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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. 
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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 kg-1 soil) and timing (day 0 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 
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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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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).  
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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, 
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organic acids, amino acids and simple sugars (Kögel-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 Ballaré 2010).   

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.  
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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 Benítez 

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 
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(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 
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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 
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(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 Ågren 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 
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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 

Pietikäinen 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 O2 

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 O2 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). 
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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 Lützow 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; Sørensen 

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 (ΔSWC) (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 ΔSWC. 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. McIntyre 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 ΔSWC 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.  

 

1.5 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). 

ii) 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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Supplementary data 

Table S1. Available N concentration (NH4
++NO3

-) (mg N kg-1) 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 

treatment 
LH HL 

Moisture 

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

Day Available N (mg kg-1) 

8 39.0±2.0a 60.7±6.7b 62.1±4.0b 45.0±1.0a 5.2 ± 0.9a 10.7±1.0b 10.0±0.5b 5.9±1.0a 

16 40.3±2.3bc 51.9±3.1c 36.8±15.6ab 26.1±5.6a 3.5±0.6a 8.0±0.4c 5.5±0.6b 4.9±0.3b 

24 27.6±0.4a 44.5±4.1c 36.7±1.4b 27.5±0.5a 4.3±1.1a 4.9±0.6a 6.1±1.3a 5.0±1.2a 

32 31.8±0.5a 33.0±0.3ab 35.0±0.8c 33.3±1.2b 7.2±1.6a 7.2±1.0a 10.8±1.4b 10.6±1.0b 

40 36.9±1.7c 26.7±2.9a 31.5±1.2b 34.3±2.5bc 45.2±1.5b 36.6±1.9a 47.9±6.9b 70.7±3.4c 

48 13.9±1.1a 12.6±1.1a 13.4±0.6a 14.0±0.9a 13.8±1.3b 14.4±0.9b 14.6±0.7b 11.3±1.9a 

56 21.9±0.9b 21.6±1.8b 20.9±1.1ab 19.3±0.4a 20.2±0.5ab 19.8±0.3a 20.8±0.6b 20.6±0.7ab 

64 20.9±1.7a 19.8±0.6a 21.2±0.9a 19.6±0.3a 21.1±1.6a 20.0±0.3a 20.5±0.9a 20.1±0.2a 
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Table S2. Available P concentration (mg P kg-1) 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 

treatment 

LH HL 

Moisture 

treatment 

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

Day Available P (mg kg-1) 

8 48.7±2.7a 61.1±2.9b 61.3±2.3b 49.2±3.9 a 16.9±2.6a 26.9±2.4b 28.1±1.1b 19.1±3.4a 

16 51.9±1.6a 73.5±5.4b 46.6±3.6a 48.4±5.3 a 18.3±2.5a 31.8±3.4b 17.7±1.0a 17.1±0.9a 

24 61.3±1.9ab 55.0±1.1a 66.3±6.8b 56.3±5.1a 23.1±4.4a 22.2±1.3a 30.8±2.1b 23.2±3.0a 

32 35.2±1.9a 34.1±3.1a 32.3±2.6a 35.1±3.9a 14.3±1.0a 14.2±1.5a 14.9±2.3b 14.6±1.4a 

40 28.2±2.0b 20.1±0.8a 26.4±2.2b 26.2±2.0b 35.8±3.6a 33.9±1.1 a 34.2±2.1a 33.6±2.5a 

48 27.6±4.9a 32.2±6.6a 26.5±1.1a 27.0±0.8a 34.6±5.1a 31.9±1.1a 33.5±1.7a 30.5±1.2a 

56 47.4±2.4a 45.1±2.4a 46.6±3.1 a 60.6±4.2 b 54.8±2.7a 54.4±3.0 a 56.1±0.8a 57.4±3.0a 

64 50.3±2.3a 52.9±3.2a 52.8±2.0a 47.5±2.9a 56.9±1.6a 56.2±2.4a 55.7±1.8a 56.2±1.3a 
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Table S3. Microbial biomass C (mg kg-1 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 

treatment 

LH HL 

Moisture 

treatment 

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

Day Microbial biomass C (mg kg-1 soil) 

8 391±6b 141±19a 140±10a 407±55b 139±14b 0±0a 1±2a 324±44b 

16 543±27b 451±36a 544±10b 519±7b 448±23bc 277±13a 461±25c 425±9b 

24 417±60b 217±12a 242±23a 242±10a 296±66b 142±5a 186±13a 167±62a 

32 191±17a 190±9a 203±10a 195±5a 103±9a 141±18c 126±1bc 122±7b 

40 535±96a 590±44ab 551±23a 670±53b 510±36ab 633±110c 472±46a 580±47bc 

48 255±18a 248±40a 337±25b 374±42b 416±55c 250±24b 277±23b 192±37a 

56 370±37a 432±52ab 415±32a 493±46b 538±69b 447±13a 482±12ab 495±38ab 

64 348±20a 478±53b 353±30a 397±30a 578±9b 384±29a 451±47a 414±69a 
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Table S4. Microbial biomass N (mg kg-1 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 

treatment 

LH HL 

Moisture 

treatment 

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

Day Microbial biomass N (mg kg-1 soil) 

8 17.7±5.0b 2.3±0.5a 2.6±0.4a 20.3±1.4b 15.0±2.9b 0.4±0.3a 1.5±0.8a 16.2±2.9b 

16 46.7±5.8 c 4.4±0.3a 11.0±1.4a 26.8±4.3b 4.4±0.9b 0.4±0.2a 4.5±0.3b 17.7±1.7c 

24 17.3±0.7ab 28.8±10.8b 6.5±0.2a 14.3±2.0a 17.8±1.2b 18.3±1.3b 4.0±1.1a 17.0±0.9b 

32 7.6±0.7a 6.2±0.3a 10.3±1.2b 6.0±1.2a 12.2±1.6a 13.4±3.6a 12.0±1.2a 12.5±1.0a 

40 19.9±0.8b 15.2±1.3a 17.1±3.6ab 14.9±1.8a 27.8±3.1ab 19.3±3.1a 35.8±1.6b 56.9±7.3c 

48 28.3±1.7a 28.9±0.3a 25.7±3.4a 25.3±0.8a 31.5±2.7a 29.9±2.6a 28.0±0.8a 27.8±1.3a 

56 10.4±0.9a 13.9±2.5bc 14.2±1.2c 10.9±0.7ab 12.8±0.5a 11.0±1.4a 11.5±1.3a 11.1±1.0a 

64 10.8±1.8a 10.8±1.3a 8.5±0.7a 8.6±0.9a 8.5±1.0ab 9.8±0.8b 7.5±1.6a 8.0±0.8ab 
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Table S5. Microbial biomass P (mg kg-1 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 

treatment 

LH HL 

Moisture 

treatment 

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

Day . Microbial biomass P (mg kg-1 soil) 

8 34.5±2.5b 42.4±4.7b 19.0±5.5a 39.0±1.3b 17.8±4.5a 16.7±3.7a 12.3±1.6a 26.0±3.0b 

16 33.0±4.3a 25.0±3.0a 26.0±5.9a 29.8±2.2a 22.1±3.1a 24.6±2.8a 23.6±0.6a 23.2±3.8a 

24 27.9±3.7a 34.1±3.6a 27.6±3.3a 33.3±3.6a 26.8±5.3a 24.9±2.8a 20.4±3.1a 26.9±2.9a 

32 13.4±2.6a 12.8±1.3a 14.0±2.8a 11.7±5.9a 12.5±1.6a 15.4±8.7a 14.2±1.8a 11.4±2.2a 

40 24.8±3.1a 26.4±1.6a 20.9±1.8a 26.1±3.8a 26.5±5.1a 28.1±2.4a 27.1±1.2a 27.5±4.5a 

48 19.7±5.5a 21.3±3.4a 26.0±3.6a 21.5±1.0a 25.4±3.0ab 24.8±2.7ab 20.8±0.7a 27.8±3.6b 

56 41.2±7.5b 40.2±2.0b 36.0±4.0ab 26.2±3.0a 46.3±3.6a 40.4±6.5a 45.8±2.1a 39.1±7.4a 

64 40.7±4.5a 37.3±2.1a 44.1±5.6a 39.9±3.8a 46.2±5.4a 38.2±4.6a 42.6±3.0a 42.1±2.7a 
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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, c, 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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Figure S1. 
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Figure S2. 
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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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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-1 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 

biomass C 

Day 1 Day 5 Day 10 Day 11 Day 15 Day 20 

LH10 356±11d 234±6b 193±5a 207±6a 525±6e 282±4c 

HL10 73±3a 65±5a 156±4b 775±6e 454±3d 272±4c 

L20-1 913±3f 524±11d 475±4c 676±5e 370±6b 248±3a 

H20-1 221±7d 168±1c 268±7e 54±2a 270±4e 139±11b 

LH20-1 430±9d 296±2a 323±9b 528±7e 419±7d 345±2c 

L20-2 33±2a 27±3a 42±7a 948±2d 808±23c 268±24b 

H20-2 33±1ab 21±2a 42±6b 186±4c 523±13d 174±8c 

LH20-2 30±1a 25±3a 41±4a 308±108b 715±8c 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-1 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 

biomass N 

Day 1 Day 5 Day 10 Day 11 Day 15 Day 20 

LH10 27.3±0.8c 16.2±0.1b 8.9±1.2a 24.2±3.8c 29.4±3.4c 4.2±2.4a 

HL10 11.1±0.4b 10.4±0.0b 1.5±0.3a 40.4±1.7e 33.1±2.7d 27.6±2.7c 

L20-1 43.6±1.4b 28.9±0.2a 27.7±0.4a 64.4±2.9c 107.9±9.7d 64.7±1.4c 

H20-1 17.1±1.1e 16.8±0.4e 4.4±0.4a 13.0±0.8d 9.9±1.3c 6.3±0.5b 

LH20-1 37.5±1.2cd 33.4±0.1c 8.9±0.8a 40.3±1.3d 28.7±4.4b 7.9±0.1a 

L20-2 4.5±0.4a 2.1±0.1a 2.7±0.3a 100.6±2.8d 22.8±2.5b 38.0±2.2c 

H20-2 3.5±0.1b 2.1±0.2ab 1.3±0.1a 8.5±0.4c 18.7±2.2d 1.5±0.3a 

LH20-2 3.5±0.1ab 2.0±0.0a 1.8±0.3a 68.3±3.1d 35.6±1.7c 6.2±0.4b 
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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-1 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 

biomass P 

Day 1 Day 5 Day 10 Day 11 Day 15 Day 20 

LH10 19.4±1.1b 18.6±1.0b 15.1±0.7a 20.3±1.7b 20.8±2.8b 18.3±1.1ab 

HL10 8.7±0.5a 10.6±0.6a 8.6±0.1a 25.7±1.5c 24.1±1.4c 15.0±2.5b 

L20-1 44.7±0.7d 34.4±2.6c 35.8±2.0c 29.1±0.9b 19.1±0.8a 18.6±0.8a 

H20-1 12.6±0.4c 14.5±0.6d 10.2±0.3ab 10.8±0.9abc 11.6±1.1bc 9.7±1.2a 

LH20-1 23.3±1.1bc 31.9±2.2d 23.8±2.4bc 24.1±2.9c 19.4±1.8ab 16.2±0.8a 

L20-2 3.5±0.3a 5.6±0.0a 3.6±0.8a 30.1±1.8d 24.3±0.3c 18.0±1.1b 

H20-2 3.2±0.3a 5.4±0.0a 3.8±0.4a 9.8±0.9b 11.1±1.4b 10.6±1.8b 

LH20-2 3.5±0.2a 5.4±0.1a 3.2±0.2a 21.3±1.0b 22.4±1.8b 20.2±0.2b 
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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) or once as L, H 

or LH at the rate of 20 g kg-1 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 

N 

Day 1 Day 5 Day 10 Day 11 Day 15 Day 20 

LH10 79.7±1.9e 49.0±1.3c 72.0±0.1d 50.5±0.9c 23.2±0.1b 7.9±1.6a 

HL10 8.1±0.5b 2.5±0.0a 2.9±0.1a 30.6±1.7c 36.8±0.4d 47.3±2.7e 

L20-1 136.3±2.5c 80.0±2.4a 121.4±0.1b 159.6±2.8d 122.9±0.3b 135.8±3.3c 

H20-1 6.8±1.3d 0.8±0.0ab 0.1±0.0a 4.0±1.1c 2.4±0.0bc 1.4±1.5ab 

LH20-1 61.1±0.3f 11.4±0.1a 20.5±0.7c 31.8±2.1e 27.1±1.5d 15.5±2.3b 

L20-2 9.2±1.7b 5.3±0.1a 4.4±0.1a 153.0±1.0d 84.9±0.9c 153.1±2.6d 

H20-2 9.5±0.5d 5.2±0.0b 4.4±0.1b 7.3±0.5c 2.1±0.0a 4.8±1.0b 

LH20-2 11.5±1.8b 5.2±0.0a 4.5±0.1a 56.2±1.1d 11.5±0.5b 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-1 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 

P 

Day 1 Day 5 Day 10 Day 11 Day 15 Day 20 

LH10 27.4±1.0d 21.3±1.0c 30.2±0.6e 14.0±0.9a 13.8±0.6a 16.7±1.6b 

HL10 9.6±0.5ab 6.3±0.6a 13.9±1.5bc 17.5±2.3c 18.5±3.2cd 22.9±2.6d 

L20-1 36.3±0.2c 30.7±1.3a 43.4±0.5d 32.4±1.1ab 35.1±3.3bc 43.2±2.0d 

H20-1 8.0±0.3bc 5.4±0.6a 14.9±1.0d 6.2±0.2a 6.6±1.0ab 8.5±1.1c 

LH20-1 19.8±1.1c 14.4±0.7a 22.8±0.7d 14.8±0.6a 17.5±0.5b 20.6±1.6c 

L20-2 11.4±1.1a 11.8±0.0a 16.9±0.8b 34.0±1.2d 29.9±2.7c 35.2±2.8d 

H20-2 12.7±0.9c 11.9±0.1c 17.3±1.3d 7.0±0.8b 5.2±0.5a 8.5±0.5b 

LH20-2 11.9±0.5a 11.9±0.1a 18.4±1.4bc 19.9±1.4c 15.8±1.4b 18.4±2.1bc 
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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-1, pH 

(1:5) 5.6, EC (1:5) 0.1 dS m-1, total organic C 17 g kg-1, total N 1.5 g kg-1, bulk density 1.3 g 

cm-1, available P 10 mg P kg-1 and available N 15 mg N kg-1.  

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.   
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Experimental design 

Thirty grams of air-dry soil was filled into the PVC cores with 3.7 cm diameter and 5 cm height 

with a nylon mesh base (7.5 µm, Australian Filter Specialist), adjusted to a bulk density of 1.3 

g cm-1, 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 (ψm = -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 CO2 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 K2SO4 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 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 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, 15th 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; Schjønning 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-1 compared to 186 g kg-1 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% WHC 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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Respiration, microbial biomass and nutrient availability are influenced by previous and 
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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 N2O 

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-1, pH (1:5) 5.6, EC (1:5) 0.1 dS m-1, total organic C 17 g kg-1, total organic N 1.5 g 

kg-1, bulk density 1.3 g cm-3, available P 10 mg P kg-1 and available N 15 mg N kg-1. 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 °C 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-1. 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 °C 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 µm, Australian Filter 

Specialist), and packed to a bulk density of 1.3 g cm-3. The cores were placed individually into 

1 L jars with gas-tight lids equipped with septa to allow quantification of the headspace CO2 

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 (ψm = -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 HNO3 and HClO4, 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 K2Cr2O7 and H2SO4 oxidation by titration with acidified 

(NH4)2Fe(SO4)2·6H2O.  

Soil respiration was measured daily by quantifying the CO2 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 K2SO4 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 KCl 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, 15th 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. 5c). 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 d0 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 



 

141 
 

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 kg-1) 374 418 

Total N (g kg-1) 22.9b 4.9a 

Total P (g kg-1) 6.5b 0.7a 

C/N ratio 16a 86b 

C/P ratio 58a 643b 

Available N (mg kg-1) 487b 87a 

Available P (mg kg-1) 247b 30a 

Water extractable organic C (g 

kg-1) 

92b 54a 

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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Figure 4. 
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Figure 5. 
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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 

et al. 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-1 

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 0 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 

 

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

amended with plant residues 

 

 

Fig. 2 Conceptual model of the influence of increasing soil water content on decomposition 

process in unamended soil 
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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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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, 13C and 15N 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 15N labelled residue 

to investigate the source of N in plants.  

 

References  

Bottner P (1985) Response of microbial biomass to alternate moist and dry conditions in a soil 

incubated with 14C- and 15N-labelled plant material. Soil Biology and Biochemistry 

17:329-337 

Halverson LJ, Jones TM, Firestone MK (2000) Release of intracellular solutes by four soil 

bacteria exposed to dilution stress. Soil Science Society of America Journal 64:1630-

1637 

Harris RF (1981) Effect of water potential on microbial growth and activity. In: Water potential 

relations in soil microbiology (eds J.F. Parr, W.R. Gardner & E.T. Elliott), pp. 23-95. 

Special Publication No 9. Soil Science Society of America, Madison, WI. 

Hayatsu M, Tago K, Saito M (2008) Various players in the nitrogen cycle: diversity and 

functions of the microorganisms involved in nitrification and denitrification. Soil 

Science and Plant Nutrition 54:33-45 

Hooper DU, Vitousek PM (1997) The effects of plant composition and diversity on ecosystem 

processes. Science 277:1302-1305 



 

162 
 

Linn D, Doran J (1984) Effect of water-filled pore space on carbon dioxide and nitrous oxide 

production in tilled and nontilled soils. Soil Science Society of America Journal 

48:1267-1272 

Mary B, Recous S, Darwis D, Robin D (1996) Interactions between decomposition of plant 

residues and nitrogen cycling in soil. Plant and Soil 181:71-82 

Parr J, Papendick R (1978) Factors affecting the decomposition of crop residues by 

microorganisms. p. 100-129. In W.R.Oschwald (ed.) Crop residue management 

systems. ASA Spec. Publ.31. ASA, CSSA, and SSA, Madison, WI. 

Schimel J, Balser TC, Wallenstein M (2007) Microbial stress‐response physiology and its 

implications for ecosystem function. Ecology 88:1386-1394 

Scholes R, Archer S (1997) Tree-grass interactions in savannas. Annual review of Ecology and 

Systematics 28:517-544 

Skopp J, Jawson M, Doran J (1990) Steady-state aerobic microbial activity as a function of soil 

water content. Soil Science Society of America Journal 54:1619-1625 

Stark JM, Firestone MK (1995) Mechanisms for soil moisture effects on activity of nitrifying 

bacteria. Applied and Environmental Microbiology 61:218-221 

Swift MJ, Heal OW, Anderson JM (1979) Decomposition in terrestrial ecosystems. Blackwell 

Scientiic Publications Ltd., Oxford. 

Yao SH, Zhang B, Hu F (2011) Soil biophysical controls over rice straw decomposition and 

sequestration in soil: the effects of drying intensity and frequency of drying and wetting 

cycles. Soil Biology and Biochemistry 43:590-599 

 

 

 

 




