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Abstract

Increasing atmospheric CO2 concentration associated with climate change stimulates plant
photosynthesis and below-ground release of root exudates. As microbial energy and C sources,
this enhanced root exudation could potentially increase microbial growth and activity and, in
turn, increase rhizosphere priming effect (RPE) on the decomposition of soil organic matter.
Using *3C isotopic tracing techniques in both short- and long-term CO2 enrichment (eCO2)
experiments, this thesis systematically examined the eCO, effect on rhizosphere priming
decomposition of both soil organic carbon (SOC) and crop residues, and on SOC stability after
8 years of CO. enrichment. The thesis showed that the eCO; effect on RPE depended on plant
species and growth stage. Elevated CO> generally increased RPE but it decreased the RPE
under wheat at a later growth stage due to severe N deficiency which might limit both root
exudation and microbial growth and activity. This thesis also found that eCO> increased residue
decomposition via microbial activation and/or co-metabolism but this effect depended on
growth stage and residue type. The thesis further discovered that eight years of eCO: did not
increase SOC stock (0-5 cm) of three major cropland soils with contrasting basic properties at
the SoilFACE (Free-air CO2 Enrichment). The eCO: history escalated the susceptibility of
SOC to 3C-glucose-induced priming in the low-C and coarse-structured Calcarosol soil due to
lack of physiochemical protection. A new and abiotic mechanism revealed in the final
experiment explained that root exudates (mainly organic acid anions) could also increase RPE
by liberating mineral-associated C and subsequently its decomposition by microorganisms.
The thesis concluded that CO2 enrichment could diminish Australian cropland SOC stock in
the topsoil by enhancing RPE. Cultivating crop species and/or genotypes with less root

exudation are promising to slow down RPE and SOC decomposition.
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Chapter 1 Literature review and general introduction

1.1 Atmospheric CO2 enrichment-an ongoing process

Carbon dioxide — one of the main greenhouse gases, is naturally present in the environment
and could absorb and remit solar radiation to necessarily warm the earth’s temperature
(Chesney et al. 2013). Its concentration was quite stable before the Industrial Revolution, but
anthropogenic activities, such as the burning of fossil fuels, agricultural productions and
deforestation, have increased atmospheric CO, concentration dramatically afterwards (Stocker
et al. 2013). The latest observation at Mauna Loa Observatory shows that the atmospheric CO>
concentration has reached 411 ppm (parts per million) in June 2018 (Fig. 1.1A), which is about
1.5 times of the level (280 ppm) before the Industrial Revolution (Schmitt et al. 2012; Joos et
al. 2015). Moreover, the annual mean growth rate of atmospheric CO: is also escalating and
has passed 2 ppm per year in the past decade (Fig. 1.1B). By this trend, the atmospheric CO>
concentration could be doubled at the end of this century (the IPCC A2 scenario) according to

model projections.
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Figure 1.1 Changes in atmospheric CO- concentration (A) and annual mean growth rate (B)
from March 1958 to June 2018 at Mauna Loa Observatory. The decadal averages of the growth
rate were denoted by horizontal lines on Fig. 1.1B. https://esrl.noaa.gov/gmd/ccgg/
trends/full.html (accessed in June 2018)

1.2 Effects of elevated CO; on C assimilation

Carbon dioxide, as the substrate of plant photosynthesis, manipulates terrestrial C assimilation.

As a result, the effects of elevated CO2 (eCO2) on plant photosynthesis have been a core



research topic in plant physiology and ecology in the past several decades. Short-term CO>
enrichment has been found to stimulate net photosynthetic rate in C3 plants based on the results
from experiments using growth chambers, open-top chambers, greenhouses and Free-air
Carbon Dioxide Enrichment (FACE) facilities (Cheng et al. 1998; Ainsworth and Long 2004;
Pal et al. 2005; Ainsworth and Rogers 2007). The initial reaction of photosynthesis is catalysed
by ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) in C3 plant mesophyll cells
using CO: as substrate (Fig. 1.2). This enzyme can also initiate photorespiration with O as
substrate (Fig. 1.2). Elevated CO> stimulates C3 photosynthesis because the high CO/O; ratio
activates the low catalytic activity of Rubisco which is often inhibited by O (Bowes 1991) and
therefore enhances CO» assimilation rate (As) (Xu et al. 2015). The fixed C is transformed into
sucrose, starch and other metabolites, and accumulated in plant organs (Dong et al. 2018; Li et
al. 2018). The increased CO: fixation accounts for the increases in biomass and/or yield under
eCO2 (Norby et al. 1986; Pal et al. 2005; Nie et al. 2015). According to a review by Ainsworth
and Long (2004), eCO: increases aboveground biomass by 20% when averaged over 29 C3
species, however, there are little responses in the five C4 plants. Elevated CO> increased the
productivity of C3 crops by 15-41% and that of C4 crops by only 5-10% (Madhu and Hatfeld
2013). The C4 plants have evolved an additional pathway to concentrate CO2 (> 400 umol mol~

1- Bowes 1991) in their bundle-sheath cells where the photosynthesis performs (Fig. 1.3). Low
O- concentration inside the bundle-sheath cells also inhibits the oxygenase activity of Rubisco
(photosynthesis). These mechanisms emphasize that C4 plants benefit much less than C3 plants
from the eCOz environment, which has been evidenced in a variety of short-term experiments
(see meta-analyses by Wand et al. (2001), Ainsworth and Long (2004) and Wang et al. (2012)).
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Figure 1.2 Diagrammatic outline of the effects of CO> enrichment with abiotic factors on plant

Calvin-Benson-Bassham cycle and photorespiration pathway (Xu et al. 2015)
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However, in long-term CO, experiments, the effects of eCO on photosynthesis and biomass
production are variable and could even be reversed (Makino and Mae 1999; Reich et al. 2018).
For example, a recent study reported that eCO. increased biomass production for C3 grasses
but not for C4 grasses over the first 12 years in a 20—year FACE experiment in Minnesota,
USA (Reich et al. 2018). Over the last 8 years, biomass for C4 species was enhanced drastically
by eCO2 when compared to ambient CO, (aCO2) but not for C3 species (Fig. 1.4). The reversal
biomass responses of the grass species with different photosynthetic pathways to eCO, was
explained by a similar shift in net nitrogen mineralization of the soil in that study. The down-
regulation of biomass stimulation by eCO> in C3 species is termed negative photosynthetic
acclimation (Li et al. 1999; Adam et al. 2000; Ghildiyal and Sharma-Natu 2000) and normally
observed in nutrient-poor soils (Curtis 1996) where soil N could not support the enhanced
biomass growth under eCO> and causes the so-called progressive N limitation (Luo et al. 2004;
Finzi et al. 2006; Hu et al. 2006). The negative photosynthetic acclimation could be induced
directly by repression of photosynthetic gene expression and difficulty of CO2 diffusion due to
excess carbohydrate accumulation (Makino and Mae 1999). Notably, plant photosynthetic
acclimation to eCO; is species-specific. For example, Li et al. (1999) pointed out that even
species shared with the same habit would exhibit markedly different photosynthetic
acclimation to eCO». These results suggest that eCO- could enhance terrestrial C assimilation

by stimulating plant photosynthesis but this effect is controlled by species and temporal scales.
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Figure 1.3 Diagram of the differences between C3 and C4 photosynthetic pathways.
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1.3 Effects of elevated CO2 on C allocation

1.3.1 Shoot and root allocation

Elevated CO; results in greater allocation of biomass below-ground to maintain a balance of
resources given that carbon fixation has increased, frequently resulting in a larger root to
canopy ratio (van Ginkel et al. 1996; Cotrufo and Gorissen 1997; Suter et al. 2002), especially
in water and/or nutrient-limited systems (Madhu and Hatfeld 2013). Rogers et al. (1996)
reviewed the responses of crop root-to-shoot ratio (R:S) to eCO> from 264 observations in a
series of experimental systems and found the responses range from —37.5 to 59.5%. Elevated
CO- generally increases plant growth, indicating more water and nutrient requirements to
support the enhanced growth. The investment of more photosynthetic C to root growth under
eCO2 might represent a strategy of plants to explore greater soil volume to acquire more water
and nutrients (Norby et al. 1987; Lutze and Gifford 1998; Daepp et al. 2001; Uddin et al. 2018).
This is further proved by the findings that root length, branching and fine root biomass are
commonly enlarged by eCO> (Pregitzer et al. 2000; Norby et al. 2004; Madhu and Hatfeld
2013).

Apart from soil nutrient and water status, other factors may also contribute to the inconsistent
results regarding root-to-shoot ratio under eCOx. First of all, full recovery of roots from soil
samples is technically difficult in soil-cultured systems, in particular for fine roots (Norby
1994). Secondly, root mortality and decomposition can cause underestimation of root biomass.
These factors are further different among species and changed by growth stages, which may
cause huge variation for cross-comparison. Moreover, C allocation patterns cannot be
thoroughly evaluated from above- and below-ground biomass only and carbon fluxes (e.g. in
forms of root exudation and respiration) should also be quantified within the system (Medlyn
et al. 2001), particularly root exudation as regard to its functions in driving microbial growth

and activity and hence ecological C and N cyclings.

1.3.2 Root exudation

Root exudates are produced and secreted by plant roots as either waste or functioning
molecules which can be classified as two main groups: small-molecular-weight metabolites
(such as sugars, organic acids and amino acids) and secondary compounds like mucilage and
proteins which contribute to a larger proportion of root exudates by mass (Bais et al. 2006).

The magnitude of rhizodeposition and its main part — root exudation has been largely studied
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(Table 1.1). According to Jones et al. (2009), rhizodeposits account for roughly 11% of
photosynthetic C and 27% of total below-ground C allocation. In a recent synthesis of literature,
Pausch and Kuzyakov (2018) found that net rhizodeposition represent 3% of fixed C for crops
and 5% for grasses. Specifically, the proportion of net photosynthetic C lost from root
exudation is estimated between 1% and 40% (Dilkes et al. 2004). The wide variation is derived
from plant species and their physiological stage, soil type, nutrient availability and collecting
and analytical methods adopted (Bais et al. 2006).

Studies on root exudation are of great difficulty because root exudates are easily degradable
and re-uptake by plant roots. Two classes of distinctive methods have been largely applied to
study root exudation. The first one is based on root exudation collection by growing plants in
axenic hydroponic culture or sand matrix which differ significantly from soil conditions
(Tarnawski and Aragno 2006). Combined with instrumental analysis (e.g. Total Organic
Carbon Analyser, High-Performance Liquid Chromatography), this type of methods could
quantify the total amount and component of root exudates. However, plants growing in solution
culture may reduce the release of root exudation due to the absence of microorganisms and/or
lack of mechanical impedance. In contrast, large amounts of root exudates in soil culture may
be decomposed by microorganisms in the processes of collecting and storing, leading to an
underestimation of root exudation while analysis. Moreover, root exudates could also bind with
soil particles and thus reduce its extractability and detectability. 1*C or 1*C isotopic labelling is
another type of methods, which detects photosynthetic C allocation in situ and quantifies C
loss via rhizosphere and rhizo-microbial respiration. However, this indirect method gives little
information on the composition of root exudates. As a result, caution should be given when
interpreting and comparing measurements of root exudation under eCO> (Tarnawski and
Aragno 2006).

Root exudation is regulated by photosynthesis and is, in turn, affected by eCO, (Kuzyakov and
Cheng 2001; Kuzyakov 2002). In general, eCO: increases root exudation as indicated by
enhanced rhizosphere respiration and C concentration in soil solutions (Hungate et al. 1997a;
Cheng and Johnson 1998; van Hees et al. 2005; Phillips et al. 2011; Drake et al. 2015) (Table
1.1). The increase in root exudation associates mostly with larger root systems under eCO- and
also with stimulated root activity in a number of studies (Lekkerkerk 1990; Cheng and Johnson
1998; Allard et al. 2006). However, the effect of eCO> on root exudation is not always positive

(Hodge et al. 1998; Paterson et al. 1999). For example, using the *C-tracing technology,
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Paterson et al. (1999) showed that eCO- induces higher root exudation of Lolium perenne L.
in non-sterile soils but lower root exudation in sterile sands. Fewer results have been reported
regarding the chemical composition of root exudates with higher C/N to eCO, was often
noticed (Paterson et al. 1997; Hu et al. 1999) in non-leguminous species as eCO> increases
plant C fixation and decreases tissue N concentration (Pritchard et al. 1999; Rasche et al. 2017).
For leguminous plants, eCO> has been found to decrease the tissue C/N of legumes (Rodriguez
et al. 2015; Rasche et al. 2017), probably due to enhanced biological N> fixation under eCO>
(Hartwig and Sadowsky 2006; Lam et al. 2012; Butterly et al. 2016a; Tobita et al. 2016). This
indicates eCO2 may also decrease the C/N of root-secreted compounds by legumes. By foliar-
feeding of °>N-KNOs, De Graaff et al. (2007) further reported that eCO2 might increase N

rhizodeposition in C3 but not C4 species.

Root exudation is not merely an important process for soil C sequestration but a primary
process that could drive microbial responses in soils (Hu et al. 1999; Kuzyakov and Cheng
2001; Tarnawski and Aragno 2006; Nannipieri et al. 2008; Shi 2009;). As substrates to soil
microorganism, the quantitative and qualitative changes of root exudation under eCO> could
potentially alter microbial growth, activity and community structure as well as their
decomposition of plant-derived C compounds and original soil organic carbon (SOC) (Carney
et al. 2007; Langley et al. 2009; Bengtson et al. 2012).

1.4 Effects of elevated CO- on soil microbiota

Stimulated growth of plants and the subsequent higher quantity of root exudates under eCO>
create a relatively C-rich rhizosphere which alleviates the general C-limitation of
microorganisms in soils. The decline in rhizosphere N availability is a common phenomenon
at eCO; due to extra plant N demand and uptake to favour enhanced growth under eCO;
(Hovenden et al. 2008; Nie and Pendall 2016). As a result, microbial processes in the
rhizosphere under eCO> is more limited by N relative to C when compared to aCO, (West et
al. 2006). However, soil microorganisms may not subject to N limitation because of their
stronger capacities in N uptake than plant roots. This is consistent with the findings that eCO»
increases microbial N immobilisation (Billings and Ziegler 2005; De Graaff et al. 2007,
Dijkstra et al. 2008). Microbial responses to these changes in rhizosphere under eCO; are

discussed below.



Table 1.1 Summary of methods to quantify root exudation and its responses to eCO>

Species g;‘i;’;’)t(h &giﬂ ) Method Indicator g‘%ct Sf%igltﬂc Reference
Lolium perenne L. soil 350/7008  C-labelling rhizosphere resp.  100% 50% van Ginkel et al. 1997
Lolium perenne L. sand/soil 450/720*  syringe suction TOC - Hodge and Millard 1998
Lolium perenne L. soil 450/720°  *C-labelling total root release ~ 82% Paterson et al. 1999
Lolium perenne L. sterile sand 450/720°  *C-labelling total root release —58% Paterson et al. 1999
Lolium perenne L. soil 350/700*  *#C-labelling 14C in soil 69% Cotrufo and Gorissen
Agrostis capillarism L. solution 1997
Festuca ovina L.
Plantago lanceolata L. sand 400/800°  #C-labelling TOC — Hodge and Millard 1998
Avena, Bromus, Lolium soil 360/720¢  BC-pulse root C fluxes 56% Hungate et al. 1997a
spp. labelling
Triticum aestivum L. soil 350/700%8  C-labelling rhizosphere resp.  74% 60% Lekkerkerk 1990
Triticum aestivum L. soil 350/700*  C-labelling root-derived C 18% + Billes et al. 1993
Triticum aestivum L. C4 soil 360/700  3C-labelling rhizosphere resp.  60% 31% Cheng and Johnson 1998
Triticum aestivum L. C4 soil 360/7008  C-labelling water-soluble-C ~ 60%
Lipinus albus L. h.c. 350/700*  HPLC organic acids Watt and Evans 1999
Lipinus albus L. h.c. P 410/740*  HPLC citrate + Campbell and Sage 2002
Lipinus albus L. h.c. +P malate + +
Oryza satova L. h.c. 355/650° HPLC TOC, + Wang and Lin 1999
formic acid,
acetic acid
Oryza sativa L. soil 370/550°  collection TOC 55% Bhattacharyya et al. 2013
Pinus echinata L. soil 368/695%  “C-labelling water soluble-C ~ 38% Norby et al. 1987
Populus tremuloides L. soil 367/715¢  C-pluse rhizosphere resp. Mikan et al. 2000
labelling
Robinia pseudocacia L. sand 350/700*  water-flushing DOC Uselman et al. 2000
Pinus taeda L. soil 385/585¢ insitu collection DOC 50% 55% Phillips et al. 2011

h.c., hydroponic culture; ‘P’ and ‘+P’ means no or with phosphorus fertiliser; superscript lower-case letter ‘a’, ‘b’, ‘c’, ‘d’ represents growth chamber,
controlled environment room, open-top chamber, and FACE, respectively; resp., respiration; ‘+’ and ‘-’ means positive and negative effect, respectively;
‘Specific effect’ represents the CO; effect per mass unit of root biomass.



1.4.1 Microbial biomass

Microbial biomass is considered a sensitive indicator of changes in the quality and quantity of
rhizodeposits. It has been largely included in climatic change experiments, however, the results
have been controversial. Some studies reported positive responses of microbial biomass to CO>
enrichment (Cotrufo and Gorissen 1997; Williams et al. 2000; Anderson et al. 2011; Das et al.
2011). For example, Das et al. (2011) reported positive effects of eCO, on microbial biomass
over the control with microbial biomass C being increased by 6.2%, 38.0% and 49.2% at 400,
500 and 600 pumol mol* CO; concentration, respectively. In a meta-analysis of 43 reports, Zak
et al. (2000) found that for grasses, herbaceous dicots, and woody plants, eCO: increased
microbial biomass by 17%, 29%, and 19%, respectively. Others reported no CO; effects on
microbial biomass (Larson et al. 2002; Mitchell et al. 2003; Zheng et al. 2010). Albeit no
increase in total microbial biomass, Mitchell et al. (2003) found that eCO: significantly
increased bacterial biomass (by 48%), implying shifting in soil microbial community structure.
The inconsistent results may derive from greater microbial activity and C turnover under eCO>
(Williams et al. 2000), system nutrient limitation (e.g. N or P) (Hungate et al. 1999) and
different plant responses (Zheng et al. 2010).

1.4.2 Microbial activity

The dynamics of soil organic matter is controlled by microbial metabolic activity regulated by
microbial enzymes. Enzyme synthesis is governed by biotic and abiotic factors like soil
microbial community, soil moisture, C and nutrient availabilities (Niklaus et al. 2003; Carney
et al. 2007; Dijkstra and Cheng 2007a; Langley et al. 2009; Bengtson et al. 2012; Guenet et al.
2012). Elevated CO- could change the responses of these processes to mediate microbial
enzymatic activity in responses of ecological C, N and P cycles. For example, Das et al. (2011)
discovered that eCO; increased the activities of fluorescein diacetate hydrolase, dehydrogenase,
B-glucosidase, urease, alkaline and acid phosphatases with a range of 1.3% (urease) to 53.2%
(alkaline phosphatase) in four tropical paddy soils. Elevated CO> also increased invertase and
dehydrogenase activities at all sampling times with an occasional stimulating effect on the
activities of P-N-acetylglucosaminidase and acid phosphatase and an inhibiting effect on
nitrifying enzyme activity (Zheng et al. 2010). Carney et al. (2007) reported eCO stimulated
the activity of phenol oxidase that degrades recalcitrant organic materials (e.g. lignin) but not
that of B-glucosidase which is important in the degradation of cellulose. However, Guenet et

al. (2012) found no significant effect of eCO> on the overall activity profile of enzymes (a- and



B-glucosidase, PB-xylosidase and alkaline phosphatase), although eCO increased acid
phosphatase activity. When compared to aCO., microbial metabolic activity and/or microbial
respiration are generally higher at eCO> (Chen et al. 2014a; Jin et al. 2014; Lam et al. 2014).
The surplus of C in form of rhizodeposition under eCO, may stimulate microbial activity to
mobilise organic P in P-limited soils (Jin et al. 2014), to mineralise either soil organic matter
or plant residues to acquire N when N is insufficient (Carney et al. 2007; Chen et al. 2014b;
Lam et al. 2014) or just to increase microbial respiration without organic matter decomposition
(Lagomarsino et al. 2006).

1.4.3 Microbial community

The effects of eCO2 on soil microbiota depend on C inputs through rhizodeposition, thereby
rhizosphere is the main region where direct effects of eCO on the mycorrhizal, bacterial, and
fungal communities occur. There is little or no direct effect of eCO, on the microbial
community of bulk soil (Drigo et al. 2008).

Elevated CO: alters the fungi to bacteria ratio with more fungal biomass being reported under
eCO. (Lagomarsino et al. 2006; Carney et al. 2007; Drigo et al. 2008; Cheng et al. 2012; Guenet
etal. 2012). Elevated CO, frequently stimulates mycorrhizal colonization as plants invest more
C to mycorrhizal fungi and rely on mycorrhizal fungi to obtain nutrients (e.g. N and P). Low
nitrogen availability at eCO2 may help to explain the enhancement of fungi because the higher
C:N ratios of fungi than bacteria allow them to grow continuously even in low-N conditions
(Hu et al. 2001). In another study by Jones (1998), the changes in fungal abundance under
eCO: is ascribed to changes in rhizosphere soluble organic C and N. This shift toward fungal
pathway under eCO2 may be beneficial to soil C sequestration, because fungi are thought
beneficial to aggregate formation, and subsequently the physical protection of SOM. Contrarily,
the stimulated fungi may also increase microbial decomposition of soil original C (Carney et
al. 2007; Cheng et al. 2012) — i.e. increased rhizosphere priming effect (RPE, which will be
discussed later in detail). In contrast to above findings, other studies did not find such changes
under eCO2 (Niklaus et al. 2003; van Groenigen et al. 2007), probably due to high N availability
in those systems, which inhibits saprophytic fungal communities (Lagomarsino et al. 2006; van
Groenigen et al. 2007). The responses of bacterial community to eCO; are different across the

literature (Freeman et al. 2004; Tarnawski and Aragno 2006; Grover et al. 2015; Lee and Kang



2016; Liu et al. 2017a). There are also studies showing no significant effect of eCO> on the

structure of microbial communities (Zak et al. 1996; Griffiths et al. 1998).

1.4.4 Ecological strategy and microbial grazing

According to their growth strategies, soil microbial community could be classified as fast-
growing r-strategists (or r-selected microorganisms) which specialise for utilising easily-
decomposable substrates and slow-growing K-strategists which favour recalcitrant C
compounds. Microorganisms with different ecological strategies may respond differently to
eCO,. Blagodatskaya et al. (2010) stated that eCO> enhances the growth of r-selected
microorganisms especially in microaggregates (Dorodnikov et al. 2009), even though the total
soil organic matter and microbial biomass C are not influenced. The shift is caused by the
increased input of labile substrates through rhizodeposition at eCO>. The increase in r-selected
microorganisms indicated an acceleration of available C mineralization in soil, which may
counterbalance the additional C input by roots in a future eCO> environment (Dorodnikov et
al. 2009; Blagodatskaya et al. 2010). Elevated CO; is favoured by r-strategists when compared
to the K-strategists due to more labile C substrates, which also confirms the notion that r-

selected microorganisms are more evolved to utilize easily decomposable substrates.

The increase in the growth of r-strategists may increase the population of bacterial grazers (or
predators) (Drigo et al. 2008). Elevated CO- could affect the grazing activities of protozoa and
nematodes. Protozoa prey on bacteria, their number in soils under eCO. affect soil bacterial
composition directly. According to Rgnn et al. (2003), CO2 enrichment has no effect on the
number of bacteria but increases the total number of bacterivorous protozoa. The increase in
numbers of protozoa in wheat rhizosphere is due to a general increase in rhizodeposition, other
than an increased root exudation per root mass given the unchanged density of protozoa in the
rhizosphere at eCO.. Neher et al. (2004) observed that eCO> can lead to shifts in nematode
community structure, increase bacterivores and decrease fungivores. There are also studies
showing that eCO- reduced the amounts of larger-diameter soil nematodes mainly caused by
the reduced aggregate sizes and pore neck diameters at eCO> (Niklaus et al. 2003). The
increased grazing speeds up the turnover of microbial biomass, resulting in either increasing

release of N from the microbial biomass and SOM or C accumulation and N immobilization.
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1.5 Effects of elevated CO2 on soil processes

1.5.1 Carbon cycling

Elevated CO> generally increases plant C fixation by up to 300% (Ainsworth and Long 2004;
Hill et al. 2006) with 50% more C being allocated below-ground (Suter et al. 2002; Hoosbeek
et al. 2004). From this perspective, eCO. may be a solution to climate change by sequestrating
more atmospheric C below-ground and mitigating the on-going increment of atmospheric CO>
(Paustian et al. 1997; Lal 2004a, 2009). On the other hand, the increased input of recently fixed
C below-ground (e.g. root exudates) is of great importance to microbial processes in soils,
which may potentially stimulate microbial growth and/or activity and shift microbial
community structure (Langley et al. 2009; Cheng et al. 2012; Vestergard et al. 2016) and
further increase or decrease original soil C decomposition (i.e. RPE). Soil C sequestration and
decomposition together determine whether eCO> would affect soil C stock and the capacity of
soils to mitigate climate change (De Graaff et al. 2006a, 2009; Lal 2008).

Greater inputs of complex organic compounds to soils under eCO> than aCO; are supposed to

increase soil organic C (SOC) stocks. However, this increase is quite small (van Kessel et al.

2000; van Groenigen et al. 2002, 2006; Xie et al. 2005). According to De Graaff et al. (2006a),

although the increases in aboveground and below-ground biomass were 21.5% and 28.3%,

respectively, the response of SOC content to eCO- is minimal, which was estimated at only
1.2% per year. The marginal change may derive from short-term durations (normally, 2—3 years)
of most experiments. However, even though exposed to higher levels of CO- for 8 to 9 years,

soil organic C in the Swiss FACE showed also no significant increases (van Groenigen et al.

2002; Xie et al. 2005). Only a few studies have reported significant stimulation of SOC by
eCO2 (Lutze and Gifford 1998; Williams et al. 2000; Luo et al. 2006) while other studies show
no effect of CO. enrichment on SOC (van Groenigen et al. 2006; Keiluweit et al. 2015). Soil

type and nutrient availability may be the main factors that regulate the responses of SOC to

COz enrichment (Hagedorn et al. 2001; Finzi et al. 2006; Hu et al. 2006).

The zero and even negative impacts of eCO2 on SOC stock could be induced by enhanced
microbial decomposition due to higher microbial growth and activity, leading to large amounts
of C lost to the atmosphere. Elevated CO> has been found to enlarge below-ground soil
respiration (root +microbial respiration) (Norby and Luo 2004; Hoosbeek et al. 2007; Jackson
et al. 2009; Drake et al. 2011). A meta-analysis of 47 studies conducted by Zak et al. (2000)
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showed that eCO; generally increases the total below-ground CO- efflux, with only one study,
found a decline of 10%. On average, eCO; increased CO; efflux from soil by 51%, 49%, and
42%, respectively, in the grass-, herbaceous dicot-, and woody plant-soil systems. In the same
study, results of microbial respiration from incubation of root-free soil are also synthesized
with microbial respiration being increased by an average of 29% under eCO>. The increased
soil respiration at eCO, may derive from higher turnover rates of roots and/or root mass-
specific microbial activities (Cheng and Johnson 1998; Cheng and Gershenson 2007). Few
studies could have successfully separated root- and soil-derived respiration, which should be

given a priority in future ecological studies.

1.5.2 Nitrogen cycling

Elevated CO> has been projected to decrease gross N mineralisation (Berntson and Bazzaz
1997; Hungate et al. 1999), increase N immobilization (Hagedorn et al. 2005; de Graaff et al.
2007) and potentially feedback and lead to progressive nitrogen limitation in field (Finzi et al.
2006; McKinley et al. 2009; Norby et al. 2010), particularly in systems that have already
constrained by available N. However, in a review of 47 studies, eCO2 had no obvious effect on
net N mineralization (the difference between gross N mineralization and microbial
immobilisation) (Zak et al. 2000).

Recent evidence has proven that eCO- could increase soil N cycling (Kelly et al. 2012; Phillips
et al. 2012; Brenzinger et al. 2017; Sun et al. 2018) but in a more closed way which means
closed cycling between N mineralisation and microbial immobilisation with small or no N loss
to environment via leaching or volatilisation (Dijkstra et al. 2010). Soil N cycling could be
reflected in C cycling (Williams et al. 2000; Phillips et al. 2012). Rhizosphere priming effect
can increase soil N availability by microbial mining of N from mineralisation of soil organic
matter (Phillips and Bernhardt 2008; de Graaff et al. 2009; Nie and Pendall 2016). This is
caused by both enhanced root-derived substrates and reduced N availability under eCO>, which
drives microbial synthesis of extracellular enzymes to depolymerize organic N from soil
organic matter (Cheng and Kuzyakov 2005; Phillips et al. 2011; Meier et al. 2014). Nitrogen
immobilized in microbial biomass could also be released if eCO; stimulates microbial turnover
via faunal grazing of microflora (Phillips 2007). Elevated CO2 could also affect soil N
transformation. For example, eCO> doubled the release of long-term N.O emissions at the
Giessen Free-Air Carbon Dioxide Enrichment (GIFACE) sites. Elevated CO, increased soil N-
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fixers, although soil denitrifiers, archaeal and bacterial ammonia oxidizers, and dissimilatory
nitrate reducers were not changed by eCO> (Brenzinger et al. 2017). Rakshit et al. (2012) found
eCO2 decreased soil nitrate by 14-20% and the population of denitrifiers by 4-14% with no
effect on the population of ammonia (AOB) and nitrite oxidizers (NOB). Adopting the
quantitative polymerase chain reaction and clone library sequencing, Kelly et al. (2012) stated
that eCO> induced significant N loss which is associated with a dramatic increase in nirK-
containing (nitrite reductase gene) bacteria and reflected by a decrease in abundance of
bacterial amoA copy numbers.

1.6 Rhizosphere priming effect: factors and mechanisms

Rhizosphere priming effect is termed changes in soil organic matter decomposition in soils
grown with or without plants. Rhizosphere priming effect is a key microbial process that
regulates soil C and N dynamics, which might account for the declining and minimal responses
of soil C stock under eCO,. Soil harbours 1500 Gt (10%° g) of organic carbon to 1-m depth
worldwide, making it the largest terrestrial ecosystem carbon pool (Batjes 1996; Scharlemann
et al. 2014), which is about three times the amount of C in vegetation and twice the amount in
the atmospheric pool (Lal 2004b). Any small change in terrestrial C stock could induce
tremendous changes in global C cycling which would, in turn, speed up or slow down the
climate change. As a result, many studies have been conducted aiming to examine the

magnitude, factors and mechanisms of rhizosphere priming effect.

1.6.1 Methods to determine rhizosphere priming effect

The determination of RPE includes three main steps: 1) collection of total below-ground CO>
efflux; 2) separation of soil-derived CO»-C from total below-ground CO, efflux; 3) taking off
basal soil respiration (control) from the soil-derived CO,-C determined in step 2. There are two
potential ways to separate below-ground respiration compartments. Both are based on isotopic
labelling, the first one is growing plants in *4C- or 3C- labelled CO, environment which is
either continuously or pulsed supplied, with the subsequent measuring of “C activity or *C
enrichment in CO- evolved from soil. The second way is much cost-friendly and safe which is
growing C3 plants in C4 soils or vice versa and then determining the *C natural abundance
from the respired CO>. Caution should be taken when adopting such methods because possible
microbial fractionation when microorganisms utilize root-derived substrates may occur and

induce more *C-depleted rhizosphere than root biomass (Werth and Kuzyakov 2010; Zhu and
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Cheng 2011a). The development of these isotopic techniques has sprung up the research of

RPE during the past two decades.

1.6.2 Factors that affect rhizosphere priming effect

Measured RPEs range from —70% to 380% as compared to root-free soil respiration (Cheng et
al. 2014; Wang et al. 2016; Zhu and Cheng 2011b). In a review by Cheng et al. (2014), all the
negative RPESs are present in short-term experiments (16—38 d) and seem to be caused by initial
soil disturbance and may not persist in the long run. Generally, RPEs seem to be lower and
even negative at early plant growing stages, increase to the highest at the flowering stage, and
decline to lower levels thereafter (Fu et al. 2002; Cheng and Kuzyakov 2005). It is in
accordance with the release of substrates and root exploration at different growing stages.
Except for plant phenology, plant species is another plant trait that controls RPE. Species
variation in the direction and magnitude of RPEs is associated with species’ capacities to
release root exudates (quantity and quality), to acidify rhizosphere soil and to explore volumes
of soil body (Wang et al. 2016). The contribution of root exudates to observed RPEs is
estimated at 58-95% (Shahzad et al. 2015). Rhizosphere priming effect is further controlled by
soil properties, like C and N availabilities (Hamer and Marschner 2005a, 2005b; Kuzyakov et
al. 2007), pH (Rousk et al. 2010; Aye et al. 2016; Wang et al. 2016), moisture (Dijkstra and
Cheng 2007b), aeration (Davidson and Janssens 2006), and soil chemical and/or physical
protection of SOC (Six et al. 2002; Reis et al. 2014) due to their effects on microbial activity.

1.6.3 Mechanisms of rhizosphere priming effect

In the past two decades, many works have been done and several mechanisms have been
proposed to understand substrate-induced microbial priming of SOC. Well-developed
mechanisms of RPE include microbial activation, N mining, co-metabolism, preferential
substrate utilization and concurrence demand for mineral N between plant roots and
microorganisms (Fig. 1.4, Table 1.2) (Horvath 1972; Cheng and Kuzyakov 2005; Mondini et
al. 2006; Carney et al. 2007; Blagodatskaya et al. 2011). The first four mechanisms are
associated with positive RPEs and the last two are normally used to explain negative RPEs.
Other mechanisms like stoichiometric decomposition and C protection mechanisms are also
discussed (Kuzyakov 2002; Chen et al. 2014b; Razanamalala et al. 2018) (Table 1.2).
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The microbial activation mechanism suggests that certain low-molecular-weight organic
substances secreted by roots can act as signalling molecules to trigger a shift of microbial
community from a dormant to an active state (De Nobili et al. 2001). Microbial activation or
triggering is, therefore, the most unique biotic mechanism as it does not necessarily require soil
microorganisms to utilise root exudates as substrate or energy (Mason-Jones and Kuzyakov
2017) and it could also be the first step of all biotic mechanisms. All other biotic mechanisms
are somehow linked to soil N availability except the co-metabolism (Table 1.2). When soil is
deficient in available N, both microbial N mining and N competition could occur, with the first
mechanism would result in an increase in RPE but the latter would lead to a reduction in RPE.
It depends on whether soil N is lower enough to limit microbial growth or activity (Berntson
and Bazzaz 1997; Mason-Jones and Kuzyakov 2017). In soils with sufficient N,
microorganisms would prefer utilising easily-degradable root exudates to SOC and result in a
negative RPE. However, this is not exclusive because high N with greater C substrate input
could also increase microbial stoichiometric decomposition of soil organic matter. Interestingly,
the microbial N mining and stoichiometric decomposition mechanisms seem to be mutually
exclusive. This indicates that soil N is not the sole factor that drives the balance between these
two mechanisms (Razanamalala et al. 2018). The two mechanisms may be driven by different
microbial communities, for example, r-strategists are found to be responsible for stoichiometric
decomposition, while K-strategists are more engaged in N mining (Chen et al. 2014b). Besides,
the two strategists may also target different soil C pools, with the r-strategists mainly breaking
down labile soil C and the K-strategists decomposing old and N-rich soil organic matter

(Razanamalala et al. 2018).
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Figure 1.4 Diagrammatic denotation of below-ground C turnover and mechanisms (in brown)

of rhizosphere priming effect. PSU, preferential substrate utilisation (see Table 1.2 for details
of each mechanism of priming effect)
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Table 1.2 Summary of biotic mechanisms of rhizosphere priming effect

Mechanism

Description

Microbial activation
De Nobili et al. 2001

Easily available substrates from root exudates trigger microbial metabolism and the subsequent indigenous C

mineralisation

N mining
Fontaine et al. 2011

Activated microbiota are relatively limited by N other than C, leading to more decomposition of N-rich soil

organic matter for N

Co-metabolism
Kuzyakov et al. 2000

Stimulated synthesis and up-regulation of extracellular enzymes which are secreted to catalyse substrate

decomposition unintentionally catalyse the degradation of soil organic matter

Preferential substrate utilisation
Cheng 1999

With sufficient available N, soil microorganisms prefer root-derived labile C compounds rather than relatively
recalcitrant soil organic matter for substrates and energy, leading to reduced decomposition of soil organic

matter

N competition
Cheng and Kuzyakov 2005
Kuzyakov and Xu 2013

In N-deficient soils, plants will outcompete microorganisms in N uptake in the long run, leading to microbial
N limitation, reduction in microbial metabolism and growth and the subsequent decomposition of soil organic

matter

Stoichiometric decomposition
Chen et al. 2014b

This mechanism suggests that microbial activity is regulated by microbial stoichiometric C and N demands
and the decomposing rate is the highest if N input matches with substrate C input. It indicates high N

availability is more likely to enhance decomposition of soil organic matter
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1.7 Possible eCO: effect on rhizosphere priming effect

Elevated CO> could affect rhizosphere priming effect through its impacts on soil microbial
properties via changes in quantity and quality of root exudates, soil properties particularly N
availability and pH, and root growth and exploration. First of all, greater RPEs are anticipated
under eCO2 by comparison to aCO> due to increased input of easily decomposable C to
rhizosphere microbiota. Elevated CO: is also supposed to increase the complexity of plant
tissues, leading to more aromatic structures and large-molecular-weight materials (Pefiuelas et
al. 1996, 1997; Poorter et al. 1997; Davidson and Janssens 2006). The increases of such
substances may facilitate soil C sequestration because they are biologically resistant to
microbial decomposition. If eCO2 would also alter the chemical composition of root exudates
to a similar pattern, less RPEs are expected to occur under eCO,. For leguminous plants,
however, eCO: usually boosts biological N2 fixation, providing extra N for these plants
(Hartwig and Sadowsky 2006; Lam et al. 2012; Butterly et al. 2016a; Tobita et al. 2016). As a
result, the responses of legumes and non-legumes to eCO, may differ in their N status, and
hence in the chemical composition of their root exudates, ultimately affecting RPEs. Secondly,
rhizosphere N availability is generally lower under eCO; than under aCO> due to enhanced N
uptake by plants and changes in N transformation (e.g. stimulated microbial immobilization in
Dijkstra et al. (2010) and inhibited nitrification in Lagomarsino et al. (2008)). According to the
N-mining mechanism, low soil available N would drive soil microorganisms to mine N from
the N-rich soil organic matter, leading to a higher RPE (Kuzyakov 2002). Increasing soil N
availability by applying N fertilizer and/or increased biological N2 fixation would alleviate
microbial N limitation and their synthesis of extracellular enzymes to degrade soil organic
matter for N, resulting in a decrease in RPE. However, soil N availability may also be lowered
by eCO- to the extent that the level would limit microbial decomposition and lead to a net
accumulation of SOC when compared to aCO> (Hoosbeek et al. 2004). It is apparent that soil
N status is of great importance in mediating RPE under eCO2 and more works should be done
to improve our understanding. Except for properties of substrates and nutrients, pH is another
factor that affects soil microbial activities, community structures and functions (including SOC
decomposition) (Blagodatskaya and Kuzyakov 2008). Elevated CO> could change rhizosphere
soil pH by affecting cation-anion uptake of plant roots (Guo et al. 2012) and RPEs would also
be changed by eCO> through this way. Lastly, plants grown under eCO. often exhibit larger

root systems and hence larger rhizosphere volumes (Cheng and Johnson 1998; Dijkstra et al.
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2009; Nie et al. 2013a; Butterly et al. 2016b), which implies larger volume of soil body is

subjected to microbial decomposition under eCO; relative to aCOx.

1.8 Thesis structure

Root exudates are supposed to differ naturally between plant species and developmental stages.
The differences would be further changed by CO2 enrichment from the discussion above.
Whether these changes would lead to alternations in RPEs is studied in Chapter 2. The results
showed that eCO> had opposite effects on RPE under white lupin and wheat plants at the early
reproductive stage. The decrease in RPE under wheat by eCO2 might result from N limitation
of both plants and microbiomes. The conclusion is confirmed by the second experiment
(Chapter 3) which showed no CO2 x N interaction on RPEs and N limitation had an adverse
effect on RPE in comparison to N mining. Rhizodeposits or root exudates can also fuel soil
microbes to decompose other C sources in soil such as plant litters — a critical pathway to form
stable SOC. A third experiment (Chapter 4) was conducted to examine the eCO>—induced
changes in rhizosphere effect on the decomposition of crop residues using a stable *3C isotopic
tracing technique. The results suggested that eCO> could also increase residue decomposition
and N mineralization via microbial activation and/or co-metabolism but this effect depended
on plant growth stage and residue type. In these short-term experiments, eCO> changed the
decomposition of both residue and SOC. A further experiment (Chapter 5) aimed to study
whether the RPE is a short-term microbial response to eCO; and how long-term CO:
enrichment affects soil C distribution and stability based on the long-term (8 years) Free-air
COz Enrichment (FACE) facility at Horsham, Victoria, Australia. The 8—year eCO: history did
not build up surface (0-5 cm) SOC stock in all three major Australian cropping soils,
implicating enhanced decomposition. Elevated CO- history escalated the vulnerability of SOC
to 13C-glucose-induced priming but this effect was only significant in the sandy Calcarosol soil
which had low and unprotected SOC. An additional experiment (Chapter 6) was included to
explore any new and abiotic mechanism that might also contribute to the observed RPE, mainly
focused on chemical liberation of C by root exudates from protected mineral-organic
associations through dissolution and/or complexation reactions. The results showed that root
exudates (organic acid anions) could increase microbial accessibility to previously-protected
SOC and thus lead to a general increase in RPE. The thesis ends up with a general discussion

(Chapter 7) of key findings from the PhD project.
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Chapter 2 Wheat and white lupin differ in rhizosphere priming

of soil organic carbon under elevated CO>
(Published in Plant and Soil (2017) 421:43-55)

2.1 Summary

Elevated COz (eCO:») alters plant rhizosphere processes and soil microbial properties which, in
turn, changes the decomposition of native soil organic carbon (SOC) — a process termed
rhizosphere priming effect (RPE). This study examined the effect of eCO2 on RPEs of plant
species contrasting in root system and exudation. Specifically, two C3 species, wheat (Triticum
aestivum L. cv. Yitpi) and white lupin (Lupinus albus L. cv. Kiev), were grown under ambient
CO2 (aC0O2, 400 + 15 pmol mol 1) and eCO- (800 + 30 umol mol?) for 34 and 62 days in a C4
soil. The amounts of CO> derived from SOC and plant roots were quantified. Elevated CO>
increased the RPEs of white lupin by 78% and 47% at days 34 and 62, respectively. It increased
microbial respiration (63%) and biomass carbon (43%) in the rhizosphere soil of white lupin
at Day 62. In contrast, eCO> decreased wheat RPE by 22% and did not affect rhizosphere soil
respiration and microbial biomass carbon at Day 62. Moreover, eCO, increased the

concentration of soluble organic carbon in the rhizosphere of white lupin but not wheat. The

enhanced RPE of white lupin but not wheat under eCO- had resulted from an increase in root

exudation of white lupin.

2.2 Introduction

The CO; concentration in the atmosphere is expected to reach 600-800 pmol mol ™ by the end
of this century (Meinshausen et al. 2011). High atmospheric CO2 concentration stimulates plant
photosynthesis and enhances photosynthetic inputs into below-ground via rhizodeposition
(Pendall et al. 2004; Paterson et al. 2008; De Graaff et al. 2009; Phillips et al. 2011), which
provides labile substrates to relative C-limited soil microorganisms to degrade indigenous soil
organic carbon (SOC) (Van Groenigen et al. 2014). This rhizodeposition-induced change in
the decomposition of SOC is termed rhizosphere priming effect (RPE) (Cheng et al. 2014).

The contribution of root exudates accounts for 58-95% of the observed RPEs (Shahzad et al.
2015). Therefore, any changes in root exudation by elevated CO. (eCO2) would yield
differences in RPEs. Greater RPEs are anticipated under eCO2 by comparison to aCO> due to
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increased input of easily decomposable C. From another perspective, eCO. changes the
chemical composition of plants to more production of carbon-based secondary compounds (e.g.
phenolics) (Pefiuelas et al. 1996; Pefiuelas et al. 1997). The increases of such substances may
facilitate soil C sequestration because they are biologically resistant to microbial
decomposition. If eCO> alters the chemical composition of root exudates, RPEs are expected
to change under eCO». Furthermore, eCO- enhances biological N> fixation in legumes, which
in turn provides extra N for these plants (Hartwig and Sadowsky 2006; Lam et al. 2012;
Butterly et al. 2016a; Tobita et al. 2016). As a result, eCO> may affect the N status of legumes
and cereals differently, which in turn affects the chemical composition of their root exudates
and hence RPEs.

Except for the changes in the amount and quality of root exudates, eCO> could also alter RPEs
via its influences on soil variables such as soil N availability and pH. For example, eCO; has
been reported to decrease soil N availability, mainly in the form of nitrate (NO3") (Hovenden
et al. 2008) possibly by increasing microbial immobilisation and reducing the rate of gross N
mineralisation (Berntson and Bazzaz 1997; Hungate et al. 1999). Stimulated labile C inputs
and lower soil N availability under eCO> can increase SOC mineralisation because soil
microorganisms utilize labile substrates as energy to acquire N from more stable soil organic
matter (the so-called ‘microbial N mining’ theory) (Craine et al. 2007). Moreover, pH is a
dominant factor affecting soil microbial activities, community structures and functions, such
as SOC decomposition (Blagodatskaya and Kuzyakov 2008). Elevated CO; could change
rhizosphere soil pH by affecting cation-anion uptake of plant roots (Guo et al. 2012) through
this way the RPEs would also be changed by eCO..

Plant species differ naturally in their releasing patterns of root exudates. For example, some
legume plants (e.g. white lupin) exude large amounts of low-molecular-weight organic anions
(e.g. carboxylates) into their rhizospheres, especially when soil P is limited (Veneklaas et al.
2003). In contrast, cereal plants (e.g. wheat) release extremely low amounts of root exudates
(Weisskopf et al. 2008). The release of root exudates is also controlled by plant developmental
stages. For instance, white lupin secretes small amounts of organic acids (mainly malate) at
early stages but exudes larger amounts of citrate at the mature stage (Sugiyama and Yazaki
2012). The changes in the composition and amounts of root exudates could drive distinct
microbial growth and function as well as their decomposition of SOC. Besides, root

architecture could be another plant trait that affects RPE (jes, Mommer and Vries 2014). Cereal
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species such as wheat have longer and finer roots which can explore larger volumes of soil than
legumes (e.g. white lupin). This possibly means more SOC in wheat rhizosphere are subjected
to microbial decomposition than in white lupin rhizosphere (Weisskopf et al. 2008). However,
it is unknown whether eCO: alters RPE via its effect on root growth traits or exudation.

The objectives of this study were 1) to examine the effect of eCO2 on RPE and 2) to compare
the effects of cereal and legume species on RPEs under eCO. Wheat and white lupin were
chosen as test plants. They represent common cereal and leguminous crop species, respectively,
and differ substantially in root exudation and root morphology. We hypothesized that 1) eCO>
would stimulate the RPEs due to an increase in root exudation; 2) white lupin would have

greater RPE stimulation under eCO than wheat due to its higher quantity of root exudates.

2.3 Materials and methods

Surface soil (0-10 cm) was collected from a native C4 kangaroo grassland at Merotherie, New
South Wales, Australia (32°11' S, 149°33' E). The site had been dominated by C4 kangaroo
grasses (Themeda triandra) for more than 150 years. After collection, the soil was air-dried
and sieved to pass a 2-mm mesh. The basic properties of the soil were: SOC 28 mg g, total
N 1.6 mg g%, pH (0.01 M CaCly) 5.0, clay 130 mg g%, and §'3C —19.3%o.

2.3.1 Experimental design

A column experiment was carried out in four growth cabinets (Fitotron SGC 120,
Loughborough, Leicestershire, UK). It consisted of two CO concentration levels, two plant
species and three replicates for the first harvest and four replicates for the second harvest. Two
growth cabinets were supplied with ambient CO, concentration (aCO2, 400 + 15 umol mol™)
and another two with elevated CO2 concentration (eCO, 800 + 30 umol mol™). Pure CO;
(Coregas, Yennora, New South Wales, Australia) was pumped into the growth cabinets and
mixed with the air inside to get the desired CO. concentrations. The concentrations of CO:
inside the growth cabinets were also monitored throughout the experiment using portable
carbon-dioxide analysers (Extech SD800, Nashua, New Hampshire, USA). To eliminate
possible effects of below-ground CO2 on CO: partitioning, the growth cabinets were fluxed
with fresh air and re-supplied with pure CO daily. Temperatures were controlled at 22 °C day
and 18 °C night with a day length of 14 h. Relative humidity was maintained at 70%. The

photosynthetic active photon flux density at the top of the canopy was approximately 400 umol
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m~2s7L. The plant species were wheat (Triticum aestivum L. cv. Yitpi) and white lupin (Lupinus

albus L. cv. Kiev).

2.3.2 Growing system

Plants were grown in polyvinyl chloride (PVC) columns (diameter 7.5 cm, height 40 cm). Each
column was bottom-capped and had an air-inlet and an air-outlet. To prevent anaerobic
conditions and to facilitate CO> trapping, a pouch of 300 g plastic beads was packed at the
bottom of each column before packing into 1.24 kg of air-dried soil. The soil was mixed with
basal nutrients at the following rates (mg kg?): CO(NH)2, 64.3; KH,POa, 180; CaCl,-2H0,
180; K2SOs4, 120; MgSO4-7H20, 50; MnSO4-H20, 15; ZnS04-7H20, 9; CuSO4-5H20, 6;
Na2Mo0O4-2H20, 0.4; FeEDTA, 5.5.

Prior to planting, plant seeds were pre-soaked in Milli-Q water and germinated at 25 °C for 48
h. Eight pre-germinated seeds of wheat and four of white lupin were sown in a row into each
column and seedlings were thinned to four for wheat and two for white lupin plants one week
after emergence. Nitrogen was supplied as urea at a rate of 30 mg N kg soil week* from the
fourth week. An additional set of unplanted columns was used as controls without urea
application. The planted and control columns were transferred into growth cabinets. Soil water
content was maintained at 80% field capacity by adding reverse-osmosis water daily based on
weight loss. The soil columns were randomly reallocated between two replicated growth
cabinets weekly to ensure homogenous growing conditions. Plants were harvested at 34 (3
replicates) and 62 (4 replicates) days after planting, representing the early vegetative and
booting stages for wheat and the early vegetative and flowering stages for white lupin,

respectively.

2.3.3 Below-ground COz trapping

COz trapping was conducted to quantify below-ground CO: released from soil columns before
each harvest but 3—4 days after urea application. To form an air-tight entirety, the top of each
column was sealed with two PVC plates around plant stems, using Blu-Tack (Bostik,
Thomastown, Victoria, Australia). The integrity of the seal was tested by pumping CO>—free
air through the column and observing the bubbles produced in NaOH solution. Before each
trapping, CO.—free air was pumped through the columns for 30 min to remove the initial COs.
Total below-ground CO> was trapped for two days in 150 ml of 0.3 M NaOH solution for 30

23



min between 9:00 and 23:00 and three times per day (6-h intervals). To accelerate gas
movement, a vacuum was attached at the end of the trapping apparatus. More details can be
found in Wang et al. (2016). Total CO- trapped was determined by titrating the excessive
NaOH solution with 0.25 M HCI using the phenolphthalein indicator after precipitation of the
carbonate with 0.6 M BaCl.. Another subsample of the trapping solution was mixed with
excessive SrCl2 (0.6 M) solution to get SrCOs precipitates (Cheng 1996). To prevent the
formation of Sr(OH). and to minimize the contamination of atmospheric CO2, 0.25 M HCI was
added drop by drop to neutralize the pH of the suspension. The precipitates were washed three
times with Milli-Q water, dried in an oven at 60 °C and analysed for §'C using an isotope

mass spectrometer (Sercon 20-22, Gateway, Crewe, UK).

The following equations were used to separate total below-ground CO> efflux (Ciotar) into SOC-
derived CO2 (Csoit) and root-derived CO2 (Croot) (Cheng 1996):

f = (83Ctotal — 8**Croot)/ (83Csoil — 8**Croot)

Csoil = Crotal X f

RPE = Csoil — Ccontrol
where 8'3Croot is the §'3C value of roots. 8*Ciotar is the 5'°C value of total below-ground CO;
efflux (Crotar) from planted columns. §*3Cil is the mean 5'3C value of CO, derived from SOC
in unplanted treatments (Ccontror) Which was —14.91%.. f is the contribution of SOC
decomposition to total below-ground COz efflux. In this study, the **C abundance of roots other
than the 83C value of root-derived CO, was used to calculate RPE. This might lead to bias in
absolute rhizosphere priming effect as isotopic fractionation might occur during microbial
utilisation of root-derived labile C (Werth and Kuzyakov 2010), but this should not affect the

treatment difference.

2.3.4 Plant and soil analyses

Plants were destructively harvested after each CO: trapping. Shoots were cut at the soil surface
and roots were collected by hand-picking using a 2-mm sieve. Roots were washed and scanned
with an EPSON EU-35 scanner (Seiko Epson Corp., Suwa, Japan). The root images were then
analysed using WinRHIZO Pro 2003b (Regent Instruments, Quebec City, Canada). Shoot and
root materials were oven-dried at 70 °C for 48 h and weighed.

The soil attached to the root was collected and defined as rhizosphere soil. The soil samples

were sieved to less than 2 mm and divided into two parts, with one part being stored at —4 °C
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when necessary for the analysis of microbial biomass C (MBC) and rhizosphere extractable

inorganic N, and the other being air-dried for chemical measurements.

Rhizosphere soil respiration was measured as cumulative microbial respiration from a
laboratory incubation (Wang et al. 2016). Briefly, 8 gram of rhizosphere soil was incubated in
a 1-L Mason jar at 25 °C for 14 h. The amount of CO> released during this period was measured

using an infrared gas analyser (Servomex 4210, Crowborough, East Sussex, UK).

The chloroform-fumigation-extraction method was adopted to measure MBC. Briefly, a
subsample of 8 g fresh rhizosphere soil was extracted with 40 ml of 0.5 M K>SO solution.
Another subsample of soil was fumigated with chloroform for 24 h in dark, and subsequently
extracted with 0.5 M K2SO4 solution. Fumigated and non-fumigated extracts were digested and
analysed for total organic C using a Varian Cary 50 Bio UV-Visible Spectrophotometer
(Agilent Technologies, Santa Clara, California, USA). The MBC was calculated as the
differences in total organic C between the fumigated and non-fumigated extracts with a
conversion factor of 0.45 (Vance et al. 1987). Soil extracts from non-fumigated samples were
also analysed for NHs" and NOx (NO2 and NO3") using a Lachat’s QuikChem 8500 Series 2

Flow Injection Analysis System (Lachat Instruments, Loveland, Colorado, USA).

Oven-dried shoot and root samples were ball-milled and analysed by a Sercon 20-22 Isotope
Ratio Mass Spectrometer (Sercon, Gateway, Crewe, UK) for §*3C abundance. A CHNS/O
analyser (PerkinEImer EA2400, Shelton, Connecticut, USA) was used to determine total C and
N contents in all soil and plant samples.

2.3.5 Statistical analysis

The effects of CO> levels, species and their interaction were assessed at each harvest using a

two-way ANOV A with a block design. Differences between means were tested using Duncan’s
multiple range test at P = 0.05. The ANOVA was conducted using Genstat (v17; VSN
International, Hemel Hempstead, UK).
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2.4 Results

2.4.1 Plant growth

While wheat had greater biomass than white lupin, eCO; tended to increase the shoot and root
biomass of both species at the first harvest (Table 2.1). At the second harvest, the two plant
species differed in their responses to CO> treatment. Elevated CO increased the shoot and root
biomass of white lupin by 36% and 80%, respectively, but it had no effect on the biomass of
wheat, leading to a significant CO> x species interaction. Elevated CO> did not change the root
length of either species throughout the experiment although the total root length of wheat was

3 and 9 folds greater than those of white lupin at the first and second harvest, respectively.

2.4.2 PlantCand N

Elevated CO. decreased the N concentrations in both shoot and root of wheat at the first harvest,
and decreased the root N concentration (by 14%) at the second harvest (Table 2.1). It decreased
N concentration in the shoot by 16% but not in the root of white lupin at the second harvest.
On average, white lupin had 16-107% higher N concentrations than wheat. At the second

harvest, wheat was N-limited as shown by an apparent N-deficiency symptom (pale leaves).

Elevated CO- had no effect on C:N ratio in either shoot or root of white lupin throughout the
experiment except root C:N at the first harvest. However, it increased the shoot and root C:N
ratios of wheat by 41% and 32% at the first harvest, and the root C:N ratio by18% at the second
harvest. At both harvests, white lupin had lower C:N ratios than wheat (Table 2.1).

A significant CO x species interaction on root §'*C occurred at the first harvest with eCO-
decreasing the 8'3C values of wheat only. However, eCO, did not affect the root **C

composition of either species at the second harvest (Table 2.1).

2.4.3 Total below-ground respiration and its *3C signature

The magnitude of eCO; effect on below-ground respiration depended on plant species and
growth stage (Fig. 2.1, Table 2.2). Elevated CO> had no significant effect on below-ground
CO: evolved from wheat columns at both growth stages (Fig. 2.1). However, it increased total
below-ground respirations under white lupin by 39% and 19% for the first and second harvest,
respectively (Fig. 2.1). The total below-ground CO> efflux did not differ between two species
at the first harvest, but was 2.2 times higher for white lupin than for wheat at the second harvest
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Table 2.1 Shoot and root dry weights, N concentrations and C-to-N ratios, root length, and the 5!3C abundance of root and below-ground CO> of

wheat and white lupin grown for 34 and 62 days under either aCO2 (400 pmol mol™) or eCO2 (800 umol mol™?) levels

Species CO, level Weight (g column™) N conc. (g kg™?) C-to-N ratio Root length 313C abundance (%o)
Shoot Root Shoot Root Shoot Root (m column™?) Root CO»
Day 34
Wheat aCo. 2.12ab 1.46b 44.2b 27.0b 9.53a 14.0c 28.5b -27.6¢ -25.2¢
eCO; 255D 1.87c 31.9a 21.3a 13.4b 18.5d 30.4b —-28.9b —-26.2b
White lupin aCo, 1.71a 0.58a 46.2b 28.8¢ 9.18a 12.3b 10.1a -29.4a —-25.9b
eCO; 2.06ab 0.74a 42.2b 29.3c 10.0a 11.8a 10.2a —-29.5a —-26.5a
Significant level
C02 * * *kk *kk ** *k*k _ ** **
Spec'es * **kx ** **k* ** **k* *kx **k* *
CO2 x Species _ _ * *Kkk * *kk _ *% _
Day 62
Wheat aCoO; 10.5b 3.71c 17.2a 18.8b 25.3b 21.6b 589b -26.8a -22.2b
eCO; 11.1b 3.93c 16.0a 16.2a 26.7b 25.6¢ 615b -27.3a —22.8ab
White lupin aCo; 7.13a 1.58a 37.3c 29.0c 11.5a 14.7a 57 a —26.5a —24.7ab
eCO; 9.70b 2.83b 31.4b 29.7c 13.6a 14.4a 73 a -27.2a -25.2a
Significant level
CO2 *% *kk *% * _ * _ _ _
Spec'es **k* *kx *kx **k*k *kx **k*k *kx _ *

CO2 x species

*

**

**

*

— P>0.05; *, P <0.05; **, P <0.01; ***, P <0.001. For each column, different letters indicate significant differences between means. Two-way

ANOVA, Duncan’s new multiple range test, P < 0.05
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(Fig. 2.1, Table 2.2). Moreover, the below-ground respiration was 2.4 times greater at the

second than the first harvest for white lupin (Fig. 2.1).

Elevated CO; increased the root-derived CO. from white lupin-soil system only, leading to a
significant CO> x species interaction (Fig. 2.1, Table 2.2). The increases were 44% and 15%
at the first and second harvest, respectively (Fig. 2.1). At the second harvest, the root-derived

CO. from white lupin was 2.9 times greater than that from wheat.
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Figure 2.1 Total below-ground CO: efflux (soil-derived CO»-C and root-derived CO>-C) from
soil columns with wheat and white lupin grown for 34 (A) and 62 (B) days under aCO> (400
pmol mol ™) and eCO2 (800 pmol mol™?). Error bars represent standard errors of means of four
replicates. Means with the same upper-case letter (root-derived CO2-C) or lower-case letter
(soil-derived CO>-C) within the same harvest are not significantly different at P = 0.05 using

Duncan’s new multiple range test

The 3C abundance of the CO; released via below-ground respiration of planted columns
ranged from —26.5 to —25.2%. at Day 34 and from —25.2 to —22.2%. at Day 62 (Table 2.1).
Elevated CO. decreased the 3C abundance at Day 34, and tended to decrease it though not
significant at Day 62. The CO2 evolved from white lupin columns showed invariably lower

313C abundances when compared to those from wheat columns (Table 2.1).
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2.4.4 Rhizosphere priming effect

Elevated CO- tended to increase the soil-derived CO2 under wheat at the first harvest, but
decreased it by 16% at the second harvest (Fig. 2.1). Elevated CO> increased the soil-derived
CO2 under white lupin and the increases were 21% and 30% at the first and second harvest,
respectively (Fig. 2.1). On average, the soil-derived CO> was 18% higher under white lupin
than under wheat at the first harvest but was 9% lower at the second harvest (Fig. 2.1, Table
2.2).
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Day 34 Day 62
Figure 2.2 Rhizosphere priming effects (Primed soil C) of wheat and white lupin grown for 34
(A) and 62 (B) days under either aCO2 (400 pmol mol™?) or eCO2 (800 umol mol ™). Error bars
represent standard errors of means of four replicates. Means with the same letter within the

same harvest are not significantly different at P = 0.05 using Duncan’s new multiple range test

Rhizosphere priming effects were determined by taking the basal soil respiration rates out of
the soil-derived CO>. The basal soil respiration rates in the control amounted at 7.11 and 5.51
mg CO,-C kg soil d! at the first and second harvest, respectively. At the first harvest, eCO;
showed no impact on the RPE of wheat but it increased white lupin RPE by 78% (Fig. 2.2A).
On average, the RPE was 1.8 folds higher under white lupin than under wheat (Fig. 2.2, Table
2.2). At the second harvest, eCO> decreased the RPE under wheat by 22% but increased that
under white lupin by 47% (Fig. 2.2B, Table 2.2). When averaged two CO; treatments, the RPEs
were 6.6 and 3.5 folds higher at the second harvest than at the first harvest for wheat and white

lupin, respectively (Fig. 2.2).
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2.4.5 Rhizosphere soil respiration and microbial biomass C

Elevated CO> had no significant effect on the rhizosphere soil respirations of either species at
the first harvest and that of wheat at the second harvest (Fig. 2.3A, B, and Table 2.2). However,
it increased the rhizosphere soil respiration of white lupin by 63% at the second harvest (Fig.
2.3B). On average, the rhizosphere soil respiration of white lupin was 2.0 and 3.8 times greater
than those of wheat at the first and second harvest, respectively (Fig. 2.3A, B, Table 2.2).

The significant CO. effect on soil MBC was only observed in the rhizosphere of white lupin at
the second harvest (Fig. 2.3C, D). Elevated COz induced a 43% increase in MBC in white lupin
rhizosphere when compared to aCO>. Although there was no difference in MBC between wheat
and white lupin at the first harvest, growing white lupin resulted in a 149% increase in MBC
at the second harvest by comparison with wheat (Fig. 2.3C, D, and Table 2.2). Additionally,
MBC in the rhizosphere of white lupin was 115% higher at the second than the first harvest
(Fig. 2.3C, D).

2.4.6 Rhizosphere K2SOus-extractable C
Elevated CO> had no significant effect on K,SO4-extractable C (EOC) in the rhizosphere of

wheat at the first harvest (Fig. 2.4A). However, it increased the EOC in white lupin rhizosphere
by 53% and 22% at the first and second harvest, respectively (Fig. 2.4). On average, the
concentrations of EOC in the rhizosphere of white lupin were 1.8 and 5.5 times greater than
those of wheat at the first and second harvest, respectively (Fig. 2.4, Table 2.2). Furthermore,
rhizosphere EOC of white lupin increased 3 folds at the second harvest compared to the first
harvest (Fig. 2.4).

2.4.7 Rhizosphere K2SOus-extractable N

The concentrations of K,SOs-extractable inorganic N (NH4*—N + NOx—N) in the rhizosphere
of wheat and white lupin were lower under eCO- than aCO.. For example, at the first harvest,
the extractable inorganic N were 59% and 45% lower under eCO> than aCO- for wheat and
white lupin, respectively (Fig. 2.5A). At the second harvest, the concentration of extractable
inorganic N in white lupin rhizosphere was 23% lower under eCO. (Fig. 2.5B). The
concentrations of extractable inorganic N in the rhizosphere were higher under white lupin than
under wheat (Fig. 2.5, Table 2.2). The decreases in the concentrations of extractable inorganic

N under eCO2 was mainly attributed to the decline in NOx—N concentrations (Fig. 2.5).
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Figure 2.3 Rhizosphere soil respiration (A, B) and microbial biomass C (C, D) in soil with

wheat and white lupin grown for 34 (A, C) and 62 (B, D) days under either aCO2 (400 pumol
mol?) or eCO; (800 pmol mol™). The arrow-ended short lines represent the values obtained
from unplanted control soils. Error bars represent standard errors of means of three replicates
for Day 34 and four replicates for Day 62. Means with the same letter within the same harvest

are not significantly different at P = 0.05 using Duncan’s new multiple range test
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Figure 2.4 Concentrations of K>SOs-extractable organic C in the rhizospheres of wheat and

white lupin grown for 34 (A) and 62 (B) days under either aCO2 (400 pmol mol ™) or eCO-

Rhizosphere extractable organic C
(mg C kg1 soil)

(800 pmol mol ). The arrow-ended short lines represent the values obtained from unplanted
control soils. Error bars represent standard errors of means of three replicates for Day 34 and
four replicates for Day 62. Means with the same letter within the same harvest are not
significantly different at P = 0.05 using Duncan’s new multiple range test

Table 2.2 Two-way ANOVA analysis of total below-ground CO> efflux, root- and soil-derived
COg, rhizosphere priming effect (RPE), rhizosphere soil respiration (Rhresp.), rhizosphere
K2SOs-extractable C (EOC), rhizosphere K>SOs-extractable N (NH4*~N and NOx—N), and
microbial biomass C (MBC) at Day 34 and 62

CO; Root- Soil-
efflux  derived C derived C

RPE Rhep. EOC  NHs~N NOy—-N MBC

Day 34
C02 * *k*k * ** _ ** _ *k*x _
Spe(nes _ _ ** ** **k*k **k*%k * **k* _
C02 -X * ** _ B **k*%k B x B
SPecies —

Day 62
C02 * **k*k _ _ **k*k * _ **k* **
Spe(:les *k*x *k*k * * *k*k *k*k * *kx KKk
(:O2 -X **k*x *k*k **k*% . . *% . . e
SPECIES

— P >0.05; *, P <0.05; **, P <0.01; ***, P <0.001. Two-way ANOVA, Duncan’s new

multiple range test
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Figure 2.5 Concentrations of K>SQOs-extractable inorganic N (NH4*—N and NOx—N) in the

rhizosphere of wheat and white lupin grown for 34 (A) and 62 (B) days under either aCO, (400
pmol mol ™) or eCO2 (800 pmol molY). Error bars represent standard errors of means of three
replicates for Day 34 and four replicates for Day 62. Means with the same upper-case letter
(NOx—N) or lower-case letter (NH4*—N) within the same harvest are not significantly different

at P = 0.05 using Duncan’s new multiple range test

2.5 Discussion

This study demonstrated that the CO- effect on the rhizosphere priming of SOC decomposition
differed between plant species and between developmental stages. Elevated CO> increased the
RPEs of white lupin at both growth stages but decreased the RPE of wheat at the later growth
stage, partly supporting our hypothesis. This species variation could possibly be attributed to

variations in the quantity and quality of root exudates between the two species.

In contrast to our hypothesis, eCO> had no effect on RPE of wheat plants at the vegetative stage
(Day 34), but decreased the amount of primed soil C under wheat by 22% at the booting stage
(Day 62). At the early vegetative growth stage, eCO>—induced labile C input from wheat roots
might be too small to induce a measurable change in microbial growth (Fig. 2.3A, C) and hence
rhizosphere primed C. This is evidenced by no increases in root-derived CO; or extractable
organic C in rhizosphere soil under eCO; relative to aCO>. The decreased RPE under eCO at

the booting stage might be attributed to the poor quality of root-derived substrates as indicated

33



by the increased root C:N ratio in this and previous studies (e.g. Jin et al. 2015) or increased
phenolic and non-structural carbohydrates (Goufo et al. 2014). Poor substrate quality might

restrict microbial decomposition of SOC (Cotrufo and Ineson 1996; Viswanath et al. 2010).

Kuikman et al. (1991) also reported that eCO decreased SOC decomposition under wheat
(Triticum aestivum L. cv. Ralle) at a late growth stage (Day 49) but not at an early stage (Day
22). They suggested that the decrease could be caused by microbial preferential utilisation of
root-released labile C that was stimulated by eCO>. Soil microbial community shifted their
substrate preference to readily decomposable root-derived C at eCO,, decreasing their
dependence on SOC and the decomposition of existing SOC. However, this explanation is not
applicable to this study because eCO> did not change the quantities of root exudates as indicated
by root-derived CO and extractable organic C in the rhizosphere (Figs. 2.1B, 2.4B). Our
results were inconsistent with previous findings that plants often exhibit stimulated growth and
higher root-to-shoot ratio, greater rhizodeposition and higher rhizosphere respiration under
eCO2 (Kuzyakov 2010; Cheng et al. 2014; Nie et al. 2015). For example, Cheng and Johnson
(1998) found that eCO- (700 umol mol?) increased the total mass of wheat by 49% and the
concentration of rhizosphere soluble C by 60%. The larger input of rhizodeposits under eCO>
was considered as an important source of substrates for soil organisms to decompose SOC
(Cheng and Gershenson 2007). This variation in CO> effect on plant growth between this and

other studies is likely caused by difference in N availability (Billings and Ziegler 2008).

In contrast to wheat, eCO; increased the RPE of white lupin by 78% and 47% at the vegetative
stage (Day 34) and the flowering stage (Day 62), respectively. This observation was consistent
with the increases in rhizosphere soil respiration and microbial biomass C under eCO> (Fig.
2.3). In this study, eCO> stimulated the input of labile C, as indicated by the increases in root-
derived CO. and extractable organic C (Figs. 2.1, 2.4), and hence the ability of soil
microorganisms to decompose SOC (Health et al. 2005; Nie et al. 2013b; van Groenigen et al.
2017). The prominent capacity of white lupin in releasing organic acids/anions such as citrate
has been documented (Watt and Evans 1999; Wasaki et al. 2005). Previous hydroponic culture
experiments showed that eCO, increased the release of malate or citrate from white lupin roots
via enhanced biomass production or specific release rate per unit of root biomass (Watt and
Evans 1999; Campbell and Sage 2002). Furthermore, eCO- is also expected to alter the
composition of the root exudates of legumes with relatively higher N-rich substances due to
the increased N fixation at eCO> (De Graaff et al. 2006b; Jin et al. 2012; Lam et al. 2012). The
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changes in the quality alongside the quantity of root-derived substrates under eCO2 possibly
stimulated microbial growth and activity which increased the decomposition of SOC by co-
metabolism and/or enhanced extracellular enzyme production (Kuzyakov et al. 2000; Carney
et al. 2007).

Except for the quantity and quality of root exudates, soil N availability might also affect the
rhizosphere priming effect, as reported by other studies (Berntson and Bazzaz 1997; Craine et
al. 2007; Zang et al. 2016). Elevated CO> decreased the concentrations of K>SOs-extractable
N in the rhizosphere of both species, mainly in the form of nitrate (Fig. 2.5) which concurred
with those reported previously (Hovenden et al. 2008; Nie and Pendall 2016). This was mainly
attributed to the extra N demand and uptake by plants to favour the enhanced plant growth
under eCO». The reduction of soil N availability under eCO> could also be caused by increased
microbial N immobilisation (Billings and Ziegler 2005). The decrease in soil N availability
under eCO> was thought to increase the intensity and duration of RPE (Cheng and Kuzyakov
2005) due to microbial N mining from soil organic matter (Chen et al. 2014b). However, in
this study, eCO> decreased soil N availability, which might not have constrained soil microbes
with white lupin because more N-rich root exudates under eCO; due to enhanced biological N2
fixation (de Graaff et al. 2007) might have met the microbial N requirement. In the wheat-soil
system, the negative effect of eCO2 on N availability was stronger. This might have limited the
activity of microorganisms to decompose SOC, which is in line with many other studies
(Berntson and Bassaz, 1997; Bengtson et al. 2012). Moreover, lower N availability under eCO>
could also shift the composition of soil microbial community, as a result, changing the
decomposition of SOC. For example, Carney et al. (2007) found that the increased priming
effect at eCO» was pertinent to the increase in fungal abundance which is possibly caused by
the lower N availability under eCO> as fungi demand less N than bacteria (Billings and Ziegler
2005).

The RPE of white lupin was higher than that of wheat at the first harvest. Conversely, there
was more RPE under wheat than under white lupin when averaged across two CO> levels at
the second harvest. When both species had small root systems at the first harvest, white lupin
might have secreted more easily decomposable C compounds than wheat as indicated by the
higher root-derived CO» and extractable organic C in the rhizosphere soil (Figs. 2.1A, 2.4A)
because its specific release rate of root exudates per unit of root biomass is higher than wheat
(Nuruzzaman et al. 2006; Pearse et al. 2006; Weisskopf et al. 2008). Besides, white lupin
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relying on N fixation had higher root N concentrations than wheat, indicating the rhizodeposits
of white lupin were also more N-enriched than wheat. Nitrogen-rich labile compounds are
thought to yield higher priming effects than sole C substrates (Dalenberg and Jager 1989;
Cheng 2009). For instance, Knorr et al. (2005) found that the addition of N-rich substrates
increased the decomposition of plant litters. The increased input of labile C compounds with
higher N content from white lupin roots could have activated soil microbial growth and activity
(Carney et al. 2007; Drake et al. 2013), leading to higher RPE under white lupin than under
wheat. The higher RPE of wheat than white lupin at the second harvest might be due to its
longer roots than white lupin in the small soil columns, that is, wheat roots explorer more
volume of soil than white lupin (Weisskopf et al. 2008). Moreover, soil microbial communities
can be distinct between plant species due to species selective influences (due to the differences
in quantity and quality of root exudates) on different microbial communities (Marschner et al.
2001; Hartmann et al. 2009). Future work is needed to explore plant traits and root exudation,
and their impacts on soil microbial function and community structure to better understand the

species variation in eliciting RPE.

The RPEs were consistently lower at the early than the late growth stage. The results are
consistent with the findings by Cheng and Kuzyakov (2005) and Cheng (2009) reporting that
the priming effects are lower and even negative at early growing stages, increase to the highest
at the flowering stage, and decline thereafter. According to them, plant growth stage regulates
the release of substrates in the rhizosphere and hence the pattern of RPE. This could account
for the higher RPE of white lupin at Day 62 than Day 34 in our present study as rhizosphere
extractable C, root-derived CO», rhizosphere soil respiration and microbial biomass C were all
greater at Day 62. However, there was less root-derived CO; (P < 0.05), similar MBC and EOC
in wheat rhizosphere at Day 62 when compared to Day 34. As stated above, the increase of
wheat RPE at the later growth stage was caused by more rhizosphere soil when wheat roots
expanded and explored more soil volumes than the first harvest (Table 2.1). More studies are
needed to cover the entire growth stages to better understand the effect and mechanisms of

plant phenology on RPE.

2.6 Conclusions

Elevated CO: increased the RPEs of white lupin at both growth stages but decreased the RPE

of wheat at the later growth stage. Changes in root exudate quality and quantity at eCO2 might
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account for the species-specific responses in RPEs to eCO». This study suggests that future
high atmospheric CO> concentration may favour the decomposition of native SOC under
legumes. The selection of proper crop species which release small amounts of root exudates
could be conducive to SOC sequestration. Future studies on mechanistic understandings of the
RPE should focus on the changes in the quantity and quality of root exudates at eCO,, and how

microbes respond to these changes under various plant species at different growth stages.
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Chapter 3 The effects of elevated CO: and nitrogen availability
on rhizosphere priming of soil organic matter under wheat

and white lupin
(Published in Plant and Soil (2018) 425:375-387)

3.1 Summary

Plants grown under elevated CO2 (eCO.) demand more nitrogen from soil and invest more
labile carbon (C) compounds into below-ground. This would potentially affect microbial
decomposition of soil organic C (SOC) in the rhizosphere — namely rhizosphere priming effect
(RPE). This study aims to reveal how eCO> and nitrogen (N) supply affect the RPEs under
wheat and white lupin. Specifically, C3 plants wheat (Triticum aestivum L. cv. Yitpi) and white
lupin (Lupinus albus L. cv. Kiev) were grown at two N addition rates under ambient CO. (aCOz,
400 umol mol™) and eCO2 (800 pmol mol?) for 32 and 52 days in a C4 soil. Rhizosphere
priming of SOC was quantified using the stable **C isotopic tracing technique. This study
found that relative to adequate N supply, low N increased the RPEs under both species at Day
32, but decreased the RPEs under wheat while had no effect on RPE under white lupin at Day
52. Elevated CO: increased the RPE except that under wheat at Day 52. It concluded that low
N availability in soil increased the RPE probably via stimulated microbial N mining while
eCO; and severe N limitation synergistically decreased the RPE under wheat but not under No—

fixing white lupin.

3.2 Introduction

Much of the climate change is related to increased CO. concentration in the atmosphere which
has been increased by 40% since the industrial revolution (Ciais et al. 2013). The increased
CO- concentration in the atmosphere has been shown to enhance plant biomass production and
the turnover of root-derived carbon (C) via stimulated microbial activity (Cheng and Johnson
1998; Health et al. 2005). Root-induced increase in the mineralization of indigenous soil
organic C (SOC), i.e. rhizosphere priming effect (RPE), may play a vital role in the decrease
in terrestrial carbon sink (Bengtson et al. 2012). Elevated CO. (eCO3) could potentially change
RPE via altering the rhizosphere properties which in turn affect microbial growth and activity.
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Rhizosphere priming effect is a microbial process regulated by both the quantity and quality of
labile C substrates in the form of root exudates and other rhizodeposits (Wang et al. 2015; Liu
et al. 2017b). By comparison to ambient CO; (aCO>), plants grown under eCO- invest
proportionally larger amounts of photosynthetic C below-ground via rhizodeposition (Cheng
and Johnson 1998; Jin et al. 2014; Vestergard et al. 2016). For example, Cheng and Johnson
(1998) found that eCO> increases the input of root-derived C substrates in the rhizosphere of a
wheat plant via increased root growth and mass-specific exudation. As a result, higher RPE is
anticipated under eCO> due to enhanced C substrates for microorganisms. In another respect,
the composition of rhizodeposits under eCO- could differ from that under aCO- given changes
in root chemical properties like C:N ratio (Nie et al. 2015) and secondary metabolites, e.g.
phenolics and terpenoids (Pefiuelas et al. 1996; Pefiuelas et al. 1997; Poorter et al. 1997). The
CO2-induced changes in the quantity and quality of rhizodeposits are expected to affect the
growth and/or activity of soil microorganisms and subsequently the direction and magnitude
of RPE (Hoosbeek et al. 2004; Health et al. 2005).

Nitrogen availability in the rhizosphere is generally lower under eCO; than under aCO> due to
enhanced N uptake by plants, stimulated microbial immobilisation (Dijkstra et al. 2010) and/or
inhibited nitrification (Lagomarsino et al. 2008). Low N availability would drive soil
microorganisms to mine N from soil organic matter, leading to a higher RPE (Kuzyakov 2002)
especially in soils with low N availability (Cardon 1996; Dijkstra et al. 2009). It follows that
increased soil N availability (e.g. increased N fertiliser application or biological N fixation)
would potentially decrease the RPE due to reduced microbial N requirements from soil organic
matter (Li et al. 2017) and thus the synthesis of extracellular enzymes to degrade SOC (Cheng
and Kuzyakov 2005). However, in the POP/EuroFACE, Hoosbeek et al. (2004) found that
higher soil N availability actually increased SOC decomposition while N limitation leads to a
net accumulation of SOC. Similarly, eCO- increases SOC decomposition when N fertiliser had
been added in a microcosm experiment (Cheng and Johnson 1998). This inconsistency may
stem from different soil N status in distinctive soil systems (Bengtson et al. 2012). Our previous
study showed that eCO- decreased the RPE at a later growth stage (Day 62) of a wheat plant
probably due to extreme N limitation (Xu et al. 2017), however, it increased the RPE of white
lupin because enhanced N fixation provided extra N to plants and eased the N limitation. It is
apparent that soil N status is of great importance in mediating RPE especially under eCO3, but

this has been poorly studied.
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The objective of this study was to elucidate how soil N availability would affect RPE on the
decomposition of SOC under eCOz to better understand the effect of agricultural management
to the environment in future higher CO; scenario and to better assess the capacity of soil C
sequestration in mitigating climate change. We hypothesize that (i) low N availability in soil
would enhance microbial N mining and hence increase the RPE, (ii) eCO2 would increase the
RPE due to enhanced root exudation, and (iii) eCO2 would lead to extreme N limitation, which

in turn decreased the RPE under wheat but not white lupin.

3.3 Materials and methods

Surface soil (0-10 cm) was collected in September 2015 from a C4 kangaroo grassland
(Themeda triandra) (32° 10" S, 149° 34’ E), located at about 22 km north of Gulgong, New
South Wales, Australia. The soil was air-dried and sieved (< 2 mm) with plant roots, rocks and
granules being carefully removed. Soil physicochemical properties were: total organic C (SOC)
21 mg g%, total N 1.0 mg g%, mineral N 18.2 mg kg%, pH 4.8 (1:5 in 0.01 M CaCl,), clay
content 13% and §*3C of SOC —20.9%.. Before packing into each soil column, 2.8 kg of soil
was mixed with basal nutrients at the following rates (mg kg soil): CO(NH2)2, 32.1; K2SOs4,
120; KH2PO4, 180; MgS04-7H-0, 50; CaCl,-2H-0, 180; MnSO4-H20, 15; ZnSO4-7H20, 9;
CuS04-5H20, 6; Na2M004-2H70, 0.4; Fe-EDTA, 5.5.

3.3.1 Experimental design

A column experiment was conducted in four environmentally controlled growth cabinets (SGC
120, Fitotron, Loughborough, Leicestershire, UK) with two receiving ambient CO; (aCO-, 400
+ 15 umol mol) and the other two receiving elevated CO, (eCO2, 800 + 30 umol mol™). CO
concentrations inside the growth cabinets were achieved by mixing air with pure CO2 (Coregas,
Yennora, New South Wales, Australia) by CO. controllers. The growth cabinets were flushed
with fresh air and re-supplied with pure CO> daily to reduce possible contamination of soil-
derived CO:z on plant growth. Wheat (Triticum aestivum L. cv. Yitpi) and white lupin (Lupines
albus L. cv. Kiev) were chosen for their differences in the quantity and quality of root exudation
(Weisskopf et al. 2008). Growing C3 plants in C4 soil provides a way to separate total below-
ground CO; efflux into soil-derived CO2-C and root-derived CO»-C (Cheng and Johnson 1998).

Within each growth cabinet, two N rates (low and adequate amounts of N, referred to LN and

NN thereafter) with two replicates were performed by applying °N-labelled urea (2 atom%
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15N). The application rates and times were described in Table 3.1. Specifically, before the first
below-ground CO: trapping, white lupin and wheat received the same amounts of N which
were 25 and 60 mg N kg soil at LN and NN, respectively. Wheat plants received another 60
mg N kg soil, while white lupin received only 30 mg N kg soil before the second CO,
trapping in the LN treatment. Wheat and white lupin received the same amount of N in the NN

treatment which was 90 mg N kg soil before the second CO; trapping.

Table 3.1 Rates of N (mg urea-N kg soil) amended at each application time

N Species DO D10 D27 D29 1% D34-35 D44 D50 2" Total

LN  White lupin 15 0 10 0 25 30 0 0 30 55
Wheat 15 0 10 0 25 30 30 0 60 85

NN  White lupin 15 15 0 30 60 30 30 30 90 150
Wheat 15 15 0 30 60 30 30 30 90 150

‘LN’ represents the low N rate; “NN” represents the adequate rate of N. ‘D0’ represents the
day before sowing; ‘15" represents the total amount of N added before the first CO; trapping;
2" represents the total amount of N applied before the second CO; trapping and ‘Total’

represents the total amount of N added throughout the experiment

There were a total of 32 planted columns (2 CO: levels x 2 species x 2 N rates x 4 replicates).
Eight unplanted soil columns (receiving LN or NN) were included as controls to determine
basal soil respiration. At the same time, plants were also grown in carbon-free sands and
inoculated with soil microorganisms to determine the possible isotopic fractionation between

root tissue and root-derived CO-.

3.3.2 Growing system

Bottom-capped polyvinyl chloride (PVC) column (diameter 10 cm, height 40 cm) was used as
growing pot and drilled at the top and bottom to form an air inlet and outlet. To prevent the
anaerobic condition and facilitate gas-flowing, a pack of plastic beads (300 g) was placed at
the bottom of each column before packing into soil. Soil was then rewetted to 80% field
capacity with reverse osmosis water (RO-H.O). Pre-germinated wheat (16) and white lupin (8)
seeds were sown in a row alongside the diameters of the columns. White lupin seeds were

inoculated with a commercial lupine inoculant (EasyRhiz, New-Edge Microbials, Albury, New
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South Wales, Australia). Wheat and white lupin were thinned to eight and four seedlings per

column, respectively, one week after sowing.

All environmental parameters except CO2 concentration in the growth cabinets were controlled
at same levels, with relative humidity being set at 70% and temperature at 22 °C (day) and 18
°C (night) with a day-length of 14 h. The photosynthetic active photon flux density at the top
of the canopy was approximately 350 umol m2 st throughout the experiment. Soil in the
column was maintained at 80% field capacity by weighing and watering with RO-H2O every
two days before the first CO, trapping, and daily thereafter. Soil columns were randomly
reallocated between two replicate growth cabinets on a weekly basis to ensure homogenous

growing conditions.

3.3.3 Below-ground CO:2 trapping

Below-ground CO> were trapped at 32 days after sowing (Day 32) when both species were at
the early vegetative stage and 52 days (Day 52) when wheat came to the late jointing stage
while white lupin was at the late vegetative stage. Before each CO: trapping, the top of each
column was sealed with two PVC plates around plant stems and the interspaces were closed
with Blu-tack (Bostik, Thomastown, Victoria, Australia) (Wang et al. 2016). The integrity of
the sealing was tested by pumping CO>-free air through the column and observing the
production of bubbles in NaOH solution until the bubbles were stable when pressing the sealing
areas. Then initial CO- in soil cores was removed by pumping CO,—free air through each soil
column for 30 min. Total below-ground CO; released in 48 h was pumped and trapped in a 150
ml 0.5 M NaOH solution three times per day and 30 min each time. To speed up gas-flowing,
a vacuum was attached at the end of the trapping apparatus. The amount of below-ground CO>
was determined by titrating the excessive NaOH solution with 0.25 M HCI using the
phenolphthalein indicator after precipitation of the carbonate with 0.25 M BaCl, standard
solution. The total below-ground CO> efflux was then partitioned as root-derived CO.-C and
soil-derived CO.-C based on the differences in their *C isotopic abundances. Another
subsample of NaOH trap was mixed with excessive SrCl, (0.25 M) to form SrCOs precipitates.
To prevent the formation of Sr(OH)2 and the dissolution of SrCOgz, 0.1 M HCI was added drop
by drop to get a neutral pH. The precipitates were washed three times with Milli-Q water, dried
at 60 °C for 72 h and analysed for *C abundances using an isotope ratio mass spectrometer
(IRMS) (Sercon Hydra 20-22, Crewe, Cheshire, UK).
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3.3.4 Calculation of RPE

Rhizosphere priming effect was calculated as follows:

f = (83Croot — 8**Crotal) / (8**Croot — 83Csoil)

Csoil = Ctotal X f

RPE = Csoil — Ccontrol
where f is the contribution of SOC decomposition (Csoit) to total below-ground CO> efflux
(Crotal). 8*3Croot is the 313C value of the CO, trapped from the sand column (Table 3.2) other
than the 5'3C value of root material to eliminate the effect of possible isotopic fractionation.
813Crotar is the 13C value of Ciorar in planted columns (Table 3.2). §*3Csoil is the mean §13C value
of CO. trapped from unplanted control columns (Ccontror) and the value was quite consistent (—
19.5%o). The small difference (6.4%o) between the 5*3C values of soil-derived CO2 and root-
derived CO; could have lowered the detection limit. However, the standard errors of 5'3C
values ranged from 0.04 to 1.15%., with a mean of 0.59%o., which gives a coefficient of variance
(CV) of 9.2%. It means any treatment difference that is higher than 18% of the mean would be
detected as statistically significant. The treatment effect in this study (23%—-84%) is higher than
this value, which ensures that the method is feasible in separation of plant-derived and soil-
derived CO»-C.

Table 3.2 §'3C values (%o) of the CO2 trapped from soil columns (8**Ciotar) and sand columns
(8%3Croot) planted with wheat and white lupin for 32 and 52 days under either aCO2 (400 pumol
mol?) or eCO; (800 pmol mol™?) receiving low N (LN) or adequate N (NN)

CcO, N 813Ctotal 813Croot
Day 32 Day 52 Day 32 Day 52
Wheat
aCoO LN —22.4+0.2 -221+11 —245+12 -249+0.5
eCOz LN —22.3%0.7 -21.8+0.4 -24.2+0.4 -24.5%0.5
aCoO NN -23.7+0.5 —22.7+0.4 —245+12 -249+04
eCO; NN -23.4+1.0 —22.3+0.0 —24.2+0.4 -24.3+0.4
White lupin

aCo; LN -22.6 £0.5 -22.8+0.8 -24.6 0.9 -255+04
eCO2 LN -22.3%+0.3 -23.1+1.0 -25.1+0.6 -26.0+0.5
aCo; NN -23.5%0.7 -23.6x+1.0 -24.6 0.9 -253+04
eCO> NN —23.2+0.6 —24.0+0.7 -25.1+0.6 -25.9+0.5

43



3.3.5 Plant and soil analyses

Immediately after the first CO> trapping (Day 32), a composite sample of 16 g soil was
collected by a small corer (diameter 1 c¢cm, length 10 cm) from each soil column for the
determination of extractable C and N. No plant was harvested at this time. Plants were
destructively harvested immediately after the second CO: trapping (Day 52) with shoots being
cut at the soil surface and roots being collected by hand-picking using 2—mm sieves. Plant roots
were then washed and scanned with an image scanner (Seiko Epson EU-35, Suwa, Nagano,
Japan) and analysed with WinRHIZO STD 1600+ (Regent Instruments, Quebec City, Quebec,
Canada) to determine root length. Shoot and root samples were oven-dried at 60 °C for 48 h
and ball-milled for the measurements of total organic C and N using CHNS/O Element
Analyser (PerkinElmer EA2400, Branford, Connecticut, USA) and tissue °N abundances with
an IRMS (Sercon Hydra 20-22, Crewe, Cheshire, UK).

A thin layer of soil attached to the roots was sampled by shaking and defined as rhizosphere
soil. Soil samples were separated into two parts with one being air-dried for chemical analysis
and another being stored at —4 °C for biological and biochemical analysis. Air-dried soil

samples were ball-milled and analysed for 13C abundances using the IRMS.

Rhizosphere soil respiration (Rhresp.) was used as an indicator of the amount of root-derived
substrates and rhizosphere microbial activity (Wang et al. 2016). It was determined as
cumulative microbial respiration from a short-time laboratory incubation. Briefly, 8 g of fresh
rhizosphere soil was incubated in dark at 25 °C for 14 h. The CO; released was measured after
the incubation using an industrial gas analyser (Servomex 4210, Crowborough, East Sussex,
UK).

Fresh rhizosphere soil was extracted in 0.5 M K2SO4 (soil: solution, 1: 5) by end-to-end shaking
for 1 h. Soil extracts were then filtered through Whatman No. 42 filter paper and analysed for
extractable organic C (EOC) using a TOC analyser (GE Sievers InnovOx, Boulder, Colorado,
USA). The extractable inorganic N (EIN, NH4s*~N + NOs; —N) was determined by a flow-
injection analysis system (Lachat’s QuickChem 8500, Loveland, Colorado, USA). At the
second harvest, fresh soils with or without chloroform fumigation in dark for 24 h (Vance et

al. 1987) were extracted and determined for EOC and EIN using the above procedures.

44



Microbial biomass C (MBC) was calculated as the differences in EOC between the fumigated

and non-fumigated samples with a conversion factor 0.45 (Brookes et al. 1985).

The activity of B-glucosidase enzyme was measured colourimetrically based on the protocol of
Tabatabai (1994). Briefly, 0.5 g of fresh rhizosphere soil was mixed with 2 ml modified
universal buffer and 0.5 ml Nitrophenyl-B-D-glucoside (0.05 M) and incubated at 37 °C in dark.
After 1 h, 0.5 ml CaCl2 (0.5 M) and 2 ml THAM buffer were added separately to develop the
colour which was measured at 420 nm with a UV-VIS spectrophotometer (Agilent

Technologies Varian Cary 50, Santa Clara, California, USA).

3.3.6 Substrate-induced respiration (SIR)

According to Blagodatskaya et al. (2010), 10 g of fresh soil was amended with glucose (10 mg
g 1), talcum (20 mg g 1), and the following mineral nutrients (mg g2): (NH,4),SO,, 1.9; K,HPO,,
2.25; and MgSO,-7H,0, 3.8. Soil samples were incubated in 250 ml Mason jars at 22 °C in
dark and the CO, produced was measured hourly for a period of 16 h using an industrial gas

analyser (Servomex 4210, Crowborough, East Sussex, UK).

Microbial specific growth rate (i) was estimated by fitting the parameters of the following
equation to the measured CO, release rate (Panikov and Sizova 1996) by minimizing the least-
square sum in Excel 2013 (Microsoft Office, Redmond, Washington, USA):
CO,(t)=A+Bexp(uxt)

where ‘t” is time, ‘CO2 (t)’ is the CO> release rate at time ‘t’, ‘A’ is the initial rate of non-
growth respiration, ‘B’ is the initial rate of the growth respiration, and ‘W’ is the maximal
specific growth rate of soil microbial community. Higher p indicates relative domination of r-
strategists, whilst lower u reflects relative domination of K-strategists (Pianka 1970; Andrews
and Harris 1986).

3.3.7 Statistical analysis
A two-way ANOVA was conducted to assess the effects of CO. level, N rate and their

interaction on all measurements using Duncan’s multiple range test at P = 0.05. The analysis
was performed separately for wheat and white lupin and for Day 32 and Day 52 using Genstat
(v.17; VSN International, Hemel Hempstead, UK). Significant differences between means

were further distinguished at P = 0.05 with Duncan’s new multiple range test. Pearson
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correlation coefficients (r) among RPE, MBC, rhizosphere soil respiration and EOC were
determined separately for wheat and white lupin using Microsoft Excel (Microsoft 2013,
Redmond, Washington, USA).

3.4 Results

3.4.1 Plant growth

Elevated CO: increased the shoot and root biomass of wheat by 28% and 56%, respectively, at
Day 52 (Table 3.3). Low N rate (LN) did not affect the root growth but decreased the shoot
biomass of wheat by 10% under eCO- (Table 3.3). Elevated CO> enhanced the growth of white
lupin only when NN was supplied, with 21% and 79% increases in shoot and root biomass,
respectively (Table 3.3). Similar to wheat, LN had no significant effect on root biomass but
reduced the shoot growth of white lupin by 16% when averaged on two CO: levels (Table 3.3).

Elevated CO- increased the root length of wheat and white lupin by 80% and 27%, respectively,
irrespective of N rates (Table 3.3). The eCO2—induced increase in root length of wheat was
greater under NN, resulting in a significant CO2 x N interaction.

3.4.2 Shoot and root N concentrations and °N abundances

The N concentrations in shoot and root tissues of both species were generally higher under NN
than LN (Table 3.3). Elevated CO> had no effect on the root N concentration of wheat but
decreased the shoot N concentration by 24% (Table 3.3). In general, eCO. decreased the shoot

and root N concentrations of white lupin by 13% and 11%, respectively (Table 3.3).

Elevated CO, had no effect on N atom% in plant shoot (Table 3.3). The **N abundances of

shoot and root increased consistently in response to adequate N application.

3.4.3 Root-derived CO2-C

At Day 32, eCO: increased the root-derived CO.-C of wheat by 33% and 68% under LN and
NN, respectively, but decreased that of white lupin by an average of 24% (Fig. 3.1A, Table
3.4). When compared to NN, LN decreased the root-derived CO»-C by 48% and 25% for wheat
and white lupin, respectively (Fig. 3.1A, Table 3.4).
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By Day 52, eCO2 decreased the root-derived CO.-C of wheat by 30% (Fig. 3.1B, Table 3.4).
However, it increased that of white lupin by 38% under LN but not NN, causing a significant
CO:2 x N interaction (Fig. 3.1B, Table 3.4). As compared to NN, LN decreased the root-derived
CO»-C of wheat by 56% irrespective of CO. level and that of white lupin by 32% under aCO-
(Fig. 3.1B, Table 3.4).

3.4.4 Soil-derived CO2-C

At Day 32, eCO: increased the soil-derived CO2-C by an average of 39% and 26% for wheat
and white lupin, respectively (Fig. 3.1A, Table 3.4). When compared to NN, LN increased the
soil-derived CO,-C by 84% and 58% under wheat and white lupin, respectively (Fig. 3.1A,
Table 3.4).

At Day 52, eCO; decreased the soil-derived CO2-C under wheat by 23%, but increased that
under white lupin by 41% (Fig. 3.1B, Table 3.4). The low rate of N had no effect on the soil-
derived C under white lupin but decreased that under wheat by 30% when compared to NN
(Fig. 3.1B, Table 3.4).

3.4.5 Rhizosphere priming effect

The basal soil respiration rates were 2.1 and 2.0 mg C kg soil d* soil at Day 32 under LN
and NN, respectively. The corresponding values were 3.41 and 3.95 mg C kg soil d at Day
52 (arrow-ended dash lines in Fig. 3.1).

At Day 32, eCO: increased the RPEs of wheat and white lupin by 57% and 34%, respectively,
when averaged across the two N rates (Fig. 3.2A, Table 3.4). The low rate of N increased the
RPEs of wheat by 167% and that of white lupin by 97% (Fig. 3.2A, Table 3.4).

At Day 52, eCO> decreased the RPE of wheat by 34% regardless of N level (Fig. 3.2B, Table
3.4). However, the eCO2—-induced increase in primed C (by 59%) was still detected for white
lupin (Fig. 3.2B, Table 3.4). The low rate of N decreased the RPE by 37% for wheat but did
not affect the RPE of white lupin (Fig. 3.2B, Table 3.4). Rhizosphere priming effect was
positively correlated with microbial biomass C under both wheat and white lupin (P < 0.01,
Table 3.4).
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3.4.6 Rhizosphere soil respiration

No significant treatment effect was found for rhizosphere soil respiration under wheat (Fig.
3.3A, Table 3.4). Elevated CO: increased the rhizosphere soil respiration under white lupin by
40% when received NN, resulting in a significant CO2 x N interaction. Low N rate decreased
the rhizosphere soil respiration under white lupin by 29% when the plants were exposed to
eCOy (Fig. 3.3A, Table 3.4).

3.4.7 Microbial biomass C

Elevated CO; tended to decrease the MBC in the rhizosphere soil of wheat but increased the
MBC by 67% (P < 0.05) in the rhizosphere soil of white lupin under NN (Fig. 3.3B, Table 3.4).
Low N rate decreased the MBC in the rhizosphere of wheat by 48% but had no significant
effect on the MBC in the rhizosphere of white lupin (Fig. 3.3B, Table 3.4).

3.4.8 Rhizosphere K2SOus-extractable organic C (EOC) and inorganic N (EIN)

At Day 32, eCO; only increased the EOC under wheat by 49% when received NN (Fig. 3.4A,
Table 3.4). By Day 52, eCO; increased the EOC (by 39-102%) in the rhizosphere of both
species except for wheat supplied with LN (Fig. 3.4B, Table 3.4). Increasing N rate increased
the EOC concentration only under eCO> for both plant species, leading to significant CO2 X N
interactions (Fig. 3.4B). The EOC concentration in the rhizosphere was positively correlated

with rhizosphere soil respiration (P < 0.05, Table 3.5).

Elevated CO> yielded lower concentrations of inorganic N in the rhizospheres of both species
especially under NN, leading to a significant CO2 x N interaction (Fig. 3.4C, D, Table 3.4). At
Day 32, the inorganic N concentrations (under NN) were 82% and 48% lower under eCO- than
aCOz in the wheat- and white lupin-soil systems, respectively (Fig. 3.4C, Table 3.4). At Day
52, the concentrations of inorganic N (under NN) were 24% and 39% lower under eCO> than
under aCOz in the rhizospheres of wheat and white lupin, respectively (Fig. 3.4D). Higher

inorganic N was invariably detected under white lupin than under wheat.
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Figure 3.1 Root-derived and soil-derived CO> efflux from soil columns with wheat and white
lupin grown for 32 (A) and 52 (B) days, supplied with low (LN) or adequate (NN) rate of N
fertiliser under either aCO2 (400 pumol mol™) or eCO2 (800 pumol mol™). The arrow-ended

dash lines represent the values of non-planted soil. Error bars indicate standard errors of means

of four replicates. Means with a common italic lower-case or upper-case letter are not

significantly different at P = 0.05 for root-derived CO»-C and soil-derived CO»-C, respectively
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Figure 3.2 Rhizosphere priming effect (mg C kg soil d1) in soil columns with wheat and
white lupin grown for 32 (A) and 52 (B) days with low (LN) or adequate (NN) rate of N
fertiliser under either aCO, (400 pmol mol™) or eCO2 (800 umol mol™). Error bars indicate
standard errors of means of four replicates. Means with a common lower-case letter are not

significantly different at P = 0.05
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Table 3.3 Shoot and root dry mass (DM, g column™), N concentration (N conc., mg g) and *N (atom%), root length (m column™), specific

microbial growth rate (p, h™t) and B-glucosidase activity (ug p-nitrophenol g~* h™?) in the rhizospheres of wheat and white lupin grown for 52 days
under either aCO, (400 pmol molt) or eCO2 (800 pumol mol™) receiving low N (LN) or adequate N (NN)

DM N conc. N .

CO N Shoot Root Shoot Root Shoot Root Root length H f-glucosidase
Wheat
aCoOz LN 8.78a 3.20a 17.5ab 8.2b 1.45a 1.21a 321a 0.15 180
eCO> LN 10.32b 4.55b 13.7a 8.1b 1.44a 1.24a 442b 0.16 176
aCoOz NN 9.07a 3.18a 28.2¢c 14.2a 1.64b 1.58b 263a 0.16 182
eCOz NN 12.48¢ 5.41b 20.6b 11.8ab 1.65b 1.50b 585¢ 0.16 189
Significant level
CO2 *k K Kok K * % n.s. n.s. n.s. *ok ok n.s. n.s.
N *% n.s. *% K% ok k * % n.s. n.s. n.s.
CO2x N * n.s. n.s. n.s. n.s. n.s. * ok n.s. n.s.
White lupin

aCoOz LN 6.92a 1.46ab 26.7a 22.1a 0.86a 0.73a 24.5a 0.13a 192a
eCOz LN 7.63a 1.82bc 23.3a 19.4b 0.94a 0.82a 30.4b 0.15ab 198a
aCoOz NN 7.86a 1.22a 46.3c 24.8a 1.38b 1.34b 22.8a 0.18bc 236b
eCOz NN 9.54b 2.19c 40.1b 22.1a 1.39b 1.27b 29.5b 0.17c 250b
Significant level
CO; op ok ok * * n.s. n.s. *ok n.s. n.s.
N * % n.s. * 5k 5k * *k ok $ok ok n.s. * % * %k
CO2x N n.s. * n.s. n.s. n.s. n.s. n.s. n.s. n.s.

n.s., P >0.05; %, P < 0.05; *xx, P < 0.01; »xx, P < 0.001. For each column, different letters indicate significant differences between means (P <

0.05
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Table 3.4 Significant levels of main effects and interaction terms from the analysis of variance,
for CO: level and N rate on root-derived CO2-C (Root-C), soil-derived CO.-C (Soil-C),
rhizosphere K>SOs-extractable C (EOC) and inorganic N (EIN) and rhizosphere priming effect
(RPE) at Day 32 (D32) and Day 52 (D52) and rhizosphere soil respiration (Rhresp.) and
microbial biomass C (MBC) at Day 52 (D52)

Factors Root-C Soil-C EOC EIN RPE Rhresp. MBC

D32 D52 D32 D52 D32 D52 D32 D52 D32 D52 D52 D52
Wheat

CO; *kk  kokx *% **xx N.S. N.S. * % *% *% *okk n.s. n.s.

N * k% * %k ok * %k * %k k n.s. * * % * %k k * %k k * %k n.s. * %

CO2xN %x ns. ns. ns. * * * kxx NS. NS. NS n.s.

White lupin

CO2 *%x NS, * wkk LS. kkx ok P * *okk * *

N * % n.s. * %k ok n.s. n.s. * * %ok * k% * k% n.s. * n.s.

COxN ns. *x NnsS. ns. * * * % * n.s. n.s. * n.s.

n.s., P >0.05; ¥, P <0.05; **, P <0.01; *xx, P <0.001

3.4.9 p-glucosidase activity in rhizosphere

Elevated CO, had no effect on the activity of B-glucosidase in both soil systems (Table 3.3).
Low N rate decreased the activity of B-glucosidase by 20% in the white lupin-soil system
(Table 3.3).

Table 3.5 Pearson correlation coefficient (r) and significance among rhizosphere priming
effect (RPE), microbial biomass C (MBC), rhizosphere soil respiration (Rhresp.) and

rhizosphere-extractable C (EOC) in wheat and white lupin-soil systems at Day 52

MBC RNresp. EOC
Wheat RPE 0.81™ 0.30 0.25
MBC 0.49 0.58
thesp. 079*
White lupin ~ RPE 0.89™ 0.76™ 0.89™
MBC 0.68" 0.96™
thesp_ 073*

*,P<0.05;** P<0.01

3.4.10 Kinetics of substrate-induced respiration

The amendment of substrates exponentially increased soil respiration rate within a few hours.

Elevated CO> had minimal effects on the specific microbial growth rate (Table 3.3). Low N
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rate decreased the specific microbial growth rate () under white lupin by 20% when averaged
the data from two CO: levels (Table 3.3).

Rhizosphere soil respiration
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Figure 3.3 Rhizosphere soil respiration (14 h) (A) and microbial biomass C (B) in soils with

wheat and white lupin grown for 52 days with low (LN) or adequate (NN) rate of N fertiliser

under either aCO, (400 pmol mol?) or eCO, (800 pumol mol™). The arrow-ended dash lines

represent the values of non-planted soil. Error bars indicate standard errors of means of four

replicates. Means with a common lower-case letter are not significantly different at P = 0.05
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Figure 3.4 K>SOg4-extractable organic C (EOC) (A, B) and inorganic N (EIN) (C, D) in the
rhizospheres of wheat and white lupin grown for 32 (A, C) and 52 (B, D) days with low (LN)
or adequate (NN) rate of N fertiliser under either aCO2 (400 pumol mol) or eCO, (800 umol
mol™?). The arrow-ended dash lines represent the values of non-planted soil. Error bars indicate
standard errors of means of four replicates. Means with the same lower-case letter are not
significantly different at P = 0.05

3.5 Discussion

3.5.1 Effect of N availability on RPE

Low N availability increased the RPEs under both species at Day 32 (i.e. positive LN effect),
but this effect did not last to Day 52 and differed between two species. Thus our first hypothesis
is partly supported. Previous studies have shown that low N supply could either increase,
decrease or have no effect on the RPE (Cheng and Johnson 1998; Cheng et al. 2003; Liljeroth
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et al. 1994), and contradictory mechanisms have been proposed (Kuzyakov et al. 2000;
Fontaine et al. 2003). In this study, the greater RPE under low N relative to adequate N supply
at day 32 was likely a consequence of microbial N mining of the relatively N-rich soil organic
matter (Craine et al. 2007; Chen et al. 2014b). However, the extent of N limitation in the
rhizosphere could vary between the species and at different growth stages, which possibly

accounts for the different effects of N addition on RPE between Day 32 and 52.

Nitrogen competition between roots and soil microorganisms in the rhizosphere should be low
at Day 32 when plants were small and soil available N was not depleted (Fig. 3.4C). As a result,
when supplied with LN, the soil microorganisms might be under moderate N limitation which
increased RPE (Fig. 3.2A) probably by microbial N mining (Billings and Ziegler 2005; Billings
and Ziegler 2008; Dijkstra et al. 2008). By contrast, soil microorganisms could have down-
regulated the synthesis of extracellular enzymes in response to higher N supply, leading to less
priming (Fig. 3.2A) as previously shown by Craine et al. (2007) and Phillips et al. (2011).
Similar results have been generated from temperate ecosystems where heterotrophic
decomposition was lower under N fertilisation compared to no-N controls (Loiseau and
Soussana 1999; Burton et al. 2004; Olsson et al. 2005). The NN-induced decrease in SOC
decomposition in this study is in line with the decreases in the activities of soil oxidative
enzymes by N deposition in other studies (Saiya-Cork et al. 2002; Waldrop and Zak 2006).
Additionally, under relatively high N supply, soil microorganisms might prefer to utilise easily
degradable C compounds (e.g. root exudates and dissolved organic C) other than SOC
(Kuzyakov 2002), which might also lead to the reduction in RPE.

Greater RPEs at Day 52 than at Day 32 is consistent with the finding that highest RPEs occurred
at the flowering stage when root growth and exudation peaked (Cheng and Kuzyakov 2005,
Cheng 2009). Due to vigorous growth of plants at Day 52, the competition for N between plants
and soil microorganisms could be severe, particularly in the LN treatment, as evidenced by the
extremely low extractable N in both plant-soil systems (Fig. 3.4C, D). Besides, LN could have
limited the input of root-derived labile C as indicated by the lower rhizosphere extractable-C
and root-derived CO,-C when compared to NN (Figs. 3.1B, 3.4A, B). The limitation of both C
substrates and N under LN might have constrained the growth of soil microorganisms (Fig.
3B), resulting in a lower RPE as compared to NN in the wheat-soil system. In comparison, low
N supply had no effect on total microbial biomass in the white lupin-soil system (Fig. 3B),

probably due to biological N> fixation which potentially alleviated the N limitation. However,
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LN might have constrained the growth of fast-growing r-strategists (Blagodatskaya et al. 2010)
and the activity of microbial community as evidenced by the reduction in specific microbial
growth rate and the activity of B-glucosidase enzyme (Table 3.3). As a result, the positive LN
effect on SOC decomposition (Fig. 3.2A) was diminished by Day 52 (Fig. 3.2B). These results
indicate that soil N availability regulates RPE by directly affecting microbial growth and

activity and indirectly influencing the amount of root-derived substrates.

It can be concluded that RPE is regulated by both external C availability and soil N status.
Under moderate N limitation (Day 32), the input of labile C substrates through rhizodeposition
enhances microbial growth and/or activity to decompose soil organic matter for N whereas
sufficient N alleviates the microbial demand for N and decreases the synthesis of extracellular
enzymes to degrade soil organic matter, resulting in a decreased RPE. However, when the soil
is extremely N-deficient (Day 52, soil extractable N < 5 mg kg™), the priming decreases

accordingly due to microbial limitation of both C and N (the case of wheat under LN).

3.5.2 Effect of elevated CO2 on RPE

Elevated CO> generally increased the RPEs (Fig. 3.2), supporting our second hypothesis. The
eCOq-induced higher RPE was possibly caused by greater root-derived C input into rhizosphere
as indicated by the greater EOC under eCO- (Fig. 3.4A, B). The increase in root-derived labile
substrates under eCO; increased total microbial biomass (white lupin, Fig. 3B) and activity
(Fig. 3.3A). Although eCO: did not increase the activity of B-glucosidase, the activities of other
soil enzymes might have been stimulated by eCO. (Saiya-Cork et al. 2002; Waldrop and Zak
2006), leading to the higher RPE (Cheng and Johnson 1998; Dijkstra et al. 2008; Nie and
Pendall 2016). In addition, previous studies have shown that eCO. could potentially change
the composition of root-derived substrates (Tarnawski and Aragno 2006; Jin et al. 2015). This
effect would inherently differ among plant species, leading to the species variation in RPEs
under eCOo.

In this study, eCO> decreased wheat tissue N concentration (Table 3.2), indicating low N or
high C:N ratio rhizodeposits under eCO; (Paterson et al. 1997; Hungate et al. 1999). The poorer
quality of root-derived compounds would constrain microbial decomposition of SOC (Drake
et al. 2013) because the energy acquired from these substrates could not sustain long-term

microbial growth as evidenced by the decreasing trend of microbial biomass C under eCO>
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(wheat, Fig. 3.3B). This may be the reason why eCO. decreased the RPE under wheat at the
later growth stage, which is consistent with Xu et al. (2017). Unlike wheat, legumes (e.g. white
lupin) might contain more N-rich rhizodeposits due to their higher tissue N (Table 3.3) and
eCO- could increase the amount of these substrates to a greater extent (Fig. 3.4B) as eCO>
normally enhances biological N2 fixation, providing extra N to plants (Jin et al. 2015). As a
result, soil microorganisms and their decomposing capacity in the rhizosphere of white lupin
would be less limited by both C and N under eCOz, which is evidenced by the higher microbial
biomass and rhizosphere respiration (Fig. 3.3). The changes in RPE by eCO., however, did not
affect the contribution of soil-derived N to total plant N uptake, possibly due to microbial N

immobilization as shown in Hungate et al. (1997b) and Hagedorn et al. (2005).

Elevated CO> could also alter RPE via additional impacts on N availability (Table 3.5). It led
to a low N concentration in the rhizosphere (Fig. 3.4C, D). This might drive the soil microbial
community to mine the relatively N-rich soil organic matter for N (Kuzyakov 2002), resulting
in increases in RPE. On the contrary, reduction in RPE had occurred under eCO2 when soil N
availability was extremely low as the case of wheat at Day 52 (Fig. 3.4D), which could limit
microbial decomposition and hence decreased RPE under wheat. Due to The RPE under white
lupin was still stimulated by eCO> due to additional N source (N2 fixation). The results support
our third hypothesis. Nevertheless, the rate of N supply did not alter the CO> effect on SOC
decomposition (Fig. 3.2A). Low N availability was previously found to increase or decrease
SOC decomposition under eCOz. For example, in a microcosm study, Cheng and Johnson
(1998) found higher N (51.7 mg kg soil) increased the CO; effect on SOC decomposition. By
contrast, Cardon (1996) reported that the application of N fertiliser (83 mg N kg™ soil)
decreased the CO; effect on the decomposition of SOC when compared to zero N control. More
recently, N fertilisation was found to decrease the heterotrophic decomposition under elevated
CO2 and temperature (Choi et al. 2017). The inconsistency in this and other studies might result
from the different N application rates and plant species which affect the quantity and quality
of rhizodeposits and thus microbial responses. These results imply that in future higher
atmospheric COz scenario, the quantity and quality of substrates are more important than soil

N availability in regulating RPE.
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3.6 Conclusions

The effect of N availability on RPE differed between plant species and growth stages. Relative
to NN, LN increased the RPEs at an early plant growth stage, probably by microbial N mining.
This positive effect diminished at the later growth stage possibly by limited microbial growth
or activity due to severe N scarcity. This study shows that extreme N limitation would slow
down the microbial decomposition of SOC, and suggests that stoichiometric analysis of
microbial nutrient demand is critical to predicting SOC decomposition. Elevated CO;
decreased the RPE under wheat at the later growth stage probably due to poor-quality substrates
and limited N availability. The quantity and quality of substrates could be more important than
N availability in mediating RPE under eCOx.
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Chapter 4 Elevated CO: alters the rhizosphere effect on crop

residue decomposition

(Accept for Publication in Plant and Soil, in press)

4.1 Summary

Elevated atmospheric CO> (eCO2) can affect microbial decomposition of native soil organic
carbon (SOC) via enhanced root exudation and rhizosphere activity. Few studies have
examined the effect of eCO> on the decomposition of newly-added crop residues which are
important to understanding below-ground C changes. A soil microcosm experiment was
conducted to examine whether eCO2 would enhance the rhizosphere effects on the
decomposition of crop residues. White lupin (Lupinus albus L. cv. Kiev) was grown for 34 or
62 days under ambient CO; (aCO, 400 umol mol ™) or eCO2 (800 pmol mol?) in a low-C (2.0
mg g 1) soil which was amended with or without dual *C and N labelled wheat, field pea or
canola crop residues. An isotopic tracing technique was adopted to partition residue-derived
CO- from total below-ground CO> efflux. Two independent groups of data were analysed
statistically at either Day 34 or 62. The presence of white lupin increased the decomposition of
all residues at Day 34. This positive rhizosphere effect on residue decomposition decreased
and was even reversed at Day 62, probably due to depletion of labile C, or microbial N
limitation, or rhizosphere acidification. The eCO2-induced decomposition depended on residue
type at Day 34. Specifically, when compared to aCO», eCO2 did not affect the decomposition
of canola residue, increased that of field pea residue by 13.5% but decreased wheat straw
decomposition by 7.4%. However, residue decomposition was, on average, 13% higher under
eCO> at Day 62, which was correlated positively with the increase in rhizosphere extractable
C (P <0.01). Elevated CO> generally increased residue decomposition in the rhizosphere, but
this effect was mediated by residue type at Day 34. Enhanced residue decomposition under
legumes at eCO2 may favour C turnover and the release of residue N.

4.2 Introduction

Soil organic carbon (SOC) sequestration has been proposed as an appropriate way to improve
soil quality and productivity (Lal 2004; Smith et al. 2012) and to potentially mitigate the
increasing CO2 emissions (Meinshausen et al. 2009). The return of crop residues to soils is a
technically simple and effective agricultural management practice to achieve this purpose. A
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fraction of the incorporated residue is stabilised as soil organic matter by physical, chemical,
and biochemical mechanisms (Six et al. 2002), with the remaining fraction being lost to the
environment via microbial decomposition. The effectiveness of SOC stabilisation depends on
the quality and quantity of residues returned to the soil and soil microbial responses. Elevated
CO2 (eCO») could potentially change the rhizosphere environment and therefore microbial
parameters, which may further alter the decomposition of soil organic matter including crop

residues.

Elevated CO is anticipated to alter rhizosphere processes and affect organic matter
decomposition in three ways. Firstly, eCO> could alter both the quantity and quality of root-
derived C substances (Phillips et al. 2011; Jia et al. 2014; Butterly et al. 2016a; Calvo et al.
2017) which can regulate the microbial processing of other C sources such as crop residues
and native SOC. The difference in SOC decomposition induced by plant roots is termed the
rhizosphere priming effect (RPE) (Zhu et al. 2014; Nie and Pendall 2016; Wang et al. 2016).
Higher priming effects are linked to increased root exudation under eCO> (Bengtson et al. 2012;
Nie and Pendall 2016). Secondly, plants growing under eCO- often exhibit larger root systems
and hence large rhizosphere volumes (Dijkstra et al. 2009; Nie et al. 2013a), which indicates
more organic matter would be susceptible to microbial decomposition. Lastly, eCO2 could
change the soil environment. For example, eCO. could induce rhizosphere acidification,
especially in soils with low pH buffer capacity, possibly via enhanced efflux of carboxylates
and/or unbalanced cation-anion uptake by plant roots (Haynes 1990; Guo et al. 2012). Low pH
can directly inhibit microbial activity, microbial community size and structure and/or substrate
availability (Andersson et al. 2000; Kemmitt et al. 2006; Rousk et al. 2009), leading to
decreased decomposition of SOC (Wang et al. 2016; Wang and Tang 2018). Soil moisture
could also be altered by eCO> due to improvement in plant water-use efficiency (Cruz et al.
2016). Although several studies have examined the effect of eCO, on SOC decomposition
(Cheng and Johnson 1998, Nie and Pendall 2016; Xu et al. 2017, 2018), the eCO>—induced
changes in the rhizosphere on residue decomposition received less attention. Apart from
rhizosphere responses, distinctive types of crop residues differ intrinsically in properties like
N concentration and C complexity which may affect the decomposition under eCO,. High N
could potentially ease microbial N constraints (Drake et al. 2013) and labile C is easier to
decompose than chemically-complex compounds (Ruiz-Duefias and Martinez 2009).
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Many incubation experiments have been performed to examine the decomposition of residues
and associated mechanisms from perspectives of residue chemistry, soil N availability as well
as soil microbial activity and function (van Groenigen et al. 2005; Marx et al. 2007; Grosso et
al. 2016). However, such experiments may not reflect the actual decomposition of residues in
the field because plants being able to affect the physical, chemical and biological environments
of soil (Cheng and Kuzyakov 2005; Pregitzer et al. 2007; Wang et al. 2016) have been excluded.
Therefore, there is a need to study residue decomposition in the presence of plants — i.e. the
rhizosphere effect on residue decomposition.

Plants actively secrete root exudates into rhizosphere soil, which could affect soil C dynamics.
Approximately 11-17% of the photo-assimilates are distributed below-ground as root exudates
(Nguyen 2003; Jones et al. 2009). Soil microbes utilise such C substrates for respiration and
biomass production and the subsequent turnover of microbial biomass helps to build up SOC
(Lloyd et al. 2016). Moreover, root exudates can also fuel soil microbes to decompose other C
sources (e.g. crop residues and native SOC). Previous studies have demonstrated that the RPE
on SOC decomposition can be stimulated by up to 380% and repressed by 50% (Zhu et al.
2014), depending on plant species, soil properties and environmental parameters (Huo et al.
2017; Xu et al. 2017, 2018). The positive RPEs are mostly explained by ‘co-metabolism’
(Kuzyakov et al. 2000) and ‘microbial N mining’ (Kuzyakov and Xu 2013), while ‘preferential
substrate utilization’ and ‘nutrient competition’ (Cheng and Kuzyakov 2005) account for the
negative RPEs. However, it is still largely unknown whether the presence of rhizosphere of

growing plants affects the decomposition of crop residues and how it interacts with eCO..

The aim of this study was to examine the eCO2—induced changes in rhizosphere effect on the
decomposition of different crop residues using a stable 3C isotopic tracing technique. White
lupin was selected as the test plant for its strong capability of root exudation (Weisskopf et al.
2008). Dual *C and ®N-labelled wheat, field pea and canola residues were mixed with a
Tenosol before sowing. Below-ground CO; efflux was measured and residue-derived CO,-C
was partitioned at 34 and 62 days after sowing. We hypothesized that the rhizosphere effect on
residue decomposition would be greater for residues with low than high C-to-N ratios and that

eCO2 would further enhance the rhizosphere effect on the residue decomposition.
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4.3 Materials and methods

4.3.1 Soil description
Subsurface soil (10-30 cm) of a Tenosol (Isbell and NCST 2016) was collected from a grass

pasture. The soil was air-dried, sieved to pass a 2—mm sieve with plant roots and gravels
removed, and then thoroughly mixed. The soil was selected for its low SOC and N content,
and a similar **C abundance to the roots of white lupin. A preliminary experiment showed that
a low amount of CO> (< 2.7 ug C g* soil d?, which was only 6% of total below-ground CO
efflux) had been released from this soil when amended with crop residues. The plant- and soil-
derived CO, was integrated as one pool with the same 3C abundance, which could further be
discriminated from CO; derived from C-enriched residues. The soil is a sandy loam (sand
81%, silt 6%, clay 13%, Butterly et al. 2013). Other basic properties were: pH 6.2 (1:5 w/v in
0.01 M CaCly), pH buffer capacity 6.0 mmolc kg™ pH™?, SOC 1.8 mg g2, total N 0.28 mg g%,
K2SO4-extractable inorganic N 10.5 ng g* and §**C —25.6%0 PDB. Soil was supplied with the
following basal nutrients before the experiment (ug g?): KH2POs, 180; K.SOs, 120;
CaCl2.2H20, 180; MgS04.7H20, 50; MnSO4.H-20, 15; ZnS04.7H20, 8; CuS04.5H20, 6;
FeEDTA, 1.3; CoCl2.6H20, 0.4; Na2M004.2H20, 0.4.

4.3.2 Crop residues

Dual 3C and '°N-labelled plant materials (wheat, field pea and canola shoot residues) were
generated as described in Butterly et al. (2015). Briefly, wheat (Triticum aestivum L.), field
pea (Pisum sativum L.) and canola (Brassica napus L.) plants were fertilized with °N-labelled
Ca(*®*NOs)2 (20% atom excess) and pulse-labelled 7 times with *3CO; by injecting 12 ml of 9.2
M HSO: into 90 ml of 1.23 M Na,**CO3 (98% atom excess) throughout the growing season.
At maturity, plant shoots were collected, oven-dried at 70 °C and finely ground (< 2 mm). Basic

chemical properties of the residues were listed in Table 4.1.

Table 4.1 Basic chemical properties of 1*C and **N dual-labelled shoot residues used in this
experiment. Water-soluble C (1:25, w/v)

Water- I 3
Residue type sojuble ¢ 1O (13 Total l}l oy Klason Ilgmn 3%C N
(mggl (M99 (Mgg™) (mgg™)  (%PDB) (atom%)
Wheat 43.7 421 9.2 46 203 497 15.7
Field pea 46.4 415 14.4 29 183 500 11.6
Canola 36.4 431 8.0 54 238 222 15.8
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4.3.3 Experimental design

Plants of white lupin (Lupinus albus L. cv. Kiev) were grown in bottom-capped polyvinyl
chloride (PVC) columns (height 40 cm, diameter 7.5 cm). Each of the columns had an air-inlet
and air-outlet tubing at the top and bottom of the column. Wheat, field pea or canola residues
were mixed with 1.5 kg of soil at a rate of 5 mg g* soil and packed into soil columns. Two
hundred grams of plastic beads were enclosed in nylon mesh (pore size 45 um) and placed at
the bottom of each column before adding the soil and residue mixture to facilitate CO; trapping
and to prevent the anaerobic condition. The soil was re-wetted to 80% field capacity with

reverse osmosis water and allowed to equilibrate overnight.

Four pre-germinated seeds of white lupin were inoculated with a lupin rhizobial inoculant
(EasyRhiz, New-Edge Microbials, Albury, Australia) and sown to a 2-cm depth in a line into
each column. The planted columns were then transferred into four growth cabinets (SGC 120,
Fitotron, Loughborough, UK) with two receiving elevated CO, (eCO2, 800 + 30 pmol mol™?,
within the range of published studies) and the other two receiving ambient CO; (aCO2, 400 +
15 umol mol ™). All growth cabinets were set at temperature regimes of 18 °C night (10 h) and
22 °C day (14 h) and relative humidity of 60%. The photosynthetic active photon flux density
at the plant canopy was approximately 350 pmol m=2 sX. The columns were weighed and kept
at 80% field capacity by adding reverse osmosis water daily. Plants were thinned to two
seedlings per column two weeks from sowing. The columns were randomly reallocated within
the two replicated growth cabinets weekly to ensure homogenous growing conditions. No

additional fertiliser was applied throughout the experiment.

Overall this experiment consisted of two CO. concentrations, three residues and six replicates
being separated into two harvests with the first one at 34 days after sowing (Day 34) and the
second one at 62 days after sowing (Day 62). To ensure four replicates for below-ground CO>
collection at each harvest, only two replicate columns were destructively harvested for soil and
plant measurements at Day 34. Additionally, three sets of controls were included: two columns
without residue amendment or plant growth were included at each CO> concentration as the
control; no-residue but planted soil columns were set as the no-residue control with two
replicates for each CO> concentration at Day 34 and four at Day 62; and unplanted columns
with residue amendments in duplicate were also included for each CO2 concentration as the

no-plant control.
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Because the residues might not be uniformly labelled and microbial discrimination might occur
(Zhu and Cheng 2011), the *C abundances of the residues might thus change over the
decomposing processes, leading to variations in the *C abundances of the residues and the
residue-derived CO.. To minimise such an effect when partitioning residue-derived CO> from
total below-ground CO,, we used the *C abundances of residue-derived CO, from a concurrent
incubation experiment other than the original **C abundances of the residues. The incubation
experiment was conducted under the same conditions except that there is no headspace CO>
treatment. Briefly, 40 g of sands were firstly mixed with pre-incubated Tenosol soil at a rate of
50 mg g soil for microbial inoculation and then amended with one of the three residues. After
adjusting the water content to 80% field capacity, the sand and residue mixtures were placed
into 1-L Mason jars. To maintain the moisture, a vial with 8 ml of Milli-Q water was included.
The COz released was trapped in 8 ml of 1 M NaOH solution. The NaOH traps were replaced
with new ones every week for 9 weeks. Two ml of the trapped solution at the end of the fourth
and ninth week was added with 0.5 M SrCl> to form precipitates for the quantification of the
13C abundance of the respired CO2, which was used to represent the *C abundance of crop
residues at each time point (Table 4.2).

4.3.4 Below-ground CO: trapping

At Days 34 and 62 (representing the early vegetative and early flowering stage respectively),
the tops of the columns were enclosed with two clear PVC plates around plant stems, and the
open spaces were sealed with Blu-tack (Bostik, Thomastown, Australia) (Wang et al. 2016,
Fig. 4.1). The seal was checked by vacuuming CO>—free air through each column into a 150—
ml NaOH solution (1 M). No air leak was indicated if the bubbles formed in the solution were

stable and consistent before and after pressing the adhered area.

Before trapping, the initial CO- inside soil pores was removed by pumping CO>—free air
through all soil columns for 30 min. The COz generated inside the column during a 48—h period
was then trapped into 150 ml of 0.5 M NaOH solution by pumping and vacuuming CO>—free
air through each column. The total below-ground CO was trapped 30 min at each time and
three times per day with a 6-h interval between 9:00 am and 11:00 pm. To determine the total
CO: trapped, a subsample of the NaOH trap was firstly added with 0.5 M BacCl; standard
solution to precipitate the carbonate and the excessive NaOH was back-titrated with 0.25 M

HCI using the phenolphthalein indicator. Another subsample of the trapping solution was
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mixed with excessive 0.25 M SrCl» to form SrCOs precipitates (Cheng and Johnson 1998) at a
pH of 7.0 to prevent the formation of Sr(OH).. The precipitates were rinsed and centrifuged
three times with Milli-Q water before being oven-dried at 70 °C. The *C abundance of the
SrCOs precipitate was analysed by an Isotope Ratio Mass Spectrometer (‘IRMS’, SerCon
Hydra 20-22, Crewe, UK).

CO,: 400 or 800 pmol mol’
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Figure 4.1 Diagram of the below-ground CO: trapping system

4.3.5 Plant and soil analyses

After each CO> trapping, plants were harvested and rhizosphere soils were sampled. The
rhizosphere soil is of particular interest as it has high microbial abundance, diversity and
growth rate due to root exudation (Blagodatskaya et al. 2014). Plant shoots were cut at the soil
surface and roots were collected on a 2-mm soil sieve after collecting the rhizosphere soil.
Roots were then washed and scanned with an EPSON EU-35 Scanner (Seiko Epson Corp,
Suwa, Japan) with root length being generated from a WinRHIZO STD 1600+ Image Analysis
System (Regent Instruments, Quebec City, Canada). Shoots and root materials were oven-dried
at 70 °C for 48 h to determine dry mass.
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Immediately after sampling, rhizosphere soil respiration was determined to reflect rhizosphere
soil microbial activity (Wang et al. 2016) by incubating 10 g of fresh rhizosphere soil at 25 °C
for 12 h and measuring the microbial respiration at the end of the period using a Servomex
4210 Industrial Gas Analyser (Servomex, Crowborough, UK). The fumigation-extraction
method (Brookes et al. 1985) was adopted to determine microbial biomass C and N (MBC and
MBN) in fresh rhizosphere soil. Briefly, 8 g of soil was extracted with 40 ml of 0.5 M K>SO4
solution and the extract was filtered with Whatman no. 42 filter paper and stored at —20 °C for
further analysis. Another 8 g of soil was fumigated in dark with chloroform for 24 h, and then
extracted and filtered with the same procedure. The soil extracts were analysed for extractable
organic carbon (EOC) using a TOC Analyser (GE Sievers InnovOx, Boulder, USA). The MBC
was calculated as the differences in EOC concentrations between the fumigated and non-
fumigated samples with a conversion factor of 0.45 (Vance et al. 1987). The soil extracts were
also analysed for NHs" and NOs~ using a Flow-Injection Analysis System (‘FIA’, Lachat’s
QuickChem 8500, Loveland, Colorado, USA) and the sum of NH4* and NOs~ was defined as
extractable inorganic nitrogen (EIN). The soil extracts were further added with K>S>Og and
oxidised in an autoclave at 120 °C for 30 min (Cabrera and Beare 1993) and measured for NO3~
using the FIA. Microbial biomass N was calculated as the differences in NO3z~ concentrations
between fumigated and non-fumigated soil extracts with a conversion factor of 0.54 (Brookes
et al. 1985).

Air-dried rhizosphere soil was extracted with 0.01 M CaCl; for pH measurement and the pH
obtained was termed rhizosphere soil pH. The soil and the oven-dried shoots and roots were
finely ground and analysed for C and N concentrations using a CHNS/O Analyser
(PerkinElmer EA2400, Branford, USA). Isotopic *C and °N abundances in plant shoots were
quantified using the IRMS.

4.3.6 Calculation

Residue-derived CO»-C
The amount of CO»-C derived from residue was calculated by multiplying total below-ground
CO efflux (total efflux) by the proportion (fres) of residue-derived CO> based on the following
equation:

Residue-derived CO»-C = total CO- efflux x fres
The fres was calculated according to the equation below:
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fres = (0**Cresidue-amended soil — 0> Cno-residue control) / (0*>Cresidue — 0> Cno-residue control)
where “5'3Cresidue-amended soi” and 3 3Cro-residue control” are the 51C values of CO, derived from
planted columns with and without residue amendment, respectively (Fig. 4.4); ‘6"Cresidue’ is
the 813C value of CO; released from residues when incubated with sands (Table 4.2).

4.3.7 Statistical analysis

The effect of CO> concentration, residue type and their interaction were tested at two sampling
times separately for all measurements using a two-way analysis of variance (ANOVA).
Significant differences (P < 0.05) among means were identified using Duncan’s multiple range
test. Pearson’s correlation analysis was performed to examine the relationship of microbial
biomass C-to-N ratio and residue decomposition across the two growth stages and the
relationship of rhizosphere extractable C induced by eCO> and residue decomposition at Day
62. The tests were performed with Genstat (v17; VSN International, Hemel Hempstead, UK).
All figures were plotted in Excel 2013 (Microsoft, Redmond, USA).

4.4 Results

4.4.1 Plant growth

The effect of eCO on plant growth depended on growth stages. There was no CO: treatment
or residue type effect on plant biomass, root length, shoot C and N concentrations as well as
shoot *3C abundance at Day 34 (Table 4.2). However, eCO; decreased the N atom% of plant
shoot when field pea residue was amended, leading to a significant CO2 x residue interaction
(Table 4.3). Residue amendments increased shoot ©®N abundances when compared to non-
amended controls with the highest increase being 5.3% in soil amended with field pea residue
(Table 4.3).

At Day 62, eCO> increased shoot and root biomass by 23-36% and 40-48%, respectively
(Table 4.2), indicating white lupin distributed more photosynthesized C below-ground under
eCOs.. Elevated CO: increased the root length by 16%, 19% and 33% in the wheat, field pea
and no residue-amended soils, respectively (Table 4.2). Residue amendments abated the eCO-
effect on root length, particularly when canola residue was added. Elevated CO> did not affect
shoot N concentration or C:N ratio but decreased the *C value of shoots generally, with the

largest reduction being 2.0%o0 when the field pea residue was incorporated and the smallest
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Table 4.2 Shoot and root dry weights, root length, shoot C, N concentration and *3C abundance of white lupin growing in Tenosol soil with or without the
amendment of wheat, field pea and canola residues in aCO, (400 pmol mol™) or eCO;, (800 umol mol™) environment for 34 or 62 days. 3**Cresiaue represented
the 5*3C values of CO, evolved from incubated sands (5'*Cresiaie) amended with either wheat, field pea or canola residue

Residue co, Shoot Root Root length Shoot C Shoot N Shoot 33C SL3Cresidue
(g column™) (g column™) (m column?) (mgg?) (mgg?) (%o) (%o)
Day 34

Wheat aCo; 1.93 0.87 11.9 441 40.5 -23.9 341
eCO; 1.69 0.80 11.7 433 43.2 -24.8

Field pea aCo, 1.68 0.75 115 430 41.3 -23.0 340
eCO; 1.85 0.95 13.9 435 42.1 -24.6

Canola aCo; 1.85 0.82 11.8 437 46.7 -24.6 158
eCO; 1.92 0.91 10.6 436 447 -25.8

No-residue aCo; 1.84 0.74 10.2 435 45.0 -25.9
eCO; 2.30 1.00 11.6 435 42.7 -26.6

Significance level

CO; n.s. n.s. n.s. n.s. n.s. n.s.

Residue n.s. n.s. n.s. n.s. ns n.s.

CO; x residue n.s. n.s. n.s. n.s. ns n.s.

Day 62

Wheat aCo; 7.96d 3.06b 35.8cde 442b 36.0 —-25.2ab 307
eCO; 9.90ab 4.29a 41.4ab 443b 37.1 —26.0bc

Field pea aCoO; 7.49d 2.70b 33.4de 448a 38.6 -24.5a 303
eCO; 9.25hc 3.85a 39.7abc 442h 37.2 —-26.5bc

Canola aCo; 7.73d 2.79b 37.7bcd 450a 40.0 —24.0a 134
eCO; 10.50a 4.14a 39.4abc 443b 36.9 —25.9bc

No-residue aCoO; 8.37cd 2.93b 32.6e 449a 39.3 -25.1ab
eCO; 10.50a 4.19a 43.4a 447ab 36.7 -26.8¢

Significance level

C02 *** *** *** ** ns **k*

Residue * n.s. n.s. * n.s. n.s.

CO; x residue n.s. n.s. n.s. n.s. n.s. n.s.

The values followed by a common lower-case letter represent no significant difference within one column at each growth stage. n.s., *, ** and *** represent
P >0.05, <0.05, <0.01 and <0.001, respectively
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being 0.8%o in the wheat straw-amended soil (Table 4.2). Elevated CO> reduced the shoot *N
(atom%) by 0.5% in the wheat straw-amended soil, but increased it by 1.6% when field pea

residue was amended (Table 4.3).

4.4.2 Residue decomposition

The rhizosphere effect accelerated residue decomposition when compared to the no-plant
control. A positive rhizosphere effect on residue decomposition was found at Day 34.
Specifically, the residue-derived CO, was 7.0-8.8 ug C g* soil d* from planted columns
which was higher than the amount of CO2 (2.7-4.8 ug C g* soil d!) evolved from their
corresponding unplanted columns (Fig. 4.2A). When compared to aCO2, eCO- did not affect
the decomposition of canola residue, decreased that of wheat straw by 7.4% and increased that

of field pea residue by 13.5%, leading to a CO- x residue interaction (Fig. 4.2A).

The positive rhizosphere effect on residue decomposition decreased and was even reversed at
Day 62 (Fig. 4.2B). On average, the decomposition rates of wheat and field pea residues were
both 3.9 pug C gt soil d*in unplanted columns (the arrow-ended dash lines on Fig. 4.2B), while
their corresponding decomposition rates were only 2.6 and 2.4 ug C g * soil d* in planted soils.
The decomposition rate of canola residue was 2.0 ug C g soil dtin the unplanted column
which was still lower than that (2.9 pg C g soil d?) in the planted column (Fig. 4.2B). The
decomposition of residue was 13%, 15% and 11% higher under eCO2, compared to aCO; for
the wheat, field pea and canola residue, respectively (Fig. 4.2B). Besides, canola residue
exhibited the highest decomposition rate at this stage under both CO> concentrations.

4.4.3 Total below-ground CO: efflux and its **C abundance

The presence of white lupin increased the total below-ground CO; efflux (Fig. 4.3). For
example, at Day 34, soil respiration from the unplanted columns (the arrow-ended dash lines
on Fig. 4.3A) was only 5.3-5.7 ug C g* soil d* when residues were amended, however, the
respiration rate amounted up to 33.2-45.3 pg C g* soil d* in the corresponding planted
columns. This positive rhizosphere effect on below-ground CO; efflux was further increased
by 19-36% by eCO2 when compared to aCO: (Fig. 4.3A). At Day 62, the total below-ground
COz efflux increased to 48.4-64.1 pg C g* soil dt in the planted columns (Fig. 4.3B). Elevated
CO:z increased the total below-ground CO- efflux by 33% and 13% in field pea and canola

residue-amended soils, respectively (Fig. 4.3B).
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Figure 4.2 The rhizosphere effect of white lupin under aCO (400 pmol mol™?) or eCO; (800
umol mol™?) on the decomposition of wheat, field pea and canola residues at Day 34 (A) and
62 (B). The arrow-ended dash lines represent residue decomposition rates in unplanted controls.
Error bars represented standard errors of means. Means with a common lower-case letter
represent no significant difference within a panel. The main effects of COg, residue and the

interaction are shown as: =* (P <0.01) and *x*x* (P < 0.001)
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The §'3C value of CO, from no-residue control was similar between the two CO; levels and
was constant throughout the experiment (—23.3 to —25.6%o) (Fig. 4.4). The amendment of 3C-
labelled residue yielded a much higher &3C value of below-ground CO, and the value
decreased with time. At Day 34, the field pea residue treatment showed the highest *C
abundance of total below-ground CO2 (55.2%o), followed by the wheat straw (43.2%o) and the
canola residue treatment (14.5%o). At Day 62, the 5'*C value of total below-ground CO, was —
7.9%o and —9.9%., respectively, for the treatments of wheat straw and field pea residue. Total
CO; effluxed from the soil amended with canola residue showed the lowest 5'3C value, which
was —5.8%o (Fig. 4.4). On average, eCO; decreased the 5'3C value of COevolved from residue-
amended columns at both stages and the decrease was 37% and 21% at Days 34 and 62,

respectively (Fig. 4.4).

Table 4.3 Shoot °N abundance (atom%) of white lupin growing in Tenosol soil with or without
the amendment of wheat, field pea and canola residues in aCO2 (400 pmol mol) or eCO, (800

umol molt) environment for 34 or 62 days

Shoot ©°N (atom%)

Residue CO2 Day 34 Day 62
Wheat aCoOy 0.378c 0.375¢c
eCO; 0.378c 0.373d
Field pea aCO2 0.388a 0.384b
eCO; 0.384b 0.390a
Canola aCoOo 0.379c¢ 0.374cd
eCO; 0.379¢c 0.373d
No-residue aCoOo 0.367d 0.366¢e
eCO; 0.366d 0.366e
Significance level
C02 * *
Residue falalel faleed
CO2xResidue *x falahed

The values followed by a common lower-case letter represent no significant difference within

one column at each growth stage. * and *** represent P >0.05and <0.001, respectively
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Figure 4.3 Below-ground CO; efflux from Tenosol soil with or without amendment of wheat,
field pea and canola residues under white lupin grown in aCO2 (400 umol mol?) or eCO; (800
umol molt) environment for 34 (A) or 62 days (B). The arrow-ended dash lines represent CO;
released from unplanted soils with or without residue amendment. Error bars represented
standard errors of means. Means with a common lower-case letter represent no significant
difference within a panel. The main effect of CO2 was highly significant (***, P < 0.001) but
the main effect of residue or the interaction was not significant (P > 0.05)
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Figure 4.4 313C value of total below-ground CO; trapped from Tenosol soil with or without
amendment of wheat, field pea and canola residues under white lupin grown in aCO (400
umol mol?) or eCO; (800 umol mol?) environment for 34 (A) or 62 days (B). Error bars
represented standard errors of means. Means with a common lower-case letter represent no
significant difference within a panel. The main effect of CO,, residue and their interaction
were shown as: * (P < 0.05) and *** (P < 0.001)

4.4.4 Rhizosphere soil respiration

Rhizosphere soil respiration (12 h) was 163-284 pg CO2 g* soil at Day 34 (Fig. 4.5A).
Elevated CO> had no significant effect on rhizosphere soil respiration. A strong effect of
residue type was found with field pea residue inducing, on average, 1.3-1.5-fold higher
rhizosphere soil respiration than other residues (Fig. 4.5A). At Day 62, the soil respiration from
unplanted soils was only 0-38.4 pug CO, g soil (the arrow-ended dash lines on Fig. 4.5B).
The amounts of CO; released from rhizosphere soils ranged from 318 to 434 pg CO- g soil
(Fig. 4.5B). Elevated CO: increased the rhizosphere soil respiration by 18% and 25% in the
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wheat and field pea residue-amended soils, respectively, but not in the canola residue and no

residue-amended soils, leading to a CO; x residue interaction (Fig. 4.5B).
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Figure 4.5 Respiration (12 h) of rhizosphere soil under white lupin grown in Tenosol soil with
or without amendment of wheat, field pea and canola residues in aCO, (400 pmol mol?) or
eCO2 (800 pumol mol™) environment for 34 (A) or 62 (B) days. The arrow-ended dash lines
represent microbial respiration (12 h) of unplanted soils with or without residue amendment at
Day 62. Error bars represented standard errors. Means with a common lower-case letter
represent no significant difference within a panel. The main effects of CO, residue or the
interaction were shown as * (P < 0.05), ** (P < 0.01) and *** (P < 0.001)

4.4.5 Soil pH in the rhizosphere

White lupin acidified its rhizosphere by decreasing the original soil pH from 6.20 to 5.29-6.03
at Day 34 (Table 4.4). The rhizosphere soil pH was further decreased to 4.33-4.76 by Day 62
(Table 4.4). At Day 34, eCO; decreased the rhizosphere soil pH by around 0.3 units except for
the wheat straw-amended soil (Table 4.4). The amendment of residues yielded higher pH when

compared to no-residue control (Table 4.4) probably due to the alkalinity effect of crop residues
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(Wang et al. 2017). Elevated CO; also decreased the rhizosphere soil pH (by an average of
0.18 units) at Day 62 with the greatest reduction being 0.4 units when wheat straw was
amended (Table 4.4). On average, the soil amended with field pea residue showed the highest

rhizosphere soil pH which was 0.33 units higher than the no-residue control (Table 4.4).

4.4.6 Rhizosphere K2SOs-extractable organic C (EOC) and inorganic N (EIN)
At Day 34, eCO: increased the concentrations of EOC by 42% and 49% in the canola residue-

amended and no-residue soils, respectively (Table 4.4). On average, soils amended with field
pea residues showed the highest EOC, followed by canola residue, no-residue controls and
wheat straw (Table 4.4). The concentration of EOC was 2.7 to 6.9—fold greater at Day 62 than
at Day 34. Elevated CO- increased the EOC concentration in all residue-amended treatments,
with the increases being 80%, 63%, 44% and 21% in the wheat straw, no-residue control, field
pea residue and canola residue-amended soils, respectively (Table 4.4). Moreover, residue
decomposition rate was positively correlated with rhizosphere extractable C at Day 62 (P <
0.01, Fig. 4.6).
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Figure 4.6 The relationship between K:SOs-extractable C in rhizosphere soil and residue
decomposition at Day 62 (**, P < 0.01). Wheat, field pea and canola residue treatments were
indicated by circles, triangles and squares, respectively. Grey and black symbols represent

aCOz and eCOg, respectively

The original soil EIN was 10.5 pg g*. Growing white lupin dropped the value to 0.05-1.93 pg
gt and 0.67-1.09 pg g~tat Day 34 and 62, respectively. The treatment effect was significant
at Day 34 with a CO2 x residue interaction being detected as eCO: increased the EIN in the

wheat straw and canola residue-amended soils (Table 4.4). In general, the EIN was higher at
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Day 62 when compared to Day 34. There tended to be higher EIN under eCO2 when compared

to aCO- at Day 62, but the difference was not statistically significant.

Table 4.4 Rhizosphere pH, K>SOgs-extractable organic C (EOC) and inorganic N (EIN),
microbial biomass C (MBC), N (MBN) and C to N ratio (MBC-to-N), and soil organic C (SOC)
in white lupin-planted Tenosol with or without wheat, field pea and canola residue amendments
under aCO2 (400 pumol mol ) or eCO2 (800 umol mol™) at Day 34 or 62

. EOC EIN MBC MBN SOC
Residuetype  CO;  pH (hggh) (M99 (Mgl (H9gh) MBC-toN (mgg™)
Day 34
Wheat aCO, 5.36de  75bc 0.09c 133 11.8ab 11.2¢c 3.00cd
eCO; 5.48bcd 71bc 1.93a 129 10.3ab 12.7bc 3.26abc
Field pea aCO, 6.03a 116a 0.48bc 146 15.7ab 9.2¢ 3.56a
eCO, 5.71b 124a 0.05¢c 138 13.1ab 10.6¢ 3.54ab
Canola aCO, 5.66bc  88hbc 0.19c 159 17.3a 9.0c 2.61d
eCO,; 5.35de 125a 0.84b 176 19.6a 11.5¢ 3.06bc
No-residue aCO; 5.41cde 65¢c 0.30bc 73 2.3b 31.7a 1.74e
eCO, 5.18e 98ab 0.84b 117 6.0ab 21.6b 1.93e
Significance level
CO; * * *k n.s. n.s. n.s. n.s.
Residue **%x **x * nS * **x ***%x
CO; x residue n.s. n.s. *x n.s. n.s. n.s. n.s.
Day 62
Wheat aCO, 4.76a 231e 0.84 393ab  11.6bcd 33.6ab 3.39a
eCO, 4.36cd 417ab  0.67 463a 20.8a 22.3b 3.59a
Field pea aCO; 4.72ab  31lcd 0.75 284b 145bcd  19.6b 3.51a
eCO, 4.66ab 449a 1.09 365ab  17.3ab 21.0b 3.81a
Canola aCO, 4.54bc  295cde 0.86 418ab 14.8abcd 28.5b 3.55a
eCO, 4.35cd  358bc 1.01 447a 15.9abc  28.2b 3.76a
No-residue aCO; 4.40cd 254de 0.78 391ab 10.8cd 36.2ab 2.26b
eCO; 4.33d 416ab  1.06 505a 9.6d 52.6a 2.68b
Significance level
CO; Frx Frx n.s. * * n.s. *
Residue kel * n.s. n.s. * * Fxk
CO; x residue n.s. * n.s. n.s. n.s. n.s. n.s.

The values followed by a common lower-case letter represent no significant difference within
one column at each stage. The main effects of CO and residue type, and their interactions were
shown as n.s. (P > 0.05), * (P < 0.05), ** (P <0.01), or *** (P < 0.001)

4.4.7 Microbial biomass C (MBC), N (MBN) and C to N ratio (MBC:N)

Soil MBC in the rhizosphere ranged from 73-176 pg C g* soil at Day 34 (Table 4.4). Neither
CO:2 level nor residue type had a significant effect on MBC (Table 4.4). At Day 62, the MBC
was increased to 284-506 pug C g* soil (Table 4.4). On average, eCO; increased the MBC by
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20% at this stage. Soil MBN was higher in residue-amended soils at both harvests, leading to
lower MBC:N when compared to no-residue control columns. On average, eCO> increased the
MBN by 23% at Day 62. The MBC:N was higher at Day 62 than Day 34 (Table 4.4). It
correlated negatively with residue decomposition rate (R? = 0.64, P < 0.01, data not shown)

across the two growth stages.

4.4.8 Total soil C in the rhizosphere

At Day 34, eCO; had no significant effect on the concentration of SOC in the rhizosphere. Not
surprisingly, the residue amendments raised the rhizosphere SOC when compared to the no-
residue controls, with the largest and smallest increases being 94% and 55% in field pea and
canola residue-amended soils, respectively (Table 4.4). Higher SOC was observed in the
rhizosphere at Day 62 than at Day 34, indicating a net C deposition. On average, eCO>
enhanced SOC, with the increases being 6%, 9%, 6% and 19% for wheat straw, field pea
residue, canola residue-amended and non-amended soils, respectively. Residue amendments

increased the rhizosphere SOC by an average of 46% (Table 4.4).

4.5 Discussion

4.5.1 Rhizosphere effects on residue decomposition

This present study showed the direction of rhizosphere effects on residue decomposition
differed at two plant growth stages. Specifically, the presence of white lupin increased the
decomposition of all three crop residues (positive rhizosphere effects) at Day 34. However, the
rhizosphere effects declined and even became negative in soils amended with wheat and field
pea residues at Day 62. The decreased decomposition is consistent with some previous studies
(Cotrufo and Ineson 1996; Lam et al. 2014; Butterly et al. 2016b). For example, Butterly et al.
(2016b) reported a decreased decomposition of both wheat and field pea residues in the
rhizosphere of either wheat or field pea at about 7-8 weeks after planting when compared with
controls without plants. The negative rhizosphere effect was explained by preferential substrate
utilisation (Blagodatskaya et al. 2011) in their studies. In this study, the roots of white lupin
might have released larger amounts of low-molecular-weight substrates at Day 62 as indicated
by the greater rhizosphere extractable organic C and rhizosphere soil respiration (Table 4.4;
Fig. 4.5B). However, it did not seem to have changed the pattern of microbial substrate

utilisation as a positive relationship between residue decomposition and EOC was observed
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(Fig. 4.6). Other mechanisms must exist accounting for the change in the direction of

decomposition.

The labile portion of residue C degrades faster in plant rhizospheres than in bulk soil probably
due to stimulated microbial activity by root exudation (Cheng and Kuzyakov 2005). Therefore,
less labile residue C would have been left in the planted columns at the later decomposing stage
by comparison to the unplanted controls. This could partly explain the reduced positive
rhizosphere effects on all residue decomposition at Day 62. Similarly, in a meta-analysis, Luo
et al. (2016) pointed out that the decomposition of SOC at a specific time correlated positively
with the instantaneous quantity of remaining fresh C. Besides, the decreased rhizosphere effect
on residue decomposition could be associated with rhizosphere N status. Compared to Day 34,
soil microorganisms were extremely N-limited at Day 62 as shown by enhanced microbial C-
to-N ratio (Table 4.4) as plants depleted soil available N. This might have inhibited microbial
decomposing capacity as residue decomposition rate was negatively correlated with microbial
C to N ratio (R? = 0.64, P < 0.01, data not shown) across the two growth stages.

Moreover, the significant decrease in rhizosphere soil pH may have also contributed to the
decreased decomposition at Day 62. The Tenosol used in this study has a low soil pH buffer
capacity (6 mmolc kg™ pH™). Growing white lupin acidified the rhizosphere soil possibly by
excess uptake of cations over anions (Tang et al. 1999). Rhizosphere soil pH dropped
significantly in this study especially at the later growth stage (Table 4.4) when white lupin
showed more vigorous root growth and activity (Table 4.2, Fig. 4.5B). Previous studies have
shown that low soil pH could strongly affect the composition and/or activity of the soil
microbial community, thereby decreasing microbial degrading ability (Andersson et al. 2000;
Kemmitt et al. 2006; Rousk et al. 2009). For example, Rousk et al. (2009) showed that low pH
(4.5) favoured fungal over bacterial growth and induced a fungal functional redundancy,
leading to a decreased in C mineralization. A recent study further confirmed that residue
decomposition decreased linearly with the drop of soil pH (Aye et al. 2016). Moreover, low
soil pH could also affect the growth of plants and their rhizodeposition/root exudation, but this
may not be valid in the case of acid-tolerant species (e.g. white lupin in this study) (Huyghe
1997). This study showed that rhizosphere acidification might also be a factor regulating

residue decomposition in the rhizosphere.
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Interestingly, negative rhizosphere effects on residue decomposition were found for wheat
straw and field pea residue but not for canola residue at Day 62. Canola residue has the highest
C-to-N ratio (54) and the least labile C (36.4 mg g) when compared to wheat and field pea
residues. In addition, it contains relatively more lignin (Table 4.1) and structural carbohydrates
(Lupwayi et al. 2004), which could make it more energetically costly and more recalcitrant to
microbial degradation (Ruiz-Duefias and Martinez 2009) (Saar et al. 2016). This assumption is
supported by the lower decomposition rates of canola residue in the no-plant controls when
compared to wheat and field pea residues (arrow-ended dash lines on Fig. 4.2). However, this
substrate quality-suppressed microbial decomposition of canola residue vanished at the
presence of white lupin (canola residue, Fig. 4.2B) probably because root-derived C
compounds highly stimulated the growth of soil microorganisms and/or their degrading ability
(de Graaff et al. 2009; Bengtson et al. 2012), leading to the positive rhizosphere effect on canola
residue decomposition at Day 62. Moreover, residue amendment tended to decrease root and/or
rhizosphere respiration with enhanced residue decomposition as it did not affect the total
below-ground CO> efflux when compared to the no-residue control (Fig. 4.3). This could be
caused by possible allelopathic effects of the residues and by microbial N competition with

growing plants (Lam et al. 2013).

4.5.2 The effects of elevated CO2 on rhizosphere residue decomposition

Residue decomposition was higher under eCO> than aCO; at Day 62, but was residue-type-
dependent at Day 34. The discrepancy might derive from the different CO2-effect on the
amount and quality of root exudates between the two growth stages, and/or from the different

properties of residues, such as C availability, C to N ratio and biochemical recalcitrance.

In comparison with aCO,, eCO- increased residue decomposition at Day 62. Greater root
exudation was expected under eCO> especially at the later growth stage when plant roots
secreted more labile C substrates (Sugiyama and Yazaki 2012), expanded and explored larger
volumes of soil (Paterson et al. 2008). This is evidenced by the greater EOC under eCO2 when
compared to aCO», particularly at Day 62 (Table 4.4) and the greater rhizosphere respiration
at Day 62 than Day 34 (Fig. 4.5B). The decomposition rates of residues were positively
correlated with rhizosphere EOC (P < 0.01) (Fig. 4.6), which concurs with the results of
Bengtson et al. (2012) that decomposition of SOC increased with the rate of root exudation.

Possibly, eCO. activated soil microbial activity and/or growth, as shown by the increased
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rhizosphere soil respiration and the increasing trend of MBC, and hence enhanced SOC
decomposition, complying with the co-metabolism theory (Kuzyakov et al. 2000; Cheng and
Kuzyakov et al. 2005; Zhu et al. 2014). Moreover, root exudates enhanced under eCO, may
also chemically liberate soil mineral-protected nutrients via decomplexation and dissolution
(Keiluweit et al. 2015; Yuan et al. 2018) and therefore could partly alleviate microbial nutrient
limitation, leading to greater decomposition of crop residues. Furthermore, eCO. could
potentially alter the composition of root exudates, given more N-enriched rhizodeposition was
previously detected under eCO, by de Graaff et al. (2007). The greater inputs of N-rich root
exudates could activate the growth and/or activity of the soil microbial community to degrade
SOC and/or residue-C (Butterly et al. 2016b; Xu et al. 2018) as N in exudates can alleviate
microbial N constraints in the rhizosphere (Drake et al. 2013).

Except for the quantity and quality of root exudates, the chemical properties of residue (e.g. C-
to-N ratio and molecular degradability) could also affect its decomposition under eCOa.
Although plant growth was not significantly enhanced by eCO., root exudation could still be
stimulated due to the disproportional distribution of photosynthetic C below-ground (Cheng
and Johnson 1998; Butterly et al. 2016a). The increased root exudation under eCO; only
stimulated the decomposition of field pea residue with lower C-to-N ratio, probably due to
enhanced N availability. The higher C-to-N ratio (46) wheat straw, however, could have shifted
the microorganisms to utilise the root-derived C compounds under eCO-, leading to a decrease
in decomposition according to the preferential substrate utilisation theory (Blagodatskaya et al.
2011). However, the canola residue has a similar C-to-N ratio (54) to wheat straw but its
decomposition was not affected by eCOs-. It might relate to the biochemical recalcitrance of the
canola residue as low-quality residue could delay its responses to microbial decomposition
(Partey et al. 2013). The eCO> effect could also be missed from the two small windows of
measurements in this present study. As a result, a system that enables a better temporal

resolution of gas measurements is required in future studies.

4.6 Conclusions

Using the stable isotope tracing technique, this study examined the rhizosphere effects on crop
residue decomposition under eCO». Residue decomposition in the presence of white lupin
differed at two growth stages and between residue types. Specifically, the decomposition of

crop residue was enhanced at Day 34 but inhibited at Day 62, possibly due to depletion of labile
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residue-C, enhanced microbial N limitation or decreased rhizosphere soil pH over time. In
general, eCO> increased the decomposition of crop residues at Day 62 possibly via microbial
activation. The C-to-N ratio of residue and its degradability also affected the decomposition
under eCO- at Day 34. Our results imply that eCO2—induced increase in residue decomposition
in the rhizosphere of leguminous plants may stimulate C turnover and release of residue-N for
later plant uptake. Further research is required to improve the temporal resolution of gas
measurements, and also to simultaneously examine the effects of eCO, on the decomposition
of both residue and native soil C to better understand below-ground C cycling.
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Chapter 5 Susceptibility of soil organic carbon to priming after

long-term CO2 fumigation is mediated by soil texture
(Published in Science of the Total Environment (2019) 657: 1112-1120)

5.1 Summary

Elevated CO, (eCO2) may enhance soil organic carbon (SOC) sequestration via greater input
of photosynthetic carbon (C). However, greater rhizodeposits under eCO> may stimulate
microbial decomposition of native SOC. This study aimed to examine the status and stability
of SOC in three Australian cropping soils after long-term COz enrichment. Samples (0-5 cm)
of Chromosol, Vertosol and Calcarosol soils were collected from an 8—year Free-air CO>
Enrichment (SoilFACE) experiment and were used to examine SOC dynamics by physical
fractionation and incubation with **C-glucose. Compared to the ambient CO2 (aCO2) (390400
umol mol ™), 8 years of elevated CO, (eCO2) (550 pmol mol?) did not increase the SOC
concentration of all soils but changed SOC distribution with 12% more C in coarse soil
fractions and 5% less C in fine fractions. Elevated CO: also enhanced the susceptibility of SOC
to 3C-glucose-induced priming, but this effect was only significant in the coarse-textured
Calcarosol topsoil. The eCO> history increased labile C (coarse C fraction, +13%), soil pH
(+0.25 units) and decreased available N (—30%) in the Calcarosol, which stimulated microbial
biomass C by 28%, leading to an enhanced specific priming effect. Despite with greater total
primed C, the Chromosol that had the highest amount of native C, had lower primed C per unit
of SOC when compared to the low-C Calcarosol. In conclusion, the effect of long-term eCO.
enrichment on soil C and N availability in cropping soils depended on soil type with the coarse-

textured Calcarosol soil being more susceptible to substrate-induced decomposition of its SOC.

5.2 Introduction

Anthropogenic activities have resulted in unceasing increases in atmospheric CO:
concentration since the Industrial Revolution and the concentration will continue to rise in the
foreseeable future (Chesney et al. 2013). Elevated atmospheric CO. (eCO2) generally
stimulates plant photosynthesis and enhances plant production (Ainsworth and Long 2004;
Ellsworth et al. 2004; Kimball 2016). It also enhances the input of photosynthetic carbon (C)
to belowground components in the form of root exudates (Phillips et al. 2006), root biomass
and other rhizodeposits (Pendall et al. 2004). Increased input of this recently fixed C
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belowground (e.g. root exudates) is important to a range of soil microbial processes, leading to
potential stimulation of microbial growth and/or activity and shifts in microbial community
structure (Langley et al. 2009; Cheng et al. 2012; Vestergard et al. 2016). These changes may
affect the decomposition of indigenous soil C (Xu et al. 2017, 2018). Soil C sequestration and
decomposition together determine whether eCO> would affect soil C stocks and the capacity
of soils to mitigate climate change (de Graaff et al. 2006a, 2009; Lal 2008).

The net effect of CO2 enrichment on SOC stock has been examined in several long-term
experiments of Free-air CO2 Enrichment (FACE). Soil organic C contents have been found to
be either unaffected ( van Groenigen et al. 2006; Keiluweit et al. 2015), increased (Luo et al.
2006) or decreased (Hoosbeek et al. 2004; Carney et al. 2007; Langley et al. 2009) by CO>
enrichment. A recent meta-analysis suggested that eCO: increases the accumulation of new
soil C in the short term (< 1 year) but not in the longer term (1-4 years) (van Groenigen et al.
2017), suggesting that microbial decomposition might be a long-term soil process which could
offset short-term gains in SOC under eCO.. The relative contribution of soil C input and
decomposition under eCO2 may also affect SOC turnover (Loiseau and Soussana 1999; Sulman
et al. 2014). For example, Xie et al. (2005) found eCO> caused more C stored in > 53 um
fractions after 9 years of fumigation in a grassland system. The **C isotopic tracing technique
further revealed that new C replaced 26.5% of the soil C pool after 10 years of CO2 enrichment
at the same site (van Kessel et al. 2006). These findings suggest that, in the long term, eCO>
could renew SOC pools with more newly-added photosynthetic C in less-protected soil
fractions while the native C (old C) is progressively decomposed until an equilibrium is
achieved (van Kessel et al. 2006; Keiluweit et al. 2015). The newly-added C is readily utilised
by microorganisms due to low chemical complexity (Ruiz-Duefias and Martinez 2009) and less
physiochemical protection (Six et al. 2002; Rasmussen et al. 2006). The renewed SOC pools
resulting from long-term eCO2 would, therefore, be more susceptible to microbial
decomposition when compared to aCOx. It remains unclear, however, whether changes in SOC
content and turnover after long-term CO:z enrichment would affect the susceptibility of SOC to

further microbial decomposition.
Soil type and properties such as C and N status, pH and texture can affect microbial growth,
activity and/or community structure directly and indirectly via influences on substrate and

nutrient availability to soil microorganisms (Hamer and Marschner 2005a, 2005b; Kuzyakov
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et al. 2007). For example, soil C:N ratio and N content could affect the direction and magnitude
of priming effect (PE) — the difference in microbial decomposition of SOC with or without
external substrate addition (Fontaine et al. 2003; Kuzyakov et al. 2000) and higher PEs are
normally found in soils with high C and N (Kuzyakov et al. 2000; Qiao et al. 2015; Liu et al.
2017). Low soil pH normally decreases the relative abundance and diversity of bacteria but not
fungi (Rousk et al. 2010) and/or reduces bacterial activity (Fernandez-Calvifio and Baath 2010),
thus limiting microbial decomposition (Aye et al. 2016; Wang et al. 2016). Soils with fine
textures often exhibit high C retention capacity and stability because small pores harbour less
O for aerobic decomposers and SOC is largely bound with clays and/or protected within
aggregates (Six et al. 2002; Reis et al. 2014; Procter et al. 2015). Most CO enrichment
experiments, however, examine only one soil type, especially in FACE experiments. It is still
elusive how soil type and CO2 concentration interactively influence SOC dynamics.

The objective of this study was to investigate the effect of long-term CO- enrichment on SOC
stability in three cropping soils with contrasting physicochemical properties. Soil samples (0—
5 cm) were collected from an 8—year FACE experiment (SoilFACE) established in a semi-arid
temperate environment. Dynamics of SOC decomposition was examined by incubation
with'3C-labelled glucose. We hypothesised that (1) long-term eCO, would shift SOC pools
with increases in newly-input C and decreases in protected C; (2) as a result, the SOC under
long-term eCO2 would be more susceptible to substrate-induced microbial decomposition and
(3) this effect would be more pronounced in the low-C and coarse-textured Calcarosol soil than

heavier-textured soils.

5.3 Materials and methods

5.3.1 Study site — the field experiment

The SoilFACE experiment is located in Horsham, Victoria, Australia (36°44'57"S,
142°06'50"E). The SoilFACE had been running continuously for 8 years before sampling in
June 2017. The experiment comprised two CO. concentrations which were replicated four
times and thus eight soil bunkers were established. Intact soil cores of a Chromosol, Vertosol,
and Calcarosol (Isbell and NCST 2016) were collected from paddocks, packed into soil
columns (diameter 30 cm, length 100 cm) and then sank into the soil bunkers to keep the
surfaces of the soil at the ground level of the paddock. Four soil columns were included for
each soil type within each soil bunker. These soils represented three major soil types in dryland
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cropping systems in South-Eastern Australia. The starting soil pH, total C and N were
characterised in Jin et al. (2017). Specifically, the Chromosol had pH 4.5, total C 48.9 mg g™*
and total N 4.0 mg g2, the Vertosol pH 7.3, total C 9.4 mg g! and total N 0.8 mg g and the
Calcarosol pH 5.7, total C 4.4 mg g* and total N 0.4 mg g*. Soil physical properties were
reported previously by Butterly et al. (2016). The Chromosol had 16% sand, 66% silt and 18%
clay, the Vertosol 12% sand, 37% silt and 51% clay and the Calcarosol 85% sand, 10% silt and
6% clay. Field capacity of the Chromosol, Vertosol and Calcarosol soil was 0.46, 0.44 and 0.12,

respectively.

Pure CO2 was injected daily on the upwind side of soil bunker from sunrise to sunset during
the growing seasons to achieve an elevated CO, concentration (eCO2, 550 + 30 umol mol™)
than the ambient CO2 concentration (aCO2, 390-400 pmol mol ). The research site has an
annual rainfall of 462 mm, minimum mean temperature of 7.6 °C and maximum mean
temperature of 22.3 °C (Jin et al. 2017), which is characterised as a Mediterranean type climate
(Mollah et al. 2009). More details of the research site and facility can be found in Mollah et al.
(2009).

Field pea-canola-wheat rotation was adopted in the SoilFACE. Briefly, field pea (Pisum
sativum L. cv. PBA Twilight) was grown in the year of 2009, 2011, canola (Brassica napus L.
cv. Hyola 50) in 2013 and 2015 and wheat (Triticum aestivum L. cv. Yitpi) in 2010, 2012, 2014
and 2016. Urea-N was supplied at an annual rate of 50 kg N ha™* since 2011 for wheat and
canola and P fertiliser was applied as triple superphosphate at 15 kg P haty for all crops.
Crop residues were chopped to < 2 mm and returned to their respective soil columns after
removing grains at maturity. Possible residue loss during summer time was avoided by mesh-

netting.

5.3.2 Soil sampling

Surface soils (0-5 cm) were taken from the four soil columns of each soil type within each
bunker and composited as one soil sample in June 2017. Soil samples were kept cool, sieved
through a 2-mm sieve and stored field-moist at 4 °C after transporting back to laboratory.
Subsamples were taken for measurements of basic properties, i.e. pH, available N, total C and

N, and microbial biomass C and N.
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5.3.3 Physical fractionation

Soil organic C was partitioned into coarse and fine fractions according to Baldock et al. (2013).
Briefly, 5 g of each sample was sieved (< 2 mm) and mixed with 20 mL of sodium
hexametaphosphate solution (5 g L™). The soil and solution mixture was shaken for 16 h on a
reciprocating shaker (OM6, Ratek Instruments, Boronia, Australia) at 180 rpm with an
amplitude of 2.5 cm to disperse soil aggregates before sieving with a 53 um-size sieve. Soil
particles on the surface of the sieve (coarse fraction > 53 um) was back-washed into pre-
weighed container and samples that passed through the sieve (fine fraction <53 pum) were also
recovered and transported into pre-weighed containers. Both fractions were dried at 50 °C to
get the dry weights. The coarse fraction was homogenised and ball-milled and the fine fraction
was ground by hand using a mortar and pestle. Both fractions were analysed for organic C
concentration (mg C g particle) using an Elemental Analyser (PerkinElmer EA2400,
Branford, Connecticut, USA). The proportion (%) of total soil organic C allocated to coarse or
fine fraction was calculated as the percentage of coarse organic C or fine organic C (mg C [g

soil]™?) to the sum of coarse and fine organic C.

5.3.4 Laboratory incubation

Soil samples were pre-incubated at 25 °C for 16 days to acclimate microorganisms prior to
application of treatments. During the pre-incubation, fresh air was flushed daily to maintain
the aerobic condition and the soil moisture was kept at 50% field capacity by weighing and
adding Milli-Q water.

After the pre-incubation, **C-enriched glucose (99 atom%, Sigma-Aldrich, USA) was mixed
with equivalent *>C-glucose to produce a 5 atom% *3C-glucose solution. Two sets of 30 g (fresh
mass equivalent) pre-incubated soils were weighed into mesh-ended soil cores. One set of the
soils was mixed with the glucose solution at the rate of 500 pg C [g soil] ™ soil weekly over 6
consecutive weeks. The glucose solution was added to bring the soil moisture to 80% of field
capacity. Another set of the pre-incubated soils was brought to 80% of field capacity using
Milli-Q water only and regarded as controls. During the first addition, the substrate solution
was applied evenly onto the soil surface, allowed to settle for 15 min and then mixed with a

spatula. The same mixing procedure was conducted for the control samples.
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Soil cores were then transferred into 1-L air-tight Mason jars, each containing a vial of 8 mL
NaOH (1 M) that acted as a CO> trap and another vial of 8 mL Milli-Q water to maintain
humidity during the incubation. In the subsequent weeks, the same amount of glucose solution
or water was added evenly on the surface of soils using syringes but without thorough mixing
to avoid perturbation. Four jars containing no soil cores were also included as blanks. The
sealed jars were incubated at 25 °C for 6 weeks. The NaOH traps were renewed weekly, and
NaOH solutions in the old traps were transferred into 10 mL air-tight vials and kept at 4 °C to
avoid CO> absorbance from the atmosphere. The incubation jars were opened and allowed to
dry at 25 °C overnight to aid water evaporation so that the addition of glucose and water did
not over-saturate the soil cores (Morrissey et al. 2017). Soil samples were destructively

harvested and then stored at 4 °C at the end of the incubation for subsequent chemical analysis.

5.3.5 Soil respiration and its *C abundance

Two millilitres of NaOH solution was back-titrated with 0.25 M HCI to determine the CO>
released from each soil core using the phenolphthalein indicator after precipitation of the
carbonate with 8 mL of 0.25 M BaCl.. Another 2 mL of NaOH was precipitated with 2 mL
SrCl; (1 M) solution to form SrCOs precipitates. The suspension was then mixed with 15 mL
Milli-Q water and adjusted to a neutral pH using 0.25 M HCI to prevent the absorbance of CO-
and the formation of Sr(OH)2. The precipitates were centrifuged, rinsed three times with Milli-
Q water, oven-dried at 60 °C for 72 h, and analysed for 5'C value in triplicate using an Isotope
Ratio Mass Spectrometer (Sercon 20-22, Gateway, Crewe, UK) at the 1%, 2", 3" 4™ and 6™

week after incubation.

5.3.6 Determination of priming effect (PE)

A two-pool mixture model (Cheng 1996) was used to separate the total soil respiration (Ciota)
into glucose-derived CO2-C (Cgqi) and soil-derived CO2-C (Csoil) based on the following
equations:

= (0"Cgu — 63Crotal) / (6*3Cglu — 0**Csoil)

Csoil = Crotar % f

PE = Csoil = Ceontrol
where 62Cqy is the §*3C value of the glucose solution which is 5 atom% throughout the
incubation; ¢*Ciotal is the 8*3C value of the total soil respiration measured from the SrCOs

precipitates; 9**Csoil is the *C natural abundance of the soils (Table 5.1); Cecontrot is the basal soil
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respiration. Total primed C (ug C [g soil] ™ d™!) due to glucose addition was calculated as the
difference between soil-derived CO2-C (Csoif) from the glucose-amended soil and soil basal
respiration (Ccontror) and defined as potential PE as it was measured in laboratory incubation but
not in the field. The total primed C was then normalised based on the total SOC content and
defined as specific PE (mg C [g SOC]* d%) to provide information of SOC stability due to

glucose addition.

5.3.7 Soil analyses

Soil samples before and after the incubation were analysed for chemical and biological
properties. Briefly, soil pH was determined after shaking the air-dried soil in 0.01 M CaCl> (1:
5 w/v) for 1 h. Finely-ground samples were analysed for C and N using an elemental analyser
(PerkinElmer EA2400, Branford, Connecticut, USA), and §*3C value by the Isotope Ratio
Mass Spectrometer. Fresh soils after field sampling were extracted with 2 M KCI (1:5 w/v) to
determine available N (NO3—N + NH4™—N). Fresh soils were also analysed for moisture
content and K>SOs-extractable organic C (EOC) and inorganic N (EIN). The chloroform-
fumigation and extraction method was adopted to determined soil microbial biomass C (MBC)
and N (MBN) (Brookes et al. 1985; Vance et al. 1987). Briefly, two sets of soil samples with
or without chloroform fumigation were extracted with 0.5 M K2SQOg4 (1: 5, w/v) and then filtered
through Whatman no. 42 filter paper before determination of soluble organic C in extracts
using a TOC Analyser (GE Sievers InnovOx, Boulder, Colorado, USA). Microbial biomass C
was calculated as the difference in soluble organic C between K>SOs-extracts with and without
fumigation before extraction with a conversion factor of 0.45 (Brookes et al. 1985). The
fumigated and non-fumigated soil extracts were also oxidised with K>S>0g solution according
to Cabrera and Beare (1993) in an autoclaved at 120 °C for 30 min and then analysed for total
inorganic N (mainly NO3z—N) using a Flow-inject Analysis System (Lachat Instruments,
Loveland, Colorado, USA). The MBN was calculated as the difference in total inorganic N
between K>SO4-extracts with and without fumigation a conversion coefficient of 0.54 (Vance
et al. 1987).

5.3.8 Statistical analysis

Data were presented as means of four replicates except for the results of 53C which were
means of triplicates. Tests of normal distribution and homogeneous variances were conducted

with skewed data being either logio— or square-root-transformed. Two-way ANOVA was
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adopted to test the effects of eCO- history, soil type and their interactions on soil properties
before incubation and soil respiration-related measurements. Three-way ANOVA was adopted
to test the effects of eCOz history, soil type, substrate and their interactions on soil properties
after incubation. Significant differences of means were determined at P < 0.05 using the least
significant difference test (LSD) and signified using different low-case letters. All statistical

analyses were conducted in Genstat (v17, VSN International, Hemel Hempstead, UK).

5.4 Results

5.4.1 Soil properties after long-term field CO2 enrichment

The concentrations of total soil C and N differed between the soils at the beginning of the CO>
enrichment (Jin et al. 2017). After 8 years of CO enrichment, the average SOC concentration
of the Chromosol, Vertosol and Calcarosol was 39.2 mg g, 10.9 mg g* and 4.0 mg g},
respectively, and the average total N concentration of the correspondent soil was 3.22 mg g2,
0.89 mg g* and 0.35 mg g%, respectively (Table 5.1). The effect of 8 years of eCO; treatment
on soil C and N concentrations varied with soil type. Soil C was not increased by eCO- despite
with greater biomass production in this treatment (data not shown). The eCO- history decreased
soil total N concentration in the Chromosol by 9.5% but not in other soils. Elevated CO, had
no effect on the *C abundances of the three soils. The Vertosol had the highest *3C value (-
24.7%o), followed by the Calcarosol (—25.6%o0) and the Chromosol (-26.7%o) (Table 5.1).

The Chromosol showed the highest soil available N (27.8 pg g*) which was 8.1 and 6.2 folds
greater than that of the Vertosol and Calcarosol, respectively (Table 5.1). On average, soils
under long-term eCO> had lower available N when compared to aCO, in particular, for the
Chromosol (Table 5.1). The EOC of the Chromosol was 3.4 and 4.6 times higher than that of
the Vertosol (46 pg gt) and Calcarosol (34 pg g 1), respectively (Table 5.1). Elevated CO
decreased the EOC in the Chromosol by 20% (Table 5.1).

Elevated CO: increased the MBC in the Calcarosol soil by 28% but did not affect either the
MBN or the microbial C:N ratio (Table 5.1). The highest MBC (400 ug g*) was found in the
Vertosol, followed by the Chromosol (250 pg g1) and then the Calcarosol (54 pg g) (Table
5.1). However, the Chromosol and the Vertosol had similar MBN (37.1 and 34.8 pg g},
respectively), leading to a higher MBC:N ratio in the Vertosol than the Chromosol. The MBN
of the Calcarosol was 11.8 pg g2, resulting in an MBC:N of 4.5.
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The three soils differed greatly in their soil pH. The Vertosol had a neutral pH of 7.2 compared
to pH 5.0 in the Calcarosol and 4.4 in the Chromosol (Table 5.1). Long-term CO- enrichment
increased the soil pH in the Calcarosol by 0.25 units (Table 5.1).

5.4.2 Soil organic carbon fractionation

The Calcarosol had the highest proportion of SOC in the coarse fraction and lowest in the fine
fraction among all the soils. The Chromosol and Vertosol showed similar C distribution
between the two fractions (Table 5.2). When averaged across soil types, eight years of CO>
enrichment increased the proportion of SOC in the coarse fractions by 12% whereas it
decreased that in the fine fraction by 5% (Table 5.2). Long-term eCO. treatment decreased the
N concentration in both soil fractions of the Calcarosol and the C concentration in the fine

fraction. It also decreased the N concentration in the fine fraction of the Chromosol.

5.4.3 Soil respiration, its 8'3C value, priming effect and SOC stability

The eCOz history had no effect on the total substrate-induced CO; efflux (Fig. 5.1A). The total
COz efflux in the glucose treatments was the largest for the Chromosol and the lowest for the
Calcarosol; except during the last 2 weeks of the incubation when the Vertosol had similar CO;
efflux rates to the Chromosol (Fig. 5.1B). The cumulative CO; efflux was 2.6, 2.2 and 1.6 mg
CO>-C [g soil]™ for the Chromosol, Vertosol and Calcarosol, respectively, by the end of 6
week incubation (Fig. 5.1B). Moreover, the weekly addition of glucose raised the CO> efflux
rate after 3 weeks of incubation, with increases being greater for the Vertosol and Calcarosol
(Fig. 5.1A). Total CO> efflux from all controls decreased gradually with incubation time and
was in the order of Chromosol > Vertosol > Calcarosol (Fig. 5.1a). The cumulative CO; efflux
from the controls totalled 706, 447 and 224 ug CO,-C [g soil]* for the Chromosol, Vertosol
and Calcarosol, respectively, with no eCO; history effect (Fig. 5.1B).
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Table 5.1 Physicochemical properties prior to incubation of the topsoil (0-5 cm) of Chromosol, Vertosol and Calcarosol soils under either aCO-

(390 pumol mol™?) or eCO; (550 umol mol™) for 8 consecutive years

Soil co H Total C TotalN  3BC Available N EOC MBC MBN MBC-MBN
? P (mgg?) (mgg?’) (%PDB) (ugg™) (Mgg™ (Mool  (Hgg™) '
Chromosol aCO: 4.37d 40.8a 3.38a —26.6b 30.7a 175a 258b 34.3a 7.6b
eCO2 4.52d 37.5a 3.06b —26.8b 24.9b 140b 242bc 39.9a 6.4hc
Vertosol aCO2 7.16a 10.6b 0.86¢ —24.8a 3.3d 47c 391a 33.6a 12.3a
eCO2 7.23a 11.2b 0.92c —24.6a 3.6d 46¢ 409a 36.0a 12.1a
glthe'cams aCO, 495¢  43c 036d 24 g4 37d 47d 11.6b 41c
eCO2 5.20b 3.8¢c 0.33d —25.9ab 3.7cd 32d 60c 12.1b 4.8bc
Significance level
CO *x n.s. n.s. n.s. * * n.s. n.s. n.s.
SOI I **%k **kk **kk *%* **kk *k*k **k* *k*x *k%k
CO2xSaoil n.s. n.s. * n.s. n.s. n.s. n.s. n.s. n.s.

EOC, K,SO4-extractable soil C; MBC and MBN, microbial biomass C and N, respectively.

Total C, total N, available N, EOC and MBC were logio—transformed before statistical analysis.
Means (n = 4) with the same letters represent no significance at 0.05 level using the LSD test. n.s. P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001

91



Table 5.2 Concentrations of C and N (mg g particle), C-to-N ratio (C:N) and the proportion (%) of soil organic C allocated to the coarse (> 53

um) and fine fraction (< 53 pum) separated from samples under either aCO2 (390 umol mol™) or eCO; (550 umol mol?) for 8 consecutive years

Coarse fraction (> 53 um)

Fine fraction (< 53 um)

Soil CO: C N C:N % C N CN %

Chromosol aCOz 50.4a 3.75a 13.5a 25.5¢ 36.5a 3.26a 11.2a 74.5a
eCO; 47.9a 3.49a 13.7a 28.9bc 32.9a 2.91b 11.3a 71.1ab

Vertosol aCoOz 8.7b 0.70b 12.5ab 27.2c 9.5d 0.93e 10.3ab 72.8a
eCO; 8.5b 0.72b 11.6b 29.6bc 10.2d 1.00e 10.3ab 70.4ab

Calcarosol aCOz 1.4c 0.14c 9.6c 32.9ab 24.3b 2.46¢ 9.9b 67.1bc
eCO; 1.3c 0.11d 11.7b 37.3a 19.5¢ 2.05d 9.5b 62.7¢c

Significance level

CO; n.s. n.s. n.s. * * * n.s. *

SOII ***k ***k **k* ***k **k* *k*k ** **k*

CO2xSoil n.s. n.s. * n.s. n.s. n.s. n.s. n.s.

Carbon and N in the coarse fraction were logio—transformed and C in the fine fraction was square-root-transformed before ANOVA.

Means (n = 4) with the same letters represent no significance at 0.05 level using the LSD test. n.s. P > 0.05; * P < 0.05; ** P < 0.01; *** P <0.001
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Figure 5.1 Changes of soil respiration rates (ug CO2-C [g soil]* d%) (a) and cumulative soil
respiration (ug CO2-C [gsoil]™?) (b) over 6 weeks for samples that received weekly *C-glucose
(solid lines) and samples that did not (dash lines). Open symbols represent aCO> (390 pmol
mol?), solid symbols represent eCO, (550 umol mol?), solid lines represent glucose-added
soils and dash lines represent control soils. Vertical bars represent the least significant
difference (P = 0.05) between means (n = 4) for each week, which were analysed separately
for the glucose-added soils and controls

The 8C value of the total CO; efflux increased gradually over time for the Calcarosol and
Vertosol soils, indicating an increase of contribution of glucose-derived CO to total CO> efflux
with time. However, the 5!3C value of total CO; efflux from the Chromosol showed a slight
decrease after the third week (Fig. 5.2). The Calcarosol had the highest 5'3C value of total CO

efflux throughout the incubation, followed by the Vertosol soil and then the Chromosol soil;
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the exception was during the first week when the Vertosol soil and the Chromosol soil had
similar *C abundances of total CO- (Fig. 5.2). The effect of CO; history on the 5*3C value of
total CO2 depended on both soil type and sampling time. Specifically, the long-term CO>
enrichment decreased the !3C value of total CO; from all soils at week two, and that of the
Chromosol at Weeks 3 and 4 (Fig. 5.2).
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Figure 5.2 Changes of 8'3C values (%oPDB) of total CO; efflux for samples that received

1200 r

weekly *C-glucose over 6 weeks. Open symbols represent aCO2 (390 umol mol™); solid
symbols represent eCO, (550 pumol mol™). Vertical bars represent the least significant

difference (P = 0.05) between means (n = 3) for each sampling time

A positive priming effect (total primed C) was found for all treatments and the PEs increased
with incubation time after the fourth week (Fig. 5.3A). The effect of soil type was significant
across time with the Chromosol having the highest PE, followed by the Vertosol and the
Calcarosol (Figs. 5.3A, 5.4). Although the Calcarosol tended to have higher PE under eCOy,
the difference was only statistically significant at week four (Figs. 5.3A, 5.4). By the end of
the incubation, weekly addition of glucose yielded more soil-derived CO.-C compared to its
corresponding control, with an increase of 827, 739 and 554 ug C [g soil]™ for the Chromosol,

Vertosol and Calcarosol soil, respectively (Fig. 5.4).
Primed C per gram of indigenous SOC (specific PE) (Fig. 5.3B) reflects the susceptibility of

native SOC to microbial decomposition upon external substrate addition. The Calcarosol
exhibited the highest primed C per SOC, followed by the Vertosol soil and the Chromosol soil
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lowest (Fig. 5.3B). The CO: history had no effect on the primed C per SOC for the Chromosol
and Vertosol, increased it for the Calcarosol, especially at Weeks 2—4 (Fig. 5.3B).
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Figure 5.3 Changes of priming effect (ug C [g soil] X d%) (a) and primed C per SOC (mg C [g
SOCTY) (b) caused by weekly glucose amendment over 6 weeks. Open symbols represent aCO;
(390 pumol mol); solid symbols represent eCO- (550 umol mol ™). Vertical bars represent the

least significant difference (P = 0.05) between means (n = 4) for each sampling time



1000 0 ® Chromosol
A A Vertosol I
- O W Calcarosol
S 800 f
5 _
2= 600 |
£EQg
S
g o 400
82
=1 N
IS 200 r
>
(@)
O 1 1 1 1 1 1 ]

0 1 2 3 4 5 6 7
Incubation week

Figure 5.4 Changes of cumulative priming effect (ug C [g soil]™) caused by weekly glucose
amendment over 6 weeks. Open symbols represent aCO2 (390 umol mol?); solid symbols
represent eCO> (550 pmol mol™t). Vertical bars represent the least significant difference (P =

0.05) between treatment means (n = 4) for Weeks 3, 4 and 6

5.4.4 Soil properties after incubation

After 6-weeks of incubation, the EOC decreased by 11%, 25% and 29% for the Chromosol,
Vertosol and Calcarosol soils, respectively (Tables 5.1 and 5.3). Elevated CO; history had no
significant effect on EOC. The addition of glucose substantially increased the EOC in the
Calcarosol (Table 5.3), indicating that microorganisms did not deplete this large pool of
substrate C and/or labile soil C.

For the controls, the Chromosol had a K2SO4-extractable inorganic N (EIN) of 86 pug g which
was 3.2— and 1.3—fold higher than that of the Vertosol and Calcarosol soil, respectively (Table
5.3). The addition of glucose led to depletion of the EIN (Table 5.3).

After the 6-week incubation with glucose, the MBC was 2.0, 1.6 and 3.7 times greater than
that measured in the no-glucose added treatments in the Chromosol, Vertosol and Calcarosol
soils, respectively (Table 5.3), suggesting microbes in the Calcarosol soil were more limited
by substrate before the incubation. The MBN in glucose-added samples was 2.0, 1.2 and 1.2
times higher than the MBN measured when no glucose was added to the Chromosol, Vertosol
and Calcarosol soils, respectively (Table 5.3). As a result, glucose addition increased the
MBC:N of the Calcarosol by 95% (Table 5.3), meaning that the microorganisms were more
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Table 5.3 Concentrations of K>SOs-extractable C (EOC) and inorganic N (EIN), and microbial biomass C (MBC) and N (MBN), and MBC-to-

MBN ratio (MBC:N) in soil after 6-week incubation with or without glucose amendment to cropping Chromosol, Vertosol and Calcarosol un

under ambient (aCO,) (390 pmol mol™?) or elevated CO, (eCO) (550 pmol mol™) for 8 years

Soil o, EOC (ugg™) EIN (ugg™) MBC (g g MBN (ugg™) MBC:N
Control Glucose Control Glucose Control Glucose Control Glucose Control Glucose
Chromosol aCoOs 153b 172b 86.2a 8.8cd 221cd  505ab 30.8b 69.9a 7.7bc 6.8c
eCO; 128b 159b 85.6a 13.3c 278bc  501lab 41.6ab 72.7a 7.1c 6.9c
Vertosol aCoOo 36d 53c 29.9b 7.3d 442ab  724a 49.9ab 61.2ab 10.0bc  11.8abc
eCO; 34d 57c 240b 7.8d 450ab  660a 48.7ab  59.6ab 9.8bc 11.0bc
Calcarosol aCoOo 26de 602a 22.7b  4.8e 36e 154d 3.8d 5.4c 11.0bc 16.2a
eCO; 23e 472a 19.2b  4.4e 51e 168d 8.3c 8.7d 7.1c 12.2ab
Significance level
CO, n.s. n.s. n.s. * n.s.
SOI I **k* **k* ***k **k* **k*
Substrate **kk **k* ***k * *
CO2xSoill n.s. n.s. n.s. * n.s
SoilxSubstrate Fxk falaied * n.s. *

The CO2x Substrate and CO2xSoilxSubstrate interactions are not significant at P<0.05.
The data of EOC, EIN, MBC and MBN are logio—transformed before ANOVA.

Means (n = 4) with the same letters represent no significance at 0.05 level using the LSD test. n.s.
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N-limited in the glucose-added Calcarosol soil. Moreover, in comparison to the other two soils,
the Chromosol soil had the lowest MBC:N (6.9, Table 5.3) probably due to the highest
available N and total N.

5.5 Discussion

5.5.1 Effects of eCOz2 history on SOC dynamics

Long-term (8 years) CO2 enrichment did not affect SOC of all three cropland soils. Plants
growing under the eCO2 condition generally exhibit increased rates of photosynthesis and
biomass production. At the SoilFACE, eCO: increased the above-ground biomass by 26.5%,
14.8% and 18.5%, respectively, for the Chromosol, Vertosol and Calcarosol over the growing
seasons of 2009 to 2012 (Butterly et al. 2018). Elevated CO> could have also increased
belowground C input via increased root growth and rhizodeposition as previously found
(Pendall et al. 2004; Nie et al. 2013a; Phillips et al. 2011). It is assumed that the potentially
greater input of C into belowground compartments under eCO2 would result in a net overall
increase in SOC stocks, but we found that concentrations of SOC in the top 5-cm soil remained
unchanged. This neutral eCO; effect on SOC stock might result from eCO>—induced changes
in microbial decomposition. The priming effect has been regarded as a general process that
could be stimulated by CO- enrichment due to a greater supply of easily-metabolised substrates,
which escalates the decomposition of SOC under elevated CO, (Langley et al. 2009; van
Groenigen et al. 2014; Black et al. 2016). Increased total primed C under elevated CO; is
attributed to changes in quantity and quality of rhizodeposits (Phillips et al. 2011; Xu et al.
2017, 2018) and the subsequent effects on microbial growth, activity (Billings and Ziegler 2005;
Janus et al. 2005; Jin et al. 2014) and/or community composition (Carney et al. 2007). No
increment in SOC under eCO even after eight years of cultivation possibly reflects a counter-
balancing effect of PE on SOC gains from enhanced productivity.

The enhanced input of C and increased decomposition under eCO2 could potentially accelerate
SOC turnover (van Groenigen et al. 2014, 2017). This is confirmed by the finding that eCO>
generally increased C distributed in particulate soil organic matter rather than the more-
protected fine fractions after eight years of fumigation, which confirmed our first hypothesis.
Similar results have been reported previously. For example, Hofmockel et al. (2011) reported
that four years of CO2 enrichment (200 umol mol above ambient concentration) speeded up
SOC turnover in a forest soil with more C in the coarse particulate fraction when compared to
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aCO:a. Xie et al. (2005) also found more retention of newly-added C in particulate soil organic
matter and enhanced decomposition of indigenous soil C in a clay-loamy Cambisol after 9
years of exposure to eCO, (600 relatives to 350 umol mol?) in a Swiss grassland. These results
imply that the inevitable higher atmospheric CO: in future climates may actually accelerate
soil C loss rather than sequestration from the atmosphere, resulting in a positive feedback effect.
Whether the renewed SOC fractions by long-term CO. enrichment affects SOC stability to

environmental changes in future is discussed below.

5.5.2 Effects of eCOz2 history on SOC susceptibility to microbial decomposition

Glucose addition was expected to induce more C primed from cropping soils treated with long-
term eCO- (Hypothesis 2), but the increase was only significant for the Calcarosol soil (Fig.
5.3A). Soil organic C of the Calcarosol topsoil was more sensitive to the substrate-induced
priming under eCO, than aCO> as shown by the greater primed C per unit mass of SOC
(specific PE) (Fig. 5.3B) (Hypothesis 3). Elevated CO> increased the proportion of coarse
organic C, arelatively labile C fraction primarily composed of plant residues, living organisms
and debris of dead organisms. The increase might have contributed to the greater (28%)
microbial biomass C under eCO2 when compared to aCO> (Table 5.1), thereby leading to the
higher PE under eCO». In addition, the Calcarosol soil had 30% less available N under eCO-
than under aCO,. The relative N-limitation (higher C:N ratio of soil and microbes) under eCO>
might have increased the decomposition of residue and soil organic matter for N requirement
through biosynthesis of more extracellular enzymes (Craine et al. 2007; Chen et al. 2014b).
The higher microbial biomass N and lower microbial C-to-N ratio following the substrate
incubation (Table 5.3) could thus result from the enhanced SOC decomposition and utilisation
of soil-derived N. Lastly, long-term CO enrichment increased soil pH by ~0.25 units in the
Calcarosol soil, which might also contribute to the higher substrate-induced priming of SOC.
In other studies, low pH has been found to affect microbial community composition and
enzyme activity (Kemmitt et al. 2006; Rousk et al. 2010) and to decrease microbial degradation
of soil organic matter (Aye et al. 2016; Wang et al. 2016). The increase in surface soil pH might
result from more incorporation of plant residues under eCO, as residue alkalinity and
mineralisation of residue N could increase soil pH especially in surface soil with more plant
litter input(Xu et al. 2006; Butterly et al. 2013). Long-term CO2 enrichment could have also
changed the SOC composition of the Calcarosol soil, as indicated by the higher C:N ratio in

the coarse C fraction. Elevated CO- has been found to increase plant C:N (Nie et al. 2015) and
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perhaps the amounts of recalcitrant C compounds (Pefiuelas et al. 1996, 1997; Poorter et al.
1997) of plant tissues. However, the changes in residue quality under eCO: is too small to
induce any changes in microbial growth and/or their decomposing capacity (de Graaff et al.
2006b). The result corroborates with some previous findings that despite with lower quality,
residues from eCO; do not exhibit lower decomposition than those from aCO, (Hirschel et al.
1997; Norby et al. 2001; Knnops et al. 2007).

However, both total primed C and specific PE did not differ between aCO> and eCO: in the
Chromosol and Vertosol soils which had relatively higher C, N and clay contents than the
Calcarosol soil. Soil texture affects the stability and microbial accessibility of SOC. The
Vertosol soil (and Chromosol soil), with a relatively higher specific surface area and higher
amounts of reactive sites, could retain more organic materials (Parfitt et al. 2003) inside of soil
aggregates and thus reduce microbial accessibility and enzymatic decomposition of SOC (Six
et al. 2002). This might account for the lower primed C per unit mass of SOC in the Vertosol
and Chromosol soils than in the Calcarosol soil. The Chromosol and Vertosol soils, however,
lost more C per unit of soil weight when compared to the Calcarosol during the due to their
higher C concentration. The result is consistent with the notion that PEs are normally greater
in soils that have more C and N (Kuzyakov et al. 2000; Qiao et al. 2015; Liu et al. 2017b).
There was no net SOC gain in all cropped soils, albeit more C input under eCO>, suggesting
eCO2 might have stimulated microbial decomposing capacities and the decomposition of crop

residues and/or soil C in the field.

5.5.3 Temporal responses of priming effect

The weekly supply of glucose-induced higher potential PE at a later stage of incubation when
labile SOC became less in amount. Multiple glucose pulses might have changed the
composition and/or C-use plasticity of microbial community with activation of previously
inactive SOC-utilising decomposers which could secrete larger quantities of extracellular
enzymes to decompose recalcitrant C (Kuzyakov 2010; Mau et al. 2015; Morrissey et al. 2017).
For example, using the quantitative stable isotope probing of DNA, Morrissey et al. (2017)
discovered that the increase in PE by multiple glucose pulses was related to the shift of a wide
phylogenetical group of taxa using SOC for growth. This could be attributed to microbial
mining of soil organic matter for N ( Fontaine and Barot 2005; Chen et al. 2014b) at the later

stage of incubation as no synchronous N was supplied to the incubated soils in this and other
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studies (Mau et al. 2015; Morrissey et al. 2017). In contrast, small and even negative PEs have
been reported in response to a single pulse addition, which has been related to preferential
utilisation of glucose (Blagodatskaya et al. 2011; Mau et al. 2015; Morrissey et al. 2017) by
opportunistic organisms and their nutritional competition with SOC-decomposers (Mau et al.
2015).

5.6 Conclusions

Eight years of exposure to eCO> did not increase SOC concentration in the topsoil (0-5 cm) of
three agriculturally important soil types in South-Eastern Australia, implying greater microbial
decomposing capacities to mineralise plant residue and soil native C under eCO». Soil organic
C would be more susceptible to microbial decomposition in future higher CO, atmosphere,
probably due to a higher proportion of the coarse SOC fraction, less available N and higher
soil pH which could stimulate microbial growth and depletion of N. The decrease in SOC
stability induced by eCO: history, however, was only observed in the Calcarosol soil which
had less clay and SOC concentration and a higher proportion of unprotected C than the
Chromosol and Vertosol soils. Our results imply that the coarse-textured Calcarosol is more
likely to be net CO> sources than sinks in future higher CO2 scenarios. Meanwhile, the priming
effect appears to be a long-term soil process which would potentially affect terrestrial
ecosystem C sequestration. It should be included in global biochemical models to better
understand global C cycling and its responses to climate change. This study focused on the
effects of eCOz history on microbial priming of native SOC and only surface soil (0-5 cm)
with the highest microbial abundance and activity was studied. Future studies are needed to
examine the effect of long-term eCO2 on SOC dynamics at various depths of soil profiles.
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Chapter 6 Rhizosphere priming of two near-isogenic wheat lines

varying in citrate efflux under different levels of phosphorus

supply
(Submitted to Annals of Botany)

6.1 Summary

The traditional explanation of rhizosphere priming effect (RPE) is mainly from the perspective
of microbial responses to root exudates and nutrient availability (e.g. microbial activation, co-
metabolism and microbial N mining). This study introduced an abiotic process that could also
contribute to RPE, which puts forward that root exudates (organic acids) could make previously
mineral-protected C more available to microbial degradation through mineral dissolution. A
pair of wheat (Triticum aestivum L.) near-isogenic lines with or without citrate efflux were
grown for 44 days in a C4 soil supplied with either low P (10 pug g) or high P (40 ug g ) in
an environmental-controlled growth cabinet. Total below-ground CO, was trapped and
partitioned for determination of SOC decomposition and RPE using a stable isotopic technique.
Soil mineral dissolution was examined by incubating soil with either citric acid or Tri-
potassium citrate at a series of concentrations. High P decreased rhizosphere inorganic N,
increased RPE (81%), wheat biomass (shoot 32%, root 57%), root-derived CO,-C (20%),
microbial biomass C (28%) and N (100%), rhizosphere soil respiration (20%) and
concentrations of water-extractable P (30%), Fe (43%) and Al (190%). Compared to Egret-
Burke (no citrate efflux), wheat line Egret-Burke TaMATE1B with citrate efflux had lower
rhizosphere inorganic N, microbial biomass C (16%) and N (30%) but greater RPE (18%),
shoot biomass (12%), root-derived CO.-C (low P 36%, high P 13%). It also tended to have
higher concentrations of water-extractable P, Fe and Al in the rhizosphere. Citrate ligand
facilitated Fe and Al releases from the soil with Fe and Al concentrations increasing with ligand
concentration and incubation time. Citrate efflux may have facilitated the liberation of mineral-
bounded C, which led to the higher RPE under Egret-Burke TaMATE1B. The higher RPE under
high P is related to both mineral dissolution and microbial activation or co-metabolism by root
exudates. Mineral dissolution is an important process that regulates RPE and should not be

neglected in future RPE research.
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6.2 Introduction

Plants can affect microbial decomposition of soil organic matter (SOM). The change in SOM
decomposition by growing plants is termed rhizosphere priming effect (RPE) which is mainly
caused by microbial responses to rhizodeposits derived from living roots. Root exudates
(mainly sugars and molecular organic acids) are the most important primers in rhizosphere due
to their solubility in water, mobility, as well as ability to direct incorporation into growing
microbial cells (Kuzyakov 2002). Plants export proportionally 2-5% photosynthetic carbon (C)
into its rhizosphere as root exudates (Jones et al. 2004; Pausch and Kuzyakov 2018). Although
low in glucose and organic acids, root exudates could trigger microbial growth and activity (De
Nobili et al. 2001) and their subsequent decomposition of SOM via microbial activation or co-

metabolism (Kuzyakov et al. 2000).

Rhizosphere priming effect is additionally regulated by soil nutrient availability. When soil is
with moderate N deficiency, root exudates could stimulate RPE by activating microorganisms
to mine N from N-rich SOM (the so-called ‘microbial N mining’ mechanism, Fontaine et al.
2011). In severe N-limited systems, however, RPE could be reduced due to constraints for
microbial growth and/or activity. For example, Xu et al. (2017) found that eCO- decreased the
RPE under wheat plants where soil N is severely limited but not under white lupin where
biological fixation provided additional N. Soil phosphorus (P) availability can also affect root
exudation directly or indirectly via influences on plant photosynthesis and biomass production,
and hence RPE but fewer studies have examined the effects of P availability on RPE. Low P
availability could up-regulate the secretion of organic anions (e.g. citrate and malate) and the
synthesis of phosphatase activity to facilitate P release via dissolution and desorption of
inorganic P and hydrolysis of organic P (Kambh et al. 1998; Nuruzzaman et al. 2006; Weisskopf
et al. 2006). Previous hydroponic studies with small plantlets have suggested that this up-
regulation of organic anions under P deficiency is normally found in leguminous species, like
chickpea (Cicer arietinum L.), field pea (Pisum sativum L.) and white lupin (Lupinus albus L.)
but not in cereal plants such wheat (Triticum aestivum L.) (Neumann and Rémheld, 1999;
Nuruzzaman et al. 2005 Nuruzzaman et al. 2006). A recent study examined root secretion of
organic anions by wheat (cv. Krabat) from the three leaves stage to the flowering stage at a
long-term P experimental site with or without an annual P supply at 48 kg P ha (Wang et al.
2017). The results show that the P deficiency increases citrate efflux but this effect depends on

plant developmental stage. It is largely unknown whether soil P availability would affect RPE
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via its effect on root exudation of wheat.

Labile soil organic C (SOC) has been regarded as the main soil C pool that undergoes microbial
decomposition due to low chemical complexity (Ruiz-Duefias and Martinez 2009) and lack of
physical and chemical protection (Rasmussen et al. 2006). Soil organic C is chemically
protected by adsorption on secondary mineral phases, the formation of metal-containing
complexes (Kleber et al. 2015; Finley et al. 2018) and further occlusion inside of soil
aggregates (Six et al. 2002). Soil short-range-order (SRO) materials such as aluminosilicates,
and Fe- and Al-oxyhydroxides, are amorphous minerals that have a high reactive surface area
and can form complexes with SOM through ligand change and render SOM unavailable for
microbial degradation (Elliott and Sparks 1981; Chatterjee et al. 2013; Finley et al. 2018). The
presence of SRO minerals has also been found conducible to soil aggregation (Duiker et al.
2003). Mineral protection of SOC by SRO minerals has been associated with weak priming
effect (Rasmussen et al. 2006; Rasmussen et al. 2007). However, organic acid anions released
from roots could increase mineral dissolution (Jones et al. 2004) by either breaking down
organic-mineral associations and/or displacement of SOC on mineral surfaces (Kleber et al.
2015). The C released during these processes is further utilised by microorganisms and leads
to an increased priming effect in a laboratory incubation experiment (Keiluweit et al. 2015).
Likely, the function of root exudates to mobilise mineral-associated C could also occur in plant
rhizospheres and thus affect SOM decomposition. Closely related plant genotypes with
genetically tractable introgressed diversity (e.g. organic acid efflux) would be excellent

materials to examine this abiotic mechanism.

In this study, a pair of near-isogenic wheat lines (Egret-Burke and Egret-Burke TaMATE1B)
differing in citrate efflux were supplied with two P levels to study how soil P level and citrate
exudation would impact RPE. This study aimed to further understand biotic and abiotic
(mineral dissolution by root exudates) mechanisms of RPE. We hypothesised that i) P
deficiency would increase root-specific RPE due to the up-regulation of organic anions
secretion, and ii) wheat line with citrate efflux would induce greater RPE possibly via mineral

dissolution of organic-mineral associations.

6.3 Materials and methods

6.3.1 Soil description
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Surface soil (0-10 cm) was collected from a C4 Themeda triandra grassland (32°10'44" S,
149°33'45" E) in Gulgong, Australia. The soil was a sandy loam with total SOC 27 mg g%,
total N 1.6 mg g%, Olsen P 9.2 mg g%, pH 4.7, §%*Csoc —19.8%o and clay 13%. The soil was
air-dried, homogenized and sieved (< 2 mm) with grass roots being removed. Basal nutrients
were added to the soil at the following composition (ug g soil): CO(NH2)2 64.2, K2SO4 120,
MgS04.7H.0 50, CaCl2.2H20 180, MnSO4.H20 15, ZnSO4.7H20 9, CuSO4.5H20 6,
NazM004.2H,0 0.4 and Fe-EDTA 5.5. Two P levels were low P (10 pg P g* soil) and high P
(40 pg P g! soil) added as KH,POa4. The nutrients were then thoroughly mixed with the soil
before potting.

6.3.2 Wheat near-isogenic lines

A pair of wheat (Triticum aestivum L.) near-isogenic lines were Egret-Burke (Mat.) and Egret-
Burke TaMATE1B (Mcit.), respectively. The expression of TaMATE1B in Egret-Burke
TaMATE1B renders the line with constitutive citrate efflux at root apex (Ryan et al. 2009;
Tovkach et al. 2012). The wheat line with TaMATE1B expression exudes 5-8 fold more citrate
ligands than Egret-Burke (Ryan et al. 2014).

6.3.3 Growing system

A soil column experiment consisted of two wheat lines (Mat. and Mcit.) and two P levels (10
ug P gt and 40 pg P g ) in four replicates, and four unplanted columns were included as
controls. It was conducted using bottom-capped polyvinyl chloride (PVC) tubes (diameter 7.5
cm, height 40 cm). One hundred grams of plastic beads were enclosed by micro mesh (0.45
pm) and then placed inside of each soil column before packing into 1.25 kg of the air-dried C4
soil. Soil moisture was adjusted to 80% field capacity with reverse osmosis water. Six pre-
germinated wheat seeds were sown in a row alongside the diameter of the soil column. The
columns were then transferred into growth chambers (Thermoline, Climatron-1100-SL-H,
Wetherill Park, Australia). The temperature inside the growth chamber was set at 22 °C day
(14 h) and 18 °C night (10 h) and the relative humidity maintained at 70%. The photosynthetic
active photon flux density was around 350 pE m2 s at canopy level. After six days, the plants
were thinned to three seedlings per column. Soil moisture was maintained at 80% field capacity
by daily watering to the target weight. The columns were randomly reallocated weekly to avoid
inhomogeneous growing conditions. Additional N was supplied at the rate of 30 ug urea-N g~

1 soil weekly from the fourth week till harvest.
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6.3.4 Below-ground CO:2 trapping

At 42 days after sowing, the top of each column was enclosed with two PVC plates around
plant stems, and the open spaces were sealed with Blu-tack (Bostik, Thomastown, Australia).
The air-tightness of the sealing was tested by vacuuming air through the column and observing
the status of the bubbles formed in water. It was considered airtight if the bubbles were stable

when pressing the jointing area, if not, more Blu-tack was added (Wang et al. 2016).

Below-ground CO- released was trapped for two days after the sealing. Firstly, CO»-free air
was generated by pumping air through 150 ml 1.0 M NaOH solution. Secondly, the CO>—free
air was pumped through the soil columns for 30 min to remove existing COz in soil pores. The
CO- exiting the column was then trapped in 150 ml of 0.5 M NaOH. A vacuum pump was
attached at the other end of the NaOH trap to accelerate gas movement (Xu et al. 2018). The
trapping was performed three times and 30 min each time between 0900 h and 2300 h with an

interval of 6 h.

The total below-ground CO:> released was determined by back-titration of the excessive alkali
using 0.25 M HCI after precipitating the carbonate with BaCl solution. The endpoint of the
titration was indicated using phenolphthalein. The trap was also mixed with excessive SrCl, to
form SrCOz precipitates (Cheng 1999) which were further washed and oven-dried for
determination of the §'C value of the below-ground CO, using an isotope ratio mass
spectrometer (SerCon Hydra 20-22, Gateway, UK).

6.3.5 Plant and soil analyses

Soil columns were destructively harvested after below-ground CO> trapping. Plant shoots were
cut at ground level. Plant roots were picked up after collecting rhizosphere soil and washed.
The roots were scanned using an EPSON EU-35 Scanner (Seiko Epson Corp., Suwa, Japan)
before determination of root length using a WinRhizo STD 1600+ Image Analysis System
(Regent Instruments, Quebec City, Canada). Dry weights of shoot and roots masses were
recorded after oven-drying at 70 °C for 72 h. Dry plant samples were ball-milled and analysed
for C and N concentrations using a CHNS/O Analyser (PerkinElmer EA2400, Branford, USA).
Plant roots were also measured for 5'3C values by the IRMS.
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Immediately after harvest, 10 g of rhizosphere soil was incubated in dark for 12 h to
determinate rhizosphere soil respiration which was the amount of CO produced during the
incubation period and measured by a Sermex 4200 Industrial Gas Analyser (Servomex,
Crowborough, UK). The fresh rhizosphere soil was also analysed for microbial biomass C
(MBC) and N (MBN) using the extraction-fumigation method (Brookes et al. 1985). Briefly,
one set of 8 g rhizosphere soil was fumigated with chloroform in dark for 24 h. The fumigated
soil together with another set of soil without fumigation was then extracted with 0.5 M K>SO4
solution (1:5, w/v). The soil extracts were filtered through Whatman no. 42 filter paper and
frozen at —20 °C before analysis of extractable organic C (EOC) and inorganic N. The EOC
was measured using a TOC Analyser (GE Sievers InnovOx, Boulder, USA) and the MBC was
calculated as the differences in EOC concentrations between the fumigated and non-fumigated
soils with a conversion factor of 0.45 (Vance et al. 1987). The concentration of inorganic N in
the extracts pf non-fumigated soils was determined as the sum of ammonium (NH4*), nitrite
and nitrate (NOx")using a Flow-Injection Analysis System (FIA) (Lachat’s QuickChem 8500,
Loveland, USA). The soil extracts of the fumigated and unfumigated soils were further
autoclaved at 120 °C for 30 min and analysed for total NOs™ using the FIA, and the MBN was
calculated as the differences in total inorganic N concentrations between the fumigated and
non-fumigated soil extracts with a conversion factor of 0.54 (Brookes et al. 1985; Vance et al.
1987).

The remaining rhizosphere soil was air-dried and analysed for pH after shaking the soil with
0.01 M CaCl; (1:5, w/v) for 1 h. Mineral dissolution was determined according to Yu et al.
(2017). Briefly, air-dried soil was extracted with Milli-Q water (1:5, w/v) for 24 h at 25 °C on
an orbital shaker (Ratek OM6, Boronia, Australia) at 170 rpm. The suspension was centrifuged
at 3000 g for 10 min, filtered through 22—um filter (Millex-GP SLGP033RS, Bayswater,
Australia) and analysed for water-extractable P, Fe and Al using an inductively coupled plasma
optical emission spectrometer (ICP-OES) (Optima 8000, PerkinElmer, Waltham, USA). The
difference in water-extractable elements from planted and unplanted columns was used to

estimate mineral dissolution due to root exudates (Yu et al. 2017).

6.3.6 Soil material dissolution experiment

The C4 soil with organic acid ligand was incubated to examine the effects of organic acid

ligands on dissolution of soil minerals. Briefly, 1 g soil was weighed into opaque polyvinyl
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chloride containers and then amended with 200 ml either Milli-Q water, tri-potassium citrate
or citric acid in three replicates. The concentrations of the acids were 0.5, 1, 5 and 10 mM,
representing the localised concentration range of root exudates by a variety of plant species
(Ryan et al. 2014; Menezes-Blackburn et al. 2016). The containers were sealed and incubated
at 25 °C in dark for 72 h. Fifteen ml of supernatant was collected by pipetting at 24, 48 and 72
h after the reaction. The supernatant was then filtered through 2—pum Whatman Puradisc 30
syringe filter (Whatman, Parramatta, Australia) and stored at 4 °C prior to pH and element
analyses. The concentrations of total Fe and Al in solutions were determined by ICP-OES and
thus termed as ICP-Fe and ICP-AI, respectively. The solutions were also analysed for inorganic
monomeric Al using a Varian Cary 50 Bio UV-Visible Spectrophotometry (Agilent
Technologies, Santa Clara, USA) according to Conyers et al. (1991).

6.3.7 Below-ground CO:z partitioning and calculation of rhizosphere priming effect

The following equations were used to separate CO> from total below-ground CO- respiration
(Ctotar) into soil-derived CO2-C (Csoit) and root-derived CO2-C (Croot) (Cheng 1996):

f = (83Croot — **Crotal)/(8**Croot — 8*3Csoit)

Csoil = Crotal X f

RPE = Csoil — Ccontrol
where 513Croot is the §*3C value of root materials (Table 6.1). 52 Ciotal is the measured §**C value
of total below-ground CO> respiration in planted treatments (Table 6.1). 82 Cil is the 5*°C
value of CO; evolved from unplanted controls. f is the contribution of soil-derived CO.-C to
total below-ground COz release. Ccontrol IS the basal soil respiration from the unplanted controls.
Root-specific RPE was calculated based on per unit of root mass and root length, respectively.

6.3.8 Statistical analysis

A two-way ANOVA was performed to examine the effects of P supply, wheat line and their
interactions on all observations using Genstat (v17; VSN International, Hemel Hempstead,
UK). A two-tailed Pearson’s correlation analysis was conducted for RPE with all soil, plant,
and microbial parameters using SPSS (v22; IBM Corp, Armonk, USA) with Pearson’s
correlation coefficients being tabulated in Table 6.3 when P < 0.05. All figures were plotted
using means of four replicates with positive standard errors in Excel (v16; Microsoft Corp,
Redmond, USA).
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6.4 Results

6.4.1 Plant growth

By comparison to its near-isogenic line EGA-Burke, wheat line EGA-Burke TaMATE1B had
12% higher shoot biomass but similar root biomass, root-to-shoot ratio and total root length
(Table 6.1). High P increased shoot biomass, root biomass and the root-to-shoot ratio by 32%,
57% and 20%, respectively (Table 6.1). The EGA-Burke had more negative (0.4%o) root 5'3C
value than EGA-Burke TaMATE1B. High P increased the root $*3C value by an average of 3.1%
(Table 6.1).

6.4.2 Shoot N, P concentration and uptake

The two near-isogenic lines had similar shoot N concentrations and high P level decreased
shoot N concentration by an average of 16% (Fig. 6.1A). By comparison to EGA-Burke, EGA-
Burke TaMATE1B had 6% lower shoot P concentration under low P supply but had 18% higher
shoot P concentration under high P (Fig. 6.1B), leading to a wheat line x P availability

interaction.

EGA-Burke TaMATE1B had more shoot N and P uptakes than EGA-Burke (Fig. 6.1C, D).
Specifically, EGA-Burke TaMATELB took up 13% more N (Fig. 6.1C) when compared to
EGA-Burke. It also took up 7% and 22% more P in shoots under low and high P supplies,
respectively, leading to a wheat line x P availability interaction (Fig. 6.1D). High P enhanced
N and P uptake by 12% and 38%, respectively (Fig. 6.1C, D).
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Table 6.1 Shoot and root dry mass (DM), root-to-shoot (R:S), total root length, root §**C value and §'*C value of below-ground CO; efflux of
wheat line EGA-Burke (Mat.) and its near-isogenic line EGA-Burke TaMATE1B (Mcit.) grown for 44 days with either low P (10 pg g soil) or

high P (40 ug g* soil) supply

Wheat line P supply Shoot DM Root DM RS Root length 81C (%o)
(g gt soil) (g column™) (g column™) ' (m column™) Root CO; released

Mat. 10 2.42+0.13 0.83+0.01 0.34+0.02 67.2+2.8 -29.1£0.2 -24.6%0.0
Mcit. 10 2.84%0.08 0.91+0.05 0.32+0.02 64.4+1.3 -28.5+0.1 -24.84£0.1
Mat. 40 3.34+0.14 1.39+0.03 0.42+0.02 68.1+5.9 -28.0+0.0 -23.7+0.1
Mcit. 40 3.62+0.12 1.34+0.05 0.37+0.02 66.9£2.5 -27.8+0.2 -23.7£0.2
Two-way ANOVA (P-value)

Line 0.011 0.718 0.094 0.394 0.043 0.457

P 0.001 0.001 0.009 0.434 0.002 0.001

Line x P 0.598 0.135 0.549 0.807 0.269 0.432

110



>
w

= R Line **, LinexP ***
45 ¢ Mat. 20 ¢
f o u Mcit. =
9 - 9 T o
s ¥ o % 15 | >
£ - T ~
§<Z:> 27 | )
3 5810 }
o o (@] .
oD
Z é 18 o é
9 B
o] o 05 }
5 9F 2
0 1 J 00 L
. 120 - Ling **, p *=* - 3 - Line ***, P ***, LinexP **
100 F
@ e & 256 |
S 80 = E .
53 >3 .
=z 3 60 | 04|
8% So
SE 7 RN
20
O 1 J O 1 J
Low P High P Low P High P

Figure 6.1 Shoot N and P concentrations (A, B; mg g1), and N and P uptake (C, D; mg column™
1y of wheat line EGA-Burke (Mat.) and its near-isogenic line EGA-Burke TaMATE1B (Mcit.)
supplied with either low P (10 pg g soil) or high P (40 ug g soil). Line, wheat line; P,
phosphorus supply. ** P <0.01, *** P < 0.001

6.4.3 Below-ground CO:2 respiration and its 8'3C value

Basal soil respiration was 10.8 pg CO,-C g soil d™* (dash line in Fig. 6.2) as measured from
unplanted columns. Growing plants enhanced both soil-derived and root-derived CO:
respirations. Compared to EGA-Burke, EGA-Burke TaMATE1B increased the root-derived
CO2 respiration by 36% under low P and 13% under high P, leading to a significant wheat line
x P availability interaction (Fig. 6.2). EGA-Burke TaMATE1B also increased the soil-derived
COz respiration by an average of 9% (Fig. 6.2). High P supply stimulated root-derived and soil-
derived COz respirations by 20% and 35%, respectively. The two wheat lines generated similar
313C values of total below-ground CO, which were —24.7%o and —23.7%. at low P and high P,
respectively (Table 6.1).
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Figure 6.2 Total below-ground CO; efflux (soil-derived + root-derived, pg CO,-C g soil d-
1) under wheat line EGA-Burke (Mat.) and its near-isogenic line EGA-Burke TaMATE1B
(Mcit.) supplied with either low P (10 pg g soil) or high P (40 pg g soil). Dash line denotes
basal soil respiration. For the soil-derived CO., the main effects of wheat line (P < 0.05) and P
supply (P < 0.001) but not their interaction are significant. For the root-derived CO>, the main
effects of wheat line (P < 0.001) and P supply (P < 0.001), and their interaction (P < 0.05) are

significant

6.4.4 Soil inorganic N in the rhizosphere

Soil inorganic N amounted at 134 pg N g *soil in the unplanted control with NH4* being 128
1g gt soil and NOx™ 5.6 pg g* soil. Growing plants decreased soil NOx~ but increased soil
NH.*". Compared to EGA-Burke, growing EGA-Burke TaMATE1B decreased soil NH4* under
high P by 41% but had no effect on soil NH4* under low P, leading to a significant wheat line
x P availability interaction (Fig. 6.3). Growing EGA-Burke TaMATE1B decreased soil NOx™
by 57% under low P, but did not affect soil NOx~ under high P (Fig. 6.3). Growing plants at
high P decreased the concentrations of NH4* and NOx ™ in the rhizosphere by 61% and NOx™ by
61% and 91%, respectively, when compared to low P (Fig. 6.3).

6.4.5 Soil microbial biomass C, N and C-to-N ratio

Microbial biomass C and N were 39.8 ug C g* soil and 4.1 ug N g soil, respectively, in the
unplanted controls but increased in the rhizosphere (Fig. 6.4). Soil microbial biomass C and N
were 16% and 30% lower in the rhizosphere of EGA-Burke TaMATE1B than EGA-Burke (Fig.
6.4A, B). High P increased rhizosphere MBC and MBN by averages of 28% and 100%,
respectively (Fig. 6.4A, B). Growing EGA-Burke TaMATE1B yielded 37% higher microbial
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biomass C-to-N ratio in the rhizosphere when compared to EGA-Burke (Fig. 6.4C) but this
was only observed at low P, leading to a significant wheat line x P availability interaction (Fig.
6.4C). High P decreased microbial biomass C-to-N ratio in the rhizosphere by an average of
36% (Fig. 6.4C).
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Figure 6.3 Concentrations of soil ammonium (NH4*, ug N g* soil), nitrate and nitrite (NOx,
ug N g soil) in the rhizospheres of wheat line EGA-Burke (Mat.) and its near-isogenic line
EGA-Burke TaMATE1B (Mcit.) supplied with either low P (10 pg g* soil) or high P (40 g g
L s0il). Dash line denotes soil inorganic N (NH4* + NOy") concentration in the unplanted control.
The data of NOx™ were logio—transformed before statistical analysis. For NOx ™, the main effects
of wheat line and P supply and their interaction are all highly significant (P < 0.001). For NH4",
the main effects of wheat line (P < 0.001) and the interaction between wheat line and P supply
(P < 0.05) are significant
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Figure 6.4 Microbial biomass C (a), N (b) (ug C/N g soil) and C-to-N ratio (c) in the
rhizospheres of wheat lines EGA-Burke (Mat.) and EGA-Burke EGA-Burke TaMATE1B
(Mcit.) supplied with either low P (10 pg g soil) or high P (40 pg g soil). Dash lines denote

the values of the unplanted control. Line, wheat line; P, phosphorus supply. * P <0.05, ** P <
0.01; *** P <0.001
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Table 6.2 Rhizosphere soil respiration (Rhresp.) and water-extractable P, Fe and Al in the rhizosphere of wheat line EGA-Burke (Mat.) and its near-
isogenic line EGA-Burke TaMATE1B (Mcit) after grown for 44 days with either low P (10 pg g* soil) or high P (40 pg g* soil) supply

. P supply RNresp. Water-extractable elements (ug g2)
Wheat line (ug g soil) PH (ug CO2 gt s0il) P Fe Al
Control 4.69+0.00 41.5+4.7 1.18+0.12 1.89+0.27 10.9+1.7
Mat. 10 4.79+0.01 79.0+2.4 1.21+0.09 10.1+£1.76 53.7+10.7
Mcit. 10 4.79+0.03 65.9+5.4 1.86+0.28 16.8+4.6 83.2+31.0
Mat. 40 4.78+0.01 89.5+4.9 2.92+0.09 32.2+1.3 167+32.2
Mcit. 40 4.76x0.01 83.8+3.4 3.51+0.39 43.5+7.3 230.3+41.7
Two-way ANOVA (P-value)
Line 0.201 0.052 0.094 0.083 0.100
P 0.030 0.008 0.001 0.001 0.004
Line x P 0.115 0.403 0.582 0.571 0.614

Table 6.3 Pearson’s correlation coefficients among rhizosphere priming effect, shoot and root dry mass (DM), shoot N and P uptake, mineral N

(NH4* + NOy"), water-extractable P, Fe and Al concentrations, and microbial biomass N (MBN) in rhizosphere soil and root-derived CO,-C

Shoot nutrient uptake

Water-extractable elements

Shoot DM Root DM N P Mineral N P Fo Al MBN  Root derived-CO,-C

RPE 0.86™ 0.95™ 0.77" 0.80" -0.95" 0.96™ 0.90™ 0.94™ 0.64" 0.80™
Shoot DM 0.81" 0.86™ 0.91" -0.90™ 0.85™ 0.81" 0.82™ 0.50" 0.77"
Root DM 0.54" 0.69™ -0.91" 0.91™" 0.84™ 0.87" 0.77" 0.69"
Shoot N uptake 0.84™ -0.77" 0.69™ 0.68" 0.67" n.s. 0.84™
Shoot P uptake -0.74" 0.81" 0.79™ 0.84™ n.s. 0.69"
Mineral N -0.92" -0.87" -0.84" -0.68" -0.86"
Water-extractable P 0.98™ 0.98™ n.s. 0.90™
Water-extractable Fe 0.99™ n.s. 0.91™
Water-extractable Al n.s. 0.91™
MBN n.s.

n.s. P >0.05 (2-tailed), * P < 0.05 (2—tailed), ** P < 0.01 (2-tailed)
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6.4.6 Rhizosphere soil pH, respiration and water-extractable P, Fe and Al

Growing plants for 44 days increased rhizosphere soil pH by around 0.1 unit. High P supply
decreased the rhizosphere soil pH by 0.02 unit when compared to low P (Table 6.2).

Compared to that in the no-plant control, soil respiration in the rhizosphere was 75% and 109%
higher under low P and high P, respectively (Table 6.2). Soil respiration tended to be lower in
the rhizosphere of EGA-Burke TaMATELB (P = 0.052, Table 6.2) when compared to EGA-

Burke. High P increased rhizosphere soil respiration by an average of 20%.

The concentrations of extractable P, Fe and Al were higher in the rhizosphere than in the no-
plant control. When compared to low P, high P supply increased the concentrations of
extractable P, Fe and Al by 30%, 43% and 190%, respectively (Table 6.2). Compared to EGA-
Burke, growing EGA-Burke TaMATE1B tended to increase the concentrations of water-
extractable P, Fe and Al in the rhizosphere (P < 0.10) (Table 6.2).

6.4.7 Rhizosphere priming effect

Rhizosphere priming effect depended on both soil P availability and wheat line with no
interaction between them. By comparison to its near-isogenic EGA-Burke, wheat line EGA-
Burke TaMATE1B increased RPE by an average of 18%, RPE per unit root weight by 13% and
RPE per unit root length by 16% (Fig. 6.5). High P resulted in 81% higher RPE, 14% higher
RPE per unit root weight and 79% higher per unit root length than low P supply (Fig. 6.5). The
RPE was positively correlated with plant biomass, shoot N and P uptakes, microbial biomass
N, water-extractable P, Fe and Al, and root-derived CO> respiration, but negatively with soil

mineral N in the rhizosphere (Table 6.3).

6.4.8 Results of mineral dissolution experiment

Citric acid and potassium citrate had different effects on solution pH and element release from
soil (Fig. 6.6). The solution pH decreased to 2.6 with increasing citric acid concentration but
increased to 7.7 with increasing potassium citrate concentration as compared to pH 6.7 for the
control (Fig. 6.6A). The concentration of Fe and Al in solution rapidly increased with 24 h of
ligand addition and increased further with time. Citric acid was more effective than potassium
citrate in mineral dissolution (Fig. 6.6B, C). In general, the concentrations of metal elements

in solution increased with increasing ligand concentrations except for potassium citrate at 24 h
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where the highest metal concentrations were found at 0.5 mM. The highest monomeric Al
concentrations were found in solutions at concentrations of citrate ligand <1 mM. Specifically,
the relative contribution of monomeric Al to ICP-Al was 27% and 64%, respectively, for
potassium citrate and citric acid respectively. In comparison, the contributions were 4% and

3%, respectively, for potassium citrate and citric acid of > 5 mM.
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Figure 6.5 Rhizosphere priming effect (A, g C g* soil d*) and root-specific priming (B, mg
C gtrootd™®; C, ug C m root d*) under wheat line EGA-Burke (Mat.) and its near-isogenic
line EGA-Burke TaMATE1B (Mcit.) supplied with either low P (10 pug g soil) or high P (40
ug gt soil). The main effects of wheat line (P < 0.05) and P supply (P < 0.001) but not their

interaction are significant
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Figure 6.6 General trends of solution pH and element release data (concentration in pg g%)
from the mineral dissolution experiment where ~1 g C4 soil reacted with 200 ml either
potassium citrate or citric acid at concentrations of 0, 0.5, 1, 5 and 10 mM for 24, 48 and 72 h:
(A) solution pH, (B) ICP-Fe, (C) ICP-Al and (D) monomeric Al. Means and standard errors of
triplicates were denoted by symbols and vertical bars

6.5 Discussion

6.5.1 Microbial mechanisms of rhizosphere priming effect

High P availability increased RPE and root-specific RPE, which rejects our first hypothesis.
Although low P in this study may have favoured the secretion of citrate as discovered by Wang
et al. (2017), the plants under low P conditions might have secreted proportionally fewer total
root exudates due to the smaller root systems (Bengtson et al. 2012) when compared to high P

supply. The RPE was positively correlated with both shoot and root biomass (Table 6.3) which
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is consistent with previous studies (Fu and Cheng 2002; Dijkstra et al. 2006). Root exudation
is regulated by photosynthesis with around 2-5% of photosynthesised-C being exported
proportionally by plants as root exudates (Jones et al. 2004; Pausch and Kuzyakov 2018). High
P increased total root exudation as indicated by the greater the root-derived CO.-C (Fig. 6.2)

through impacts on photosynthesis and biomass production (Table 6.1).

As microbial energy and C source, primary metabolites of root exudates such as sugars, amino
acids and organic acids (Jones et al. 2004) could stimulate microbial growth and/or activity
(Kuzyakov et al. 2000; Cheng and Kuzyakov 2005; Nannipieri et al. 2008), for example, the
up-regulation of extracellular enzyme activity (Brzostek et al. 2012). In this study, both
microbial biomass C (Fig. 6.4A) and rhizosphere soil respiration were higher under high P than
under low P supply (Table 6.2). The larger microbial population and stimulated activity
increased native SOC decomposition probably due to the ‘co-metabolism’ mechanism by
which the extracellular enzymes synthesised specifically catalyse substrate degradation driving
SOM decomposition (Kuzyakov et al. 2000).

Microbial N mining is also previously proposed to explain the enhanced RPE since C inputs
from roots normally increase microbial N requirement, leading to a greater microbial
decomposition of SOM for N (Kuzyakov et al. 2000; Chen et al. 2014). However, this
mechanism was possible in this present study although the microbial N demand was greater
under high P. In this present study, soil microorganisms would primarily rely on external
supply for their N nutrition, considering that N was supplied periodically and that albeit smaller,
soil inorganic N under high P was still sufficient for microbial growth when compared to low
P (Figs 6.3, 6.4C). In an incubation study with boreal forest soils, Wild et al. (2017) also found
that substrate addition increased microbial growth and N demand but not microbial mining of
soil N as there was no increase in protein depolymerisation. Besides, microorganisms
immobilised more soil available N under high P than under low P as shown by the greater
MBN (Fig. 6.4B), lower MBC-to-N ratio (Fig. 6.4C) and lower soil inorganic N (Fig. 6.3)
under high P. This might have also contributed to the absence of microbial N mining (Wild et
al. 2017). The greater root exudation under high P could also shift microbial structure
composition with more dominance of fungi (Griffiths et al. 2012) because fungi, as
heterotrophic organisms, depend largely on exogenous C for growth. Certain components of
root exudates could also serve as chemical signals to structure fungal community (Broeckling
et al. 2008). Rather than stabilising SOC (Schmidt et al. 2011), fungi have been recently found
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to increase priming effect and SOC decomposition (Fontaine et al. 2011; Phillips et al. 2012;
Shahzad et al. 2015), probably due to their greater capacity of accessing soil C via hyphal
exploration (Fontaine et al. 2011). These findings suggest that high P could increase RPE
through boosting biomass production and the associated stimulation of microbial growth,

activity and fungal abundance.

6.5.2 Chemical mechanism of rhizosphere priming effect

Apart from the above microbial mechanisms, root exudates (organic acid ligands, in particular)
could also affect RPE by liberating mineral-associated organic C via chemical dissolution
and/or complexation (Finley et al. 2018). In this study, high P could have potentially increased
mineral dissolution as evidenced by the higher water-extractable Fe and Al concentrations in
rhizosphere soil (Table 6.2) when compared to low P. The mineral dissolution might have
released previously mineral-protected organic C which became more vulnerable to microbial

decomposition, leading to an increase in RPE (Table 6.4).

Soil organic C is protected by adsorption on short-range-order (SRO) minerals through their
large reactive surface area and/or formation of metal-containing (Fe, Al) complexes due to
their various binding sites (Kleber et al. 2015; Finley et al. 2018). Carboxylate components of
root exudates could increase soil C release (Jones et al. 2004) by physiochemically breaking
down organic-mineral associations and/or displacing of SOC on mineral surfaces (Kleber et al.
2015). In a study by Naveed et al. (2017), barley root exudates with large amounts of organic
acid anions are thought to be capable of dispersing soil particles by increasing the net negative
charges of clay when adsorbed on surfaces of soil mineral particles (Shanmuganathan and
Oades 1983). Keiluweit et al. (2015) also found that oxalic acid (a common component of root
exudates) has the ability to liberate protected C from mineral phases via the following processes.
Firstly, organic acid anions can release SOC absorbed on SRO surfaces by complexation and
dissolution. Secondly, they can solubilise SOC from metal-organic ligand complexes by
binding with metal cations (Keiluweit et al. 2015). These processes facilitate microbial access
to SOC, and could induce a high priming effect as revealed recently (Keiluweit et al. 2015;
Finley et al. 2018).

This present study further validated the above assumption by using a pair of wheat near-

isogenic lines which differ only in citrate efflux from the roots. The differences in citrate efflux
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have been quantified previously with line EGA-Burke TaMATELB (Ryan et al. 2014). Wheat
line EGA-Burke TaMATE1B induced higher RPE and root-specific RPE than line EGA-Burke
under both P levels (Fig. 6.5). However, the up-regulation of citrate efflux in EGA-Burke
TaMATE1B as indicated by more shoot biomass and greater root-derived CO»-C (Table 6.1,
Fig. 6.2) did not stimulate either microbial growth (Fig. 4A) or activity in the rhizosphere
(Table 6.2) probably because citrate is similar to oxalic acid which is energetically non-

favourable to microorganisms (Keiluweit et al. 2015).

In addition to microbial mechanisms, the enhanced RPE might be induced by chemical
dissolution and/or displacement of mineral-associated organic C as stated above. It was
supported by the higher concentrations of water-extractable P, Fe and Al in the rhizosphere of
line EGA-Burke TaMATE1B than EGA-Burke though only significant at P < 0.10 (Table 6.2).
The mineral dissolution experiment provided further evidence that citrate ligand could
facilitate mineral dissolution by forming citrate-Fe/Al complexes (Fig. 6.6) and thus may
liberate previously-protected C through this process. The results are consistent with previous
findings. For example, organic acid anions (e.g citrate and malate) secreted from plant roots
have been found to increase Fe-dissolution (Jones et al. 1996) and release of P from Al and Fe
oxides (Sanyal and Datta 1991) in acid soils. The release of minerals by chemical dissolution
is important especially in nutrient-scarce soils, which could potentially alleviate plant and/or
microbial nutrient limitation and consequently affect rhizosphere priming effect. The results
indicate that root exudates could contribute to rhizosphere priming through the release of

mineral-protected organic C.

6.6 Conclusions

This study suggests that both microbial and chemical mechanisms are accountable for the
enhanced RPE when high P is supplied. Rhizosphere priming effect is more likely caused by
microbial activation and co-metabolism of both easily available SOC and mineral-protected
SOC released via chemical dissolution. Further studies are needed to validate the relative

contributions of microbial mechanism and mineral dissolution to the rhizosphere priming effect.
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Chapter 7 General Discussion

Adopting the natural 3C-tracing technology, this thesis examined the effects of short-term

atmospheric COz enrichment on priming decomposition of organic matter in soils (either native

soil organic carbon (SOC) or crop residues) in the rhizospheres of legume (white lupin) and/or

cereal (wheat) plants. The thesis also investigated the dynamics and stability of SOC after long-

term COz enrichment in three major soils from South-eastern Australian croplands. The thesis

further examined the mechanism of rhizosphere priming effect (RPE) from an abiotic

perspective (mineral dissolution). The key findings are:

Vi.

Vil.

Short-term COz enrichment can either increase or decrease RPE, depending on plant
species and growth stages.

The negative effects of elevated CO> (eCO2) on RPEs are found under wheat plants
at a late growth stage but not under white lupin, suggesting that limited N
availability is a key factor limiting root exudation of wheat and microbial degrading
capacities.

Reducing N supply increases RPEs due to microbial N mining in an early growth
stage when the competition for N between plants and microorganisms is weak but
decreases RPEs at a late growth stage under wheat due to severe N limitation.
Except for native SOC, CO> enrichment enhances residue decomposition under
white lupin due to microbial activation and/or metabolism decomposition by greater
root exudation.

The presence of plants does not always have a positive effect on residue
decomposition and the negative effects at a late growth stage are caused by
rhizosphere acidification, microbial N limitation and less labile C remaining in the
residue.

Eight years of CO2 enrichment does not increase SOC stock in the topsoil (0-5 cm)
of all three cropland soils (Chromosol, Vertosol and Calcarosol) but results in more
C distributed in coarse fractions and more priming decomposition of the low-C
sandy Calcarosol soil induced by external substrate addition.

A wheat line with citrate efflux induced a greater RPE than its near-isogenic line

but with no increases in microbial population and activity. The higher RPE could

122



be caused by a two-step process: 1) root exudates (i.e. citrate) mobilise mineral-

bounded organic carbon and 2) microorganisms utilise of the mobilised carbon.

Elevated CO, affects soil C and N availabilities, soil moisture and pH in plant rhizosphere by
changing root physiology (quantity and quality of root exudates) and morphology (root length
and diameter). Compared to aCO», eCO> generally enlarges root system with which plants
could explore a larger volume of the soil. It could also stimulate root exudation as indicated by
higher K>SOs-extractable organic carbon (EOC) in rhizosphere soil via enhanced root growth
and/or specific exudation (Cheng and Johnson 1998). Besides, eCO2 may also change the
chemical composition of root exudates. For example, more phenolic compounds are found in
the rhizosphere of mature rice under eCO> (Goufo et al. 2014). De Graaff et al. (2007) reported
that eCO> could also enhance N rhizodeposition. Elevated CO, could intensify plant N
demands and also reduce soil N mineralisation (Berntson and Bazzaz 1997; Hungate et al.
1999), especially for non-legumes, due to enhanced plant growth and root exudation. Elevated
CO2 could also acidify rhizosphere soil via enhanced efflux of carboxylates (Jin et al. 2015)
and/or unbalanced cation-anion uptake by plant roots (Haynes 1990). All these changes in
rhizosphere by eCO> could potentially influence rhizosphere microbial growth and activity,

leading to changed decomposition of native SOC and other organic matters (e.g. plant residues).

Plant species intrinsically differ in their root physiology and morphology. Cereal plants such
as wheat and legumes such as white lupin used in this thesis have contrasting root systems.
Wheat has a finer and longer root system which can explore a much larger volume of soil when
compared to white lupin. However, white lupin has a greater capacity than wheat in secreting
low-molecular organic anions (e.g. citrate) (Weisskopf et al. 2008). Root physiology and
morphology further differ at distinctive growth stages. As a result, plant traits (e.g. species and

growth stage) are also important factors regulating RPE and its responses to eCOz.

Elevated CO; increased the RPEs under white lupin at both growth stages, decreased the RPEs
under wheat at a late growth stage irrespective of the amount of N supplied (Chapters 2 and 3).
The increased RPEs under eCO> were associated with greater EOC, microbial biomass C
(MBC) and/or rhizosphere soil respiration. The results indicate that eCO> might have activated
soil microorganism and/or their biosynthesis of extracellular enzymes to degrade soil organic
matter for N when microbial N competition with the plant is weak. With plant ages, soil N was

depleted quickly under eCOz, leading to a severe N deficiency. The limitation of N under eCO>
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may potentially constrain microbial growth and their degradation of SOC (e.g. under wheat in
Chapter 2). However, microorganisms in the rhizosphere of legume — white lupin, compared
to wheat, were less or not limited by C and N, probably due to enhanced N fixation by eCO>
as found by others (de Graaff et al. 2006b; Jin et al. 2012; Lam et al. 2012a). The absence of
microbial C and N limitation accounts for the increased responses of RPEs to eCO; under white
lupin even at the late growth stage. These assumptions were confirmed by the findings that low
N supply decreased RPEs under wheat but not under white lupin at the late growth stage
(Chapter 3).

Due to the importance in soil C and N cycling, RPE has become the priority of research in soil
ecology. However, the eCO- effect on RPE has less been studied. To the best of my knowledge,
there are only three publications (Cheng and Johnson 1998; Nie et al. 2015; Nie and Pendall
2016) which directly addressed the responses of RPE to eCO; before this PhD project had
commenced. However, more studies have reported the effect of eCO2 on the decomposition of
soil organic matter (soil-derived CO,-C). The results from Chapters 2 and 3 of this thesis were
synthesised with previous studies by a meta-analysis (supplementary material, Fig. 7.1) to give
a general picture of the eCO> effect on RPE and native SOC decomposition. In general, eCO>
increased RPE in all five studies (Fig. 7.1a). Although not statistically significant, the eCO;
effect on RPE tended to be higher in systems with higher N (> 100 kg N ha™) supply when
compared to low N. The eCO effects were also similar in cropland and grassland soils. The
literature synthesis also suggested that eCO. enhanced decomposition of native SOC with no
significant differences between N levels or vegetation types (Fig. 7.1b). The difference in eCO>
effects on RPE and SOC decomposition could be caused by different number of studies and
different basal soil respiration in the two scenarios. These results confirmed the general
hypothesis that eCO> could prim soil microorganisms to decompose native SOC by providing

them with labile C substrates and energy in forms of rhizodeposits.

Soil organic C is mainly formed from microbial transformation of organic matter from plant
residues. Some parts of plant residues are under microbial processing once returned to soils.
During these processes, nutrients are released back to increase soil productivity with quite a
large amount of C being lost to the environment. Residue return is an important agricultural
practice to improve both soil quality and productivity and its decomposition in soil has been a
vital research topic. This thesis also quantitatively examined the effect of higher CO2

concentration on residue decomposition at the presence of plant roots (Chapter 4). The presence
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of plant roots accelerated residue decomposition with large amounts of residues being
decomposed in the first five weeks. Afterwards, the decomposition of residue (wheat straw and
field pea residue) was decreased by growing plants and the decrease in residue decomposition
was associated with less labile residue C, rhizosphere acidification and microbial N limitation.
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Figure 7.1 Standardised mean difference (eCO2 — aCOz) and 95% confidence interval of
rhizosphere priming effect (a, difference in SOC decomposition between planted and unplanted
soils) and SOC decomposition (b) grouped by N level (LN, low N, < 100 kg N ha* and HN,
high N, > 100 kg N ha™?) and vegetation type (crops, grass and woody species). Numbers in
brackets are sample size for each group. Significant treatment difference is denoted if the 95%
confidence interval does not overlap with the dashed line (zero effect). The results are based
on Kuikman et al. (1990), van Ginkel et al. (1997), Cheng and Johnson (1998), Lin et al. (1999),
Cheng et al. (2000), Cardon et al. (2001), Lin et al. (2001), Pendall et al. (2003), Sge et al.
(2004), Trueman and Gonzalez-Meler (2005), Allard et al. (2006), Paterson et al. (2008), Nie
et al. (2015), Nie and Pendall (2016), Xu et al. (2017) and Xu et al. (2018)

Elevated CO> increased residue decomposition especially when limited amounts of labile
residue C were remaining. This might be caused by enhanced microbial population and
synthesis of extracellular enzymes in line with the microbial activation or co-metabolism

mechanism. The enhanced decomposition of residue may be accompanied with N
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mineralisation and could, therefore, provide extra N for the use of non-leguminous plants. In
these short-term experiments (Chapters 2, 3 and 4), eCO, was found to enhance the

decomposition of both native SOC and newly-input residues.

Even with high RPEs, eCO; could still increase or have no effect on SOC content if above- and
below-ground plant materials replenish and exceed the part of C lost from priming. The size of
SOC pool depends on the net balance of soil C input and output. The effect of eCO- on the size
of SOC pool has been examined in forest and grassland soils by a number of long-term Free-
air CO2 Enrichment (FACE) experiments with no consistent results being generated.
Specifically, SOC stock could be increased (Luo et al. 2006), decreased (Hoosbeek et al. 2004;
Carney et al. 2007; Langley et al. 2009) or unaffected (van Groenigen et al. 2006; Keiluweit et
al. 2015) by CO. enrichment.

The effect of eCO; history on SOC stock in cropland soils was examined in Chapter 5 using
soil samples collected from the SoilFACE (Horsham, VIC, Australia). Eight-years of eCO>
fumigation changed SOC distribution with more C in the coarse fraction (> 53 um) but did not
increase SOC content in the topsoil (0-5 cm) of all three major cropland soils in South-western
Australia. Elevated CO. did not build up topsoil SOC after 8 years although with more biomass
production and thus more annual residue return, suggesting eCO: increased the decomposition
of crop residues and perhaps SOC. Soil organic C stability after long-term CO. fumigation was
also examined in Chapter 5. By comparison to aCO>, the low-C Calcarosol fumigated with
eCO2 lost more SOC after substrate addition probably due to increased microbial biomass C
and decreased soil inorganic N which stimulated microbial degradation of soil organic matter
for N. However, this eCO; effect disappeared in the Chromosol and Vertosol soils probably
because the SOC in these two soils were largely protected from microbial accessibility (Six et
al. 2002; Reis et al. 2014) when compared to the sandy-textured Calcarosol. These results
suggest that RPE may not a short-term effect and could affect soil SOC balance (van Groenigen
et al. 2017) in the long run (van Groenigen et al. 2017).

Rhizosphere priming effect is traditionally explained by microbial responses to changes in
rhizosphere conditions (e.g. quantity and quantity of root exudates, nutrient availability, pH
etc.) due to plant growth. Biotic mechanisms (see Chapter 1 for details) like ‘microbial
activation’, ‘co-metabolism’, ‘microbial N mining’, ‘preferential substrate utilisation’ and ‘N

competition’ have been proposed and examined previously (Horvath 1972; Cheng and
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Kuzyakov 2005; Mondini et al. 2006; Carney et al. 2007; Blagodatskaya et al. 2011). Labile
SOC is traditionally thought to be the C pool that is the most susceptible to RPE. However,
mineral-associated C might also be released through mineral dissolution by certain kinds of
root exudates (e.g. citrate, oxalic acid etc.) and contributes to RPE by increasing microbial
accessibility to previously-protected C (Chapter 6). The thesis, hence, has improved our

understandings of RPE from both biotic and abiotic mechanisms.

Anthropogenic activities have been irreversibly increasing atmospheric CO2, which could
potentially affect soil C and N cycling by influencing both C input and output. This thesis has
examined the possible factors that could alter RPE under eCO; and the associated mechanisms.
Based on the thesis, some future studies are suggested to further the understandings of RPE
from the following perspectives. Firstly, plant species and genotypes differ intrinsically in root
exudation which is additionally controlled by growth stages and eCO2. A full investigation of
the changes and functions of root exudates by these factors is essential to understand the inner
mechanism of RPE and to select proper crop species or to breed possible genotypes with root
exudation that could lead to less RPE especially in future higher COz scenario. Secondly, RPE
is more like a long-term effect which has only been examined in short-term experiments in
controlled environments due to methodological limitation. The combination of Free-air CO>
Enrichment (FACE) experiments with continuous 3C-labelling technique is promising to
quantify RPE in field across the whole growth stage. Moreover, a three-source isotopic tracing
is needed to quantitively study the dynamics of plant-, residue- and soil-derived C. Furthermore,
except surface SOC, the eCO> effect should also be examined for SOC stored in the subsoil
and more protected pools. Lastly, N mineralisation is associated with SOC decomposition but
relatively less studied, which should be also be given priority in future studies.
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Supplementary material

Methods of the meta-analysis in Chapter 7

Using Google scholar and the bibliographies of published works, 38 publications were
accessed and targeted through June to July 2018. Search terms were ‘elevated CO2’ or ‘CO>
enrichment’ or ‘FACE’ AND ‘priming’ or ‘isotopic’ or ‘isotope’. The research papers were
further screened for reporting of total below-ground CO; efflux and its isotopic signature, as a
result, those research that estimates soil-derived CO>-C from respiration partitioning chamber
(Kou et al. 2007) and changes in labile soil C pool (Shang et al. 2008) were ruled out. The
remaining publications were further scrutinized to exclude research that does not report soil-
derived CO.-C and/or cannot be calculated from related work published by the same
author/group. Moreover, publications that report priming effect from laboratory incubation of
soils previously treated with aCO2 and eCO2 were excluded as we focused on rhizosphere
priming effect. At last, the articles that report soil-derived CO2-C in elevated CO; treatment
only were also omitted. For example, in some FACE experiments, *C-depleted CO, was
supplied to enrich the microclimatic CO> concentration, which allows for separation of plant-
and soil-derived CO>-C in the elevated CO- treatment only (Pendall et al. 2001). Overall, the
references used in the meta-analysis were listed in the description of Fig. 7.1. We collected or
calculated treatment means, sample size and standard deviation of each article. Data of RPE
and SOC decomposition rate were recalculated and normalised as mg C kg soil d* and g C
m~2 respectively, for cross-comparison. Sub-treatments (e.g. N level, growth stage etc.) from
one publication were considered as independent studies in the meta-analysis to increase
statistical power due to the small number of publication. Studies were further excluded if their
sample size were less than two. For studies that had multiple measurements across a period of
time, the sample size was determined as the number of the multiple measurements. Data were
extracted with Digitizer (Rohatgi 2011) if they were presented in plots. The meta-analysis and
subgroup analysis (mean effect and 95% confidence interval) were conducted in OpenMEE
(Wallace et al. 2016) using the Continuous Random-effects method. The forest plots (Fig. 7.1)
were generated using JMP (Trial 14.0.1, SAS Institute Inc., Cary, USA). The positive treatment
effect was indicated by the positive standardised mean difference with significant treatment
effect being denoted by no overlap of the left 95% confidence internal range with the zero

effect vertical dash line.
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