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Abstract

Soil water content is a major factor influencing organic matter turnover and nutrient
cycling through its effect on microbial activity, either directly or by modifying substrate
availability. Organic soil amendments e.g. plant residue can improve soil fertility. The release
of nutrients from plant residue is a complex process. Residue decomposition requires water for
microbial growth and for diffusion of nutrients and by-products during decomposition. Recent
studies showed that nutrient availability and microbial biomass after the addition of a second
residue are influenced by the C/N ratio of the first residue amendment, which is referred to as
a legacy effect. However, little is known about the effect of drying-rewetting (DRW) and
variable soil water content on nutrient availability in soil amended with residues differing in
C/N ratio and on the legacy effect of the previous residue addition. A better understanding of

residue decomposition is important to help managing soil fertility using plant residues.

The aims of the study were to determine how soil respiration, microbial biomass and
nutrient availability and the legacy effect are influenced by i) Drying and rewetting (DRW)
cycle frequency between the first and second residue addition and residue addition upon
rewetting, ii) current and previous water content after rewetting with three rewetting events iii)
soil water content between the first and second residue addition and number of days between
rewetting, and iv) previous and current soil water content in soil amended with residue differing

in C/N ratio.

In the first experiment, soil was amended twice (days 0 and 32) with plant residues with
either high (H) or low C/N ratio (L) giving treatments LH or HL. Soil was incubated for 64
days. Between the first and the second residue addition (day 0-32) the soil was maintained at
50% WHC or exposed to one, two or four DRW cycles. All treatments were kept at 50% WHC
(optimal for soil respiration) during the second period (day 33-64). During the first period, N,

P availability and microbial biomass C were higher in LH than HL in all moisture treatments.



Cumulative respiration was higher in LH than HL only in the constantly moist control. After
the second residue addition compared with other water regimes, four DRW cycles stimulated
decomposition of the low C/N ratio residue added on day 32, but the effect was transient as
moisture treatment did not influence available N and MBN from day 48 onwards (8 days after
the second residue amendment). The study showed that drying can temporarily increase N and
P availability and reduce soil respiration, but after rewetting there was little difference to the
constantly moist soil. Further, DRW between residue additions had little effect on the legacy

effect of the first residue addition.

In the second experiment, soil was exposed to two wet-dry cycles with 5 days moist
and 5 days dry each. Residues with high (H) or low C/N ratio (L) were added in eight residue
treatments at different rates (10 or 20 g kgt soil) and timing (day O or day 10, before rewetting).
Available N and P on day 11 were similar as on day 1 suggesting that if residues are added
upon rewetting, nutrient release is not greater than if residues are added to moist soil. However,
in the treatment where L had been added only on day 0, rewetting of dry soil induced N release
from partially decomposed L residue left in the soil from the first period. When H was added
to moist soil on day 0, MBN on days 1 and 5 was higher than in unamended soil. But when H
was added on day 10, MBN increased only on day 11 indicating that with H microbial
utilisation of residue N may be restricted if addition of residue was combined with rewetting.
From day 11 to 20, MBN, available N and P were lower in LH than in HL, suggesting that the
second residue had a strong effect and thus the legacy effect was weaker than if the soil was

moist throughout the experiment.

Experiments 1 and 2 showed that DRW had little or no influence on the legacy effect
of the first residue addition. In the third experiment, we investigated how current and previous
water content after rewetting influences soil respiration, microbial biomass and nutrient
availability in unamended soils. Soil was exposed to two wet-dry cycles (5 days moist, 3 days

vi



dry) with soil being rewetted to 50%, 30% or 10% WHC on days 0 and 8. All treatments were
rewet to 50% WHC on day 16 and maintained at this water content for 7 days (day 23). The
flush of respiration after the first two rewetting events was more than two-fold higher with 50%
than 10% WHC and the second flush was about five times lower than the first. After rewetting
of all treatments to 50% WHC on day 16, the flush was three-fold greater in soil previously
rewet to 10% WHC than soil rewet to 50% previously. In soil previously rewet to 10% WHC
compared to that rewet to 50% WHC, MBN and available P on days 17 and 23 were about two-
fold higher whereas available N did not differ between treatments. The greater respiration and
microbial biomass after the third rewetting event in soil previously rewet to 10% WHC
compared to that rewet to 50% WHC can be explained by the greater amount of available
substrate remaining after the first two rewetting events. The study showed that rewetting of dry
soil to low water content induces only a small flush of respiration and thus little decomposition

of organic matter.

In the fourth experiment, soil was amended with high (H) or low C/N ratio (L) residue
and then maintained at 10% or 50% WHC for 10 days after which the soil at 10% WHC was
rapidly rewetted to 50% WHC. A second residue with a different C/N ratio than the first was
added one, two or five days after rewetting. Rewetting of soil that was at 10% WHC in the first
10 days increased MBC and respiration after day 10 in soil amended with L. After day 10,
MBN increased with number of days between rewetting and the second residue addition. After
the second residue addition, respiration rate in the first three to four days and available N two
days after residue addition were higher when residue was added five days after rewetting than
if added after one day. But MBN was higher in treatments with residues added one day after
rewetting compared to amendment after five days. It can be concluded that soil water content
between the first and the second residue addition influenced soil respiration whereas the time

between rewetting and the second residue addition affected N availability. However, neither
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previous soil water content nor time between rewetting and the second residue addition

influenced the legacy effect.

In the following two experiments, we studied how previous and current soil water
content influence soil respiration, microbial biomass and nutrient availability in soils amended

with residues differing in C/N ratio.

In the fifth experiment from day 1 to day 10, soil was incubated at 10%, 30% or 50%
WHC and there were three residue treatments (unamended (C), amended with high (H) or low
C/N ratio (L) residue). After sampling on day 10, soil water content was adjusted to 50% WHC
and either H or L was added to soil. Therefore, the water content treatments were 10-50, 30-50
and 50-50. Cumulative respiration from day 1 to day 10, MBC and MBN on day 1 and available
N and P on both day 1 and day 10 were lower at 10% than at 50% WHC. When L was added
on day 10, cumulative respiration from day 11 to day 20, microbial biomass C and N on day
11 and available N on day 20 were higher in soil kept at 10% WHC in the first 10 days than in
that maintained at 50% WHC. The previous water content had little effect on respiration and
nutrient availability when H was added on day 10. Differences in MBC, MBN, MBP and
available N on day 11 between HL and LL and between LH and HH were greater with 10%
WHC in the first period than with 50% WHC. The results showed that the water content
between the first and second residue amendment affects the extent of the legacy effect after the

second residue addition.

In the last experiment, soil was amended with low (L) or high C/N ratio (H) residues
on days 0 and 10 and the soil was incubated at 10 or 50% WHC from day 1 to day 10, but
unlike previous experiment the water content from day 10 to 20 was either 10 or 50% WHC,
not only 50%. Therefore the water content treatments were 10-10, 10-50, 50-10 and 50-50. In

LH at 50% WHC from day 11 to day 20, previous low water content (10% WHC) enhanced N
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immobilisation. In HL with 10% WHC from day 11 to day 20, MBN, available N and P on day
20 were higher in soil that was at 50% WHC in the first 10 days compared to that at 10% WHC.
The study showed that the influence of the previous water content on respiration and microbial
biomass was stronger when the first amendment was low C/N residue because its

decomposition was more affected by water content than that of high C/N residue.

It can be concluded that soil water content influences organic matter decomposition and
therefore nutrient availability, particularly in soil amended with low C/N residue whereas

drying and rewetting has only small and transient effects.
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CHAPTER 1

Introduction and literature review



1.1 Plant residues as soil amendment

Soil is a dynamic natural system that interfaces with earth, air, water and life, providing
critical ecosystem services for the sustenance of humanity (Needelman 2013). The increasing
awareness of the progressive degradation of soils in farming systems has led to research on
improving soil quality. Soil quality has been defined as the capacity of a soil to take up, store
and recycle water, minerals and energy so that crop production is maximized and
environmental degradation is minimized (Trasar-Cepeda et al. 2008). Decline in soil organic
matter under intensive farming is recognized as a main cause of soil fertility decrease. Yu et al.
(2014) reported that plant residue removal decreased soil organic carbon (C) content in arid
climate, leading to aggregate instability. Amendment with organic materials such as crop
residues can be a reliable and effective way to ameliorate soil structure and soil fertility

(Cordell et al. 2009; Ng et al. 2014; Ros et al. 2003; Scotti et al. 2015).

Crop residues, in general, are parts of the plants left in the field after crops have been
harvested or trashed (Kumar and Goh 1999). Incorporation of crop residues provides a source
of readily available C and N in the soil, as well as other nutrients. It also provides energy for
biological processes, and improves physical and chemical properties such as soil structural
stability, water retention, cation exchange and buffer capacity (Baldock 2007; Diacono and
Montemurro 2010). Recent studies showed that the application of organic amendments can
reduce the adverse effects of soil compaction and improve transport properties of soil gases
and water by affecting both biological processes (Beare et al. 2009) and pore characteristics
(Mangalassery et al. 2013). Microbial biomass C is higher in soil amended with residues than
if residues are removed (Govaerts et al. 2007; Lou et al. 2011; Salinas-Garcia et al. 2001).
Incorporation of crop residues for 43 years increased soil organic C content by 21% to 29% in

a wide range of soils (Pituello et al. 2016).



Apart from application of plant residue, residues are also added with root death and leaf
fall during plant growth which may also lead to changes in the content of easily available C in
soil. Therefore, further understanding of the influence of plant residue properties (e.g. C/N ratio)
on decomposition process can help to improve land use management and soil productivity.
Two main factors are considered to play important roles in plant residue decomposition;
namely the nature of plant residues and their distribution to soil, referred to as internal factors,
i.e. residue particle size, chemical composition, C/N ratios, and environmental factors, i.e.

temperature, soil texture, pH, water content (Camiré&et al. 1991; Swift et al. 1979).

1.2 Factors influencing plant residue decomposition

1.2.1 Internal factors

The amount of plant residue, its physical and chemical properties, such as particle size,
C composition and C to nutrient ratios, are controlling factors for residue decomposition and
nutrient transformation in terrestrial ecosystems (Scholes and Archer 1997; Swift et al. 1979).
At the early stage of decomposition, soil animals and insects shred fresh plant residues into
small particles and earthworms mix those particles into soils. Soil microbes have access to
residue particles and their population increase quickly. Eventually, C and N availability may
limit the growth of microbes, decreasing the rate of residue decomposition and organic matter

mineralization (Reinertsen et al. 1984).

1.2.1.1 Chemical composition

One of the most important factors governing residue decomposition rate is its chemical
composition (Heal et al. 1997). Plant residues are composed of simple and complex organic

components with different susceptibility to decomposition, such as lignin, tannins, cellulose,



organic acids, amino acids and simple sugars (K&gel-Knabner 2002). The composition and
relative abundance of these components vary widely depending on plant species, maturity and

part (Kononova 1966; Martens 2000).

Organic compounds are decomposed by a range of soil microorganisms, each of which
produces a particular group of enzymes (Wagner and Wolf 1999). Simple substrates e.g. sugars
and amino acids are readily assimilated by microbes (Jones 1999). In favourable environments,
simple sugars like glucose may be completely metabolized by soil microorganisms in one or
two days. Free amino acids also readily utilized by soil microbes (van Hees et al. 2005). More
resistant components (e.g. condensed tannins, waxes phenolics) tend to accumulate as residue
decomposition progresses, because their breakdown requires special enzymes which are only
released by some microbes (Preston et al. 2009). Lignin, a complex molecule comprising up to
20% by the mass of plant residues, is resistant to degradation by extracellular enzymes (Austin

and Ballaré2010).

The proportion of simple and complex compounds varies in plant residues. Residues
with high concentrations of recalcitrant compounds, e.g. lignin, decompose more slowly than
residues with higher soluble sugar (Johnson et al. 2007; Stewart et al. 2015). Broder and
Wagner (1988) studied decomposition of corn, wheat straw and soybean residues in soil.
Soybean residue which had highest proportion of soluble components had the highest
decomposition rate in the initial 32 days of the study. The chemical composition of amended
residues can also increase or suppress decomposition of native soil organic matter, the so-called
priming effect (Kuzyakov et al. 2000). The priming effect is a result of the interactions between

the transformation of the amended substances and the native soil cycles.



1.2.1.2. Particle size

Particle size influences the surface of residues exposed to decomposition relative to its
volume (Tarafdar et al. 2001). Small particles decompose faster than larger ones because the
higher surface area to volume ratio and greater dispersion in soil will increase the susceptibility
to microbial attack (Ambus and Jensen 1997; Henriksen and Breland 2002). Ground or finely
chopped residues are more susceptible to microbial attack than intact residues due to lack of
intact lignified barrier tissue (Summerell and Burgess 1989). Tejada and Gonzalez (2007)
found an increase in mineralization of cotton gin residues and wheat straw when the residues
were ground to very fine particles when compared to larger particles. Another study also
indicated that finely crushed maize straw residues (< 1 cm) increased native organic matter
mineralization compared to larger particle size (1-10 cm and > 10 cm) (Tejada and Ben iez

2014).

However, the effect of plant residue particle size on nutrient cycling is also an
interaction with soil texture, plant residue chemical composition and soil faunal activity. For
example, less N is released from fine leguminous residue particles than from coarser particles.
This is was explained by physical protection by clay minerals and other mineral particles of
the fine particles (Stickler and Frederick 1959). Jensen (1994) also demonstrated that fine
residue particles may be physically protected against decomposition by adsorption to soil

minerals.

1.2.1.3. Carbon to nutrient ratios

The C/N, C/P and N/P ratios of plant residues play a key role in the decomposition rate
and nutrient release. Generally, organic matter decomposition is tightly controlled by C: N: P

ratio (Hill et al. 2006), and C/N ratio and C/P ratio of residues are positively correlated



(Kwabiah et al. 2003; Nwoke et al. 2004). Kwabiah et al. (2001) found that the release of N
and P were controlled by total P content in leaves. Leaves with low total P decomposed more

slowly than those with high total P.

It is well-recognized that decomposition and N mineralisation rate are negatively
correlated with residue C/N ratio (Frankenberger and Abdelmagid 1985; Martens 2000; Taylor
et al. 1989). Residues with high C/N ratio or C/P ratio are decomposed slowly and can result
in immediate net N immobilization in the microbial biomass (Moritsuka et al. 2004). In contrast,
residues with low C/N ratio or C/P ratio are rapidly decomposed and induce net N
mineralization as they satisfy the nutrient demand of microbes (Hadas et al. 2004; Janssen 1996;
Trinsoutrot et al. 2000). Heterotrophic soil bacteria have a lower C/N ratio than their habitat.
Generally, the amendment of plant residue into soil with C/N > 20 or C/P ratio > 200 can cause

temporary immobilization (Enwezor 1976).

The C/P ratio can also influence the rate of nutrient release during decomposition and
give an indication of the effect of decomposing plant residues on available P (Nwoke et al.
2004). During organic matter decomposition, P is assimilated by microorganisms and
immobilized in the form of lipids, nucleoproteins and other organic compounds (Singh and
Jones 1976). The immobilised P can become available after the death of microbial cells.
Residues high in P decompose faster and release more P (Tian et al. 1992). However, soil P
availability during residue decomposition is also influenced by P sorption capacity and the

availability of native soil P (Singh and Jones 1976; Umrit and Friesen 1994).

Decomposition studies are usually carried out by adding residues from a single species
(Aber and Melillo 1980; Preston et al. 2009; Trofymow et al. 2002; Zhang and Zak 1995).
However, in natural systems, plant residues of different species often decompose together

(Hooper and Vitousek 1997). The observed decomposition value differs from the expected



value in many studies of residue mixtures (Chapman and Koch 2007). The expected value is
calculated by the average of individual litter species decomposition rates when they decompose
alone. A review on plant litter mixtures showed differences in decomposition between
measured and expected values in 67% of the reviewed studies. In those studies showing
differences between expected values and observed values, 65% were synergistic (expected
values < observed values) while 35% were antagonistic (expected values > observed values)
(Gartner and Cardon 2004). Synergistic interactions can be explained by rapid adaption of
decomposer community to the substrate mix (Maisto et al. 2011) and the availability of
nutrients to microorganisms in litter mixtures (Mao and Zeng 2012). Antagonism has been
attributed to inhibition of microbial growth or enzyme activity (Coq et al. 2011; De Marco et
al. 2011; Dijkstra et al. 2011). However, there are also some studies with no interaction
occurred in residue mixtures (Cobo et al. 2002; Xiang and Bauhus 2007). This could be
explained by the spatial separation of microbial communities decomposing the individual
components in mixtures. A recent study showed that nutrient availability and microbial
biomass after the second residue addition are influenced by the C/N ratio of the previously
added residue, which is referred as legacy effect (Marschner et al. 2015). For example, N
availability after addition of low C/N residue is lower if it follows high C/N residue than if
added to previously unamended soil. This legacy effect occurs because in the former case, soil
microbes decompose not only the freshly added low C/N reside, but also the high C/N residue

left in the soil from the previous amendment.

1.2.2 Environmental factors
The rate of residue decomposition depends on its internal factors and on those factors
which affect the soil environment (Parr and Papendick 1978). The chemical and physical
properties of a soil determine the nature of the environment in which microorganisms are found

7



(Alexander 1961). A range of external factors influence plant residue decomposition, e.g.
temperature, soil texture, and soil water availability. Among them, soil water content is
considered to have a stronger influence on the decomposition process than the other factors

because of it regulates microbial activity (Brady and Weil 2002; Oades 1984).

1.2.2.1 Temperature

Increasing temperature can increase organic matter solubility (Chantigny et al. 2010)
and affect microbial and enzyme activity (Allison et al. 2010; Curtin et al. 2012). Response of
plant residue decomposition rates to temperature can range from weak (Fissore et al. 2009) to
strong and persistent (Conant et al. 2008) because temperature sensitivity increases with
recalcitrance of the organic material (Davidson and Janssens 2006). Enzyme Kinetic theory
suggests that more recalcitrant compounds will be decomposed at higher temperatures (Conant
et al. 2008). Based on the kinetic theory of Arrhenius, temperature sensitivity increases with
increasing activation energy.

Organic C fractions of plant residues have different temperature sensitivities because
they differ in physical and chemical protection (Davidson and Janssens 2006; Hartley and
Ineson 2008). Decomposition of stable soil organic matter has a higher temperature sensitivity
than that of labile organic matter (Boddy et al. 2008; Feng and Simpson 2008). Studies show
that decomposition of residues with high lignin content is more sensitive to increasing
temperature than more biochemically labile residues (Bosatta and Agren 1999; Fierer et al.
2005). Fierer et al. (2005) demonstrated that temperature sensitivity of litter decomposition
was dependent on substrate quality with lower quality or residues with greater lignin content
having a greater temperature sensitivity. Decomposition rates of the stable soil organic matter
are not temperature sensitive within a temperature range of 5-35 °C (Giardina and Ryan 2000);

while the decomposition of the labile soil organic matter is very temperature sensitive (Eliasson

8



et al. 2005; Luo et al. 2001; Trumbore et al. 1996). Temperature is an important factor
regulating soil microbial activity and shaping soil microbial communities. In a study by
Pietik&nen et al. (2005) temperature dependence of different groups of soil microorganisms
varied, with bacterial growth rate maximizing at 30 °C and fungal growth at 25 °C. This
indicates that functional microbial communities in soil may respond differently temperature

variation and thus influence decomposition.

1.2.2.2 Soil texture

Soil texture has direct and indirect effects on residue decomposition by altering soil
aeration, surface area, pore size distribution, soil water availability and nutrient availability to
microbes (Scott et al. 1996). Soil texture affects N and P transformations by influencing total
organic matter accumulation and soil microbial activity. Texture influences soil physical
environment by modifying pore size distribution and pore continuity, thus in turn modifying
soil water availability, gas exchange and the movement of soil microorganisms (Elliott et al.
1980; Hassink et al. 1993). For example, the number of large pores is usually higher in sandy
soils than in loamy and clay soils (Hassink 1992). Large pores facilitate aeration because O
diffusion is 10,000 fold greater in air than in water (Kirkham 2014). Sufficient oxygen supply
is necessary for rapid decomposition because most decomposers in soil are aerobic. The smaller
pores in clay soils on the other hand are often water-filled. Decomposition may therefore be
reduced due to insufficient Oz supply (Kirkham 2014).

Sandy soils are often water and nutrient deficient due to 1) low water retention in
macropores ; 2) low cation exchange capacity which causes low capacity to retain nutrients
and low pH buffer capacity, 3) weak bonding affinity with soil organic matter which results in

high decomposition rate (Brady and Weil 2002; Gentile et al. 2013; Reuter 1994).



Clay concentration plays an important role because clay can limit organic matter
decomposition by binding and occlusion in aggregates thereby decreasing its availability to
microbes (Oades 1988; Roychand and Marschner 2013). Due to the predominance of small
particles, clay soils can have restricted gas flow (Franzluebbers et al. 1996). Very small pores
can protect plant residues from decomposers as the small diameter may restrict microbial
access to organic material (Don and Schulze 2008; Kaiser and Zech 2000). Particles in the clay
fraction provide large surface areas and numerous reactive sites for soil organic matter to be
adsorbed by ligand exchange and polyvalent cation bridges (von LUzow et al. 2007). Soil
organic matter may also be physically or chemically excluded from microbial attack or
enzymatic reactions by aggregation (Sollins et al. 1996). Therefore, clay promotes organic

matter stabilization (Merckx et al. 1985).

1.2.2.3 Water availability

Soil water availability is a major factor determining soil organic matter turnover and
therefore nutrient cycling (Thomsen et al. 1999). Residue decomposition requires water for
microbial growth and for diffusion of nutrients and by-products during decomposition. Water
availability influences microbial activity by modifying substrate availability and affecting
water potential. Water requirements for growth and survival of different microorganisms vary
considerably and therefore, water availability has a selective effect on the total soil microflora
(Parr and Papendick 1978).

Water potential is related to the energy level, indicating how readily available water is
for movement and plant uptake (Warrick and Or 2007). Water potential is often divided into
four components based on the origin of forces that retain the water, including matric, osmotic
gravitational and pressure potentials (Parr and Papendick 1978). Matric potential exists because
the attraction of water to soil solids provides a matric force. Osmotic potential is caused by
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solutes such as inorganic salts and organic compounds which cluster water molecules around
aggregates thereby reducing movement of soil water. The gravitational potential is induced by
gravity (Brady and Weil 2002). Pressure potential is explained by the external pressure applied
to the water. Water potential is a better measure of water availability to plants and microbes
than water content because water potential is related to how water moves while water content
only gives the amount of water in a soil. Water potential is expressed as energy per unit mass
of water (joules/kg) or energy per unit volume of water (Bars or atmospheres). In most soils,
organic matter mineralization increases with increasing water content between -5 to about -
0.05 MPa, and then decreases due to oxygen deficiency. Bacterial respiration begins to
decrease at -0.3 MPa and is almost negligible below -2 MPa (Wilson and Griffin 1975).
Consequently, water availability alters mineralization rate.

Storage and flow of water in soils are related to the size of soil pores and controlled by
the smallest pore size (Beven and Germann 1982). Micropores are less than 0.08 mm diameter,
while macropores are more than 0.08 mm diameter (Brady and Weil 2002). Water drains freely
from macropores by gravity but is held more tightly in micropores. Available pore space in soil
is important for organic matter decomposition in soils. Decreasing soil water content
concomitantly increases the portion of oxygen-filled soil pores (Moyano et al. 2013; Schimel
et al. 2007), which reduces the mobility of dissolved organic matter and nutrients and
disconnects microbes from substrates (Schimel et al. 2007). Soil microorganisms may produce
osmolytes to reduce internal water potential and avoid death when water availability is low
(Borken and Matzner 2009). When soil water contents approach water-logged conditions or
exceed field capacity, the percentage of soil pore space filled with water (percent of water-
filled pores, % WFP) is a better indicator of aerobic vs. anaerobic microbial activity than either
water content or water potential (Linn and Doran 1984; Miller and Johnson 1964). Calculation

of WFP only requires gravimetric soil water content and soil bulk density.
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Soil pores vary with soil texture. Fine textured soils have large number of different
sized pores and larger surface area to retain water than sandy soils (Leeper and Uren 1993).
Soil aggregates also influence soil pores since they are the result of rearrangement of soil and
organic particles. Soil aggregation can lead to formation of inter-aggregate pore spaces, which
improves water penetration and aeration (Rawls et al. 2003) and increases nutrient transport to

soil microbes.

1.3 Effect of drying-rewetting on decomposition

Surface soils may experience periods of drying followed by rapidly rewetting,
particularly in Mediterranean ecosystems (Fierer and Schimel 2002). Soil undergoes complex
physical, chemical and biological changes during drying and rewetting, including changes to
soil structure, soil organic matter and microorganisms (Berg 2000; Hueso et al. 2012; Serensen
1974). Many studies have investigated the effect of drying and rewetting on soil processes,
including soil respiration, nutrient cycling, microbial biomass and plant nutrient uptake

(Butterly et al. 2009; Halverson et al. 2000; Shi and Marschner 2014).

Drying of soil gradually confines soil water to thinner films around soil particles,
suppresses microbial activity and biomass and reduces substrate diffusion to microbes (Stark
and Firestone 1995; Yao et al. 2011). A large proportion of the microbial biomass can die,
mainly those that are active (Bottner 1985). Studies showed that drying can induce changes in
microbial community structure and fungi/bacteria ratio may decrease or increase (Denef et al.
2001; Fierer and Schimel 2002; Geisseler et al. 2011; Gordon et al. 2008). For example, Jensen
et al. (2003) found that the process of drying in soil can shift community structure towards a
greater proportion of fungi, since they are less affected by drought stress than bacteria. Some
microbes are able to survive desiccation stress by regulating the concentration of internal
osmotic solutes (Csonka and Hanson 1991). Osmoregulatory compounds including amino
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acids in bacteria and polyols in fungi can survive after the drying phase (Killham and Firestone

1984; Mikha et al. 2005).

Rewetting of dry soils causes a burst of respiration, which can last up to six days, also
known as the Birch effect (Birch 1958; Fierer and Schimel 2002; Li et al. 2010). Such pulses
of mineralised C are often associated with mineralisation of other nutrients including N and P
(Olsen and Court 1982; Sparling and Ross 1988). Both C and N mineralization rates are
generally elevated for 1-4 days after rewetting of a dry soil (Birch 1958; Franzluebbers et al.
2000). Rewetting results in a rapid increase in water potential which can cause microbial cell
lysis or death or release intracellular solutes (Bottner 1985; Halverson et al. 2000; Linn and
Doran 1984). These labile C and N substrates can then be mineralized by the surviving
microbes leading to a pulse of mineralised C and N (Prechtel et al. 2000). Drying and rewetting
(DRW) cycles also cause the release of available P, which is thought to be primarily P released
from the soil microbial biomass (Grierson et al. 1998; Turner et al. 2003). Sorption and
microbial immobilisation can result in rapid removal of P that is released into the soil solution

on rewetting in most soils (Butterly et al. 2009; Butterly et al. 2011).

Rapid rewetting also causes soil aggregates slaking because rapid entry of water into
aggregates compresses the air within them and induces aggregate breakdown. Aggregate
breakdown exposes physically protected organic matter. Therefore, previously unavailable
organic matter is accessible to microbes (Adu and Oades 1978). Degens and Sparling (1995)
suggested organic matter mineralization in soils which frequently experience DRW cycles was
not affected by DRW cycles, because part of organic matter may be recalcitrant. The response
to DRW may be related to the time since labile organic matter was added to the soil (Cosentino

et al. 2006).
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The influence of repeated DRW on microbial biomass and activity and microbial
community composition has been studied (Halverson et al. 2000; Yao et al. 2011). The size of
the respiration flush upon rewetting often decreases with increasing number of DRW cycles
(Baumann and Marschner 2013; Wu and Brookes 2005). This has been explained by lower
substrate availability and microbial death after several DRW cycles. However, less is known
about the effect of wetting intensity, which is the amount of added water during the rewetting
phase (Borken and Matzner 2009; Xu and Luo 2012). Theoretically, the size of the
mineralization pulse is expected to increase with the amount of applied water as aggregate
slaking and microbial solute release should be intensified for the starved microbes. In dry soil,
the strongly negative water potential may lead to the death of some microorganisms, while
cells of surviving microbes may burst with the decrease in water potential after rewetting (Yao
et al. 2011). However, Schmitt et al. (2010) reported there was little effect of rewetting size (8,
20 and 50 mm water per day) on soil respiration in a forest soil due to the heterogeneous water

infiltration along preferential flow paths and hydrophobicity.

Wetting intensity can also be expressed as soil moisture increment (4SWC) (Lado-
Monserrat et al. 2014). At a given water content after rewetting, the increment of soil moisture
is highly dependent on the pre-wetting soil moisture. The higher the pre-wetting soil moisture,
the lower the ASWC. Borken and Matzner (2009) showed a higher soil water content before

wetting decreases cumulative C and N mineralization rates after rewetting.

The size of respiration and nutrient flush after rewetting also depends on substrate
availability (Berryman et al. 2013). Previous studies have shown that plant residue amendment
enhances microbial responses to rewetting. Mclntyre et al. (2009) found that respiration rate
after rewetting was twice as high in amended soils compared with unamended soils. Miller et
al. (2005) reported that a 10% increase of soil respiration after rewetting is due to a previous
litter addition compared with unamended soil. Cosentino et al. (2006) also suggested that the
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response to DRW may be related to the time when the labile organic matter was added to the
soil by changing cohesion and hydrophobicity of aggregates. A recent study suggested litter
addition modified ASWC sensitivity of the Birch effect, which highlighted the importance of

how much C is available at rewetting (Lado-Monserrat et al. 2014).

1.4  Research gaps

The literature review showed that many factors influence decomposition of residues
added to soils. Most studies have elucidated the influence of single residue amendment on
microbial biomass and nutrient release. In the field, plant residues of different species or
different plant parts often intermingle and decompose together (Hooper and Vitousek 1997;
Song et al. 2010). Previous studies in our group showed that nutrient availability and microbial
biomass after the second residue addition are influenced by the properties of the previously
added residue, which is referred as legacy effect (Marschner et al. 2015). However, several

knowledge gaps remain which will be addressed in this study.

Firstly, little is known about the effect of drying-rewetting on nutrient availability in
soil amended with residues differing in C/N ratio and on the legacy effect of the previous
residue addition. In the field, residue addition may also coincide with rewetting, e.g. when
harvest residues are incorporated into soil just after or during a rainfall event. Nutrient release
upon rewetting in residue amended soil may depend on amount and C/N ratio of the residue

and occurrence of dry-wet cycles relative to residue amendment.

Secondly, there remain significant gaps in our understanding as how variable soil water
content influences microbial biomass and nutrient availability in soils. With intermittent
rainfall, soil water content can vary among drying-rewetting events. For example, soil may be

rewet to water contents below optimal. Further, in residue amended soils, the amount of the
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first residue left in the soil when the second residue is added could also be influenced by soil
water content between the two residue additions through its effect on microbial activity. The
effect of soil water content and length of time at lower water content between the first and
second residue addition on soil respiration, microbial biomass and nutrient availability is still

unclear.

Thirdly, soil water content may also vary after the second residue addition. Whether
the influence of variable soil water content on soil respiration, microbial biomass and nutrient
availability is modulated by the order in which the residues are applied needs further

investigation.

15 Aims

The aims of the PhD project were

i) To determine the effect of drying-rewetting cycle frequency between the first and
second residue addition on the legacy effect and the effect of residue addition upon
rewetting on microbial activity, biomass and nutrient availability and on the legacy
effect (Chapters 2 and 3).

i) To investigate how current and previous water content after rewetting influence soil
respiration, microbial biomass and nutrient availability with three rewetting events
(Chapter 4).

iii) To determine the effect of soil water content between the first and second residue
addition and number of days between rewetting of soil with previous lower water

content on soil respiration, microbial biomass and nutrient availability (Chapter 5).
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iv) To assess the effect of previous and current soil water content on soil respiration,
microbial biomass and nutrient availability in soil amended with residue differing

in C/N ratio (Chapters 6 and 7).
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CHAPTER 2

Nutrient availability, soil respiration and microbial biomass after the second residue
addition are influenced by the C/N ratio of the first residue added, but not by drying

and rewetting between residue amendments
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It has been shown that the C/N ratio of the first residue amendment influences soil respiration and
nutrient availability after the addition of a second residue, which is referred to as legacy effect. However,
little is known about the effect of dry-rewet (DRW) cycles on nutrient availability in soil amended with
residues differing in C/N ratio and on the legacy effect. A loamy soil was amended twice (days 0 and 32)
with plant residues with either high (H) or low (L) C/N ratio to give the treatments low than high (LH) or
high then low C/N residue (HL). Between the first and the second residue addition the soil was main-
tained at 50% WHC or exposed to one, two or four DRW cycles. After the second residue addition all
treatments were kept at 50% WHC until day 64. During the first period, N and P availability and microbial
biomass C were higher in LH than HL in all moisture treatments. Cumulative respiration (mg CO,-C g
soil~!) was higher in LH than HL only in the constantly moist treatment. Available N and P concentration
were higher in dry soil than moist soils in 1 DRW and 2 DRW. After the second residue addition, moisture
and residue treatments did not differ in available N and P concentration, which confirmed the legacy
effect, but indicated that drying only temporarily increased N and P availability and that the previous
moisture treatment did not influence the legacy effect.

Respiration

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Food production will have to be doubled by 2050 to achieve
global food security [1]| and climate change is predicted to alter
global precipitation patterns 2| which may make achieving food
security more difficult. Shifts in precipitation patterns could have
particularly strong effects in the Mediterranean climate zone,
where hot dry summers are interrupted by occasional rainfalls and
soils are exposed to dry-rewetting (DRW) cycles.

During drying, soil water is held more tightly between soil
particles, which limits substrate diffusion and microbial activity
[3,4]. Rewetting of dry soils is known to result in a respiration flush
[5]. The respiration flush has been attributed to increased substrate
availability [6]. Shi and Marschner [7] showed that cumulative
respiration of soil exposed to DRW depends on the length of the dry
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period relative to that of the moist period. The respiration flush
upon rewetting often decreases with increasing number of DRW
cycles which may be explained by lower substrate availability and
microbial death after several DRW cycles. It has also been shown
that the respiration flush after a long dry period is smaller than
after a short one, possibly because a larger proportion of soil mi-
crobes die during a long dry period. Most DRW studies were carried
out in unamended soils, but in agricultural and natural ecosystems,
organic materials such as plant residues (e.g. harvest residues, or
litter) may be added to soil and are a nutrient source for plants and
soil microbes. A recent study showed that the effect of DRW on soil
respiration and microbial biomass is more pronounced in residue
amended than unamended soil but that the pattern in response to
dry and moist periods was not influenced by amendment [8].
Serensen [9] reported that the longer organic material was incu-
bated in soil, the lower its mineralisation during DRW cycles.
Nutrient release from plant residues is a complex process
influenced by internal factors such as residue C composition,
nutrient ratios (e.g. C/N), and external factors, e.g. temperature and
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soil water content [10]. It is well-known that decomposition and N
mineralisation rate are negatively correlated with the residue C/N
ratio [11]. Addition of plant residue with C/N < 20 results in net N
mineralisation as it can satisfy the nutrient demand of microbes
whereas residues with higher C/N ratio lead to at least temporary
net N immobilisation [12]. Recently, we showed that N and P
availability after residue addition is also influenced by the C/N ratio
of the previously added residue, which is referred to as legacy effect
[13].

However, little is known about the effect of DRW on nutrient
availability in soil amended with residues differing in C/N ratio and
on the legacy effect of the previous residue addition. This infor-
mation will be useful for predicting nutrient release from plant
residues in Mediterranean climate. The aim of this experiment was
to determine the effect of DRW cycle frequency between the first
and second residue addition on the legacy effect. The soil was
maintained moist after the second residue addition to separate
DRW from residue legacy effect. Our first hypothesis was that
nutrient release and soil respiration after the first residue addition
will decrease with increasing number DRW cycles, particularly with
low C/N residue. The second hypothesis was that changes in
nutrient availability and soil respiration induced by DRW after the
first residue addition will influence nutrient availability after the
second residue addition, thus the legacy effect.

2. Materials and methods
2.1. Soil and plant residues

A loamy soil was collected in early spring 2015 from 0 to 10 cm
depth in Urrbrae, South Australia (Longitude 138°38'3.2” E, Lati-
tude 34°58'0.2”S) that had been under pasture for more than 80
years. This site has a Mediterranean climate with cool, wet winters
and hot, dry summers interrupted by short, heavy rainfall events.
The soil is a Red-brown Earth according to Australian soil classifi-
cation and classified as Rhodoxeralf according to US Soil Taxonomy.
Soil was collected along a randomly selected transect in three
2 x 2 m plots which were at least 10 m apart. In each sampling plot,
after removal of plants and surface litter, five samples of topsoil
(0—10 cm) were collected. Then the soil was sieved to <2 mm fol-
lowed by air-drying in a fan-forced oven at 40°C. Soil from all
sampling points was pooled and thoroughly mixed before sub-
samples were taken for the experiment. The soil has the following
properties: 22% sand, 60% silt, 18% clay, maximum water capacity
(WHC) 371 gkg !, pH (1:5) 5.6, EC (1:5) 0.1 dS m '}, total organic C
17 g kg~', total organic N 1.5 g kg~', bulk density 1.3 g cm™/,
available P 10 mg P kg~ and available N 15 mg N kg,

Two types of plant residues were used: young faba bean (Vicia
faba L) as low C/N residue, and mature wheat straw (Triticum
aestivum L.) as high C/N residue (Table 1). These two plant species

Table 1

Total organic C, N, P, C/N ratio and C/P ratio, available N and P, water-extractable C,
and pH of low C/N (young faba bean) and high C/N (wheat straw) residues (n = 4).
Different letters indicate significant differences between residues (P < 0.05).

Property Low C/N High C/N
Total organic C (g kg 1) 374 418
Total N (g kg™") 22.9° 49°
Total P (g kg™ ) 6.5" o7

C/N ratio 16 86°

C/P ratio 58 643"
Available N (mg kg™ ") 487" 87°
Available P (mg kg ') 247 30°
Water extractable C (g kg ') 92b 542

pH (1:10) 6.2 6.3
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were used because they are commonly grown in southern Australia
and often follow each other in crop rotations. The residues were
dried at 40 °C in a fan-forced oven, finely ground and sieved to
0.25—2 mm particle size. Total N, total P, available N and P were
5—10 times higher in low C/N ratio residue (young faba bean) than
in high C/N ratio residue (wheat straw) (Table 1). Therefore low C/N
residue had significantly lower C/N ratio and C/P ratios than high C/
N residue. Water extractable C concentration was nearly two-fold
higher in low C/N ratio residue than in high C/N ratio residue.
The residues had a similar pH.

2.2. Experimental design

Before the start of the experiment, the air-dried soil was incu-
bated for 10 days at 20—25 °C in the dark at 50% of maximum WHC
to activate the soil microbes and to stabilise soil respiration after
rewetting of air-dry soil. This water content was chosen because
previous studies with this soil have shown that microbial activity is
maximal at 50% WHC [13].

Soil was amended twice with plant residues with either high or
low C/N ratio at a rate of 10 g kg ! for each addition. At the start of
the experiment, high C/N residue was added to half of the soil and
low C/N residue to the other half. The second residue with a
different C/N ratio than the first was added after 32 days giving the
residue treatments high C/N followed by low C/N (HL) and low C/N
followed by low C/N (LH) (Fig. 1). These treatments were chosen
because they gave the strongest legacy effect in previous study [13].
At each amendment, residues were thoroughly mixed with the soil.
Then 30 g dry soil equivalent was filled into PVC cores with 1.85 cm
radius, 5 cm height and a nylon mesh base (7.5 pm, Australian Filter
Specialist) and packed to a bulk density of 1.3 g cm™. The cores
were placed individually into 1 L jars with gas-tight lids equipped
with septa to allow quantification of the headspace CO; concen-
tration as described below. The jars were incubated in the dark at
23-25°C.

The following moisture treatments were imposed between the
first and second residue addition where moist refers to 50% of WHC,
dry to about 2% WHC: constantly moist (32 days at 50% WHC), 1
DRW cycle (16 days dry then 16 days moist), 2 DRW cycles (2 times
8 days dry then 8 days moist), 4 DRW cycles (4 times 4 days dry
then 4 days moist) (Fig. 1). After the second residue amendment,
the soil was maintained at 50% WHC for 32 days in all treatments.
Soil moisture was maintained at 50% of WHC by checking the water
content every few days by weight and adding reverse osmosis (RO)
water if necessary.

At the start of the dry period, the soil was dried using pouches
with silica gel as described in Shi and Marschner [7]. Preliminary
studies showed that the soil (30 g in a sealed 1 L glass jar) dries
within 3 days with 24 g silica (three bags with 8 g per bag) which
were replaced by dry silica pouches daily during the dry period. The
removed pouches were dried overnight in an oven. After three days
the water content was 2% WHC and thereafter soil weight remained
constant. Rapid rewetting was carried out as described in Shi and
Marschner [7] by adding water in a circular motion. Four cores per
treatment were destructively sampled on days 8 (dry in 1 DRW and
2 DRW), 16 (dry in 1 DRW), 24 (dry in 2 DRW), 32, 40, 48, 56 and 64,
giving a total of 256 cores.

2.3. Measurements

Soil texture was determined according to the rapid textural
analysis. Soil maximum water holding capacity was measured in a
sintered glass funnel connected to a 100 mm water column
(¥m = —10 kPa).Soil was placed in rings in the sintered glass funnel,
thoroughly wetted and allowed to drain for 48 h. Dry weight of the
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First residue addition

[ dry after 1* residue addition

Second residue addition moist after 1 residue addition

moist after 2™ residue addition

Fig. 1. Schematic diagram of experimental design.

soil was determined after oven drying at 105 °C for 24 h. Soil pH and
EC were measured in a 1:5 (w/v) soil to reverse osmosis (RO) water
ratio after 1 h shaking at 25 °C. Total organic C in soil and plant
residues was measured according to Walkley and Black [ 14]. Total N
was extracted using the Kjeldahl method | 15]. To determine total P,
soil and plant residues were digested with a mixture of HNO3 and
HClO4. Total P in the extract was measured by the phosphovanado-
molydate. Water extractable organic C was determined by shaking
1 g residue with 30 ml RO water for 1 h. The extract was then
centrifuged at 3000 rpm for 10 min and filtered through a What-
man#42 filter paper. Organic C in the extract was determined after
K»Cr,07 and H;SO4 oxidation by titration with acidified
(NH4)2Fe(S04)2- 6H20.

Soil respiration was measured daily by quantifying the CO,
concentration in the headspace of the jars using a Servomex 1450
infra-red analyser (Servomex Group, Crowborough, UK) [16]. Jars
were vented with a fan to refresh the headspace after each mea-
surement (t1) and then resealed followed by another CO, mea-
surement (t0). The CO, produced during this given interval is the
difference in CO» concentration between t1 and t0 [16]. Linear
regression based on injection of known amounts of CO, into empty
jars of similar size was used to define the relationship between CO,
concentration and detector reading.

Available N (ammonium and nitrate) concentration was
measured after 1 h end-over-end shaking with 2 M KCl at a 1:5 soil
to extractant ratio. Available P was extracted by the anion exchange
resin method, the P concentration was determined colorimetrically.
Microbial biomass C and N were determined by chloroform
fumigation-extraction with 0.5 M K,SO4 at 1:4 soil to extractant
ratio [17]. Organic C concentration in the extract was measured by
titration with 0.033 M acidified (NHy4),Fe(S04),-6H20 after di-
chromate oxidation [18]. The chloroform-labile C concentration is
the difference between fumigated and non-fumigated soil, which
was multiplied by 2.64 to calculate MBC [19]. Microbial biomass N
was calculated as the difference in NH4 concentration between
fumigated and non-fumigated samples divided by 0.57 which is the
proportionality factor to convert ammonium to MBN. Microbial
biomass P was determined with the anion exchange method [20]
using hexanol as fumigant. Microbial biomass P is the difference
in P concentration between fumigated and un-fumigated soil [20].
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No correction factor was used for P because recovery of a P spike in
this soil was 98% (Butterly, pers. comm.).

2.4. Statistical analysis

There were four replicate cores for each treatment and sampling
time. Data was tested for homogeneity and equal variance. Two-
way repeated measures analysis of variance (ANOVA) with fixed
factors moisture treatment (CM, 1 DRW, 2 DRW, 4 DRW) and res-
idue treatment (HL or LH) was carried out in SPSS (IBM NY, USA). If
the ANOVA showed significant effects of the fixed factors and time
(p < 0.05), Tukey's multiple comparison test at 95% confidence
interval was used. One-way ANOVA was used to compare the
properties of two plant residues.

3. Results
3.1. Respiration

In LH, respiration rates declined in the first 10 days in CM and
then remained stable (Fig. 2a). In HL, respiration rates in CM
increased from day 2 to day 4, but then declined gradually until day
18 after which they remained stable until day 32 (Fig. 2b). Respi-
ration rates were lower in HL than LH until about day 18 after which
they were similar In the two residue treatments. In all DRW
treatments, respiration rate decreased as the soil dried and was not
detectable in dry soil. Rewetting of dry soil resulted in a strong
increase in respiration rates on the first day followed by a rapid
decline in the following 2—5 days. The flush upon rewetting was
greatest in 1 DRW. In 2 DRW and 4 DRW, flush size was greater in
the first rewetting event than in the following events. The initial
respiration flush was lower in HL than LH, but higher respiration
rates were maintained longer (2—3 days) in HL before they
declined. The second residue addition on day 32 induced a flush of
respiration which was greater in HL than LH. In LH this flush was
greater in 1 DRW than in the other treatments whereas in HL it was
higher in all DRW treatments compared to CM. Respiration rates
then declined and remained stable from day 40.

At the end of the first period, cumulative respiration was higher
in CM than the DRW treatments in LH, but the reverse was true in
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Fig. 2. Respiration rate after the first (days 0—32) and after the second residue addition (days 40—64) in soil amended with low followed by high C/N residue (a, LH) or with high
followed by low C/N residue (b, HL) with different moisture treatments between first and second residue addition: constantly moist (CM), one, two or four dry rewet cycles (1 DRW,

2 DRW, 4DRW) (n = 4, means =+ SE).

HL (Fig. 3 and Fig. S1). In LH, cumulative respiration in the first
period was higher in CM than the DRW treatments, particularly 2
DRW (Fig. 3a). In HL, cumulative respiration in the first period did
not differ among moisture treatments (Fig. 3b). Cumulative respi-
ration increased strongly after the second residue addition,
particularly in HL. Cumulative respiration in the second period was
generally greater in HL than LH. In LH, the previous moisture
treatment had no significant effect on cumulative respiration in the
second period. In HL, cumulative respiration after the second res-
idue addition was lower in CM than the DRW treatments, partic-
ularly 4 DRW.

3.2. Available N and P

In the first period, the available N concentration was 4—10 fold
higher in LH than HL (Fig. 4a and b, Table S1). It was lower in CM
than in the DRW treatments. In LH, the available N concentration in
CM was higher on days 8 and 16 than on days 24 and 32. But in HL,

it was highest on day 32. In the DRW treatments of LH, the available
N concentration was highest on day 8. But in HL, there was no
consistent effect of time on available N concentration. With HL in 1
DRW the available N concentration was higher in dry soil (days 8
and 16) than after rewetting while in 2 DRW, the available N con-
centration was highest on day 8 when the soil was dry and then
declined until day 24. From day 24—32 (moist period), the available
N concentration slightly decreased in LH, but nearly doubled in HL.

Eight days after the second residue addition (day 40), the
available N concentration was similar as on day 32 (before second
residue addition) in all moisture treatments in LH, but more than 8-
fold higher in HL. The available N concentration in the second
period was highest on day 40. It decreased more than two-fold
from day 40 to day 48, then increased by about 30% until day 56
after which it remained stable. On day 40 the available N concen-
tration in LH was higher in CM than in the DRW treatments. But in
HL, it was highest in 4 DRW. Among the DRW treatments in HL, the
available N concentration on day 40 increased with number of DRW

8 (a) LH treatment ) (b) HL treatment
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Fig. 3. Cumulative respiration after the first (days 0—32) and after the second residue addition (days 40—64) in soil amended with low followed by high C/N residue (a, LH) or with
high followed by low C/N residue (b, HL) with different moisture treatments between first and second residue addition: constantly moist (CM), one, two or four dry rewet cycles (1
DRW, 2 DRW, 4DRW) (n = 4, means =+ SE). Different letters indicate significantly different cumulative respiration between days 0 and 32 (a, b, ¢.) and between days 33 and 64 (x, y,
z). Capital letters (A, B, C) indicate significant differences in total cumulative respiration (day 0—64) (P < 0.05).
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cycles. On the other sampling days after the second residue addi-
tion, moisture and residue treatments did not differ in available N
concentration.

The available P concentration in the first period was 2—3 fold
higher in LH than HL (Fig. 5a and b, Table S2). When the soil had
been dry for at least 8 days (days 8 and 16 in 1 DRW and days 8 and
24 in 2 DRW), the available P concentration was higher than in CM.
There was no difference in available P concentration among mois-
ture treatments on day 32. After the second residue addition, the
available P concentration was lower on days 40 and 48 than on the
other two sampling days. The available P concentration was not
influenced by residue treatment or the previous moisture
treatment.

3.3. Microbial biomass

Microbial biomass C in the first period was 10%—50% lower in HL
than LH (Fig. 6a and b, Table S3). In CM, it was highest on day 16 and
lowest on day 32. In the DRW treatments, it was also highest on day
16 but lowest on day 8 in 1 DRW and 2 DRW (dry period) whereas it
was lowest on day 32 in 4 DRW. Although the soil remained dry in 1
DRW from day 8 to day 16, MBC increased about three-fold in LH
and 500-fold in HL. On day 24, MBC was highest in CM, but there
were no differences among moisture treatments on day 32.
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The second residue addition induced a large increase in MBC.
Compared to day 32, MBC on day 40 was 2—3 fold higher in LH and
4-5 fold higher in HL. In all treatments, MBC decreased from day 40
to day 48 followed by an increase to day 56. In CM, MBC was higher
in HL than in LH on days 48, 56 and 64, but there were no consistent
differences between residue treatments in the DRW treatments.

Microbial biomass N in the first period did not differ between HL
and LH except for day 16 in CM and in 4 DRW where it was higher in
LH than HL (Fig. 7a and b, Table S4). Microbial biomass N was lower
in dry soil (days 8 and 16 1 DRW and days 8 and 24 in 2 DRW) than
in CM. Only in HL, MBN on day 8 increased with increasing number
of DRW cycles. In 4 DRW, MBN was lower on day 32 than on the
previous sampling times. In general, there was no difference in
MBN on day 32 between residue or moisture treatments.

Eight days after the second residue addition (day 40) MBN was
higher than on day 32, with a greater increase in HL (three-fold)
than LH (two-fold) and a greater increase in the DRW treatments
than in CM. Microbial biomass N in the second period did not differ
between residue treatments except on day 40 where it was higher
in HL than LH (Fig. 7 c, d, Table S4). Later, there were no differences
among residue and moisture treatments. In all treatments, MBN
was lowest on day 64.

Microbial biomass P in the first period was about two-fold
higher in LH than HL (Fig. S2, Table S5). Only on day 8, MBP was
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Fig. 5. Available P concentration after the first (a, b, days 8, 16, 24, 32) and after the second residue addition (c, d, days 40, 48, 56, 64) in soil amended with low followed by high C/N
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or four dry rewet cycles (1 DRW, 2 DRW, 4DRW) (n = 4, means + SE). For letters indicating significant differences see Table S2.

higher in LH than in HL. Moisture treatment did not have a
consistent effect on MBP. Microbial biomass P was lowest on day 32.
Eight days after the second residue addition (day 40), MBP was
about two-fold higher than on day 32. There was no difference
among moisture or residue treatments on MBP in the second
period. Microbial biomass P was lower on days 40 and 48 than on
day 64.

4. Discussion

This study showed that drying can temporarily increase N and P
availability and reduce soil respiration, but after rewetting there
was little difference to the constantly moist soil. Nutrient avail-
ability, microbial biomass and soil respiration after the second
residue addition were influenced by the legacy effect, but the
previous moisture treatment did not influence the legacy effect.
Therefore, both the first (nutrient release and soil respiration after
the first residue addition will decrease with increasing number
DRW cycles, particularly with low C/N residue) and the second
hypothesis (changes in nutrient availability and soil respiration
induced by DRW after the first residue addition will influence
nutrient availability after the second residue addition, thus the
legacy effect) have to be declined.
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4.1. Period after the first residue addition (days 0—32)

In agreement with our previous study, nutrient availability and
MBC were higher in LH compared to HL in the first period which
can be explained by the lower C/N ratio of the L compared to H
residue [13]. Although available N and P concentrations were
higher in LH than HL, MBC was only slightly higher in LH and cu-
mulative respiration was slightly higher in LH than HL only in the
constantly moist treatment and 1DRW treatment. This suggests
that DRW reduced the ability of microbes to take up mineralised
nutrients.

The higher respiration flush in the first compared to the
following rewetting events is also in agreement with previous
studies [21,22]. The lower flush in later rewetting events has been
explained by death of a proportion of the microbial biomass and
reduced substrate availability upon rewetting [6,23]. In this
experiment, it is likely due to two factors: (i) a lower microbial
biomass after several DRW cycles and (ii) depletion of easily
available compounds from the residues.

The decrease in respiration rate when the soils dried and the low
respiration in dry soil compared to moist soil was also found in
previous DRW studies [6,7]. Lower respiration rates in dry soil can
be explained by low water availability to microbes and limited
diffusion of substrate [24]. However, in 1 DRW MBC increased from
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day 8—16 although the soil remained dry. This suggests that a
proportion of the microbial biomass was able to access nutrients,
possibly through direct contact with the added residues in pores
that remained water-filled or biofilms. In 2 DRW MBC also
increased from the first to the second dry period (day 8 compared
to day 24), but the second dry period followed a 8-day moist period
at the end of which MBC was about twice as high. Therefore, the
higher MBC on day 24 compared to day 8 in 2DRW does not indi-
cate growth in dry soil but instead survival of about 50% of the
biomass from the previous moist period.

In treatments that had been dry from day 0 to day 8 (1 DRW, 2
DRW), the available N concentration on day 8 was higher than in
CM. There are at least two possible reasons for the higher N avail-
ability in dry soil. Firstly, some N mineralisation occurred as the
soils dried and because microbial growth and thus N uptake was
reduced, this N remained available. In CM on the other hand, the
increase in MBN from day 16—24 coincided with a decrease in
available N which indicates that mineralised N was immobilised.
Secondly, inorganic N may have been released from the residues
upon rewetting as plant residues contain inorganic N and P [25,26]
which could be released when cells burst upon rewetting. This
rewetting flush would occur when the extractant (KCl) is added to
the dry soil. Higher P availability in dry soil compared to moist soil
has been shown in previous studies and was attributed to rapid
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rewetting during extraction [27,28]. The available N concentration
on day 32 was higher in 2 DRW and 4 DRW than in CM. However,
the differences were quite small (10—40% higher) and the relative
difference between HL and LH was similar in all moisture
treatments.

4.2. Period after the second residue addition (days 32—64)

There was a clear legacy effect because cumulative respiration,
MBC, MBN and available N and P were similar in LH and HL after the
second residue addition. The differences between soil amended
with high compared to low C/N residue observed in the first period
did not occur after the second residue addition which is in agree-
ment with our previous studies on the legacy effect [13,29]. The
lack of differences between HL and LH can be explained by the
presence of the previously added residue in the soil when the
second residue is added. Cumulative respiration at the end of the
first period was 3—3.5 mg CO,-C/g soil. The residue addition rate
was 10 g kg ! (approximately 4 g C kg, see Table 1). Organic
amendments can induce an increase or decrease decomposition of
native soil organic matter which is referred to as priming [30].
Priming effects can vary substantially and the magnitude of prim-
ing in our experiment may also differ between HL and LH. In our
study, we can not distinguish the source of CO2-C (soil organic
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(P < 0.05). For letters indicating significant differences see Table S4).

matter or added residues) and can therefore not determine the
magnitude of priming. For simplicity it can be assumed that there is
no priming effect. Then it can be calculated that about 10%—25% of
the residue added on day 0 was still in the soil when the second
residue was added. If positive priming occurred, this may be an
overestimation of residue decomposition. But even if the propor-
tion of first residue in the soil is smaller, it is likely that in LH, the
remaining L residue was decomposed together with the freshly
added H residue and in HL, the remaining H residue was decom-
posed together with the freshly added L residue. In both cases, N or
P released by microbes decomposing L residue could have been
taken up by microbes decomposing H residue.

In general, the moisture treatment before the second residue
addition did not influence the legacy effect. In HL, the concentra-
tions of available N and MBN on day 40 (8 days after the second
residue addition) were 56 and 14% higher in 4 DRW than in CM
which suggests that 4 DRW stimulated decomposition of the
freshly added L residue. However, this effect was transient because
the moisture treatment did not influence available N and MBN
concentrations from day 48 onwards. Thus, although DRW influ-
enced respiration, microbial biomass and N and P availability in the
first period, the effect disappeared after all treatments were
maintained moist for 8 days with the second residue added. It is
possible that residue addition reduced the effect of DRW on
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microbes because of supply of easily decomposable compounds
which is likely to improve microbial recovery after rewetting.

5. Conclusion

The experiment showed that DRW influences nutrient avail-
ability, soil respiration and microbial biomass in residue amended
soil. In dry soil, N and P availability were two to three times higher
than in moist soil. But after the second residue addition and
maintenance of moist soil, the measured parameters were influ-
enced primarily by the legacy effect of the first residue addition
whereas the prior moisture regime had little effect. The legacy ef-
fect was evident because after the first residue addition, N and P
availability were two to three-fold greater with L than with H, but
after the second residue amendment, nutrient availability did not
differ between LH and HL. Thus, changes in precipitation pattern in
Mediterranean climate in the future may influence nutrient avail-
ability, but are unlikely to influence decomposition in a following
constantly moist period. However, the DRW cycles in this experi-
ment were short compared to the field where, in Mediterranean
climate, soils may remain dry for weeks or months. Such long dry
periods may have a stronger effect on processes after rewetting
than in this experiment.
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Supplementary data

Table S1. Available N concentration (NH4*+NOs") (mg N kg?) after the first (days 8, 16, 24,
32), and after the second residue addition (days 40, 48, 56, 64) in soil amended with low
followed by high C/N residue (LH) or with high followed by low C/N residue (HL) with
different moisture treatments between first and second residue addition: constantly moist (CM),
one, two or four dry rewet cycles (1 DRW, 2 DRW, 4DRW) (n=4, means =SE). Values in the
same column followed by different letters are significantly different (P < 0.05).

Residue
LH HL
treatment
Moisture
CM 1 DRW 2 DRW 4 DRW CM 1DRW  2DRW 4 DRW
treatment
Day Available N (mg kg?)
8 39.0#2.0° 60.746.7° 62.144.0° 45041.08 5.2+0.9% 10.7#.0° 10.040.5° 5.9+.02
16 40.3#2.3¢ 51943.1°¢ 36.8#15.6% 26.145.68 3.54.68 8.040.4° 554).6° 4.940.3°
24 27.640.42 44534.1¢ 36.7+.4° 2754052 43#.1F 4.940.68 6.1+.32 5.041.22
32 31.840.52 33.040.3% 35.040.8° 33.3#1.2° 7.2#.62 7.2#.0* 10.8#1.4° 10.6+.0°
40 36.941.7¢ 26.742.92  315#.20 343425 452450 36.641.92 47.946.9° 70.743.4°
48 13.9#.12 12.6H.18 1344062 14.0#0.92 13.8#1.3" 14.440.9° 14.640.7° 11.3#1.92
56 21.940.9° 21.6+1.8° 20.9+.1% 19.340.4% 20.240.5% 19.840.32 20.840.6° 20.640.7%
64 20.9+.72 19.84).68 21.240.92 19.640.32 21.1#+.6% 20.040.32 20.540.92 20.140).22
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Table S2. Available P concentration (mg P kg) after the first (days 8, 16, 24, 32), and after
the second residue addition (days 40, 48, 56, 64) in soil amended with low followed by high
C/N residue (LH) or with high followed by low C/N residue (HL) with different moisture
treatments between first and second residue addition: constantly moist (CM), one, two or four
dry rewet cycles (1 DRW, 2 DRW, 4DRW) (n=4, means xSE). Values in the same column

followed by different letters are significantly different (P < 0.05).

Residue LH HL

treatment

Moisture CM 1 DRW 2 DRW 4 DRW CM 1 DRW 2 DRW 4 DRW
treatment

Day Auvailable P (mg kg™?)

8 4878278 61.12.9> 61.3+2.3> 49.243.92 16.942.62 26.942.4° 28.1#.1° 19.143.42
16 51.9#1.68 73.5454° 46.643.62 48.445.3% 18.342.52 31.843.4° 17.7#.02 17.140.9?
24 61.3+1.9% 550+.12 66.346.8" 56.345.12 23.144 .42 22.2+4.3%  30.842.1° 23.243.0?
32 35.241.92 34.143.1* 32.3#2.6% 35.143.92 14.341.08 14.2+1.52  14.942.3° 14.6+.42
40 28.242.0° 20.140.82 26.442.2° 26.242.0° 35.843.62 339#1.17 34.2+2.1* 33.642.52
48 27.644.9% 32.246.6% 26.541.1* 27.040.8? 34.645.12 31.941.1% 335x+.72 30.5H4.2°
56 4744242 451442 46.643.12 60.644.2° 54.842.72 54.443.02 56.140.82 57.443.02
64 50.3%2.32 5294322 52.842.08 47.542.92 56.941.62 56.242.42 55741.82 56.241.32
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Table S3. Microbial biomass C (mg kg soil) after the first (days 8, 16, 24, 32), and after the
second residue addition (days 40, 48, 56, 64) in soil amended with low followed by high C/N
residue (LH) or with high followed by low C/N residue (HL) with different moisture treatments
between first and second residue addition: constantly moist (CM), one, two or four dry rewet
cycles (1 DRW, 2 DRW, 4DRW) (n=4, means £SE). Values in the same column followed by
different letters are significantly different (P <0.05).

Residue LH HL

treatment

Moisture CM 1DRW 2DRW 4DRW CM 1DRW  2DRW 4 DRW

treatment

Day Microbial biomass C (mg kg soil)

8 39146  141419% 140H0% 407455 139+14° 0402 1498 324444P
16 543427° 4514362 544+10P 519470 4484230¢ 2774132 461425C 42549P

24 417460° 217122 2424232 242+0° 296466° 142452 186132 1674622
32 191472 190492 203#10% 19535 103492  141+418° 126H°° 122470

40 5354962 590444 551423 670453 510436%° 633+110° 4724462 580447
48 255+18% 2484407 337425P 3744420 416355¢ 2504240  277423P 1924372
56 3704372 4324522 4154322 493#46° 538469P 447+13% 4824122 495438
64 348420% 478453 353430 3974307 57849° 3844297 4514472 4143692
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Table S4. Microbial biomass N (mg kg soil) after the first (days 8, 16, 24, 32), and after the
second residue addition (days 40, 48, 56, 64) in soil amended with low followed by high C/N
residue (LH) or with high followed by low C/N residue (HL) with different moisture treatments
between first and second residue addition: constantly moist (CM), one, two or four dry rewet
cycles (1 DRW, 2 DRW, 4DRW) (n=4, means x£SE). Values in the same column followed by
different letters are significantly different (P <0.05).

Residue LH HL

treatment

Moisture CM 1 DRW 2 DRW 4 DRW CM 1 DRW 2 DRW 4 DRW

treatment

Day Microbial biomass N (mg kg soil)

8 17.745.0> 233052  2.640.4% 20.3H.4° 15.042.9° 0.440.3% 15408 16.242.9°
16 46.745.8¢ 444032 11.0#1.4% 26.844.3° 4.4409° 044022 453030 17.7#.7°
24 17.340.7% 28.8410.8° 6.54).28 14.3#2.0% 17.8#1.2> 18.3#.3° 4.0+.1* 17.040.9°
32 7.620.72  6.240.3° 10.3#.2° 6.0#.22 122#.6* 13.443.6% 12.0#.28 125#.0?
40 19.940.8> 15241.3% 17.143.6% 14.941.8% 27.843.1%> 19.343.1* 35.8H.6° 56.947.3°
48 28.3#.78 2894032 25.743.4% 2534).8% 31.542.78 29.9+2.6° 28.04.82 27.84+.3%
56 10.440.98  13.942.5% 14.2+41.2¢ 10.940.7% 12.840.52 11.0H.4%8 115+.32 11.1#.0?
64 10.8#1.82 10.8#.3* 8.540.7¢  8.640.9° 85H.0° 9.840.8° 7.5#.6° 8.03.8®
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Table S5. Microbial biomass P (mg kg soil) after the first (days 8, 16, 24, 32), and after the
second residue addition (days 40, 48, 56, 64) in soil amended with low followed by high C/N
residue (LH) or with high followed by low C/N residue (HL) with different moisture treatments
between first and second residue addition: constantly moist (CM), one, two or four dry rewet
cycles (1 DRW, 2 DRW, 4DRW) (n=4, means x£SE). Values in the same column followed by

different letters are significantly different (P < 0.05).

Residue LH HL

treatment

Moisture CM 1 DRW 2 DRW 4 DRW CM 1 DRW 2DRW 4 DRW
treatment

Day . Microbial biomass P (mg kg soil)

8 345425 42.444.7° 19.045.5% 39.0#1.3° 17.844.5% 16.743.7% 12.3H.6* 26.043.0°
16 33.0#4.32 25.043.08 26.045.92 29.842.22 22.143.1* 24.642.8% 23.64).62 23.243.82
24 27.943.7% 34.143.6% 27.643.3% 33.343.6% 26.845.37 24.942.8% 20.443.1? 26.942.92
32 13448262 12.841.3% 14.0+2.8% 11.7459% 125H.6% 15448.7¢8 14.241.8% 1144228
40 24.843.1% 26.441.6® 20.941.82 26.143.8% 26.545.1% 28.142.42 27.141.2% 27.544.5°
48 19.7455% 21.343.4% 26.043.6% 21.5#.02 25.443.0% 24.842.7% 20.84).78 27.843.6°
56 41.2475° 40.242.0° 36.0#4.0° 26.243.0° 46.343.6% 40.446.5% 45.842.12 39.147.42
64 40.744.5% 3734217 441456 39.943.8% 46.245.4% 38.244.6% 42.643.0° 42.1+2.7°
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Figure S1. Cumulative respiration over 64 days in LH treatment (a) and HL treatment (b)
with different moisture treatments imposed during the first 32 days: constantly moist (CM),
one, two or four dry rewet cycles (1 DRW, 2 DRW, 4 DRW) (n=4, means £SE ).

Figure S2. Microbial biomass phosphorus concentration after the first (a, b, days 8, 16, 24,
32) and the second residue addition (c, d, days 40, 48, 56, 64) in soil amended with low
followed by high C/N residue (a, ¢, LH) or with high followed by low C/N residue (b, d, HL)
with different moisture treatments between first and second residue addition: constantly moist
(CM), one, two or four dry rewet cycles (1 DRW, 2 DRW, 4DRW) (n=4, means +=SE).
Values in the same column followed by different letters are significantly different (P <0.05).
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CHAPTER 3

Residue addition combined with rewetting of dry soil — effect of timing of residue

addition on soil respiration, microbial biomass, nutrient availability and legacy effect
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Yanchen Zhang, Petra Marschner’
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ARTICLE INFO ABSTRACT

Harvest residues may be incorporated into soil just after a rainfall event in the field. The aim of this experiment
was to determine the effect of residue addition upon rewetting on microbial activity, biomass and nutrient
availability. A loamy soil was exposed to two wet-dry cycles with 5 days moist and 5 days dry each. Residues
with high C/N ratio (H) or low C/N ratio (L) were added in eight residue treatments at different rates (10 or
20 g kg~ ' soil) and timing (day 0 or day 10, before rewetting): 20 g kg~ ! soil of H, L or a 50:50 mix of H and L
was added on day 0 or day 10; 10 g kg~ ! of H or L was added on day 0 followed by 10 g kg~ * of L or H on day
10 giving treatments HL and LH. Microbial biomass C, N and P and available N and P were measured on days 1,
5,10, 11, 15 and 20. In the first 10 days, microbial biomass, N and P availability were higher with L than with H
and higher at higher residue addition rate. Respiration rates decreased during the dry period and were very low
prior to rewetting on day 10. Available N and P concentrations on day 11 were similar as on day 1 suggesting
that if residues are added upon rewetting, nutrient release is not greater than if residues are added to moist soil.
However, in the treatment where L had been added only on day 0, rewetting of dry soil induced N release from
partially decomposed L residue left in the soil from the first period. When H was added to moist soil (day 0),
MBN on day 1 and 5 was higher than in unamended soil. But when H was added on day 10, MBN increased only
on day 11 indicating that with H microbial utilisation of residue N may be restricted if addition of residue is
combined with rewetting. Microbial biomass C and MBN changed little during the first dry period, but decreased
during the second dry period. This suggests that prior exposure to drying and rewetting reduced the ability of
microbes to survive in dry soil even in treatments where residues were added upon rewetting. From day 11 to 20,
MBN, available N and P were lower in LH than in HL, indicating that the second residue had a strong effect and
thus the legacy effect was weaker than if the soil was moist throughout the experiment. We conclude that
addition of residue upon rewetting enhanced microbial C and N uptake and reduces the legacy effect of the
previously added residue.

Keywords:

Drying and rewetting
High C/N residue
Legacy effect

Low C/N residue
Microbial biomass

N availability

P availability

1. Introduction

Decomposition of plant residues is influenced by residue properties
such as C/N ratio. Nutrient availability during decomposition is
determined by the C/nutrient ratio of plant residues. It is well-known
that residues with low C/N ratio (< 20) and low lignin concentration
are decomposed rapidly and lead to net N mineralisation whereas those
with high C/N ratio induce net N immobilisation (Hadas et al., 2004).
Previously, we showed that nutrient availability and microbial biomass
after residue addition are also influenced by the properties of the
previously added residue, referred to as legacy effect (Marschner et al.,
2015; Nguyen et al., 2016). As a result of the legacy effect, nutrient

availability after the second residue addition was lower in low C/N
following high C/N residue than in low after low C/N residue. On the
other hand, when the second amendment was high C/N residue,
nutrient availability was higher in high following low C/N residue
than in high after high C/N.

Soil water content is one of the most important environmental
factors influencing decomposition and microbial activity in general
(Thomsen et al., 1999). At low water content, thin water films restrict
diffusion of nutrients to microbes and may draw water out of cells thus
reducing microbial activity (Schimel et al., 2007). Rapid rewetting of
dry soil is another stress for microbes because the sudden increase in
water availability can lead to cell burst (Linn and Doran, 1984). On the

* Corresponding author at: School of Agriculture, Food and Wine, The University of Adelaide, South Australia 5000, Australia.

E-mail address: petra.marschner@adelaide.edu.au (P. Marschner).
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other hand, rewetting increases nutrient availability for the surviving
microbes which, in turn, causes a flush of respiration (Birch, 1958)
which is accompanied by an increase in microbial biomass C and N
(Bottner, 1985; Wu and Brookes, 2005).

To date, most studies on the effect of drying and rewetting have
been carried out in unamended soil (Fierer and Schimel, 2003; Shi and
Marschner, 2014). The greater substrate availability in amended soil
could increase or prolong the rewetting flush which, in turn, may also
influence the legacy effect. In a recent experiment, one to four drying
and rewetting events between the first and second residue addition did
not influence the legacy effect (Zhang and Marschner, 2016). In the
field, residue addition may coincide with rewetting, e.g. when harvest
residues are incorporated into soil just after or during a rainfall event.
In such a case, rewetting could increase nutrient release from the yet
undecomposed residues as well as microbial nutrient uptake. Nutrient
release upon rewetting in residue amended soil may depend on amount
and C/N ratio of the residue and occurrence of dry-wet cycles relative to
residue amendment. The aim of this experiment was to determine the
effect of residue addition upon rewetting on microbial activity, biomass
and nutrient availability and on the legacy effect. We hypothesised that
(i) when residues are added at rewetting of dry soil nutrient availability
will be greater than if residues are added to moist soil, and (ii) the
legacy effect will be less pronounced if dry soil is rewetted when the
second residue is added.

2. Material and methods
2.1. Soil and plant residues

A loamy soil was collected in the early spring 2015 from 0 to 10 cm
depth in Urrbrae, South Australia (Longitude 138°38°3.2” E, Latitude
34°58°0.2”S) from an area that had been under pasture for > 80 years.
This site is in a semi-arid area and has a Mediterranean climate with
cool, wet winters. The hot, dry summers can be interrupted by short,
heavy rainfall events. The soil is a Red-brown Earth according to
Australian soil classification (Isbell, 2002) and classified as Rhodoxeralf
in US Soil Taxonomy. Soil was collected along a transect in three
2 x 2m plots which were at least 10 m apart. In each sampling plot,
after removal of plants and surface litter, five samples of topsoil
(0-10 cm) were taken and sieved to < 2 mm followed by air-drying
in a fan-forced oven at 40 °C. Soil from all sampling points was pooled
and thoroughly mixed before subsamples were taken for the experi-
ment. The soil has the following properties: 22% sand, 60% silt, 18%
clay, maximum water holding capacity (WHC) 371 gkg ™, pH (1:5)
5.6, electrical conductivity (EC) (1:5) 0.1 dSm™?, total organic C
17 gkg™ ', total organic N 1.5 gkg ™ ', bulk density 1.4 gcm ™', avail-
able P 10 mg P kg~ ' and available N 15 mgN kg™ .

Two types of plant residues were used: young faba bean (Vicia faba
L.) as low C/N ratio residue, and mature wheat straw (Triticum aestivum
L.) as high C/N ratio residue (Table 1). These two plant species were
used because they are commonly grown in Southern Australia and often
follow each other in crop rotations. The residues were dried at 40 °C in
a fan-forced oven, finely ground and sieved to 0.25-2 mm particle size.
Low C/N residue (young faba bean, L) had 5 to 10 times higher total N,
total P, available N and P than high C/N ratio residue (wheat straw)
(Table 1), and consequently lower C/N ratio and C/P ratios than high
C/N residue (mature wheat straw, H). Water extractable organic C
(WEOC) concentration and EC were nearly two-fold higher in L than in
H. The residues had a similar pH and total organic C content.

2.2. Experimental design
Before the start of the experiment, the soil was pre-incubated for
10 days at 21-23 °C in the dark at 50% of maximum WHC to activate

the soil microbes and to stabilise soil respiration after rewetting. This
water content was based on previous studies with this soil where
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Table 1

Total organic C, total N, total P, C/N ratio and C/P ratio, available N and P, water-
extractable C, pH and electrical conductivity (EC) of low C/N (young faba bean) and high
C/N (mature wheat straw) residues (n = 4). Different letters indicate significant
differences between low and high C/N residue (p < 0.05).

Property Low C/N High C/N
Total organic C (gkg ™ ") 374 418
Total N (gkg ™ ") 22.9" 4.9"
Total P (gkg ™) 6.5° 0.7°
C/N ratio 16* 86"
C/P ratio 58° 643"
Available N (mgkg ™) 487° 87*
Available P (mg kg™ ) 247° 30°
Water extractable C (gkg™") 92" 54*
pH' 6.2 6.3
EC (mSm™ Y’ 10.2 5.6

! Measured in a 1:10 material to water extract.

microbial activity was maximal at 50% WHC (Marschner et al., 2015).

During the 20-day experiment, soil was exposed to two wet-dry
cycles with 5 days moist and 5 days dry each (Fig. 1). Residues with
high C/N ratio (H) or low C/N ratio (L) were added either on day 0 or
on day 10 in eight residue treatments. The total amount of residue
added was 20 gkg_I in all treatments, but residue was added either
once or twice. In HL10 and LH10, residue was added twice: in HL10,
10 gkg™ ' H was added on day 0 and 10 gkg ' L on day 10. In LH10,
10 gkg ™ ' L was added on day 0 followed by 10 g kg~ ' H on day 10. In
1.20-1, H20-1 and HL20-1, 20 g kg~ residue was added on day 0 at the
start of the first wet-dry cycle, either as only L (L20-1), only H (H20-1)
or a 1:1 mixture of H and L (HL20-1). In L20-2, H20-2 and HL20-2,
20 gkg~ ' residue was added on day 10 at the start of the second wet-
dry cycle, either as only L (L20-2), only H (H20-2) or a 1:1 mixture of H
and L (HL20-2). The HL10 and LH10 treatments were set up to study
the effect of residue addition rate (10 g kg~ ' compared to 20 gkg™ ' in
20-1 and 20-2 treatments). The treatments also allowed studying the
combined influence of rewetting and residue addition on respiration,
microbial biomass and nutrient availability. For each amendment,
residues were thoroughly mixed into the soil in a small plastic bag.
Unamended soil was mixed in a similar manner.

At the start of the experiment, residue amended soil or unamended
soil (30 g dry soil) was filled into PVC cores with 1.85 cm radius, 5 cm
height and a nylon mesh base (7.5 pm, Australian Filter Specialist) and
packed to a bulk density of 1.3 g cm™ 1. To start a dry period, the soil
was dried within 3 days using three pouches with silica gel (8 g/pouch)
as described in Shi and Marschner (2014). The silica pouches were
replaced by dry silica pouches daily during the dry period. After three
days, a water content of 2% of WHC was reached and the soil remained
dry for another two days until the end of the dry period. Rapid
rewetting was carried out as described in Shi and Marschner (2014)
by adding reverse osmosis (RO) water in a circular motion. In
treatments that were amended on day 10 (end of the first dry period),
residues were added after rewetting by emptying the soil from cores
into a small plastic bag and mixing in the residues. Then the soil was
returned to the core and bulk density was adjusted. Unamended soils
were treated in a similar manner.

The cores were placed individually into 11 jars with gas-tight lids
equipped with septa to allow quantification of the headspace CO,
concentration as described below. The jars were incubated in the dark
at 23-25 °C. Soil moisture was maintained at 50% of WHC by checking
the water content every few days by weight and adding (RO) water if
necessary. Soil respiration was measured daily. Soil cores were
destructively sampled on day 1 (one day after the first residue
addition), 5 (end of first moist period), 10 (end of first dry period),
day 11 (one day after rewetting and in some treatments, residue
addition), 15 (end of second moist period) and 20 (end of second dry
period). Soil samples were analysed for available N and P, microbial
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Fig. 1. Schematic diagram of experimental design. Soil amended with low followed by high C/N residue and with high followed by low C/N residue at the rate of 10 g kg~ ' soil (a, LH10,
HL10), or once as L, H or LH at the rate of 20 gkg™ ! soil at the start of the experiment (b, 1.20-1; H20-1 or LH20-1) or upon rewetting at the start of the second moist period (c, 1.20-2;

H20-2 or LH20-2).

biomass C, N and P. For each sampling and treatment there were four
replicates, giving a total of 192 cores.

2.3. Measurements

Soil texture was determined according to the rapid textural analysis
(Kettler et al., 2001). Soil maximum water holding capacity was
measured in a sintered glass funnel connected to a 100 mm water
column (y,, = — 10 kPa). Soil was placed in rings in the sintered glass
funnel, thoroughly wetted and allowed to drain for 48 h. Dry weight of
the soil was determined after oven drying at 105 °C for 24 h. Soil pH
and EC were measured in a 1:5 (w/v) soil to reverse osmosis (RO) water
ratio after 1 h shaking at 25 °C. Total organic carbon of soil and plant
residues was measured according to Walkley and Black (1934) and total
nitrogen was measured using the Kjeldahl method (McKenzie and
Wallace, 1954) followed by colorimetric measurement. Soil and plant
residues were digested with a mixture of HNO3 and HCIO, to determine
total P. Total P in the extract was measured by the phosphovanado-
molydate method (Hanson, 1950). Water extractable organic carbon
was determined by shaking 1 g residue with 30 ml RO water for 1 h.
The extract was then centrifuged at 3000 rpm for 10 min and filtered
through a Whatman#42 filter paper. Organic C in the extract was
determined after K>Cr0, and H,SO4 oxidation by titration with
acidified (NH,4),Fe(SO4)26H,0 (Anderson and Ingram, 1993).

Soil respiration was measured daily by quantifying the CO,
concentration in the headspace of the jars using a Servomex 1450
infra-red analyser (Servomex Group, Crowborough, UK) as described in
Setia et al. (2011). Jars were vented to refresh the headspace with a fan
daily after each measurement (t1) and then resealed followed by
another CO, measurement (t0). The CO, produced during this given
interval is the difference in CO, concentration between t1 and t0 (Setia
et al., 2011). Linear regression based on injection of known amounts of
CO, into empty jars of similar size was used to define the relationship
between CO, concentration and detector reading.

Available N (ammonium and nitrate) concentration was measured
after 1-hour end-over-end shaking with 2 M KCI at a 1:5 (w/v) soil to
extractant ratio. Ammonium-N was measured using nitroprusside/
dichloro-S-triazine after Willis et al. (1996). Nitrate-N was determined
with VCl3 and N-(1-naphthyl)ethylenediamine dihydrochloride and
measured colorimetrically at 540 nm as described in Cavagnaro et al.
(2006). Available P was extracted by the anion exchange resin method
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(Kouno et al., 1995), the P concentration was determined colorime-
trically by the molybdenum blue method (Murphy and Riley, 1962).

Microbial biomass C and N were determined by chloroform
fumigation-extraction with 0.5 M K580, at 1: 4 (w/v) soil to extractant
ratio. Organic C concentration in the extract was measured by titration
with 0.033 M acidified (NH,),Fe(SO,4),,6H20 after dichromate oxida-
tion (Anderson and Ingram, 1993). The chloroform-labile C concentra-
tion is the difference between fumigated and non-fumigated soil, which
was multiplied by 2.64 to calculate microbial biomass C (Vance et al.,
1987). Microbial biomass N was calculated as the difference in NH, "
concentration between fumigated and non-fumigated samples divided
by 0.57 to convert ammonium to microbial biomass N as suggested by
Moore et al. (2000). Microbial biomass P was determined with the
anion exchange method as described by Kouno et al. (1995) using
hexanol as fumigant. Microbial biomass P is the difference in P
concentration between fumigated and un-fumigated soil. No correction
factor was used for P because recovery of a P spike in this soil was 98%
(Butterly et al., 2010).

2.4. Statistical analysis

There were four replicates for each treatment and sampling time.
Data was tested for homogeneity and equal variance. For measurements
carried out repeatedly during the experiment, one-way repeated
measures analysis of variance (ANOVA) was carried out to determine
if there were significant differences in microbial biomass and nutrient
availability between treatments in each sampling time. The interaction
of treatment and time was significant (p < 0.05). Therefore Tukey's
multiple comparison test at 95% confidence interval was used for each
sampling time separately to determine which treatments differ from
each other. One way ANOVA was also used to compare cumulative
respiration in 5-day intervals and at the end of the experiment as well as
for the properties of two plant residues. Statistical analyses were carried
out with Genstat 15th edition (VSN Int. Ltd., UK).

3. Results

3.1. Respiration

From day 1-10, respiration rates were much higher in all soils that
had been amended on day O (Fig. 2a, b) than in unamended soils
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Fig. 2. Respiration rate over 20 days (n = 4, means *+ SE) in treatments that received
residues twice (a, LH10 and HL10) or once as L, H or LH at the rate of 20 g kg ' soil on
day 0 (b, L20-1; H20-1 or LH20-1) or upon rewetting on day 10 (¢, L20-2; H20-2 or LH20-
2).

(treatments 20-2) (Fig. 2¢). In amended soils, the initial respiration rate
was highest in L20-1 and lowest in HL10. Initial respiration rates
depended on residue addition rate, they were higher in L20-1 than in
LH10 and higher in H20-1 than in HL10. Respiration rates declined in
the first 8 days (5 days moist and 3 days drying) with a sharper decline
in treatments with L than with H. Rewetting on day 10 induced a flush
of respiration that was greater in treatments where residues were added
on day 10 (LH-10, HL-10, L20-2, H20-2, LH20-2) than in those without
residue addition at rewetting. The flush was about 20% higher when
20 gkg™ ! residue was added (L20-2, H20-2, LH20-2) compared to
10 gkg ' of the same residue type in HL10 and LH10, e.g. 1L20-2
compared to HL10. In treatments that where amended on day 10, the
flush was about two-fold higher with L compared to H whereas residue
types did not differ in treatments that were amended only on day 0
(L20-1, H20-1, LH20-1).

Cumulative respiration in the first 10 days was lowest in una-
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Fig. 3. Cumulative respiration from day 1-20 in 5-day intervals in treatments that
received residues twice (a, LH10 and HL10) or once as L, H or LH at the rate of 20 g kg~ 1
soil on day 0 (b, L20-1; H20-1 or LH20-1) or upon rewetting on day 10 (¢, L20-2; H20-2 or
LH20-2) (n = 4, means * SE). For each 5-day period (day 1-5, day 6-10, day 11-15 and
day 16-20), bars with different lower case letters indicate significant differences in each
period (five days) among treatments; bars with different upper case letters indicate
significant differences in total cumulative respiration among treatments (p = 0.05).

mended soils (treatments 20-2) (Fig. 3). In amended soils, cumulative
respiration from day 0 to 5 (moist soil) was lowest in HL-10 and highest
in L20-1. Within the same residue type (H or L), cumulative respiration
in the periods day 0-5 and 6-10 was about 25% higher when 20 g kg ™'
had been added on day 0 compared to 10 g kg~ '. Cumulative respira-
tion in the first 5 days after rewetting (days 11-15) was greater than in
the previous five dry days with the smallest increase in treatments that
were not amended on day 10. In treatments with residue addition on
day 10, the increase in cumulative respiration compared to the previous
five dry days was greater when L was added on day 10 (HL10, L20-2,
LH20-2) than with H addition (LH10, H20-2). Cumulative respiration
during the second dry period (day 16 to 20) was much lower than in the
previous moist period. Total cumulative respiration from day 0 to 20
was higher in treatments that received residues twice (LH10 and HL10)
or L residues on day 0 (L20-1, LH20-1) and lowest in H20-2.

3.2. Microbial biomass

Microbial biomass C (MBC) on day 1 was highest in L20-1 and low
in all treatments that were not amended on day 0 (L20-2, H20-2, LH20-
2) (Fig. 4a, Table S1). At the same residue addition rate it was about
four times higher with L than H residue. MBC was more than two-fold
higher when L or H were added at 20 gkg ™' (L20-1, H20-1) than at
10 gkg™ ' (HL10, LH10). In treatments with L added on day 0 (L20-1,
LH20-1, LH10), MBC was lower on day 10 (end of dry period) than on
day 1. MBC was higher on day 10 than day 1 in treatments with H
added on day 1 (H20-1, HL10) and did not change over time in the
other treatments. On day 11 (one day after rewetting), MBC was highest
in L20-2 and lowest in H20-1 (Fig. 4b). From day 10 to 11, MBC
increased in most treatments except in LH10 where it remained
unchanged and in H20-1 where it was about 75% lower on day 11
than day 10. On days 15 and 20, MBC was lowest in H20-1. On day 15
(end of moist period), MBC was higher in H20-2, L20-2 and LH20-2
than in the treatments that had received the same residue type on day 0
(H20-1, L20-1 and LH20-1). In these treatments, MBC was higher with
both H and L added (HL) compared to only H addition. Differences
among treatments were smaller at the end of the dry period (day 20)
than at the end of the moist period (day 15). MBC decreased from day
11 to day 20 (end of second dry period) in treatments where L was
added on day 10 (HL10, L20-2) or only on day 0 (L20-1). However, in
treatments with H added on day 10 (LH10, H20-2, LH20-2), MBC
increased during the moist period (day 11 to 15) and then decreased to
day 20. Microbial biomass C on day 11 in L20-2, H20-2 and LH20-2 was
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Fig. 4. Microbial biomass C concentration in the first (a, days 1, 5, 10) and the second wet-dry period (b, days 11, 15, 20) in treatments that received residues twice (a, LH10 and HL10) or
once as L, H or LH at the rate of 20 g kg™ * soil on day 0 (b, 1.20-1; H20-1 or LH20-1) or upon rewetting on day 10 (c, 1.20-2; H20-2 or LH20-2) (n = 4, means = SE). Bars with different
lower case letters indicate significant differences among treatments at each sampling time (p = 0.05).

similar to L20-1, H20-1 and LH20-1 on day 1, respectively.

In the first 10 days, microbial biomass N (MBN) and P (MBP) were
lowest in treatments without residue addition on day 0 (L20-2, H20-2,
LH20-2) (Fig. 5a, ¢). On day 1, MBN was higher in treatments with L
(LH10, L20-1, LH20-1) than those with H added on day 0 (HL10, H-20-
1) (Fig. 5a, Table S2). It was about 20% higher in treatments with 20
than with 10 gkg ™ *. In residue amended treatments, MBN decreased
by about 25% from day 1 to the end of the moist period (day 5) and
again to day 10 (end of dry period), except in L20-1 where it did not
change from day 5 to day 10. Rewetting induced a more than two-fold
increase in MBN on day 11 compared to day 10 (Fig. 5b). On day 11,
MBN was highest in L20-2 and low in treatments with only H added
(H20-1 and H20-2). It was about 25% lower in LH20-1 and LH20-2
compared to L20-1 and L20-2 and in these treatments higher where
residue was added on day 10 compared to those amended on day 0.
From day 11 to day 15, MBN increased nearly two-fold in L20-1 and
H20-2, but decreased two-fold in L20-2 and LH20-2. On days 15 and 20,

MBN was highest in L20-1 where it was about two-fold than HL10 and
30% higher than in L20-2. MBN remained low in treatments with H
(H20-1, H20-2, LH20-1, LH20-2 and LH10). In all treatments MBN was
lower on day 20 (end of dry period) than on day 11. MBN on day 11 was
higher in L20-2 and LH20-2 than in L20-1 and LH20-1 on day 1 and
similar in H20-1 and H20-2.

Microbial biomass P in residue amended soils in the first 10 days
was always highest in L20-1 and low in treatments with H (HL10, H20-
1, LH20-1)(Fig. 5¢, Table S3). In the H treatments, MBP did not change
much with time, but in L20-1 it was 25% lower at the end of the moist
period (day 5) than on day 1 whereas it was 25% higher on day 5 than
day 1 in LH20-1. Drying the soil from day 5 to day 10 had little effect on
MBP. Rewetting the soil on day 10 increased MBP to day 11 only in
treatments where it was accompanied by residue addition (HL10, LH10,
L20-2, H20-2, LH20-2), but not in only rewetted treatments (L20-1,
H20-1, LH20-1)(Fig. 5d). The increase was greater in HL10 than LH10.
In the second period, MBP was higher in treatments with L (HL10,
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Fig. 5. Microbial biomass N and microbial biomass P concentration in the first (a, days 1, 5, 10) and the second wet-dry period (b, days 11, 15, 20) in treatments that received residues
twice (a, LH10 and HL10) or once as L, H or LH at the rate of 20 g kg~ ! soil on day 0 (b, L20-1; H20-1 or LH20-1) or upon rewetting on day 10 (¢, L20-2; H20-2 or LH20-2) (n = 4,
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SE). Bars with different lower case letters indicate significant differences among treatments at each sampling time (p < 0.05).
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Fig. 6. Available N and available P concentration in the first (a, days 1, 5, 10) and the second wet-dry period (b, days 11, 15, 20) in treatments that received residues twice (a, LH10 and
HL10) or once as L, H or LH at the rate of 20 g kg~ ! soil on day 0 (b, L20-1; H20-1 or LH20-1) or upon rewetting on day 10 (¢, L20-2; H20-2 or LH20-2)(n = 4, means * SE). Bars with
different lower case letters indicate significant differences among treatments at each sampling time (p = 0.05).

LH10, L20-1, L20-2, HL20-1, HL20-2) than those with only H. There
was little difference in MBP between treatments that received
20 g kg™ ! on day 0 and day 10 or between HL10 and LH10. Compared
to MBP one day after residue addition at 20 g kg~ *, MBP on day 11 was
lower in L20-2 than on day 1 in L20-1, but similar in H20-2 and LH20-2
on day 11 as in H20-1 and LH20-1 on day 1.

3.3. Available N and P

In the first 10 days, available N and P were low in treatments
without residue addition on day 0 (L20-2, H20-2, LH20-2) and those
that received only H (HL10, H20-1) (Fig. 6). Available N and P were
about 30% higher in L20-1 than LH10. Available P was about two-fold
higher and available N was up to five-fold higher in L20-1 than HL20-1.
Available N decreased in the moist period (day 1 to day 5), but then
increased from day 5 to day 10 (dry period) in treatments with L added
on day O (LH10, L20-1, LH20-1) (Fig. 6a, Table S4). Rewetting
increased available N in most treatments that received L at least once
with a greater increase when residue was added at rewetting (HL10,
L20-2, LH20-2) than in only rewet soils (L20-1, LH20-1) (Fig. 6b). In the
second period, available N was higher in L20-1 and L20-2 than in the
other treatments and it was low in treatments that received only H
(H20-1, H20-1). Available N on day 11 was lower in LH20-1 and LH20-
2 than L20-1 and L20-2. During the second moist period (day 11-15),
available N decreased by at least 20% in L20-1, L20-2 and LH20-2, but
then increased again during the dry period (day 15-20). Available N on
day 11 was higher in LH10 than HL10, but on days 15 and 20, it was
higher in HL10 than LH10. Available N was similar in L20-2, H20-2 and
LH20-2 on day 11 as in L20-1, H20-1 and LH20-1 on day 1.

Available P did not change from day 1 to day 5 in treatments
without residue addition or only H added on day 0 (HL 10, H20-1, H20-
2) (Fig. 6¢, Table S5). But available P decreased by about 20% during
this period in LH10, L20-1 and LH20-1. Available P increased from day
5 to 10 in all treatments by at least 30%. Available P on day 11 was
30-50% lower than on day 10 in most treatments except in L20-2 where
it increased nearly two-fold and in LH20-2 where it remained un-
changed (Fig. 6d). Available P on day 11 was about two-fold higher in
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L20-1 and L20-2 than in the other treatments. It was lowest when H had
been added once (H20-1 and H20-2). Available P changed little in the
following moist and dry period. It was similar in L20-2, H20-2 and
LH20-2 on day 11 as in L20-1, H20-1 and LH20-1 on day 1.

4. Discussion

This study confirmed that rewetting of dry soil results in a flush of
respiration and nutrient availability, but it also showed that rewetting
can increase nutrient release from previously added low C/N residue at
high addition rate. Further, the results indicate that if the second
residue addition is combined with rewetting, the effect of the pre-
viously added residue on nutrient availability may be reduced.

4.1. First 10-day period (day 1-10)

In the first five days when the soil was moist, respiration, microbial
biomass and N and P availability decreased in the following order
L > LH > H which is in agreement with previous studies (Marschner
et al, 2015; Nguyen et al., 2016). The higher N, P and WEOC
concentration of L compared to H makes it more readily decomposable
and allows greater nutrient uptake by microbes. The lower respiration,
nutrient availability and microbial biomass in LH-10 and HL-10
compared to L20-1 and H20-1 can be explained by the lower amount
of residue and thus substrate added on day 0 (10 gkg ™' in the former
compared to 20 g kg™ ' in L20-1, H20-1).

Compared to L20-1, only half of the amount of L was added with
LH20-1. Nevertheless, initial respiration rates of LH20-1 were only 20%
lower than in L20-1 and cumulative respiration over 20 days was
similar in L20-1 and LH20-1. Microbial biomass C on days 1 and 5 was,
as expected based on the amounts of L added, twice as high in L20-1
than LH20-1. However, MBN and MBP on day 5 were similar in LH20-1
and L20-1, whereas available N in LH20-1 was 80% lower than in L20-
1. These results suggest that the low C/N residue in LH-20 was
preferentially decomposed and that N released during decomposition
was taken up by microbes. Greater than expected decomposition and
nutrient availability have been reported in residue mixes and are



Y. Zhang, P. Marschner

referred to as synergistic interaction (Gartner and Cardon, 2004).
Synergistic interaction has been explained by nutrient transfer between
microbes decomposing different residues, changes in microbial com-
munity composition and priming (Gartner and Cardon, 2004).

Respiration rates were low in dry soil and cumulative respiration in
the 5-day dry period was 75% lower than in the previous moist period.
But MBC, MBN, MBP were similar at the end of the dry period (day 10)
as at the end of the moist period (day 5). This suggests that microbes
reduced activity as the soil dried but they survived the short dry period.
The higher P availability in dry soil compared to moist soil found here
has been reported before and was explained by the methods used to
determine available P which involve addition of an extractant, thus
rewetting. The addition of extractant induces release of microbial P and
previously occluded P (Bramley and Barrow, 1992; Turner and
Haygarth, 2003).

4.2. Second 10-day period (day 11-20)

In agreement with other studies, rewetting induced a flush of
respiration (Baumann and Marschner, 2013; Shi and Marschner,
2014; Wu and Brookes, 2005). But the flush was two to three-fold
greater if residues were added at rewetting. Thus, cumulative respira-
tion in the moist period (day 11-15) in L20-2 and H20-2 was greater
than in L20-1 and H20-1. In treatments with L, rewetting also induced
an increase in MBC and MBN within one day compared to the end of the
previous dry period. Osmolytes accumulated by microbes in dry soil
such as glycine betaine, proline and quaternary ammonium compounds
are N-rich (Ashraf and Foolad, 2007; Warren, 2013) and can be released
upon rewetting. Therefore, the higher MBN in rewet soil could be due to
decomposition of released osmolytes as well as of the low C/N residue.

The increase in MBC, MBN, MBP, available N and P in HL10 from
day 10 to day 11 can be explained by the addition of L upon rewetting.
In LH10 where H was added on day 10, MBC did not change from day
10 to day 11. On the other hand, available N and P decreased in LH10
from day 10 to day 11 whereas MBN and MBP increased, indicating
immobilisation of N and P released from L during the first 10 days.
Thus, when a smaller amount of residue was added twice (10 g kg™ )7
microbial N and P uptake was greater when residue addition was
combined with rewetting than when the same residue was added to
moist soil on day 0, e.g. day 11 in HL10 compared to day 1 in LH10.
Therefore, the first hypothesis (when residues are added at rewetting of
dry soil nutrient availability will be greater than if residues are added to
moist soil) can neither be confirmed nor declined.

Available N and P concentrations on day 11 were similar as on day 1
suggesting that if residues are added upon rewetting, nutrient release is
not greater than if residues are added to moist soil. However, available
N and P on day 11 were similar in L20-1 and L20-2 although in L20-1, N
had already been released in the first period. This indicates that in L20-
1 rewetting of dry soil induced N release from partially decomposed L
residue left in the soil from the first period. Based on cumulative
respiration and without taking a priming effect into account, about 50%
of the previously added residue remained in the soil at the end of the
first period. The finding that MBN on day 11 was greater in L20-2 than
L20-1 suggests that more N was released upon rewetting from freshly
added residue than from the previously residue and this additional N
was taken up by microbes. In H20-1 and H20-2, available N was low,
which was also the case in the first 10 days in H20-1. Thus, the low N
concentration in H limited net N release even if rewetting on day 10
increased respiration rates and MBC compared to the previous dry
period.

In treatments with L, the decrease in MBC from day 11 to day 15
was accompanied by high cumulative respiration. Thus, the decrease in
MBC from day 11 to day 15 is likely due to depletion of easily available
substrates. On the other hand, MBC increased from day 11 to day 15 in
H20-1, H20-2 and LH10 where MBC was low on day 11. The delayed
increase in MBC in treatments with H indicates that it takes longer to
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decompose H which can be explained by its high C/N ratio and low
WEOC concentration. This increase in MBC was not accompanied by an
increase in MBN and MBP, suggesting that the low N and P availability
limited microbial N and P uptake.

At the end of the second moist period (day 15) MBC and MBN were
higher than at the end of the first moist period (day 5). In unamended
soil, microbial biomass decreased with increasing number of dry-
rewetting cycles (Baumann and Marschner, 2013; Mikha et al., 2005;
Wu and Brookes, 2005). In this study, the negative impact of the first
drying and rewetting on microbes was likely compensated by nutrient
release upon rewetting from residues left in the soil or added with
rewetting. Microbial biomass C did not change during the first dry
period (day 5-10) in most treatments except for HL10 and H20-1 where
it increased. But MBC decreased in all treatments in the second dry
period (day 15-20). The decrease in MBN was also more pronounced in
the second than the first period. This indicates that the prior exposure
to drying and rewetting reduced the ability of microbes to survive in
dry soil even in treatments where residues were added upon rewetting.

4.3. Total cumulative respiration and legacy effect

In treatments with a single residue addition, total cumulative
respiration over 20 days was lower when residues were added upon
rewetting (L20-2, H20-2, HL20-2) than when they were added at the
start (L20-1, H20-1, HL20-1). In the latter, residues could be decom-
posed over 20 days whereas they were decomposed over only 10 days
in L20-2, H20-2 and HL20-2. High respiration rates were maintained
longer when residues were added upon rewetting than when they were
added to moist soil at the start of the experiment, and cumulative
respiration in the moist period after addition was greater in L20-2 and
H20-2 (day 11-15) than in L20-1 and H20-1 (day 1-5). But this greater
respiration from day 11 to 15 could not compensate for the low
respiration in L20-2 and H20-2 in the first 10 days. Total cumulative
respiration did not differ between LH20-1 and LH20-2 or in treatments
where at least a proportion of residues was added at the start of the
experiment (HL10, LH10). This suggests that the timing of the mixing of
H and L does not influence decomposition. However, it does affect
when the bulk of CO is released. Most of the CO, was released in the
first moist period in LH20-1, but in the second moist period in HL10. In
LH10, similar amounts of CO, were released in the first and second
period, likely because decomposition of H in the second period was
enhanced by nutrients released during decomposition of L left in the
soil after the first period (Marschner et al., 2015).

In agreement with our previous studies on the legacy effect where
the soil was maintained moist throughout (Marschner et al., 2015;
Nguyen et al., 2016), MBC in the second period was similar in HL10 and
LH10. This can be explained by simultaneous decomposition of H and L.
For MBN, available N and P we can confirm the second hypothesis (the
legacy effect will be less pronounced if dry soil is rewetted when the
second residue is added). In our previous legacy experiments, MBN,
available N and P after the second addition were similar in HL and LH
(Marschner et al., 2015; Nguyen et al., 2016). But in the present study,
MBN, available N and P from day 11 to 20 were lower in LH than in HL,
indicating that the second residue had a stronger effect than expected
and thus the legacy effect was weaker than if the soil was moist
throughout the experiment. This suggests that the residue added upon
rewetting is preferentially decomposed even in LH where the freshly
added H is more difficult to decompose than the L residue left in the
soil. It is likely that rewetting induces a rapid release of nutrients from
the residues which in turn stimulates colonisation by microbes and
subsequent decomposition.

5. Conclusion

The effect of rewetting on decomposition was influenced by timing
and amount of residue addition. When large amounts of residues were
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added initially (20 g kg™ Y rewetting of dry soil enhanced immediate
nutrient release from partially decomposed residues in the soil, but
delayed N uptake into the microbial biomass. Adding the same residue
amount upon rewetting had little effect on nutrient availability but
enhanced microbial biomass C and N. For the field this suggests that
rewetting enhances decomposition of residues which can be beneficial
if a crop can rapidly take up the released nutrients. On the other hand,
rewetting events may also reduce the C sequestration potential of
organic amendments.

In this experiment, moist and dry periods were short as they may
occur during a hot summer with frequent rainfall events. Future
experiments could investigate the effect of longer moist and dry
periods. Use of C and/or N labelled residues would allow studying
the fate of C and N.
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Supplementary data

Table S1. Microbial biomass C concentration in the first (days 1, 5, 10) and the second wet-
dry period (days 11, 15, 20) in treatments that received residues twice (LH10 and HL10) or
once as L, H or LH at the rate of 20 g kg soil on day 0 (L20-1; H20-1 or LH20-1) or upon
rewetting on day 10 (L20-2; H20-2 or LH20-2) (n=4, means £SE). Different letters indicate

significant differences in a treatment over time (P < 0.05).

Microbial Day 1 Day 5 Day 10 Day 11 Day 15 Day 20
biomass C
LH10 356+11d 23446b 19345a 20746a 52546e 282+4c
HL10 7343a 6515a 15644b 77546e 45443d 27244c

L20-1 913+3f 524+11d 4753c 67635e 37046b 24843a
H20-1 221+7d 168+lc 268+7e 54+2a 2704e 139+11b
LH20-1 43049d 296+2a 32349b 528+7e 419+7d 345+2c

L20-2 33+2a 2743a 42473 948+2d 808+23c 268+24b
H20-2 33+lab 21423 4246h 186+4c 523+13d 17448c
LH20-2 30+la 2543a 4144a 308+108b 71548c 232+21b
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Table S2. Microbial biomass N concentration in the first (days 1, 5, 10) and the second wet-
dry period (days 11, 15, 20) in treatments that received residues twice (LH10 and HL10) or
once as L, H or LH at the rate of 20 g kg™ soil on day 0 (L20-1; H20-1 or LH20-1) or upon
rewetting on day 10 (L20-2; H20-2 or LH20-2) (n=4, means £SE). Different letters indicate

significant differences in a treatment over time (P < 0.05).

Microbial Day 1 Day 5 Day 10 Day 11 Day 15 Day 20
biomass N
LH10 27.3#.8c 16.2#0.1b 89#l.2a 24.2438c 29.4434c 4.2424a
HL10 11.140.4b 10.420.0b 1540.3a 404#.7e 33.182.7d 27.6%2.7c
L20-1 43.6+.4b 28.940.2a 27.7#0.4a 64.4429c 107.949.7d 64.7+.4c
H20-1 17.1#.1e 16.8#0.4e 4.4404a 13.040.8d 99#.3c  6.3#.5b
LH20-1 37.5#1.2cd 33440.1c 8.940.8a 40.3#.3d 28.7#.4b 7.940.1a
L20-2 454.4a  2.140.1a 2.740.3a 100.6+2.8d 22.842.5b 38.0x2.2c
H20-2 3540.1b 2.1#0.2ab 1.3#0.1a 854).4c 18.7x2.2d 1.540.3a
LH20-2  3.5#0.1ab 2.0#0.0a 1.8#0.3a 68.343.1d 35.6+.7c 6.240.4b
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Table S3. Microbial biomass P concentration in the first (days 1, 5, 10) and the second wet-
dry period (days 11, 15, 20) in treatments that received residues twice (LH10 and HL10) or
once as L, H or LH at the rate of 20 g kg™ soil on day 0 (L20-1; H20-1 or LH20-1) or upon
rewetting on day 10 (L20-2; H20-2 or LH20-2) (n=4, means £SE). Different letters indicate

significant differences in a treatment over time (P < 0.05).

Microbial Day 1 Day 5 Day 10 Day 11 Day 15 Day 20
biomass P
LH10 19.4#1.1b 18.6+1.0b 15.140.7a 20.3#.7b 20.842.8b 18.3+l.lab
HL10 8.7#).5a 10.6#.6a 8.640.1a 25.7#l.5c 24.1H.4c 15.0%2.5b
L20-1 44.740.7d 34.4+2.6c 35.842.0c 29.14#.9b 19.1#.8a 18.640.8a
H20-1 12.640.4c 14540.6d 10.240.3ab 10.840.9abc 11.6+1.1bc 9.7+l.2a
LH20-1 23.3#l.1bc 31.9+2.2d 23.8+2.4bc 24.1+29c 19.4#1.8ab 16.240.8a
L20-2 35#0.3a 5.6#.0a 3.640.8a  30.1+1.8d 24.33#0.3c 18.0+.1b
H20-2 3.2#).3a 5440.0a 3.840.4a 9.8#).9b  11.1+.4b 10.6+.8b
LH20-2 35#0.2a 54#0.1a 3.240.2a 21.3#1.0b 224#1.8b 20.240.2b
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Table S4. Available N concentration in the first (days 1, 5, 10) and the second wet-dry period
(days 11, 15, 20) in treatments that received residues twice (LH10 and HL10) oronce as L, H
or LH at the rate of 20 g kg* soil on day 0 (L20-1; H20-1 or LH20-1) or upon rewetting on day
10 (L20-2; H20-2 or LH20-2) (n=4, means =+ SE). Different letters indicate significant
differences in a treatment over time (P < 0.05).

Available Day 1 Day 5 Day 10 Day 11 Day 15 Day 20
N

LH10 79.7H.9e 49.0H.3c 72.040.1d 50.540.9c 23.24).1b 7.9#l.6a
HL10 8.1#).5b  25#).0a 29#0.1a 30.6#l.7c 36.840.4d 47.3+2.7e
L20-1  136.3%2.5c 80.0+2.4a 121.440.1b 159.642.8d 122.940.3b 135.843.3c
H20-1 6.841.3d 0.8#).0ab  0.1#0.0a 40+.1c 2440.0bc 1.4+.5ab
LH20-1  61.140.3f 11.440.1a 20.5#0.7c 31.84#2.1e 27.1#1.5d 15542.3b
L20-2 9.2+.7b  53#).1a 4.440.1a 153.0+.0d 84.9#.9c 153.1+2.6d

H20-2 9.54).5d 5240.0b 4.440.1b 7.330.5¢ 2.140.0a 4.8+1.0b
LH20-2 115#.8b 52#0.0a 4.5#.1a 56.2+.1d 11.5#.5b 20.1+2.8c
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Table S5. Available P concentration in the first (days 1, 5, 10) and the second wet-dry period
(days 11, 15, 20) in treatments that received residues twice (LH10 and HL10) or once as L, H
or LH at the rate of 20 g kg* soil on day 0 (L20-1; H20-1 or LH20-1) or upon rewetting on day
10 (L20-2; H20-2 or LH20-2) (n=4, means =+ SE). Different letters indicate significant
differences in a treatment over time (P < 0.05).

Available Day 1 Day 5 Day 10 Day 11 Day 15 Day 20
P

LH10 27.44.0d 21.3#1.0c 30.2#.6e 14.040.9a 13.840.6a 16.7+1.6b
HL10 9.640.5ab 6.3#).6a 13.9#1.5bc 17.542.3c 18.543.2cd 22.942.6d
L20-1 36.340.2c 30.7#1.3a 43.440.5d 32.4#l.1ab 35.143.3bc 43.242.0d

H20-1 8.0#0.3bc  5.440.6a 14.9#1.0d 6.240.2a 6.6+1.0ab  8.5#l.1c
LH20-1 19.8#l.1c 14.440.7a 22.840.7d 14.84#0.6a 17.54.5b 20.6+1.6¢c
L20-2 114+.1a 11.840.0a 16.940.8b 34.0#1l.2d 29.9#.7c 35.2+2.8d

H20-2 12.74).9c 11.9#0.1c 17.3#1.3d 7.040.8b 5.24#0.5a  8.54).5b
LH20-2  11.940.5a 11.940.1a 18.4#l.4bc 199#.4c 15.8#l.4b 18.442.1bc
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Abstract

In drying and rewetting experiments, soil is usually rewet to a water content optimal for
microbial activity. But in the field, soil water content after rewetting of dry soils may vary. The
aim of this study was to determine how current and previous water content after rewetting
influences soil respiration, microbial biomass and nutrient availability with three rewetting
events in unamended soils. Soil was exposed to two wet-dry cycles (5 days moist, 3 days dry)
with rewetting soil to 50%, 30% or 10% WHC on days 0 and 8. A third rewetting was imposed
with all treatments rewet to 50% WHC on day 16 and maintained at this water content for 7
days (day 23). In general, the effect of rewetting to 50% and to 30% WHC was similar. The
flush of respiration after the first two rewetting events was more than two-fold higher with 50%
than 10% WHC, and the second flush was about five times lower than the first. On day 9 (one
day after the second rewetting), MBN was almost 10-fold higher in soil rewetted to 50% than
to 10% WHC on both day 1 and day 9. Available N on day 9 was about two-thirds higher after
rewetting to 50% than to 10% WHC. After rewetting of all treatments to 50% WHC on day 16,
the flush was three-fold greater in soil previously rewet to 10% than soil rewet to 50% WHC
previously. In soil previously rewet to 10% WHC compared to that rewet to 50% WHC, MBN
and available P on days 17 and 23 were about two-fold higher whereas available N did not
differ between treatments. The greater respiration and microbial biomass after the third
rewetting event in soil previously rewet to 10% WHC compared to that rewet to 50% WHC
can be explained by the greater amount of available substrate remaining after the first two

rewetting events.

Keywords: Microbial biomass, nutrient availability, rewetting, soil respiration, water content
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Introduction

Soil water content strongly influences microbial activity. In most soils, maximum aerobic
microbial activity occurs at 50% to 70% of maximum water holding capacity (Linn and Doran
1984). Above this optimum microbial activity decreases due to low oxygen supply. At lower
water content, microbial activity is reduced as a result of reduced soluble substrate diffusion,

microbial mobility and low intracellular water potential (Stark and Firestone 1995).

Rewetting of dry soil can induce rapid, but short-lived flush of respiration and available
nutrients (C, N and P) (Birch 1958). The respiration flush upon rewetting is thought to be due
to increased substrate availability to the surviving microbes. Substrate after rewetting may
come from the release of solutes previously accumulated by microbes in dry soil (Kim et al.
2012) and cell lysis (Bottner 1985; Wu and Brookes 2005). Further, aggregate breakdown upon
rewetting can expose previously protected organic matter to microbes (Fierer and Schimel 2003;
Van Gestel et al. 1993). Wu and Brookers (2005) showed that the respiration flush decreased
after five drying and rewetting (DRW) cycles which could be explained by the lower substrate
availability and microbial death. However, less is known about the effect of the amount of

added water at rewetting.

In most previous DRW studies soil was rewet to a water content optimal for microbial
activity (e.g., Schimel et al. 2007; Shi and Marschner 2014; Xiang et al. 2008; Zhang and
Marschner 2016). However after a drought period in the field, soil may be rewet to water
contents below optimal. Further, with intermittent rainfall, soil water content could vary among
DRW events. The aim of this study was to determine (i) the effect of rewetting soil to low,
medium or optimal water contents in two DRW cycles on soil respiration, microbial biomass
and nutrient availability, and (ii) how previous rewetting water content influences microbial

biomass and nutrient release after a third rewetting to optimal water content. The hypotheses
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were that 1) in the first two cycles, soil respiration, microbial biomass and nutrient availability
after rewetting will increase with rewetting water content, and 2) after the third rewetting to
optimal water content, soil previously rewetted to higher soil water content will have lower soil
respiration, microbial biomass and nutrient availability than soil rewetted to lower soil water
content. This hypothesis is based on the assumption that at higher previous water content after
rewetting, more available substrate was decomposed in the first two cycles, thus leaving less

substrates for the third cycle compared to low previous water content.

Materials and methods

Soil

Soil was collected from 0 to 10 cm depth in Urrbrae, South Australia (Longitude 138°38°3.2"
E, Latitude 34°58°0.2"S). The area has a Mediterranean climate with hot, dry summers and
cool, wet winters. The soil has been under permanent pasture for more than 80 years and is a
silt loam with 22% sand, 60% silt and 18% clay. The soil is a Red-brown Earth according to
Australian soil classification (Isbell 2002) and classified as Rhodoxeralf in US Soil Taxonomy.
Some other main soil properties are as follows: water holding capacity (WHC) 371 g kg%, pH
(1:5) 5.6, EC (1:5) 0.1 dS m™, total organic C 17 g kg%, total N 1.5 g kg2, bulk density 1.3 ¢

cm?, available P 10 mg P kg* and available N 15 mg N kg

Soil was collected along a randomly selected central transect in three 2 x 2 m plots
which were at least 10 m apart. In each sampling plot, after removal of plants and surface litter,
five samples were taken at 0-10 cm depth and sieved to less than 2 mm followed by air-drying
in a fan-forced oven at 40 <C. In southern Australia, top soils are often heated to 40 <C and
even higher temperatures for a few hours a day on sunny summer days. Soils from all sampling

points were mixed before starting the experiment.

72



Experimental design

Thirty grams of air-dry soil was filled into the PVVC cores with 3.7 cm diameter and 5 cm height
with a nylon mesh base (7.5 pm, Australian Filter Specialist), adjusted to a bulk density of 1.3
g cmt, and then placed into 1 L jars with gas-tight lids equipped with septa. At the start of the
experiment, the soil was rewetted with reverse osmosis (RO) water to different soil water
contents: 50%, 30% or 10% WHC (these water contents correspond to water potentials of -
0.078, -0.32, -1.7MPa) by uniformly pipetting RO water onto the surface. The different levels
of soil water content were maintained for 5 days. On day 6, all treatments were dried by placing
bags containing silica gel in the jars for three days with daily replacement by bags with dry
silica gel. A preliminary study showed that the soil (30 g) dries within 3 days with 24 g silica
per jar (in three bags with 8 g per bag) with daily replacement by bags with dry silica (Zhang
and Marschner 2016). The pouches that were removed were dried overnight in an oven. After
three days of drying of soil, a water content of 2% WHC was reached. On day 8, the dried soil
was exposed to a second rewet-dry cycle. Soil was rewetted to the same water content as at the
start of the experiment (50%, 30% or 10% WHC), maintained at this water content for 5 days
and then dried for 3 days with silica gel bags. After the two rewet-dry cycles, all treatments
were rewetted to 50% WHC on day 16 (third rewetting) and maintained at 50% WHC for
another 7 days (day 23). The jars were incubated in the dark at 22-23 <C. During the first and
the second rewetting periods, soil water content (50%, 30% or 10% WHC) was maintained by

checking the weight and adding RO water if necessary.

Soil respiration was measured daily. For determination of available N and P, microbial
biomass N and P, soil cores were destructively sampled on days 1 and 9 (one day after first and

second rewetting), day 17 (one day after the third rewetting to 50% WHC), and day 23 (7 days
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after last rewetting). There were four replicates per treatment and sampling time (72 cores in

total).

Measurements

Soil analyses were performed as described in Zhang and Marschner (2016). Briefly, soil texture
was determined with rapid texture analysis (Chaudhari et al. 2008). Maximum water holding
capacity of the soil was measured using a sintered glass funnel connected to a 100 mm water
column (ym = -10 kPa). Soil pH and EC were measured in a 1:5 (w/v) soil to reverse osmosis
(RO) water ratio after 1 hour shaking at 25<C. Total organic carbon of soil was measured
according to Walkley and Black (1934) and total N was measured using the Kjeldahl method

followed by colorimetric measurement as described in Bremmer and Mulvaney (1982).

Soil respiration was measured daily by quantifying the CO. concentration in the
headspace of the 1L jars using a Servomex 1450 infra-red analyser (Servomex Group,
Crowborough, UK) as described in Setia et al. (2011). Microbial biomass nitrogen (MBN) were
determined by chloroform fumigation followed by extraction with 0.5 M K>SO, at 1: 4 soil to
extractant ratio (Vance et al. 1987). Microbial biomass N was calculated as the difference in
NH4* concentration between fumigated and non-fumigated samples divided by 0.57 which is
the proportionality factor to convert ammonium to MBN suggested by Moore et al. (2000).

Ammonium N determined as described below for available N.

Available N (ammonium and nitrate) concentration was measured after 1 hour end-
over-end shaking with 2M KCI at a 1:5 soil to extractant ratio. Ammonium-N was measured
after Willis et al. (1996). Nitrate-N was determined as described in Miranda et al. (2001).

Available and microbial biomass P (MBP) were determined using anion exchange resin
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following Kouno et al. (1995). For MBP, 1 ml hexanol was added. The P concentration in the
extracts was determined colorimetrically according to Murphy and Riley (1962). Microbial
biomass P is the difference in P concentration between fumigated and non-fumigated soil
(Kouno et al. 1995). No correction factor was used for P because recovery of a P spike in this

soil was 98% (Butterly et al. 2010).

Statistical analysis

There were four replicate cores for each treatment and sampling time. Data was tested for
homogeneity and equal variance. For measurements carried out repeatedly during the
experiment, one way repeated measures ANOVA was carried out in GenStat (GenStat for
Windows, 15" edition, VSN Int. Ltd, UK, 2012). Tukey’s multiple comparison test at 95%
confidence interval was used for each sampling time separately to determine which treatments

differ from each other.

Results
Respiration

From day 1 to day 6, respiration rate was higher in soil rewet to 50% and 30% WHC than that
rewet to 10% WHC,; it differed little between 50% and 30% WHC (Fig. 1a). Respiration rate
declined in the first 8 days (5 days moist and 3 days drying) with a sharper decline at 50% and
30% WHC than at 10% WHC. The second rewetting to different water contents on day 8
induced a smaller flush in all treatments than the first rewetting. The maximum respiration rate
on day 8 was about one fifth of that on day 1. As at the first rewetting, the flush was greater at

50 and 30% WHC than at 10% WHC. Then soil respiration rate declined and was not detectable
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after day 14. On day 17 (one day after rewetting all treatments to 50% WHC), respiration rate
in soil that rewet to 10% WHC previously was two to three-fold higher than soil that rewet to
30% or 50% WHC previously (Fig. 1b). Respiration rate then declined, but remained higher in
soil that was rewetted to 10% WHC previously than the other two treatments until day 20.

From day 21 to 23, respiration rate was similar and stable in all treatments.

Cumulative respiration from day 1 to day 8 and day 9 to day 16 was highest at 50%
WHC and lowest at 10% WHC. Within each treatment, cumulative respiration was five to ten-
fold higher after the first rewetting (day 1 to day 8) than after the second (9 to day 16) (Fig.
2a). Compared to soil rewet to 10% WHC, cumulative respiration in the first 16 days was three
and four-fold higher in soil rewet to 30 and 50% WHC. Cumulative respiration from day 17 to
day 23 was more than two-fold higher in soil that was rewetted to 10% WHC previously than

in soil previously rewetted to 50% or 30% WHC (Fig. 2b).

Microbial biomass

On both days 1 and 9, MBN was highest in soil rewetted to 50% WHC, where it was
about 20% higher than the soil rewetted to 30% WHC and nearly 10-fold higher than soil
rewetted to 10% WHC (Fig. 3a). MBN on day 17 compared to day 9 was much lower in soil
previously rewetted to 50 and 30% WHC, but it was about three-fold higher in soil rewet to
10% previously (Fig. 3b). MBN on day 17 and 23 was two-fold higher in soil previously
rewetted to 10% than in soil rewetted to 30 and 50% WHC. MBP was about 4 mg/kg in all

treatments and at all sampling times (data not shown).
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Available N and P

On day 1, available N was slightly higher in soil rewetted to 50 % WHC than that rewetted to
10% WHC (Fig. 4a). Available N increased from day 1 to day 9, with the greatest increase in
soil rewetted to 50% WHC. Compared to soil rewetted to 10% WHC, available N was about
60 and 10% higher in soil rewetted to 50% and 30%. Available N decreased from day 9 to day
17 in soil rewetted to 50% WHC in the first 16 days, but remained stable in the other two

treatments (Fig. 4b). Available N did not differ among treatments on days 17 and 23.

Available P on days 1 and 9 after rewetting did not differ among treatments (Fig. 5a).
Available P changed little from day 1 to day 9. But on days 17 and 23, after rewetting of all
treatments to 50% WHC, available P was about two-fold higher in soil previously rewetted to

10% WHC than that rewetted to 30% or 50% WHC (Fig. 5b).

Discussion

This study showed that soil respiration and MBN after rewetting were influenced by both
current and previous water content as well as the number of DRW events. In general,
differences in measured parameters were small between 50 and 30% WHC. This indicates that
microbes were not strongly limited by water availability at 30% WHC. In the following

discussion, we will focus on differences between 10% and 50% WHC.

First two DRW events (day 0-16)

The first hypothesis (in the first two cycles, soil respiration, microbial biomass and nutrient
availability after rewetting will increase with rewetting water content) can be confirmed with

respect to respiration, MBN and available N for the comparison between 10% and 50% WHC.
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In both rewetting events, the flush of respiration with 10% WHC was less than half of
that at 50% WHC and respiration rates remained lower at 10% WHC during the moist periods.
Further, MBN and available N one day after both rewetting events were lower at 10% WHC
than at 50%. This indicates that at 10% WHC, soil water availability was limited microbial
activity in general and N mineralisation in particular. At low water content, the water film
around aggregates is thin and becomes disconnected, limiting substrate supply and reducing
microbial activity (Manzoni et al. 2012; Schjenning et al. 2003; Skopp et al. 1990). A further
reason for the smaller rewetting flush at 10% WHC could be that only the top of the soil in the
cores was rewet. Most likely when rewetting soil to 10% WHC, the small amount of added
water (37 g kg™t compared to 186 g kg* to reach 50% WHC) remained in the top 1-2 cm, and
therefore, soil at the bottom of the cores may have remained dry during the entire moist period.
The soil near the top of the cores may have had a water content above 10% WHC. However,
microbes in the moist layer represented only a small fraction of total microbes in the cores and

their activity could not compensate for the low activity of the microbes in the drier soil.

Respiration rate declined during the five days in moist soil which can be explained by
depletion of substrates released by soil disturbance during set-up of the cores (days 1-5) or by
rewetting (days 9-12). The further decline after onset of drying (day 5-8) can be explained by
reduced substrate diffusion in dry soil. The lower respiration flush after the second compared
to the first rewetting is in agreement with previous DRW experiments (Fierer and Schimel 2002;
Shi and Marschner 2014; Wu and Brookes 2005; Zhang and Marschner 2016). The lower flush
with subsequent rewetting events has been explained by reduced substrate availability and

microbial death (Harris 1981; Miller et al. 2005; Schimel et al. 2007; Wu and Brookes 2005).

Differences in available N between 10% and 50% WHC were more pronounced one
day after the second rewetting (day 9) than the day after the first rewetting (day 1). The greater
difference on day 9 is due to the strong increase in available N from day 1 to day 9 at 50%
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WHC, whereas N availability changed little at 10% WHC. This is likely because in the soil
maintained at 50% WHC from day 1 to day 5, more N could be mineralised than in that

maintained at 10% WHC.

Third DRW event (day 17-23)

The third rewetting to 50% WHC in all treatments induced an about four-fold greater flush in
soil previously rewetted to 10% WHC compared to that rewetted to 50% WHC and cumulative
respiration from day 17 to 23 was about three-fold higher in the former. The greater flush in
soil previously rewetted to 10% WHC was accompanied by higher MBN one and seven days
after the third rewetting (day 17 and 23) compared to soil previously rewetted to 50% WHC.
The greater flush and microbial biomass in soil previously rewetted to 10% WHC can be
explained by greater substrate availability during the third DRW cycle compared to soil
previously rewetted to 50% WHC. In soil rewetted to 10% compared to that rewetted to 50%,
cumulative respiration in the first 16 days was 75% lower and MBN were about 60% lower on
day 9. Thus, less organic C was decomposed during the first two cycles in soil rewetted to 10%
and more remained available during the third cycle. As mentioned above, in soils rewetted to
10% WHOC it is likely that only the soil close to the top of the cores was rewetted. And even
there, water limited decomposition. For soil below this layer, the rewetting to 50% WHC on
day 16 is likely to be the first rewetting event, resulting in high substrate availability from
solutes released by cells, cell lysis and aggregate breakdown (Fierer and Schimel 2003,

Halverson et al. 2000; Van Gestel et al. 1993).

Available N did not differ between treatments on days 17 and 23, but the higher MBN
in soils previously rewetted to 10% indicates greater N mineralisation than in soils previously

rewetted to 50% WHC. In contrast, treatments did not differ in MBP on days 17 and 23, but
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available P was higher in soils previously rewetted to 10% WHC. This also indicates higher
mineralisation compared to soils previously rewetted to 50% WHC. It is possible that MBP did

not increase despite higher P availability because microbes were not P limited.

The finding that soil microbes are influenced by the current and previous water content
is in agreement with Banerjee et al. (2016) who incubated soil at either static or changing water
content (40-100% water-filled pore space). They found that bacterial community composition,
expression of genes involved in N transformations and N2O emissions differed among
treatments not only while they were at different water content, but also after reaching the same

water content.

Conclusion

This study showed that rewetting of dry soil to low water content induces only a small flush of
respiration and thus little decomposition of organic matter. But if soil is then rewet to water
content optimal for microbial activity, the respiration flush and microbial biomass are greater
than in soil that had been rewet to optimal water content previously. This indicates that the
previous water content should be considered when evaluating the impact of DRW on soil

respiration, microbial biomass and nutrient availability.

In this study, dry and moist periods were relatively short and drying was rapid. To better
understand the impact of DRW in the field, future experiments could use longer periods and

more gradual drying.
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Figures

Figure 1. Respiration rate (a) from day 1 to 16 in soil rewet twice (day 1 and 8) to 50%, 30%
or 10% WHC, maintained moist for 5 days then dried for three days (day 5-8 and 13-16), and
(b) from day 17 to day 23 after rewetting of all treatments to 50% WHC on day 16 (n=4, means
+SE).

Figure 2. Cumulative respiration (a) from day 1 to day 8 and from day 9 to day 16 in soil rewet
twice (day 1 and 8) to 50%, 30% or 10% WHC, maintained moist for 5 days then dried for
three days (day 5-8 and 13-16); and (b) from day 17 to day 23 after rewetting of all treatments
to 50% WHC on day 17 (b) (n=4, means £SE). For each interval, bars with different letters
are significantly different, upper case letters in (a) indicate differences in total cumulative
respiration from day 1 to 16 (P < 0.05).

Figure 3. Microbial biomass N concentration a) one day after rewetting (day 1 and 9) in soil
rewet twice (day 1 and 8) to 50%, 30% or 10% WHC, maintained moist for 5 days then dried
for three days (day 5-8 and 13-16); and (b) on days 17 and 23, one and seven days after
rewetting of all treatments to 50% WHC on day 16 (n=4, means =SE). At a given sampling
time, bars with different letters are significantly different (P <0.05).

Figure 4. Available N concentration a) one day after rewetting (day 1 and 9) in soil rewet twice
(day 1 and 8) to 50%, 30% or 10% WHC, maintained moist for 5 days then dried for three days
(day 5-8 and 13-16); and (b) on days 17 and 23, one and seven days after rewetting of all
treatments to 50% WHC on day 16 (n=4, means £SE). At a given sampling time, bars with
different letters are significantly different (P < 0.05).

Figure 5. Available P concentration a) one day after rewetting (day 1 and 9) in soil rewet twice
(day 1 and 8) to 50%, 30% or 10% WHC, maintained moist for 5 days then dried for three days
(day 5-8 and 13-16); and (b) on days 17 and 23, one and seven days after rewetting of all
treatments to 50% WHC on day 16 (n=4, means £SE). At a given sampling time, bars with
different letters are significantly different (P <0.05).
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CHAPTER 5

Respiration, microbial biomass and nutrient availability are influenced by previous and

current soil water content in plant residue amended soil
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are influenced by previous and current soil water content
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Abstract:

The aim of this study was to determine how soil respiration, microbial biomass and nutrient availability after the
first and second plant residue addition are influenced by soil water content and number of days between rewet-
ting of dry soil and second residue addition. A loamy soil was amended with low C/N ratio (L) or high C/N ratio
(H) plant residues and then maintained at 10% or 50% water holding capacity (WHC) for 10 days after which
the soil at 10% WHC was rapidly rewetted to 50% WHC. A second residue with a different C/N ratio than the
first was added one, two or five days after rewetting. Lower water content (10% WHC) during the first 10 days
reduced respiration and microbial biomass. After day 10, MBN increased with number of days after rewetting.
After the second residue addition, respiration rate in the first three to four days and available N after two days
were higher when residue was added five days after rewetting compared to one day. But MBN was higher in
treatments with residues added one day after rewetting compared to amendment after five days. The water con-
tent in the first 10 days had little effect on microbial biomass and nutrient availability after the second residue
addition. We conclude that soil respiration, N mineralisation and immobilisation are influenced by the interval
between plant residue additions, particularly in rewet soil.

Keywords: Microbial biomass, nutrient availability, plant residue addition, soil respiration, soil water content

1. Introduction

Global warming is predicted to result in increasing through decomposition of plant residues by soil
drought frequency and intensity, which will microorganism (Power. 2010). Low soil water
influence soil water content (IPCC, 2007). A content limits plant residue decomposition as it
key aspect of sustainable food production (Scotti restricts water availability and nutrient diffusion,
et al., 2015) 1s supply of nutrients to crops and at very low water content, may draw water
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out of the cells (Schimel et al., 2007). Rapid
rewetting of dry soil has been shown to result
in a flush of respiration and available nutrients
(Birch, 1958). The flush of available nutrients after
rewetting of dry soil is due to a sudden increase
in organic substrates which are then mineralised
by the microbial biomass (Borken and Matzner,
2009).

Decomposition of organic residues is also
influenced by residue properties such as C/N ratio
(Heal et al., 1997). Many studies have shown
that residues with low C/N ratio are decomposed
rapidly and lead to net N mineralization as they
satisfy the N demands of microbes (Hadas et
al., 2004). However, in agricultural and natural
ecosystems, plant residues with different C/N
ratio may be added to soil over time. Studies in
our group showed that nutrient availability and
microbial biomass after the second residue addition
are influenced by the properties of the previously
added residue, which is referred as legacy effect
(Marschner et al., 2015; Nguyen et al., 2016). For
example, N availability after addition of low C/N
residue is lower if it follows high C/N residue than
if added to previously unamended soil. This legacy
effect occurs because in the former case, soil
microbes decompose not only the freshly added
low C/N reside, but also the high C/N residue
left in the soil from the previous amendment.
Recently, Zhang and Marschner (2016) found that
the legacy effect of the first residue added was not
influenced by the number of drying and rewetting
events between first and second residue addition.
On the other hand, respiration, microbial biomass
and nutrient availability in plant residue amended
soil were much lower at 10% water holding
capacity than at 50% WHC (Zhang and Marschner,
2017). In Nguyen et al. (2016), the legacy effect

decreased with time between first and second
residue addition (10, 20 or 30 days) and in Zheng
and Marschner (2017), the legacy effect decreased
with amendment rate of the first residue. These
results suggest that extent of the legacy effect is
influenced by the amount of the first residue left in
the soil when the second residue is added.

In the field, soil water content may vary between
residue additions and residues can be added at
different times after rewetting. The aims of this
study were to determine how soil respiration,
microbial biomass and nutrient availability after
the first and second residue addition are influenced
by (1) soil water content between first and second
amendment (10 and 50% WHC), and (i1) number
of days between rewetting of dry soil and second
residue addition (1, 2, 5 days). We hypothesised
that the legacy effect of the first residue added will
be greater (1) when the soil water content between
first and second residue addition is low, and (i1) if
the second residue 1s added one day after rewetting
compared to after two or five days.

2. Materials and Methods

2.1. Soil and plant residues

A loamy soil was collected in early spring 2015
from 0 to 10 cm depth in Urrbrae, South Australia
(Longitude 138°38°3.2" E, Latitude 34°58°0.2"S)
from an area that had been under permanent
pasture for more than 80 years. This site is in a
semi-arid area and has a Mediterranean climate
with cool, wet winters and hot, dry summers. The
soil is a Red-brown Earth according to Australian
soil classification (Isbell, 2002) and classified
as Rhodoxeralf in US Soil Taxonomy. Soil was

collected along a randomly selected central
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transect in three 2 x 2 m plots which were at least
10 m apart. In each sampling plot, after removal of
plants and surface litter five samples of the topsoil
(0-10 cm) were taken and sieved to less than 2 mm
followed by air-drying in a fan-forced oven at 40
°C. In southern Australia, top soils are often heated
to 40 °C and higher temperatures on sunny summer
days. Soil from all sampling points was mixed
before starting the experiment. The soil properties
are: 22% sand, 60% silt, 18% clay, maximum water
capacity (WHC) 371 g kg!, pH (1:5) 5.6, EC (1:5)
0.1 dS m!, total organic C 17 g kg'. total organic
N 1.5 g kg'!, bulk density 1.3 g cm’!, available P 10
mg P kg and available N 15 mg N kg

Two types of plant residues were used: young faba
bean (Ticia faba L.) as low C/N ratio residue (L),
and mature wheat straw (Triticum aestivum 1.)
as high C/N ratio residue (H) (Table 1). These
two plant species are typical crops in Southern
Australia and often follow each other in crop
rotations. The residues were dried at 40 °C in a
fan-forced oven, finely ground and sieved to 0.25-2
mm particle size. Compared to H, L had five to ten
times higher total N, total P. available N and P and
two-fold higher water extractable C concentration,
but lower C/N and C/P ratios (Table 1).

Table 1. Total organic C, N, P, C/N ratio and C/P ratio, available N and P, water-extractable C, and pH of low C/N
(young faba bean) and high C/N (wheat straw) residues (n=4). Different lower case letters indicate significant

differences among low and high C/N ratio residues (P <0.05).

Property Low C/N High C/N
Total organic C (gkg™) 374 418
Total N (gkg™) 22.9 4.9
Total P (gkg™) 6.5" 072
C/N ratio 16 86°
C/P ratio 58* 643°
Available N (mg kg™') 487" 87°
Available P (mg kg™") 247° 30°
Water extractable C (g kg™) 92° 54°
pH (1:10) 6.2 6.3

2.2. Experimental design

Before the start of the experiment, the air-dried
soil was moistened to 50% of maximum WHC
and incubated for 10 days at 22-23 °C in the dark
at to activate the soil microbes and stabilise soil
respiration. This water content was selected based
on previous studies that showed that microbial
activity is maximal at 50% WHC in this soil
(Marschner et al., 2015). After pre-incubation,

the soil was either kept at 50% WHC or dried in a
fan-forced oven at 40 °C to 10 % WHC. The low
water content (10% WHC) was selected because
in Xue et al, 2016 with the same soil, respiration
and microbial biomass were much lower than with
50% WHC, but still detectable. Half of the soil at
each water content was amended with H at 10 g
kg, the other half with L. After 10 days, the soil
at 10% WHC was rewet to 50% WHC, whereas the
water content of the soil at 50% WHC was kept as
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it was in the first 10 days. All soils were maintained
at 50% until the end of the experiment. The second
residue, which had a different C/N ratio than the first
[L after H (HL) or H after L (LH)], was added 1, 2
and 5 days after rewetting. We refer to days after
rewetting for simplicity although soil was not rewet
in treatments that was kept at 50% WHC in the first
10 days. Treatment names refer to order in which
residues were added and the water content in the
first 10 days, i.e. LH-10 (low followed by high C/N
residue at 10% WHC), LH-50 (low followed by high
C/N residue at 50% WHC), HL-10 (high followed
by low C/N residue at 10% WHC) and HL-50 (high
followed by low C/N residue at 50% WHC). For each
residue treatment, the second residue was added 1. 2,
or 5 days after rewetting on day 10.

The residues were thoroughly mixed with the soil,
then 30 g dry soil equivalent was filled into the
PVC cores with 3.7 cm diameter and 5 ¢cm height
with a nylon mesh base (7.5 um), Australian Filter
Specialist and packed to a bulk density of 1.3 g
cm?. The cores were placed individually into
1 L jars with gas-tight lids equipped with septa
to allow quantification of the headspace CO,
concentration as described below. The jars were
incubated in the dark at 22-23 °C. Soil moisture
(10% or 50% of WHC at the first 10 days and 50%
of WHC after rewet) was maintained by checking
the water content every few days by weighing and
adding reverse osmosis (RO) water if necessary.
Soil respiration was measured daily. Soil cores
were destructively sampled two and 10 days
after the first residue addition, one day before the
second residue addition, and two and 10 days after
the second residue addition. Soil samples were
analysed for available N and P, microbial biomass
N and P. For each sampling time and treatment
there were four replicates, giving a total number

of 176 cores.

2.3. Measurements

Soil analyses were carried out as described in
Zhang and Marschner (2016). Briefly, soil texture
was determined according to the rapid texture
analysis (Chaudhari et al., 2008; Kettler et al.,
2001). Maximum soil water holding capacity was
measured using a sintered glass funnel connected
to a 100 mm water column (y, = -10 kPa). Soil
pH and EC were measured in a 1:5 (w/v) soil to
reverse osmosis (RO) water ratio after 1 hour
shaking at 25°C. Total organic carbon of soil
and plant residues was measured according to
Walkley and Black (1934) and total nitrogen was
measured using the Kjeldahl method followed
by colorimetric measurement as described in
Bremmer and Mulvaney (1982). Soil and plant
residues were digested with a mixture of HNO,
and HCIO,, to determine total P. Total P in the
extract was measured by the phosphovanado-
molydate method. Water extractable organic
carbon was extracted by shaking 1 g residue with
30 ml RO water for 1 hour. Then the extract was
centrifuged at 3000 rpm for 10 min and filtered
through a Whatman#42 filter paper. The organic
C in the extract was determined after K,Cr,0,
and H, SO, oxidation by titration with acidified
(NH,),Fe(S0,),-6H,0.

Soil respiration was measured daily by quantifying
the CO, concentration in the headspace of the
jars using a Servomex 1450 infra-red analyser
(Servomex Group, Crowborough, UK) as described
in Setia ef al. (2011). Available N (ammonium and
nitrate) concentration was measured after 1 hour
end-over-end shaking with 2M KCl at a 1:5 soil to
extractant ratio. Ammonium-N was measured after
Willis et al. (1996). Nitrate-N was determined as
described in Miranda et al., (2001). Available P
was extracted by the anion exchange resin method
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(Kouno et al., 1995), the P concentration was
determined colorimetrically (Murphy and Riley,
1962).

Microbial (MBN) were
determined by chloroform fumigation-extraction
with 0.5 M K,SO, at 1: 4 soil to extractant ratio
(Vance et al., 1987). Microbial biomass N was

biomass nitrogen

calculated as the difference in NH," concentration
between fumigated and non-fumigated samples
divided by 0.57, which is the proportionality
factor to convert ammonium to MBN suggested by
Moore et al. (2000). Microbial biomass P (MBP)
was determined with the anion exchange method
as described by Kouno et al. (1995) using hexanol
as fumigant. Microbial biomass P is the difference
in P concentration between fumigated and un-
fumigated soil (Kouno et al., 1995). No correction
factor was used for P because recovery of a P spike
in this soil was 98% (Butterly et al., 2010).

2.4. Statistical analysis

There were four replicate cores for each treatment
and sampling time. Data was tested for homogeneity
and equal variance. One-way ANOVA was used to
compare the properties of two plant residues. For
measurements carried out repeatedly during the
experiment, repeated measures analysis of variance
(ANOVA) was carried out in GenStat (GenStat for
Windows, 15" edition, VSN Int. Ltd, UK, 2012).
Two-way ANOVA with factors residue x moisture
treatment was used for data in the first 10 days.
two-way ANOVA with factors residue and moisture
treatment x day of residue addition for data after the
second residue addition. The interaction of residue
treatment and time of the second residue addition
was significant (p<0.05). Therefore, Tukey’s multiple
comparison test at 95% confidence interval was used
for each sampling time separately to determine which

treatments differ significantly from each other. In the
results, only significant differences are reported.

3. Results

3.1. Respiration

In the first three days after the first residue addition,
respiration rate was highest in LH-50 (low C/N
young faba bean followed by high C/N wheat straw
at 50% WHC) and lowest in HL.-10 (high C/N wheat
straw followed by low C/N young faba bean at 10%
WHC) (Figure la). Within each residue treatment,
it was lower with 10% WHC than 50% WHC, with
greater differences in LH than HL. In LH, respiration
rate declined in the first 6 days whereas in HL50,
respiration rate increased from d2 to d5 and then
decreased. Rewetting of the 10% WHC treatments on
d10 induced a ten-fold increase in respiration rate on
d11, after which respiration rate decreased until it was
similar to that in 50% WHC treatments on d15.

After the second residue addition, respiration rate
was influenced by timing of amendment and in LH,
water content in the first 10 days (Figure 1b, ¢, d, e).
In LH, respiration rate between the second and fourth
day after amendment was highest when residue
was added five days after rewetting (Figure 1b, c).
When residue was added one day after rewetting.
respiration rate decreased from d1 to d2 after which
it remained stable until d6 and then decreased. In the
treatment where the second residue was added two
days after rewetting, respiration rate increased until
d5 and then decreased.

In HL, respiration rate was highest on d1 when the
second residue was added five days after rewetting
(Figure 1d. e). Respiration rate declined from d2
and was little affected by when the residue was
added from d4 onwards. Respiration rate was not
influenced by water content in the first 10 days.
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Cumulative respiration in the first 10 days was
higher at 50% WHC than at 10% (Figure 2a).
Only at 50% WHC it was higher in LH than HL.
Cumulative respiration between rewetting and the
second residue addition increased with number
of days (Figure 2b, c. d). In the 10 days after the

second residue addition, cumulative respiration

was higher when residue was added five days
was rewetting than if added after one or two days.
Cumulative respiration after rewetting and residue
addition was greater in soil kept at 10% WIIC in
the first ten days than with 50%. It was higher in
HL than LH, with greater differences at 50% than
10% WTIC.
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Figure 1. Respiration rate (n=4, means + SE) from day 1 to 15 in treatments LH and HL at 10% or 50% WHC in
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3.2. Microbial biomass

Two days after the first residue addition, MBN was
two-fold higher at 50% WHC than at 10%, but did
not differ between residue treatments at a given water
content (Figure 3a). From d2 to d10, MBN increased
in LH, but decreased in HL (Figure 3b). On d10,
MBN was up to ten-fold higher in LH than HL and it
was higher at 50% WHC than at 10%. After rewetting
and before the second residue addition, MBN in LIT
was lower after one day than after five days (Figure
3c¢). Time after rewetting had no consistent effect on

MBN in HL. In general, MBN was higher in LH than
HL, but was not influenced by the water content in the
first ten days. Two days after the second amendment,
MBN was highest when the second residue was added
one day after rewetting (Figure 3d). In both residue
treatments, MBN was lower with 50% WHC in the
first ten days than with 10%. Ten days after the second
amendment, MBN in most treatments except in HL-
50, was two to five-fold higher if the second residue
was added one day after rewetting than if it was added
after five days (Figure 3e). There were no consistent
differences in MBN between HL and LH.
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Figure 3. Microbial biomass N in treatments LH-10, LH-50, HL.-10 and HIL-50 on days 2 (a) and 10 (b), first day
after rewet and before second residue addition (c¢), and 2 days (d) and 10 days after second residue addition (e)
(n=4, means + SE). Bars with difterent letters indicate significant differences among treatments at each sampling

time (P <0.05).
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On d2 after the first residue addition, MBP was about
ten-fold higher in LH than HL at both water contents
(Figure 4a). From d2 to d10, MBP decreased in LH,
but increased in HL. On d10, MBP was higher in
LH-50 than in the other treatments (Figure 4b). After
rewetting and before the second residue addition,

MBP decreased with number of days after rewetting

in LH-10, but did not change over time in the other
treatments (Figure 4c¢). Residue treatment and water
content in the first ten days had little effect on
MBP before and after the second residue addition.
The number of days between rewetting and second
amendment did not influence MBP after the second

residue addition.
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3.3. Available N and P

Available N on d2 and d10 after the first residue
addition was about two-fold higher in LH than HL
(Figure 5 a, b). On d2. available N was slightly, but
significantly higher at 10% WHC than at 50%. On
dl10, available N in LH was higher at 50% WHC
than at 10%, but not in HL. After rewetting and
before the second amendment, available N was three
to four-fold higher in LI than HL. In LI, available
N was lower one day after rewetting than five days
after rewetting. After five days it was higher in soil
that had been at 10% WHC in the first 10 days than

100

the soil at 50% WIIC (Figure 5¢). In HL, available
N was not influenced by the previous water content
or time after rewetting. Two days after the second
amendment, available N was about 40% higher in HL,
than LH (Figure 5d). In all treatments, available N
was highest when the second residue had been added
5 days after rewetting. Available N was higher in IL.-
50 than HL-10, but water content in the first 10 days
did not influence available N in LH. Ten days after the
second residue addition, available N was higher in TTL.
than LH, but there was no consistent effect of water
content in the first ten days or number of days between

rewetting and second residue addition (Figure Se).
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Two and ten days after the first residue addition.
available P was about two-fold higher in LH than
HL (Figure 6a, b). Water content had little effect
on available P except on d10 in LH where it was
higher at 10% WHC than at 50%. After rewetting
and before the second amendment, available P was
more than two-fold higher in LI than HIL (Figure
6¢). Neither water content in the first ten days nor

time after rewetting influenced available P. Two days

after the second amendment, available P was highest
in HL-50 (Figure 6d). The water content in the first
ten days influenced available P only in HL. where it
was higher in HL-50 than ITL.-10. Ten days after the
second residue addition. available P was about 20%
higher in HL than LH (Figure 6e). Two and ten days
after the second residue addition, available P was not
influenced by the number of days between rewetting

and residue addition.
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4. Discussion

In this study. the soil water content between the
first and second plant residue addition influenced
respiration whereas the time between rewetting and
residue addition affected N availability. Microbial
N uptake was influenced by both soil water content
and time between rewetting and residue addition.
However, neither soil water content between the
first and second residue addition nor time between
rewetting and residue addition influenced the
legacy effect.

4.1. First ten days

Low water content (10% WHC) reduced cumulative
respiration as well as MBN on d2 and d10 compared
to 50% WHC. Reduced microbial activity at low soil
water content is due to restricted water availability and
disconnection of the water film around aggregates,
which limits substrate diffusion to microbes (Schimel
etal.,2007). However, cumulative respiration at 10%
WHC was half of that at 50%, but not eliminated,
which suggests that some microbial growth occurred
at this low water content (Zhang and Marschner,
2017). Available N decreased from d2 to d10 in
LH-10 indicating that N immobilisation exceeded
N mineralisation at low water content. As expected
from previous studies (Hadas et al., 2004; Marschner
et al., 2015), the lower C/N ratio of L induced higher
available N and P compared to H.

4.2. Between rewetting and second residue addition

The greater cumulative respiration after rewetting in
the soil that had been at 10% WHC in the first 10 days
compared to that at 50% WHC can be explained by
the rewetting flush that has been documented in many

previous studies (Schimel et al., 2007, Borken and

Matzner, 2009; Shi and Marschner, 2014). However,
the previous water content had little effect on nutrient
availability and microbial biomass after rewetting.
The number of days between rewetting and residue
addition influenced microbial biomass and N
availability in LH-10. Five day after rewetting
compared to one day, MBN and available N were
higher. This suggests that with time after rewetting,
more substrate became available allowing microbial
N uptake and releasing available N from the low
C/N residue added on d0. MBN increased from the
first to the fifth day in both LH-10 and LH-50. thus
was related to time after the first residue addition,
not rewetting. However, available N increased with
time only in LH-10. This suggests that rewetting
induced N mineralisation beyond the requirement
of the microbes (Mikha et al.. 2005). In HL, time
after rewetting did not influence microbial biomass
or nutrient availability, probably because the low
nutrient content of the H residues in the soil limited
respiration. growth and nutrient mineralisation
(Heal et al., 1997).

4.3. After second residue addition

Respiration rate in the first three to four days
after the second residue addition were higher
when residue was added five days after rewetting
compared to one day. particularly in LH. This
stimulated respiration suggests that microbes were
more starved five days after rewetting (Zhang
and Marschner, 2017) (15 days after the first
amendment) and rapidly decomposed the freshly
added residues. Cumulative respiration was greater
in HL than LH which can be explained by the
addition of easily decomposable L on day 10 in
the former. The higher cumulative respiration in
LH-10 and HL-10 compared to LH-50 and HL-
50 shows that rewetting can stimulate respiration
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for more than five days in residue amended soil.
In a non-amended soil, the rewetting flush may
be shorter-lived because of rapid depletion of
available nutrients (Borken and Matzner, 2009).
Two days after the second residue addition, the
previous water content influenced microbial N
uptake in both residue treatments. Rewetting of the
soil that had been at 10% WHC in the first ten days
increased MBN compared to the soil maintained
at 50% WHC. In LH, N taken up by microbes may
have come from the L residue left in the soil from
the first addition. In HL microbes likely mineralised
the freshly added L. However, N availability was
not influenced by the previous water content
indicating that rewetting only increased microbial
N uptake, not net N mineralisation. Residue type
influenced available N and P only in soil that was
at 50% in first ten days, where it was greater in HL.
than LH which can be explained by the addition
of low C/N residue in HL two days before (Heal
et al., 1997). In the soil that was at 10% WHC in
the first 10 days, it is likely that in LH sufficient
L was left in the soil when H was added to induce
net N and P mineralisation to a similar extent
as in HL. where L had just been added. The first
hypothesis was that the legacy effect of the first
residue added would be greater when the soil water
content between first and second residue addition
is low. A greater legacy effect would reduce the
effect of the second residue added on the measured
parameters. For example in LH, available N after
the second residue addition should be higher in
soil previously at 10% WHC than that kept at 50%
WHC. However, the water content in the first 10
days had no consistent effect on the legacy effect.
Therefore, we decline the hypothesis.

The number of days between rewetting and
second amendment influenced MBN two days and
10 days after the second residue addition in all

treatments. In treatments with residues added one
day after rewetting, MBN was higher compared
to amendment after five days. Since this occurred
irrespective of the water content in the first 10
days, the higher MBN when residues were added
one day after rewetting can be explained by the
time between first and second residue addition: 10
compared to 15 days. A shorter interval between
residue additions appears to stimulate N uptake by
the microbial biomass. In N limiting conditions,
the number of days between rewetting and residue
addition may have little effect on MBN and
available N. However, the number of days between
rewetting and the second residue amendment
did not influence legacy effect. Thus. the second
hypothesis can be declined.

5. Conclusion

This study showed that in plant residue amended
soil, N mineralisation and immobilisation are
influenced by soil water content after the first
residue addition and time between rewetting and
second residue addition. The new finding is that
two and 10 days after the second residue addition,
MBN was higher in soil that was amended one
day after rewetting than that amended after five
days which indicates enhanced N immobilisation.
Enhanced microbial N uptake may reduce plant
N availability, but can also minimise N loss via
leaching or volatilisation. Further, the immobilised
N becomes plant available over time through
microbial biomass turnover. This indicates that
the interval between residue additions should be
taken into account in farming systems. To better
understand N dynamics in residue amended soil
after rewetting and its impact on plant N uptake
N labelled residue should be used in future

experiments.
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Abstract

Soil water content is a major factor influencing organic matter decomposition. In our previous study, we showed
that microbial biomass and nutrient availability after the second residue addition is influenced by the C/N ratio
of both the first and the second residue (referred to as legacy effect). Different constant soil water content be-
tween the first and second residue addition may influence soil respiration, microbial biomass and nutrient avail-
ability and also the legacy effect. A loamy soil was unamended (C), or amended with plant residues with either
high (mature wheat straw, H) or low C/N ratio (young faba bean, ) on day (d) 0 and d10, giving treatments CH.
CL,HH, HL, LL and LH. Between d0 and d10, the soil was maintained at 10, 30 or 50% of water holding capac-
ity (WHC), on d10, before residue addition, soil water content was adjusted to 50% WHC and maintained at this
water content until d20. Cumulative respiration from d1 to d10, MBC and MBN on d1 and available N and P on
both d1 and d10 were lower at 10% than at 50% WHC. When L. was added on d10, cumulative respiration from
d11 to d20, microbial biomass C and N on d11 and available N on d20 were higher in soil kept at 10% WHC in
the first 10 days than in that maintained at 50% WHC. The previous water content had little effect on respiration
and nutrient availability when H was added on d10. Differences in MBC, MBN. MBP and available N on d11
between HL and LL and between LH and HH were greater when the water content in the first period was 10%
WHC compared to 50% WHC. It can be concluded that water content between residue additions influences soil

respiration and nutrient availability not only directly, but also after rewetting and residue addition.

Keywords: Legacy effect, microbial biomass, nutrient availability, residue addition, water content
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1. Introduction

Organic amendments have been used in agricultural
soil to provide nutrients to crops, which is recognised
as sustainable farming (Power, 2010; Scotti et al.,
2015). The effect of organic amendments on microbial
activity and growth and nutrient availability is influ-
enced by the composition of the organic amendment,
particularly the C/N ratio (Heal et al., 1997). It is
well-known that organic amendments, e.g. plant resi-
dues, with low C/N are decomposed faster and lead to
higher N availability than high C/N residues (Hadas et
al., 2004). Another factor influencing decomposition
is soil water availability through its effect on micro-
bial activity. At low water content, matric potential is
more negative because water is bound more tightly to
soil particles and held in smaller pores than at high
water content (Brady & Weil, 2002). Therefore water
is less available for microbes and plants at low com-
pared to high water content and more energy has to be
spent to take up water (Schimel ef al., 2007). Further,
water films around soil particles become thinner and
disconnected as soils dry which reduces nutrient dif-
fusion (Geisseler et al., 2011: Ilstedt et al., 2000).
This 1s particularly important in areas that have long
periods with little or no rain, many of which may be-
come drier in the future (Solomon et al., 2007).

In previous studies of our group, we showed that mi-
crobial biomass and nutrient availability after the sec-
ond residue addition are influenced by the C/N ratio of
both the first and the second residue, which we refer
to as legacy effect (Marschner ef al., 2015; Nguyen
et al., 2016). For example, nutrient availability was
lower in low after high C/N residue than in low after
low C/N. This can be explained by microbes decom-
posing both the previously added residue left in the
soil and the freshly added residue. In low after high
C/N residue, N mineralised by microbes decomposing
low C/N residue can be taken up by microbes

decomposing high C/N residue. Zheng & Marschner
(2017) varied the amendment rate of the first residue
and showed that the legacy effect is smaller at low
compared to high amendment rate. This indicated
that the legacy effect is influenced by the amount
of the initially added residue left in the soil when
the second residue is added. Recently, Zhang &
Marschner (2016) found that the legacy effect of the
first residue added was not influenced by the num-
ber of drying and rewetting events between first and
second residue addition. However, the amount of the
first residue left in the soil when the second residue
is added could also be influenced by soil water con-
tent between the two residue additions through its ef-
fect on microbial activity. The aim of this study was
to determine the effect of soil water content between
the first and second residue addition on soil respira-
tion, microbial biomass and nutrient availability. We
hypothesised that the legacy effect is stronger when
the water content after the first amendment is low
than when it is high because more of the first residue
is left in the soil when the second residue is added.

2. Materials and Methods

2.1. Soil and plant residues

A loamy soil was collected in spring 2015 from 0 to
10 cm depth in Urrbrae, South Australia (Longitude
138°38°3.2" E. Latitude 34°58°0.2"S) from an area
that had been under pasture for more than 80 years.
This site is in a semi-arid area and has a Mediter-
raneanmclimate with cool, wet winters and hot, dry
summers. The soil is a Red-brown Earth according to
Australian soil classification (Isbell, 2002) and clas-
sified as Rhodoxeralf in US Soil Taxonomy. Soil was
collected along a randomly selected central transec
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in three 2 x 2 m plots which were at least 10 m apart.
In each sampling plot. after removal of plants and
surface litter five samples of the topsoil (0-10 cm)
were taken and sieved to less than 2 mm followed by
air-drying in a fan-forced oven at 40 °C. Soil from
all sampling points were mixed before starting the
experiment. The soil properties are 22% sand, 60%
silt, 18% clay, maximum water capacity (WHC) 371
g ke, pH (1:5) 5.6, EC (1:5) 0.1 dS m!. total organic
C 17 gkg?, total N 1.5 g kg**, bulk density 1.3 g cm™,
available P 10 mg P kg and available N 15 mg N kg™

Two types of plant residues were used: young faba

bean (Jicia faba L.) as low C/N ratio residue (L), and
mature wheat straw (Triticum aestivum 1..) as high
C/N ratio residue (I1) (Table 1). These two plant spe-
cies are typical crops in Southern Australia and often
follow each other in crop rotations. The residues were
dried at 40 °C in a fan-forced oven, finely ground and
sieved to 0.25-2 mm particle size. Low C/N ratio resi-
due had 5 to 10 times higher total N, total P, available
N and P and two-fold higher water extractable C con-
centration, but lower C/N ratio and C/P ratios than H
(Table 1). The residues had a similar pH and total
organic C content.

Table 1. Total organic C, total N, total P. C/N ratio and C/P ratio, available N and P, water-extractable C, pH
and electrical conductivity (EC) of low C/N (young faba bean) and high C/N (mature wheat straw) residues

(n=4). (P<0.05).

Property Low C/N High C/N
Total organic C (g kg') 374 418
Total N (g kg™') 22.9° 4.9°
Total P (g kg!) 6.5° 0.7%
C/N ratio 16* 86"
C/P ratio 58 643"
Available N (mg kg'!) 4870 87¢
Available P (mg kg') 2470 30°
Water extractable C (g kg') 920 542
pH (1:10) 6.2 6.3
EC (1:10) (mS m™) 10.2 56

2.2. Experimental design

Before the start of the experiment, the air-dried soil
was incubated for 10 days at 21-23 °C in the dark at
50% of maximum WHC to activate the soil microbes
and to stabilise soil respiration. This water content
was selected based on previous studies that showed
that microbial activity is maximal at 50% WLHC in this
soil (Marschner et al.. 2015)

After pre-incubation, the soil was either kept at 50%
or dried in a fan-forced oven at 40 °C to 30% or 10%
of WHC in 2-4 h. Water contents of 50, 30 and 10% of
WHC correspond to water potentials of -0.078, -0.32
and -1.7 Mpa. These water contents were used because
they gave large differences in soil respiration in this soil
in another experiment (Xue ef al.. 20106). After reaching
the target water content, soil was left unamended (C)
or amended with I or H residues at a rate of 10 g kg
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The water content was maintained at 10, 30 or 50%
WHC from day (d) 0 to d10. On d10, the soil water
content of all treatments was adjusted to 50% WIIC
and then residues were added at 10 g kg! to give six
residue treatments (CH, CL, HH, HL, LL. and LH).
The soil was kept at 50% WHC from d10 until the end
of the experiment (d20).

After each residue amendment, 30 g dry soil equivalent
was filled into PVC cores with 1.85 ¢m radius, 5 cm
height and a nylon mesh base (7.5 pm, Australian Filter
Specialist) and packed to a bulk density of 1.3 g cm™!.
The cores were placed individually into 1 L jars with
gas tight lids equipped with septa to allow quantifica-
tion of the headspace CO, concentration as described
below. The jars were incubated in the dark at 21-23 °C.
Soil moisture was maintained by checking the water
content every few days by weight and adding reverse
osmosis (RO) water if necessary. Soil respiration was
measured daily. Four cores per treatment were de-
structively sampled on d1 (one day after the first resi-
due addition), d10 (end of first period). d11 (one day
after water content was adjusted to 50% WHC in all
treatments and second residue addition) and d20 and
analysed for available N and P, microbial biomass C,
N and P, giving a total of 216 cores.

The extent of the legacy effect in the second period was
calculated by comparing the measured parameters in
LH with those in HH and in LI with those in HL for
each water content in the first period. To be specific, if
the second residue was L, then the extent of the legacy
effect in the second period was (LL-HL)/HL; while if
the second residue was H, then the extent of the legacy
eftect in the second period was (LIH-HH)/HH.

2.3. Measurements
Soil texture was determined according to the rapid

textural analysis (Chaudhari et al., 2008; Kettler et

al.,2001). Maximum soil water holding capacity was

measured in a sintered glass funnel connected to a 100
mm water column (ywm = -10 kPa). Soil was placed in
rings in the sintered glass funnel. thoroughly wetted
and allowed to drain for 48 h. Dry weight of the soil
was determined after oven drying at 105 °C for 24 h.
Soil pH and EC were measured in a 1:5 (w/v) soil to
reverse osmosis (RO) water ratio after 1 hour shaking
at 25 °C. Total organic carbon of soil and plant resi-
dues was measured according to Walkley & Black
(1934) and total nitrogen was measured using the
Kjeldahl method followed by colorimetric measure-
ment as described in Bremmer & Mulvaney (1982).
Soil and plant residues were digested with a mixture
of INO, and HCIO,. to determine total P. Total P in
the extract was measured by the phosphovanadom-
olydate method. Water extractable organic carbon
was determined by shaking 1 g residue with 30 ml
RO water for 1 hour. Then the extract was centrifuged
at 3000 rpm for 10 min and filtered through a What-
man# 42 filter paper. The organic C in the extract was
determined after K,Cr,0, and H,SO, oxidation by ti-
tration with acidified (NH,),Fe(SO,),*6H,0.

Soil respiration was measured daily by quantifying the
CO, concentration in the headspace of the jars using a
Servomex 1450 infra-red analyser (Servomex Group,
Crowborough, UK) as described in Setia et al. (2011).
Jars were vented using a fan to refresh the headspace
daily after each measurement (t1) and then resealed
followed by another CO, measurement (0). The CO,
produced during this given interval is the difference
in CO, concentration between t 1 and t0 (Setia et al..
2011). Linear regression based on injection of known
amounts of CO, into empty jars of similar size was
used to define the relationship between CO, concen-
tration and detector reading.

Available N (ammonium and nitrate) concentration
was measured after 1 hour end-over-end shaking with
2MKCl ata 1:5 soil to extractant ratio. Ammonium-N
was measured after Willis e al. (1996). Nitrate-N was
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determined as described in Cavagnaro et al. (2006).
Available P was extracted by the anion exchange resin
method (Kouno ef al.. 1995), the P concentration was
determined colorimetrically (Murphy & Riley, 1962).
Microbial biomass C (MBC) and N (MBN) were de-
termined by chloroform fumigation-extraction with
0.5 M K,SO, at 1: 4 soil to extractant ratio (Vance
et al., 1987). Organic C concentration in the extract
was measured by titration with 0.033 M acidified
(NH,),Fe(SO,),*6H,0 after dichromate oxidation.
Themchloroform-labile C concentration is the dif-
ference between fumigated and non-fumigated soil,
which was multiplied by 2.64 to calculate MBC
(Vance et al., 1987). Microbial biomass N was cal-
culated as the differences in NH,~ concentration be-
tween fumigated and non-fumigated samples divided
by 0.57 which is the proportionality factor to convert
ammonium to MBN suggested by Moore et al. (2000).
Microbial biomass P (MBP) was determined with the
anion exchange method as described by Kouno et al.
(1995) using hexanol as fumigant. Microbial biomass
P is the difference in P concentration between fumi-
gated and un-fumigated soil (Kouno et al., 1995). No
correction factor was used for P because recovery of
a P spike in this soil was 98% (Butterly et al., 2010).

2.4. Statistical analysis

There were four replicate cores for each treatment and
sampling time. Data was tested for homogeneity and
equal variance. FFor measurements carried out repeated-
ly during the experiment, two-way analysis of variance
(ANOVA) was carried out in SPSS (IBM NY, USA).
The interaction between residue treatment and water
content treatment was significant (p<0.05). Therefore
Tukey’s multiple comparison test at 95% confidence
interval was used for each sampling time separately
One way ANOVA was also used to compare cumula-

lative respiration in the two 10-day intervals as well as
for the properties of two plant residues.

3. Results

3.1. Cumulative respiration

In the first 10 days, cumulative respiration was about
two-fold higher in I than H and about three-fold higher
in H than in unamended soil (Figure la). It was 2 to
3-fold higher at 50% WHC than at 10% WHC. From
d11 to d20 (after residue addition and adjusting the wa-
ter content in all treatments to 50%, Figure 1b), cumu-
lative respiration was higher in HL, LL and LH than
in treatments that had received only H (CH and HH).

(a) Day 1-Day 10 D10% WHC

E30% WHC

B50% WHC ©
f

N W oA U oo

Cumulative respiration (mgC0O,-C g soil)
o

Figure 1. Cumulative respiration from day 0 to day 10
and from day 11 to day 20 in soil with different water
contents (10%, 30% or 50% WHC) in the first 10 days
and at 50% WHC from day 10 to day 20. The soil was
unamended (C) or amended with high (H) or low (L) C/N
ratio residue on day 0 followed by addition of H or L. on
day 10 (n=4, means + SE). For each 10-day period (day
1-10, day 11-20), bars with different letters indicate sig-
nificant differences among treatments (P <0.05).
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It was 20-40% higher in soil previously maintained at
10% WHC than that kept at 30 or 50% WHC with a
smaller difference in CI and CL, which had not been
amended in the first period, than in treatments with res-
idue addition on d0. In the previously amended soils,
cumulative respiration in the second period in soil
maintained at 30% in the first period was only slightly
(5-10%) higher than at 50%. In all moisture treatments,
cumulative respiration from d11 to d20 was 50-75%
higher in LH than HH and similar in HL and LL.

1000

3.2. Microbial biomass

On dl, MBC was highest in L and lowest in un-
amended soil and decreased with soil water content
(Figure 2a). Differences in MBC between residue
treatments were greater at 50 and 30% than at 10%
WIHC. On d10, MBC was lower than on dI at 30
and 50% WHC, but similar as on d1 at 10% WHC
(Figure 2b).

800
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Microbial biomass C (mg kg soil)
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Figure 2. Microbial biomass C concentration on days 1 (a), 10 (b), 11 (¢) and 20 (d) in soil with different water
contents (10%, 30% or 50% WHC) in the first 10 days and at 50% WHC from day 10 to day 20. The soil was
unamended (C) or amended with high (H) or low (L) C/N ratio residue on day 0 followed by addition of H or L. on
day 10 (n=4. means = SE). For each sampling time, bars with different letters indicate significant differences

among treatments (P <0.05).

In amended soil (L and H). MBC on d10 was high-
est at 30% WHC, but in unamended soil it was sim-
ilar at 10 and 30% WHC, both being higher than
50% WHC. On d 11, one day after adjustment of
the water content to 50% WHC and residue addi-
tion, MBC was up to threefold higher than on d10,
with a greatest increase in soil previously main-
tained at 10% and the smallest increase in soil kept
at 50% WHC in the first period (Figure 2c).

In all residue treatments, MBC on d11 was highest
in soil kept at 10% WHC in the first period and
lowest in soil maintained at 50% WHC. Microbial
biomass C was up to two-fold higher at 10% than
50% WHC in treatments that were amended with L.
in the second period (CL, HL, LL). In soils amend-
ed with H on d10, MBC on d11 was 1-20% higher
in HI and LI at previous 10% WIHC than at 50%.
but three-fold higher in CH.

Journal of Soil Science and Plant Nutrition, 2017, 17 (3), 594-608

115



Influence of low soil water content on soil respiration and nutrient availability — 600

On d11. MBC was 14% higher in LH than HH at 10%
WHC in the first period, but only 7% higher at 50%
WIIC. Microbial biomass C was about 20% higher in
LL than HL at 10% WHC, but similar in both treat-
ments at 50% WLIC in the first period (d1-10). In gen-
eral, MBC on d20 was lower than on d11 (Figure 2d).
It was two to four-fold higher in soils amended with L
on d10 (CL, HL,, LL) than those amended with H (CH,
HH, LH). The previous water content had no consistent
effect on MBC on d20 and also had no consistent effect
on differences between HL and LI, or LH and HH.

90

Microbial biomass N on d1 (Figure 3a) was highest
in soil amended with L. Within each residue treat-
ment, MBN was higher at 50% than at 10% WILIC
with greater differences in residue amended soils
(about two-fold higher at 50% than at 10%) than
in unamended soil (20% higher at 50% WHC). Mi-
crobial biomass N did not change from d1 to d10
in unamended soil or soil with H. With L., MBN did
not change from d1 to d10 at 50% WHC, but de-
creased about two-fold at the lower water contents
(Figure 3b).
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Figure 3. Microbial biomass N concentration on days 1 (a), 10 (b), 11 (c¢) and 20 (d) in soil with different water
contents (10%, 30% or 50% WHC) in the first 10 days and at 50% WHC from day 10 to day 20. The soil was
unamended (C) or amended with high (H) or low (L) C/N ratio residue on day 0 followed by addition of H or L

on day 10 (n=4, means + SE). For each sampling time, bars with different letters indicate significant differences

among treatments (P <0.05).
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Differences between residue treatments in MBN on
d10 were greater at 50% WHC than 30 or 10%. On
d11 (one day after adjustment to 50% WIIC and resi-
due amendment). MBN was up to eight-fold higher
than on d10 with the greatest increase in LL previous-
ly kept at 10% WHC (Figure 3¢). Microbial biomass
N on d11 was highest in LL and lowest in CH. The
previous water content did not influence MBN in CH,
CL and HL. In HH, MBN on d11 was lowest in soil
previously maintained at 10% WHC whereas in LL
and LH it was lowest in soil maintained at 50% WHC.
The difference between 10 and 50% was greater in
LL (two-fold higher in 10% WHC) than in LH (20%
higher). At 10% WHC in the first 10 days, MBN
on d11 was nearly four-fold higher in LH than HH,
whereas it was only 7% higher at 50% WHC. The dif-
ference in MBN between LL and HL was also greater
at 10% WHC in the first period (three-fold higher in
LL) than at 50% (two-fold higher). Microbial bio-

mass N changed little from d11 to d20 in CH, HH,
LI and LH. but increased in CL and HL in soil
previously kept at 10% WIC where it was up to
two-fold higher on d20 than d11 (Figure 3d). In
soil amended at least once with L (CL, HL, LL and
LH), MBN on d20 was two to three-fold higher
with previous 10% WHC than 50% WIHC. but
MBN was not influenced by the previous water
content in soils only amended with H (CIH and
HH). The difference in MBN on d20 between LH
and HH was greater at 10% WHC in he first period
(about two-fold higher in HL) than at 50% (25%
higher in HL). The difference between LI and HL
was greatest at 30% WLHC i1n the first period (1.5-
fold higher in LL), followed by 10% WHC (30%
higher in LL) and smallest in soil maintained at
50% WHC (15% higher in LL). Microbial biomass
Pon dl was five to ten-fold higher in soil amended
with L than with H and unamended soil (Table 2).

Table 2. Microbial biomass P concentration (mg kg soil) on days 1, 10. 11 and 20 in soil with different water
contents (10%, 30% or 50% WHC) in the first 10 days and at 50% WHC from day 10 to day 20. The soil was un-
amended (C) or amended with high (H) or low (L) C/N ratio residue on day 0 followed by addition of H or L on day
10 (n=4., means £ SE). For each sampling time, values with different letters are significantly different (P < 0.05).

Residue  10% WHC  30% WHC  50% WHC | 10% WHC  30% WHC 50% WHC
treatment Day 1 Day 10

C 7.30.9% 2.8+1.5% 554055 2.6+0.4* 3.4%1.0% 531.6M=

H 10.4%0.1° 2.4+0.5% 5.9+1.6® 5.2+0.9% 104+1.0¢  10.3+1.9

L 45.6%1.5¢ 53.3+2.3¢ 58.4+1.59 | 10.0+3.5%d  155+4.0°  16.3%1.4¢
Day 11 Day 20

CH 7:241.1* 8.9+1.4% 8.4+2.0% 22.3+0.7° 11.4+0.2°  14.443.0°

CL 259437 17.2£2.4%  14.0+1.7%d | 24.8+0.3 20.8£1.9°  21.4%3.1°

HH 9.4+3 5% 16.9+2.2¢4  13.6+3.9%cd | 26.3+0.9% 13:051.7 12:7%2.32

HL 16.1+1.7%de  30.3+3.7¢h  38.2+8.8h | 32.5%1.00  259+1.1%  21.#3.7°
LL 45.9+1.41 43.7+0.5' 42.6£2.T 46.7+1.4 44.5+3.4"  37.322.2°
LH 20.8+1.0%F  27.9+1.3f 227420t | 30.8+2.3¢  30.6+2.2¢¢  25.5%3.1%¢
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In soil with L, MBP increased with soil water con-
tent and was about 25% higher at 50% WHC than at
10% WIIC. Water content had little effect on MBP
on dl in unamended soil and with H. With L, MBP
decreased by 70% from d1 to d10, but changed little
in the other two amendment treatments. In both H
and L amended soil, MBP on d10 was 30-50% higher
at the two higher water contents than at 10% WHC.
At all water contents, MBP was highest in soil with
L. Microbial biomass P increased from d10 to d11
(one day after residue addition and adjusting the wa-
ter content to 50% WIIC), ranging from a two-fold
increase in CH to a five-fold increase in LL. On d11
MBP was highest in LL and lowest in CH. In soils
amended with H in the second period (CH, HH, LH),
the previous water content did not affect MBP on
d11. In CL and LL, MBP was higher in soil kept at
10% WHC in the first 10 days than at 50% WHC, but
in HL the reverse was true. The difference in MBP
between LH and HH on d11 was greater in soil kept
at 10% WHC previously (LH two-fold higher than
HH) than in soil maintained at 50% WHC (LH 60%
higher than HH). Similarly, MPB on d11 was nearly
three-fold higher in LL than HL in soil kept at 10%
WHC in the first 10 days whereas it was only 11%
higher in soil maintained at 50%. Microbial biomass
P remained stable from dl11 to d20 in LL and CL
in all previous water contents. In the other residue
treatments, MBP in soil kept at 10% in the first 10
days increased up to twofold from d11 to d20, but
changed little with the other previous water con-
tents. The difference in MBP on d20 between LH
and HH was greater in soil kept at 50% WHC pre-
viously (LH two-fold higher than HH) than in soil
maintained at 10% WHC (LH about 20% higher
than HH). Microbial biomass P on d20 was about
80% higher in LL than HL in soil with 50% WHC
in the first 10 days whereas it was only 40% higher
in soil maintained at 10%.

3.3. Available N and P

On d1 and d10, available N was three to six-fold
higher in soil with I. than with H or unamended
soil (Figure 4a, b).

Available N on d1 increased with water content in
soil with L, but was not influenced by water con-
tent in the other two residue treatments. Available
N on dl10 was highest at 10% WIC in all resi-
due treatments. In treatments that were amended
with L on d10 (CL, LL and HL), available N in-
creased about two-fold from d10 to d11 whereas
it remained unchanged when H was added on d10
(CH, HH, LH) (Figure 4c). Soil water content in
the first 10 days did not influence available N on
d11 in CH and HII. In LL and LI, available N was
10-20% higher in soil kept at 10% previously than
soil maintained at 50% WHC. But in CL and HL.
available N was two-fold higher in soil maintained
at 50% WHC than soil kept at 10% WIIC in the
first 10 days. Available N on d11 was about ten-
fold higher in LH than HH at all previous water
contents. But the difference in available N on d11
between LL and HL was greater in soil previously
kept at 10% WHC (three-fold higher in LL than
HL) than soil maintained at 50% (two-fold higher
in LL). Available N increased about two-fold in
most residue treatments (except LH) from d11 to
d20 1n soil that was kept at 10% WHC previously
whereas it changed little over time in soil main-
tained at 50% WHC (Figure 4d). In all residue
treatments except HH, available N was about two-
fold higher in soil kept at 10% WHC previously
compared to that kept at 50% WHC. Available N
on d20 was threefold higher in LH than HH in soil
that was kept at 10% WHC previously, but only
14% higher in soil maintained at 50% WIIC. It was
about two-fold higher in LL than HL at all previous
water contents.

Journal of Soil Science and Plant Nutrition, 2017, 17 (43, 594-608

118



603  Zhang et al.

180

a)Day 1 010% WHC B30% WHC M50% WHC (b) Day 10

150

120
5 % i y
o 60 f =
‘o
- e
o 0 be d ¢ ab a a H S b b b . .
E L ) o - [
=
o 180 < H L c H ; L
= (c) Day 11 (d) Day 20
@ 150 h
S 120 ;
<< hh 8 g

Figure 4. Available N concentration on days 1 (a), 10 (b), 11 (¢) and 20 (d) in soil with different water contents
(10%, 30% or 50% WHC) in the first 10 days and at 50% WHC from day 10 to day 20. The soil was unamended
(C) or amended with high (H) or low (I.) C/N ratio residue on day 0 followed by addition of H or L. on day 10
(n=4, means = SE). For each sampling time, bars with different letters indicate significant differences among
treatments (P <0.05).

Available P on d1 was lower at 10% WHC than at but was not influenced by water content in soil with
50% in unamended soil and when amended with L, H (Figure Sa).
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Figure 5. Available P concentration on days 1 (a), 10 (b), 11 (¢) and 20 (d) in soil with different water contents
(10%, 30% or 50% WHC) in the first 10 days and at 50% WHC from day 10 to day 20. The soil was unamended
(C) or amended with high (H) or low (I.) C/N ratio residue on day 0 followed by addition of H or L. on day 10
(n=4, means + SE). For each sampling time. bars with different letters indicate significant differences among
treatments (P <0.05).
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At 50% WILIC, available P on d1 was about two-fold
higher with L. than unamended soil or with H, but
residue treatments differed little in available P at the
lower water contents. In unamended soil and with
1, available P did not change from dl to d10 and
available P on d10 was not influenced by soil water
content (Figure 5b). With L at 10% WIC available
P increased from dl to d10 about two-fold whereas
it remained unchanged at 30% WHC and decreased
two-fold at 50% WHC from d1 to d10. With L, avail-
able P on d10 was about a third higher at 10% WHC
than at 50% WIIC. Available P did not change from
d10 to d11 in soil amended with H on d10 (CH, HH,
LH), but increased about two-fold in soil amended
with L (CL, HL, LL) (Figure 5¢). In LL, the increase
was similar at all previous water contents, but in CL
and HL, the increase was 20-30% greater in soil kept
at 10% WHC previously than at the two higher water
contents. In LL, available P in soil at 10% WHC in
the first 10 days was only about 20% higher than at
the higher water contents. Available P on d11 was
lower in CH and HH than the other residue treat-
ments. [t was about two-fold higher in LH than
HH soil kept at 10 and 30% WHC previously, but
only 60% higher in soil maintained at 50% WHC.
Available P on dl1 did not differ between LL and
HL in soil with 10% WHC previously, but in soil
maintained at 50% WHC, it was about 30% higher
with LL than HL. Available P changed little from
dl1 to d20 in CH, HH, LL and LH at all previous
water contents. Available P also did not change dur-
ing this time in the other treatments at 30 and 50%
WHC (I'igure 5d). But in soil kept at 10% previous-
ly, available P decreased 20-30% from d11 to d20 in
CL and HL. Available P on d20 was about two-fold
higher in LH than HH in soil previously kept at 10%
WHC, but was only about 50% higher in soil with
higher water contents. Available P was about 50%
higher in LL than HL at all previous water contents.

4. Discussion

This experiment showed that after residue addition.
low soil water content influences soil respiration,
microbial biomass and nutrient availability not only
directly, but also after adjustment to optimal water
content. I'urther, it showed that the water content be-
tween the first and second residue amendment affects
the e xtent of the legacy effect after the second resi-
due addition. Differences in respiration, microbial
biomass and nutrient availability were greatest be-
tween 10% WHC and the two higher water contents
whereas the differences between 30 and 50% were
small and inconsistent. Therefore the discussion will
focus on10 and 50% WHC.

4.1. Between first and second residue addition (d1-
d10)

Cumulative respiration, MBC/N/P and available N
and P were higher with L than with H or in unamended
soil. This is in agreement with previous studies
(Marschner et al., 2015; Nguyen et al., 2016) and can
be explained by the higher N. P and water extractable
organic C concentration in L compared to H. Com-
pared to the unamended soil. the measured parameters
were only slightly higher with H indicating that nutri-
ents in H were poorly available to soil microbes.

Compared to 50% WHC, cumulative respiration in
the first period, MBC and MBN on dl and avail-
able N and P on both d1 and d10 were lower at 10%
WHC, with larger differences in soil with L than with
H or unamended soil. This suggests that with I1 and
in unamended soil, low nutrient availability limited
microbes even at optimal water content. The lower
cumulative respiration, MBC, MBN, available N and
P in soil with L at 10% compared to 50% WLIC can be
explained by lower water availability to microbes as a
result of stronger binding of water to soil particles and
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in small pores as well as discontinuous water films
which limit diffusion of substrates to microbes
(Geisseler et al., 2011).

In soil amended with L, differences in MBC were
smaller on d10 than d1 because MBC decreased from
dl to d10 at 50% WHC whereas there was little change
over time at 10% WHC. Available N and P increased
from d1 to d10 about two-fold at 10% WHC, but de-
creased during this time at 50% WHC. The decrease
at 50% WHC can be explained by depletion of easily
available organic N from L.. At 10% WHC, decomposi-
tion was much slower and thus easily available organic
N depleted more slowly. The increase in available N
at 10% from d1 to d10 was greater than the decrease
in MBN which suggests that available N was not only
derived from microbial turnover. Apparently, even at
this low water content some N was mineralised.

At the end of the first period, MBC was little affected
by water content, but MBN and MBP were lower at
10% WHC than at 50%. This may be due to low N and
P mineralisation, but could also be an indirect result
of the low microbial activity. Inactive microbes have
low N and P demand because they require fewer pro-
teins and other cell components than active microbes
(Vrede et al., 2002). Due the lower microbial activity,
it can be assumed that more of the residue added on
d1 was left on d10 at 10% compared to 50% WHC.

4.2. Afier second residue addition (d11-d20)

As in the first 10 days, cumulative respiration in the
second period was greater when L was added on d10
than with H addition which can be explained by the
higher nutrient concentration of L compared to H.
Cumulative respiration from d11 to d20 was gener-
ally higher than in the first period which is likely due
to the greater amount of residue in the soil after the
second addition which would include residue added
on d10 and residue left in soil from first addition). In

treatments where the same residue type was added on
dl and d10 (LL and HH), the difference in cumulative
respiration between first and second period was great-
er at 10% than at 50% WHC. In the soil kept at 10%
WHC in the first 10 days, there are several explana-
tions for the increase in cumulative respiration in the
second period. Firstly, the higher soil water content in
the second period which would increase microbial ac-
tivity. Secondly, a greater proportion of the previously
added residue was left at 10% than at 50% WHC at
the end of the first period, thus the amount of residue
in the soil in the second period was greater

at 10% WHC. Thirdly, rewetting of the soil on d10
may have resulted in a flush of microbial activity (Wu
& Brookes, 2005). This is supported by the greater
increase in MBC from d10 to d11 in soil previously
kept at 10% WHC than that maintained at 50% WHC.
However, since the soil was at 10% WHC, not air-dry,
the flush is likely to be smaller than commonly ob-
servedm upon rewetting of dry soil (Chowdhury et al.,
2011). And lastly, microbes in soil at 10% are likely to
be starved due to limited diffusion which may induce
very high activity when soils are rewet and residues
are added. The more rapid decrease in MBC from d11
to d20 at 10% WHC could be explained by depletion
of available substrates which would be fastest when
initial uptake was high. It is also possible that MBC
on d11 was overestimated because of release of or-
ganic C from freshly added residues, but this would
be the case at all previous water contents.

The previous water content had no clear effect on
MBN and available N on d11. However in treatments
with LL (CL, HL, LL, LH), MBN and available N in-
creased from d11 to d20 and were higher on d20 in
soil previously kept at 10% WHC than that maintained
at 50% WHC. This suggests that N mineralisation
rate increased slowly after rewetting on d10, but then
remained high whereas it did not change or even de-
creased in soil maintained at 50% WHC. Available
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N on d20 was higher in LL and CL than HL because
only I was in the soil in CL. and LI whereas in HL,
microbes decomposing I left from the first addition
immobilised N which is evident in the high MBN con-
centration on d20 in HL. In CH and I, available N
and MBN were low throughout the second period and
not influenced by previous water content indicating
that the low N concentration in H limited N miner-
alisation and uptake. This is in contrast to cumulative
respiration in the second period and MBC on dl11 in
CH and HH which were higher in soil previously kept
at 10% WIIC than that maintained at 50% WIIC.
Thus, while organic C mineralisation was stimulated
by previous low water content, N likely limited mi-
crobial activity and growth in CH and HH.

In the treatments that were unamended in the first pe-
riod (CL and CH), the previous water content gener-
ally had a greater effect on the measured parameters
in CL than CH. In unamended soil, mineralisation of
native organic matter in the first period was greater at
50% than at 10% WHC as shown in the higher cumu-
lative respiration and MBC on day 10. Thus in CL, not
only the added L residue was decomposed, but also
any remaining available native soil organic matter of
which there was more left at 10% than at 50% WHC
which resulted in higher respiration, microbial bio-
mass and available nutrients in soil previously kept at
10% WHC. In CH, N likely limited decomposition of
both added H and available native soil organic matter.
As in our previous studies (Marschner et al., 2015;
Nguyen et al., 2016), nutrient availability and micro-
bial biomass in the second period were influenced by
the C/N ratio of the initially added residue (legacy ef-
fect). Available N and MBN were lower in HL than
LL and lower in HH than I.H which can be explained
by microbes decomposing H and L together in the
treatments HI. and LH. Nitrogen released by microbes
decomposing L can be taken up by those decompos-
ing H. Nutrient transfer from low to high C/N residue

was shown in previous studies (Schimel et al., 2007,

Schwendener et al., 2005). This transfer from L. to H

would increase MBN and available N in LH compared
to HH, but decrease them in HIL. compared to LI.
Based on this concept, it is likely that the extent of the
legacy effect depends on amount of previously added
residue left in the soil when the second residue is add-
ed. The more of the first amendment is left when the-
sec ond residue is added, the stronger the legacy effect
as it was the case in Zheng & Marschner (2017). Thus,
our hypothesis was that the legacy effect is stronger
when the water content in the first period is low than
when it is high. This hypothesis can be confirmed be-
cause differences in MBC, MBN. MBP and available
N on d11 between HL and LI and between LH and
HH were greater when the water content in the first
period was 10% WHC compared to 50% WHC. This
was most pronounced in available N and MBN where
the differences between HL and LL and between LH
and HH were three-fold greater with 10% WIC in first
period than with 50% WHC. The previous water con-
tent had less effect on the extent of the legacy effect
on d20; because by then, decomposition had occurred
at optimal water content for 10 days which is likely to

over-ride the effect of the previous water content.

5. Conclusions

Low soil water content after the first residue addition
reduced residue decomposition, particularly the low
C/N residue. This increased the influence of the first
residue on soil respiration and N availability after the
second residue addition and adjustment to optimal
water content. The implications of these findings are
that residues added to dry soil which is later rewet
have a longer lasting effect on nutrient availability
than expected from studies in constantly moist soil.

This should be taken into account when calculating
fertiliser requirements. To better understand nutrient
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fluxes i soil, *N labelled residue could be used in

future experiments.
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Abstract

Soil water content is a key factor regulating microbial activity and water availability varies
over time. However, little is known about how previous and current soil water content influence
microbial activity and nutrient cycling in soils amended with residue differing in C/N ratio.
The aim of this study was to determine how soil respiration, microbial biomass and nutrient
availability after the first and second residue addition are influenced by water content after each
residue addition and whether the influence is modulated by the order in which residues are
applied. A loamy soil was incubated at 10% or 50% water holding capacity (WHC) in 10-day
period with low (L) or high C/N ratio (H) residues added on day 0 and day 10. Cumulative
respiration was lower at 10% WHC than 50% WHC in both 10-day periods. From day 11 to
20, cumulative respiration was lower in LH than HL in soil that was at 50% WHC in the first
10 days. In LH at 50% WHC from d11 to d20, previous low water content (10% WHC)
enhanced N immobilisation. In HL with 10% WHC from d11 to d20, MBN, available N and P
on d20 were higher in soil that was at 50% WHC in the first 10 days compared to that at 10%.
We conclude that microbial biomass and nutrient availability after the second residue addition
are influenced by both previous and current water content and that the influence is modulated

by the order in which the residues are added.

Keywords

C/N ratio, microbial biomass, nutrient availability, residue addition, respiration, soil water

content
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1. Introduction

Soil water availability is critical for soil microbial activity and thus residue
decomposition may change over time [1]. When soil is dry, water films around aggregates are
thin which restricts nutrient diffusion to soil microbes and the low water potential may draw
water out of cells, thus reducing microbial activity [2, 3]. Moreover, microbes may be
influenced by current and past water content. Banerjee et al. [4] recently showed that bacterial
community composition and expression of genes involved in N transformations and N20O
emissions differed among treatments not only while they were at different water content, but
also after being adjusted to the same water content. They concluded that microbes are
influenced by both past and current water content. Cavagnaro [5] found that previous water
content influenced subsequent mycorrhizal colonization after rewetting of soil. Xue et al. [6]
reported that the effect of low soil water content on microbial biomass and nutrient availability

depended on whether low water content was imposed during or after plant growth.

The incorporation of organic fertilizers and amendments such as plant residues can help
to maintain long-term sustainability and reduce environmental costs in agricultural systems [7].
Organic matter from plant residues can improve soil properties such as amount of plant
available water and nutrients [8], thus providing nutrients for plant growth and improving
agriculture productivity. The C/N ratio of plant materials can be used to predict net N
immobilization and mineralization during decomposition [9]. Addition of residues with high
C/N ratio (> 20) results in immediate net N immobilization in the microbial biomass [10], while
amendment with low C/N ratio (< 20) residues leads to net N mineralization as they satisfy the
nutrient demand of microbes [11]. Previously we showed that nutrient availability and
microbial biomass after the second residue addition are influenced by the properties of the
previously added residue, which is referred as legacy effect [12, 13]. For example, nutrient

availability after the second residue addition was lower with low C/N residue (L) that followed
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high C/N residue (H) than with L added to previously unamended soil. On the other hand,
nutrient availability was higher with H following L than with H added to previously unamended
soil. The legacy effect can be explained by microbes decomposing both the previously added
and the freshly added residue together. Correspondingly, the legacy effect has been shown to
depend on the amount of previously added residue left when the second residue is added [13,

14].

Recently, Zhang and Marschner [15] found that one to four drying and rewetting events
between the first and second residue addition did not influence the legacy effect. On the other
hand, the legacy effect of the previously added residue was reduced if the second residue
addition was accompanied by rewetting of dry soil [16]. Residue addition may alleviate
substrate limitation induced by low water content which could minimize differences between
soil water contents. But the effect of residue addition may depend on their C/N ratio. We
showed previously that water content between residue additions influences soil respiration and
nutrient availability not only directly, but also after rewetting and the second residue addition
[17]. In that study, soils were rewetted to 50% WHC after the second residue addition therefore
only the effect of soil water content between the first and the second residue addition on
microbial biomass and nutrient availability was evaluated. However, soil water content may
also vary after the second residue addition. The aim of the present study was to determine how
soil respiration, microbial biomass and nutrient availability after the first and second residue
amendment are influenced by water content after each amendment and how the influence is
modulated by the order in which the residues are applied. The first hypothesis was that the
effect of the second residue addition on microbial biomass and nutrient availability is smaller
in soil that was at low water content after the first addition than with high water content. This
hypothesis was based on the assumption that at previous low water content, more of the first

residue is left in the soil when the second residue is added than when the previous water content
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was optimal for microbial activity. The second hypothesis was that the influence of the water
content after the second amendment will be modulated by the order in which high and low C/N

residues are added.

2. Materials and methods

2.1. Soil and plant residues

A loamy soil was collected in early spring 2015 from 0 to 10 cm depth in Urrbrae, South
Australia (Longitude 138°38°3.2" E, Latitude 34°58°0.2"S) from an area that had been under
permanent pasture for more than 80 years. The area is now converting to wheat growing. The
soil properties are: 22% sand, 60% silt, 18% clay, maximum water holding capacity (WHC)
371 g kg, pH (1:5) 5.6, EC (1:5) 0.1 dS m™, total organic C 17 g kg%, total organic N 1.5 ¢
kg, bulk density 1.3 g cm™, available P 10 mg P kg and available N 15 mg N kg. The site
has a Mediterranean climate with cool, wet winters and hot, dry summers. The soil is a Red-
brown Earth according to Australian soil classification [18] and classified as Rhodoxeralf in
US Soil Taxonomy. Soil was collected along a randomly selected central transect in three 2 x
2 m plots which were about 10 m apart. In each sampling plot, after removal of plants and
surface litter five samples of the topsoil (0-10 cm) were taken and sieved to less than 2 mm
followed by air-drying in a fan-forced oven at 40 <C. Soil from all sampling points was

combined and mixed before starting the experiment.

Two types of plant residues were used: young faba bean (Vicia faba L.) as low C/N
ratio residue (L), and mature wheat straw (Triticum aestivum L.) as high C/N ratio residue (H)
(Table 1). These two plant species are typical crops in Southern Australia and often follow each
other in crop rotations. The residues were dried at 40 <C in a fan-forced oven, finely ground

and sieved to 0.25-2 mm particle size. Compared to H, L had 5 to 10 times higher total N, total
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P, available N and P and two-fold higher water extractable C concentration, but lower C/N

ratio and C/P ratios (Table 1). The residues had a similar pH and total organic C content.

2.2. Experimental design

Before the start of the experiment, the air-dried soil was incubated for 10 days at 22-
23 T in the dark at 50% of WHC to activate the soil microbes and stabilise soil respiration.
Microbial activity is maximal at 50% WHC in this soil [12]. After the pre-incubation, the soil
was either kept at 50% WHC or dried in a fan-forced oven at 40 <C to 10% WHC. Half of the
soil at each water content was amended with H, the other half with L at 10 g kg™. The soils
were maintained at this water content for 10 days. Then soil water content was adjusted to 10
or 50% WHC or the water content was maintained. The treatments were 10-10, 10-50, 50-10
and 50-50, where the first value is the soil water content from day 0 to day 10 and the second
value the soil water content after day 10. Soils were dried in a fan-forced oven at 40 T or rewet
rapidly, depending on treatment. The second residue which had a different C/N ratio than the
first was added after the adjustment of water content on day 10. Soils were maintained at 10 or

50% WHC until the end of the experiment (day 20).

After adjustment of the soil water content on days 0 and 10, residues were thoroughly
mixed with the soil in a small plastic bag, then 30 g dry soil equivalent was filled into PVC
cores with 3.7 cm diameter and 5 cm height with a nylon mesh base (7.5 pm, Australian Filter
Specialist), and packed to a bulk density of 1.3 g cm™. The cores were placed individually into
1 L jars with gas-tight lids equipped with septa to allow quantification of the headspace CO:
concentration as described below. The jars were incubated in the dark at 22-23 <C. Soil water
content (10 or 50% WHC during the experiment) was maintained by checking the water content

every few days by weighing and adding reverse osmosis (RO) water if necessary. Soil
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respiration was measured daily. Soil cores were destructively sampled on days 1, 10 (before
adjustment of the water content and addition of the second residue), 11 and 20. The soil samples
were analysed for available N and P, and microbial biomass N and P. For each sampling time

and treatment there were four replicates, giving a total number of 192 cores.

2.3. Measurements

Soil analyses were carried out as described in Zhang and Marschner [16]. Briefly, soil
texture was determined with rapid texture analysis [19]. Maximum soil water holding capacity
was measured using a sintered glass funnel connected to a 100 mm water column (ym = -10
kPa). Soil pH and EC were measured in a 1:5 (w/v) soil to RO water ratio after 1 hour shaking
at 25<C. Total organic C of soil and plant residues was measured according to Walkley and
Black [20] and total N was measured using the Kjeldahl method followed by colorimetric
measurement as described in Bremmer and Mulvaney [21]. Plant residues were digested with
a mixture of HNOs and HCIOs, to determine total P. Total P in the extract was measured by
the phosphovanado-molydate method. Water extractable organic carbon was extracted by
shaking 1 g residue with 30 ml RO water for 1 hour. Then the extract was centrifuged at 3000
rpm for 10 min and filtered through a Whatman#42 filter paper. The organic C in the extract
was determined after K>Cr,O; and H.SOs4 oxidation by titration with acidified

(NH2)2Fe(SO4)2 6H20.

Soil respiration was measured daily by quantifying the CO. concentration in the
headspace of the jars using a Servomex 1450 infra-red analyser (Servomex Group,
Crowborough, UK) as described in Setia et al. [22]. Microbial biomass nitrogen (MBN) was
measured after chloroform fumigation-extraction with 0.5 M K>SOg4 at 1: 4 soil to extractant

ratio [23]. Ammonium-N was measured in the K2SO4 extract after Willis et al. [24]. Microbial
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biomass N was calculated as the differences in NH4* concentration between fumigated and
non-fumigated samples divided by 0.57 which is the proportionality factor to convert

ammonium to MBN suggested by Moore et al. [25].

Available N (ammonium and nitrate) concentration was measured after 1 hour end-
over-end shaking with 2M KCl at a 1:5 soil to extractant ratio. Ammonium-N in the KCI extract
was measured as described for MBN. Nitrate-N was determined as described in Miranda et al.
[26]. Available and microbial biomass P (MBP) were determined using anion exchange resin
following Kouno et al. [27]. For MBP, 1 ml hexanol was added. The P concentration in the
extracts was determined colorimetrically according to Murphy and Riley [28]. Microbial
biomass P is the difference in P concentration between fumigated and non-fumigated soil [27].
No correction factor was used for P because recovery of a P spike in this soil was 98% (Butterly,

pers. comm.).

2.4. Statistical analysis

There were four replicate cores for each treatment and sampling time. Data was tested
for homogeneity and equal variance. For cumulative respiration, available N and P and
microbial biomass N and P carried out repeatedly during the experiment, two-way ANOVA
(residue x water treatment) repeated measures analysis of variance was carried out in GenStat
(GenStat for Windows, 15™ edition, VSN Int. Ltd, UK, 2012). Time had a significant effect on
measured parameters and the interaction of residue treatment and water content was significant
(p<0.05). Therefore, Tukey’s multiple comparison test at 95% confidence interval was used
for each sampling time separately to determine which treatments differ from each other. One-

way ANOVA was used to compare the properties of two plant residues.
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3. Results

3.1. Cumulative respiration

Cumulative respiration in both 10-day periods was lower at 10% WHC than 50% WHC
(Fig. 1). In the first 10 days, it was higher in LH than in HL. Cumulative respiration from d11
to d20 differed little between HL and LH in treatments that were at 10% WHC in the first 10
days. But in soil that had been at 50% WHC, cumulative respiration from d11 to d20 was lower

in LH than HL.

3.2. Microbial biomass

On d1 and d10, MBN was lower at 10 than at 50% WHC (Fig. 2a, b). At both water
contents, MBN was about three-fold higher in LH than HL. On d11 and d20, MBN was lower
in LH than HL except on d20 in 10-50 where the residue treatments had similar MBN (Fig. 2c,
d). In HL, MBN on d11 and d20 was about 50% lower at 10% than at 50% WHC, irrespective
of the water content in the first 10 days. In LH, MBN on d11 and d20 was higher in 10-50 than

10-10, but did not differ between 50-10 and 50-50.

MBP on d1 and d10 was two to five times higher in LH than HL with greater differences
on d1 than d10 (Fig. 3a, b). Water content did not influence MBP in HL. In LH, MBP was
lower at 10% WHC than at 50% WHC with greater differences on d1 than d10. In LH, MBP
decreased from d1 to d10 at 50% WHC. From d10 to d11, MBP increased three to four-fold in
HL, but changed little in LH. Residue treatments differed in MBP on d11 only at 50% WHC,;
it was about 30% higher in HL than LH in 10-50, but twice as high in LH compared with HL

in 50-50. MBP on d11 was lower in 10-10 than 10-50, particularly in HL. In soil that was at
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50% WHC in the first 10 days, MBP was about 50% lower in 50-10 than 50-50 only in LH
(Fig. 3c). On day 20, MBP differed between HL and LH only in moisture treatments with the
same water content in both 10-day periods (Fig. 3d). In 10-10, MBP was about 20% higher in
LH than HL. But in 50-50, MBP was 40% higher in HL than LH. In HL, MBP on d20 was
higher at 50% WHC than at 10% with greater differences in soil that was at 50% WHC in the
first 10 days. In contrast, MBP on d20 in LH was only influenced by the previous water content;
it was about 25% higher in soil that had been at 10% WHC than that at 50% WHC in the first

10 days.

3.3. Available N and P

On d1 and d10, available N was two to four-fold higher in LH than HL, with greater
differences on d10 (Fig. 4a, b). On d1, water content had little effect on available N. On d10,
available N was higher at 50% WHC than at 10% WHC, particularly in LH. On d11, available
N was low in all treatments (Fig. 4c). Available N on d11 was similar as on d10 in HL, but
lower in LH. Residue treatments differed in available N on d11 only in 10-50 where it was
about 30% higher in HL than LH. Current and previous water content had no effect on available
N in LH. In HL, available N was higher at 50% WHC than at 10%, irrespective of the previous
water content. Available N on d20 was similar in HL and LH except in 50-50 where it was
two-fold higher in HL than in LH (Fig. 4d). Water content from d11 to d20 influenced available
N only in soil that was at 50% WHC in the first 10 days where it was higher in 50-10 than 50-
50. The previous water content only influenced available N on d20 at 10% WHC, it was higher

in 50-10 than 10-10.

Available P on d1 and d10 was three to eight-fold higher in LH than HL, with greater

differences on d1 (Fig. 5a, b). In HL, available P was not influenced by water content, but in
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LH it was lower at 50% WHC than 10% WHC. Available P did not change from d10 to d11 in
LH, but increased about three-fold in HL (Fig. 5¢). Available P on d11 was higher in HL than
LH only in moisture treatments where the water content had not changed on d10: 10-10 and
50-50. On d20, available P was higher in HL than LH only in soil that was at 50% WHC in the
first 10 days (Fig. 5d). In HL, available P was lower at 50% WHC from d11 to d20 than at 10%

WHC. In LH available P was lower in 50-50 than 50-10.

4. Discussion

This study showed that soil respiration, microbial nutrient uptake and nutrient
availability after the second residue amendment are influenced by soil water content at that
time, the previous water content as well as the C/N ratio of the first and second amendment.
After the second amendment, the current water content had a stronger effect on these
parameters than the previous water content. Effects of the current water content were greater
in soil amended with L than with H. Therefore, the first hypothesis (the effect of the second
residue addition on microbial biomass and nutrient availability is smaller in soil at low water
content after the first addition than with high water content) can only be confirmed for 50%
WHC after the second residue addition. The second hypothesis (the influence of the water
content after the second amendment will be modulated by the order in which high and low C/N

residues are added) can be confirmed.

4.1. Day 1-10

The higher cumulative respiration, MBN and MBP with L compared to H can be

explained by the higher nutrient content and water-extractable C in L which makes it more
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easily decomposable than H [11, 12]. Water content had little effect on microbial N and P
uptake and N and P availability in soil amended with H because its low nutrient content limited
N and P mineralization even at optimal water content. With L, respiration and microbial
biomass were higher at 50% WHC than at 10% due to the higher water availability and
improved diffusion at the higher water content [29]. The higher MBN on d1 at 50% than at 10%
WHC indicates rapid N uptake by microbes. By day 10, available N was higher at 50% WHC
than at 10% particularly with L, likely due to mineralisation of organic N in L. The effect of
water content in soil amended with L on available P was opposite to that on available N. The
higher P availability at 10% WHC is likely due to the lower microbial P uptake at this water
content than at 50% WHC. Residues contain inorganic P [30, 31] that would be released after
addition to the soil. In L, both available P and MBP decreased from d1 to d10 which can be
explained by binding of P to soil particles [32]. The high MBP on d1 could be an artefact;
hexanol may release P from residues [33]. It should be noted that P availability in soil with low
water content may have been overestimated because available P determination involves

addition of an extractant which can release P from aggregates when added to dry soil [34].

4.2. Day 11-20

In HL where soil was amended with L on day 10, cumulative respiration and MBN
from day 11 to 20 were higher at 50% WHC than at 10% because of the improved diffusion
[29], which is similar to the effect of water content in the first 10 days. On the other hand,
available N on day 11 was not influenced by water content after the second residue addition.
The lower N availability on day 20 at 50% WHC than at 10%, is likely due N immobilisation

because MBN was higher at 50% than 10% WHC.
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Also similar as in the first 10 days, the effect of the water content from day 11 to 20
was greater in HL than LH because on d10 L was added to the former whereas the slowly
decomposable H was added in LH. In LH, available N on day 11 was less than half of that on
day 10 prior to H addition, particularly at 50% WHC. Craswell [35] showed that the addition
of straw enhanced N immobilization compared with unamended soil and increased with soil
water content. However in the present study, immobilisation of N by the microbial biomass
cannot explain this decrease in available N because MBN did not change from d10 to d11 at
10% WHC and halved at 50% WHC. The lower N availability on day 11 may be due to gaseous
N loss induced by rewetting. Nitrogen availability differed little between day 10 and day 11 in
HL, but the higher MBN indicates that after addition of L on day 10, N immobilisation

prevented an increase in available N.

The effect of a previous low water content (10% WHC) on microbial biomass and
nutrient availability at 50% WHC after d10 can be evaluated by comparing 10-50 with 50-50.
Available N on d11 was similar in 10-50 and 50-50. On the other hand, MBN in LH on d11
and d20 was greater in 10-50 than 50-50. This suggests that the previous low water content
enhanced N immobilisation compared to 50-50 where the water content was optimal in the first
10 days. As indicated by the lower cumulative respiration in the first 10 days, more L was left
in the soil with 10% WHC on d10 than with 50% WHC. Thus, after addition of H on d10,
microbes in 10-50 decomposed the remaining L together with the freshly added H, which led
to net N immobilisation. In 50-50 on the other hand, N mineralisation and immobilisation after
H addition on d10 were limited by the smaller amount of L left in the soil. In 10-50, cumulative
respiration from day 11 to day 20 and MBN on d20 did not differ between HL and LH. In this
treatment, a large proportion of the initially added residue was left in the soil when the second
residue was added. Therefore after d10, residues added on dO and d10 were decomposed

together, quite similar to the situation when both residues are added simultaneously. This is in
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agreement with our previous study that the legacy effect depend on the amount of previously
added residue left when the second residue is added [13, 14]. In 50-50 on the other hand,
cumulative respiration and MBN on d20 were lower in LH than HL. In this treatment, more of
the initially added residue was decomposed in the first 10 days than in 10-50, thus less left in
the soil from d11 t0 d20. Therefore in 10-50, cumulative respiration and MBN on d20 were

mainly influenced by the second residue.

The effect of previous water content on microbial biomass and nutrient availability at
low water content from d11 to d20 can be assessed by comparing 10-10 with 50-10. In LH,
cumulative respiration was higher in 10-10 than 50-10, probably because more of first residue
was left in the soil on d11 in the former. On d11 MBN, available N and P differed little between
10-10 and 50-10. But on d20 in HL, MBN, available N and P were higher in 50-10 than 10-10,
suggesting that nutrients were released from L added on d10 to a greater extent in the soil that
was at 50% WHC in the first days. This is likely due to the smaller amount of the initially
added H left on d10 compared to 10-10. Thus, microbes decomposed primarily L, increasing

not only MBN, but also available N and P.

5. Conclusion

After the second amendment in a given residue treatment, the current water content had
a stronger effect on respiration, microbial biomass and nutrient availability than the previous
water content. The influence of the previous water content on respiration and microbial
biomass was stronger when the first amendment was low C/N residue because its
decomposition was more strongly affected by water content than that of high C/N residue. In

this study, the period between first and second residue addition was short as it may occur in
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natural ecosystems in autumn. In future studies, longer periods between residue additions

(several weeks to months) could be used.
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Table 1. Total organic C, N, and P, C/N ratio, C/P ratio, available N and P, water-extractable
C, and pH of low C/N (young faba bean) and high C/N (wheat straw) residues (n=4) (P <
0.05).

Property Low C/N High C/N
Total organic C (g kgt) 374 418
Total N (g kg™t) 22.9P 4.9
Total P (g kg?) 6.5° 0.72
C/N ratio 162 86°
C/P ratio 582 643°
Available N (mg kg?) 487° 872
Available P (mg kg™) 247° 302
Water extractable organic C (g 920 542
kg™

pH (1:10) 6.2 6.3
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Figure 1. Cumulative respiration in treatments LH and HL from day 1 to 10 at 10% and 50%
WHC (n=4, means %= SE) (a) and from day 11 to 20 (b) in different moisture treatments
(treatment names: the first number represents water content from day 1 to 10, the second
number represents water content from day 11 to 20 (n=4, means £SE) (b). Within each period,
bars with different letters are significantly different (P < 0.05).

Figure 2. Microbial biomass N in treatments LH and HL on day 1 (a) and day 10 (b) at 10%
and 50% WHC, and day 11 (c) and day 20 (d) in different moisture treatments (for treatment
names see Figure 1) (n=4, means =SE). For each sampling time, bars with different letters are
significantly different (P < 0.05).

Figure 3. Microbial biomass P in treatments LH and HL on day 1 (a) and day 10 (b) at 10%
and 50% WHC, and day 11 (c) and day 20 (d) in different moisture treatments (for treatment
names see Figure 1) (n=4, means =SE). For each sampling time, bars with different letters are
significantly different (P <0.05).

Figure 4. Available N concentration in treatments LH and HL on day 1 (a) and day 10 (b) at
10% and 50% WHC, and day 11 (c) and day 20 (d) in different moisture treatments (for
treatment names see Figure 1) (n=4, means =SE). For each sampling time, bars with different
letters are significantly different (P < 0.05).

Figure 5. Available P concentration in treatments LH and HL on day 1 (a) and day 10 (b) at
10% and 50% WHC, and day 11 (c) and day 20 (d) in different moisture treatments (for
treatment names see Figure 1) (n=4, means %£SE). For each sampling time, bars with different
letters are significantly different (P <0.05).
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CHAPTER 8

Conclusions and future research
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Conclusions

Soil water content varies over time and regulates microbial activity (Harris 1981).
Microbial activity depends on soil water content and is maximal at a water content where the
limiting effects of substrate diffusion and oxygen supply are equal (Skopp et al. 1990). Low
soil water content limits decomposition as it restricts water availability and nutrient diffusion,
and at very low water content, it may draw water out of the cells (Schimel et al. 2007). Further,
when soil is dry, substrate diffusion is reduced, suppressing microbial activity and biomass
(Stark and Firestone 1995; Yao et al. 2011). Rapid rewetting of dry soil induces a sudden
increase in water potential which can cause microbial cell lysis, death or release of intracellular
solutes (Bottner 1985; Halverson et al. 2000; Linn and Doran 1984). Soils may also undergo

less dramatic changes in water content over time in the field.

Nutrient release during decomposition of plant residue is a complex process influenced
by both internal and external factors (Parr and Papendick 1978; Scholes and Archer 1997; Swift
etal. 1979). Decomposed plant residues may be single species or different species either added

at the same time or sequentially (Hooper and Vitousek 1997).

The legacy effect is defined as nutrient availability and microbial biomass after the
second residue addition are influenced by the C/N ratio of the previously added residue. In this
project, we investigated how the drying-rewetting and previous lower water content influence
soil respiration, microbial biomass and nutrient availability and the legacy effect. This project
also studied how soil respiration, microbial biomass and nutrient availability influenced by
both previous and current soil water content with or without organic amendment differing in

C/N ratio.

The experiments in Chapters 2 and 3 investigated the effect of drying-rewetting on

decomposition of residues differing in C/N ratio. In the experiment described in Chapter 2, soil
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was amended twice (days 0 and 32) with plant residues with either high (H) or low (L) C/N
ratio resulting in the treatments LH or HL. Between the first and the second residue addition
the soil was maintained at 50% WHC or exposed to one, two or four DRW cycles. After the
second residue addition all treatments were kept at 50% WHC until day 64. Only drying and
rewetting cycles up to four cycles between residue additions stimulated decomposition of the
freshly added low C/N ratio residue compared with other water regimes, but the effect was
transient as moisture treatment did not influence available N and MBN from day 48 onwards
(8 days after the second residue amendment). Therefore, the experiment showed that drying-
rewetting influenced soil respiration, nutrient availability and microbial biomass in residue
amended soils, but drying-rewetting between residue additions did not change the legacy effect

of the first residue addition (Fig. 1).

However, the study described in Chapter 3 (residue addition upon rewetting on
microbial activity, biomass and nutrient availability) showed that the effect of rewetting on
decomposition was influenced by the timing of residue addition relative to rewetting. Soil was
exposed to two wet-dry cycles with 5 days moist and 5 days dry each. Residues with high (H)
or low C/N ratio (L) were added in eight residue treatments at different rates (10 or 20 g kg
soil) and timing (day 0 or day 10, before rewetting). Rewetting increased nutrient release from
previously added low C/N residue when added at high rate. And compared to residue in
constantly moist soil, addition of residue upon rewetting enhanced microbial C and N uptake

and reduced the legacy effect of the previously added residue.

Chapters 2 and 3 showed that drying-rewetting only slightly influenced the legacy
effect of the first residue addition. Therefore, in Chapter 4, we investigated how current and
previous water content after rewetting influences soil respiration, microbial biomass and
nutrient availability in unamended soils. Soil was exposed to two wet-dry cycles with rewetting
soil to 50%, 30% or 10% WHC on days 0 and 8. All treatments were rewet to 50% WHC on
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day 16 and maintained at this water content for 7 days. Respiration and microbial biomass after
day 16 were greater in soil previously rewet to 10% WHC compared to that rewet to 50% WHC.
The higher respiration and microbial biomass after rewetting to 10% WHC can be explained
by low water availability in the first 16 days. Therefore, more available substrate remained

after the first two rewetting events compared to rewetting to 30 or 50% WHC during this time
(Fig. 2).

To further investigate the effect of drying and rewetting on nutrient release, the
experiment described in Chapter 5 was carried out. The aim was to determine the effect of soil
water content and number of days between rewetting of dry soil and second residue addition
on soil respiration, microbial biomass and nutrient availability after the first and second residue
addition. In this study, soil was amended with residues on day O and 10. The soil was
maintained at 10% or 50% WHC for 10 days after which the soil at 10% WHC was rapidly
rewetted to 50% WHC. The second residue which had a different C/N ratio than the first one
was added one, two or five days after rewetting. Two and ten days after the second residue
addition, MBN was higher in soil amended one day after rewetting than when the second
residue was added five days after rewetting indicating enhanced N immobilization. However,
neither previous soil water content nor time between rewetting and the second residue addition

influenced the legacy effect (Fig. 1).

In Chapters 6 and 7, the effect of previous and current soil water content on soil
respiration, microbial biomass and nutrient availability in soil amended with residue differing
in C/N ratios was determined. In the experiment described in Chapter 6, residues were added
on days 0 and 10. There were three soil water contents (10, 30 or 50% WHC) from day 1 to
day 10; and after sampling on day 10, soil water content was adjusted to 50% WHC and
residues added. Therefore, the water content treatments were 10-50, 30-50 and 50-50. Water
content between the first and second residue amendment affected the extent of the legacy effect
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after the second residue addition. Compared to 50% WHC, 10% WHC after the first residue
addition reduced residue decomposition, particularly the low C/N residue and therefore

enhanced its legacy effect after addition of high C/N residue (Fig. 3).

In Chapter 7, the effect of water content after each amendment on soil respiration,
microbial biomass and nutrient availability was studied. In this experiment, soil was amended
with residues also on day 0 and day 10 and the soil was at 10 or 50% WHC from day 1 to day
10, but unlike the experiment described in Chapter 6, the water content from day 10 to 20 was
either 10 or 50 % WHC, not only 50%. Therefore, the water content treatments were 10-10,
10-50, 50-10 and 50-50. After the second amendment in a given residue treatment, the current
water content had a stronger effect on respiration, microbial biomass and nutrient availability
than the previous water content. Further, the influence of the previous water content on
respiration and microbial biomass was stronger when the first amendment was low C/N residue
because its decomposition was more strongly affected by water content than that of high C/N

residue (Fig. 4).

In summary, the experiments showed that drying-rewetting cycles between first and
second residue addition influenced soil respiration, microbial biomass and nutrient availability
but had little effect on the legacy effect. However, the addition of residue upon rewetting
compared to residue addition several days after rewetting enhanced microbial C and N uptake
and reduced the legacy effect of the previously added residue. Further, a low soil water content
between the first and the second residue amendment reduced the decomposition of the first
residue and therefore resulted in a greater amount of the first residue left in the soil when the
second residue was added. If a large amount of previously added residue is left in the soil when
the second residue is added, the legacy effect is strong, particularly if low C/N residue is

followed by high C/N residue.
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Conceptual model

First plant residue amendment

Low C/N ratio High C/N ratio

DRW cycles Time before rewetting

More DRW cycles Longer period
Lower substrate
availability availability

Second plant residue amendment with same or
different C/N ratio

Weak legacy effect

Negative effect of drying on microbial activity
Rewetting induces a rapid nutrient release
Less substrate availability from the first plant residue amendment

Fig. 1 Conceptual model of the influence of drying-rewetting on legacy effect in soil
amended with plant residues

Increasing
LTS decomposition

Less organic matter

Increasing soil water

content

W Decreasing substrate

. o Less nutrient release
optimal availability

Fig. 2 Conceptual model of the influence of increasing soil water content on decomposition
process in unamended soil
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First plant residue amendment

Low C/N ratio High C/N ratio

Increasing previous soil water content
Increasing decomposition
(nutrient release L > H;

effect of soil water content on nutrient release L > H)

Adjust to optimal (current water content )

Small amount of first amendment remaining

Second plant residue amendment with same or different C/N ratio

Legacy effect decreases with increasing previous soil water content

Fig. 3 Conceptual model of the influence of increasing previous soil water content on legacy
effect in soil amended with plant residues
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First plant residue amendment

Low C/N ratio High C/N ratio

Low or optimal soil water content

Decomposition rate L > H
Optimal > low soil water content

Second plant residue amendment with a
different C/N ratio

Adjust to low or optimal soil water content
(current water content)

Nutrient availability influenced by both previous and
current water content

The influence is modulated by the residue
amendment order

Fig. 4 Conceptual model of the influence of different water content after the second residue
addition on legacy effect in soil amended with plant residues

Future research

The experiments in this thesis about drying-rewetting or different water regimes were
quite short (about a month). The period between first and second residue addition was short as
it may occur in natural ecosystems in autumn. However, in Mediterranean climate, soils may
remain dry for weeks or months and soils may remain moist for several weeks. Such longer
dry or moist periods may have a different effect on microbial biomass and nutrient cycling.
Longer periods between residue additions (several weeks to months) would better reflect

conditions in agriculture after harvest or green manuring.
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In the current study, the rapid rate of drying in all incubations was different from the field
where soils dry more slowly and may also be rewet more slowly. Slower drying may give
microbes time to adjust to lower water availability which could reduce the negative impact of
drying on microbial activity. However, the short-term drying-rewetting cycles and the
rewetting events showed the general principles of how nutrient availability and microbial
activity are influenced by soil water content. Future incubation experiments could be conducted
mimicking changes in soil water content in the field or be conducted under field conditions.
Field experiments could also include the effects of plant roots and soil animals on nutrient

cycling.

The source of available nutrients and those in the microbial biomass was not determined
in these experiments. For example, the source of available or microbial biomass nitrogen could
be native soil organic matter, microbial biomass turnover (Mary et al. 1996) or added residues.
And after the second residue addition, the nutrient source could be either the first or second
residue. In our experiments, the priming effect of the second residue amendment on the first
residue amendment may have been underestimated. For example, the second plant residue may
increase the decomposition of the first plant residue remaining in the soil. To better understand
C and N dynamics in residue amended soil under different soil moisture regimes and assess

priming, 3C and °N labelled residue should be used in future experiments.

Most C and N transformation processes involved in residue amended soils are mediated
by soil microbes. However, in the current PhD project, the related microbial community
ecology to the nutrient availability were not studied. Steps in N mineralisation, such as
ammonification and nitrification, are mediated by specialized microbial groups (Hayatsu et al.
2008). It is also of interest to better understand the links between nutrient cycling processes
and microbial communities in residue amended soils with variable soil water content. For
example, the abundance of functional genes such as ammonia monooxygenase gene amoA and
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the nitrite reductase genes nirK and nirS during the decomposition process with variable soil

water content may allow better understanding of N cycling process in residue amended soils.

The experiments have shown increased nutrient availability after lower soil water content.
However, the impact of this on plant nutrient availability remains unclear. In experiments with
plants, the effect of sowing time after residue addition and changes in soil water content could
be studied in a glasshouse or field trails. These experiments could also use *°N labelled residue

to investigate the source of N in plants.
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