

been numerous in recent years (Table 7.2). The fire-proneness, extent of the burnt
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areas and intensity of fires in Australia are unique to the continent (Attiwill and
Adams 2012). Combined with the specific diversity of forest stands, it makes for an
intricate pattern of areas with variable rates of belowground respiration as was
illustrated at the Mt Disappointment forest. Chapter 4 concluded that fire can both
increased dramatically and sharpen the spatial variation in soil respiration rates at a
given site. There was a clear and significant difference in respiration rates from
moss-covered soils and bare soils at the Messmate 1 site of the Mount
Disappointment forest. Moss beds were originally very clearly defined and soil
respiration rates were faster from moss beds than from bare soils. Although the moss
beds expanded and the understorey vegetation grew back during the 18 months the
Mt Disappointment sites were visited, the difference in respiration rates did not
disappear. Moss beds at Messmate 1 were an indicator of the conditions of soil
supporting them and these conditions, that enhanced microbial activity, persisted in
time. In the contrary, soil respiration under Mountain Ash stands only distant by a
few kilometres, was homogeneous.

At a wider scale, the fast recovery of ‘resprouters’ trees at the Messmate 1 site at the
Mt Disappointment forest (Chapter 4) was accompanied with a return to the seasonal
pattern of soil respiration observed amongst ecosystems around the world. The
Mountain Ash site, dominated by trees killed by fire and regenerating through
germination of seeds, was still subject to sudden increases of soil respiration two
years after fire. On the other hand, woodlands at the Snowy Plains showed that soil
respiration on burnt plots was back to similar rates to unburnt plots within three years
despite the understorey having changed to grass whereas unburnt plots presented a
shrubby understorey. It seems that fire affects soil respiration in these sub-alpine

Australian ecosystems mostly in the first few months following a burn. Therefore in
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order to draw the most accurate picture of soil respiration and an accurate carbon
budget for Australian forests, monitoring soil respiration in the first few months
following fire is crucial. Early visits to experimental sites, no later than when the
very first signs of recovery appear, are necessary to detect any spatial heterogeneity
in carbon cycling within and across stands as well as to estimate the time-lapse
between fire disturbance and full recovery of belowground respiration. Contrary to
what was observed in these sub-Alpine regions, fire impact on soil respiration of
Australian tropical savannas woodland can last up to six years depending on the
season (Richards et al. 2012) with soil respiration greater in un-burnt plots during the

wet season.

7.5 Conclusion

The work presented in this thesis has increased the knowledge of soil respiration in
forests of south-east Australia; a region and biome where studies on soil respiration
are lacking. As shown here, environmental conditions provide clear constraints for
soil respiration that was also resilient tor fires. Accurate estimates of soil respiration
at a plot scale are rendered difficult by spatial variation in respiration rates either in
undisturbed stands with proximity to tree stems or following fire disturbance that
increase the spatial variation. Finally, root and litter priming effects must be
considered respectively when separating soil respiration into its autotrophic and
heterotrophic components or when estimating the impact of climate change on soil
respiration. The results of this work suggest that the effect of climate change on soil
respiration should be studied under more varied conditions and accross ecosystems.
Non-intrusive techniques, using isotopes, are preferred. Long term experiments or

experiments along an age-gradient should be favoured in the case of forest
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ecosystems due to the longer lifespan of the dominating species. High spatial
resolution may be needed in some cases, especially after major disturbances such as

fire.
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Table 7.2.

Examples of mega-fires in the world. From Attiwill and Binkley, 2013.

Year Size Location Biome

(millions
of ha)

1987 >7 China and Russia Asia and Boreal forest

1998 94 Russia

1915 14

1825 1.2 New Brunswick, Canada North American coniferous

1910 1.2 Idaho, Montana and forests, boreal, subalpine and

Washington, USA temperate

1919 2.5 Manitoba, Cananda

1988 1.4 Wyoming, USA

1989 2.5 Manitoba, Canada

1851 5.0 Victoria, New South Wales | Eucalypt forest, shrublands and

1938 15 and South Australia, grasslands

1944 1.0 Australia

2003 1.1

2007 1.2

2009 0.5

1983 5.0 Indonesia Tropical rainforest, primary and

1987 2.0 secondary forests, forest

1997-98 | 9.5 plantations and crops

2008 3.6 Botswana Grassland savanna

1999 3.8 Brazil Tropical rainforest, primary and
secondary forests, deforested
areas, savanna, grasslands and
crops

2003-05 | 0.5 Portugal Mediterranean woodlands, pine
and eucalypt plantations

2007 0.3 Greece Mediterranean woodlands
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