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Abstract 

Soils are the largest reservoir of global terrestrial carbon (C). Conversion from natural to 

agricultural ecosystems has generally resulted in a significant loss of soil organic-C (SOC, up 

to 50% or ~ 30-40 t ha-1) and ‘restoring’ this lost C is a significant global challenge. The most 

stable component of soil organic matter (SOM), hereafter referred to as fine fraction SOM 

(FF-SOM), contains not only C, hydrogen (H) and oxygen (O), but substantial amounts of 

nitrogen (N), phosphorus (P) and sulphur (S), in approximately constant ratios. The 

availability of these associated nutrients is essential for the formation of FF-SOM. Here we 

show, in short term (56 day) incubation experiments with 13C labelled wheaten straw added 

to four soils with differing clay content, that conversion of straw into “new”  FF-SOM is 
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increased by up to three-fold by augmenting the residues with supplementary nutrients. We 

also show that the loss of “old” pre-existing FF-SOM increased with straw addition, 

compared to soils with no straw addition, but that this loss was ameliorated by nutrient 

addition in two of our soils. This finding may illuminate why the build-up of SOC in some 

productive agricultural soils is often much less than expected from the amounts of C-rich 

residues returned to them because optimum C sequestration requires additional nutrients 

above that required for crop production alone. Moreover, it provides greater understanding of 

short-term dynamics of C turnover in soil, and in the longer term, may have important 

implications for global strategies aimed at increasing soil C sequestration to restore fertility 

and help mitigate climate change. 

 

Keywords: Nutrient availability, carbon sequestration, humification efficiency, priming 

effect 

 

1. Introduction 

Six elements, C, N, P and S, along with H and O, contribute 97% or more of the fresh weight 

of a wide range of organisms (Morowitz, 1968). As a consequence the biogeochemical cycles 

of C, N, P and S are often tightly linked (Mackenzie and Lerman, 1993).  Redfield (1958) 

showed that the C:N:P atomic ratios of marine particulate organic matter (OM), primarily 

phytoplankton, were approximately constant and equal to the ratios of the dissolved nutrients 

in the ocean. Thus, treating the phytoplankton as essentially one single pool of living OM 

interacting with its oceanic environment has proved extremely useful to understand the 

ocean’s biogeochemistry (Copper et al., 1996; Field et al., 1998). We suggest a similar 

approach may prove useful in understanding the biogeochemistry of soil.  
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SOM affects many important soil properties. Although fresh plant residues are the primary 

raw materials for SOM formation, we define SOM throughout this paper as the organic 

fraction of the soil exclusive of the coarse fraction (CF) organic material composed of un-

decayed plant and animal residues (SSSA 2008). Magid and Kjaegaard (2001) showed that 

CF material (CF >0.4 mm) was synonymous with light fraction organic material (LF <1.4 g 

cm-3) with regards to the amounts of C and N as well as physical appearance. This CF is often 

recognised as highly labile material with fast breakdown rates in soil (Golchin et al., 1994; 

Wander, 2004; Crow et al., 2007). In contrast, fine fraction SOM (FF-SOM<0.4 mm; 

synonymous with heavy fraction SOM >1.4 g cm-3) is considered to be a more stabilised and 

slowly decomposing pool of SOM (Golchin et al., 1994; Magid and Kjaegaard, 2001). After 

removal of the CF, it was the remaining FF-SOM that Kirkby et al. (2011) showed had near 

constant C:N:P:S ratios. In this study we use FF-C to estimate this SOM pool. The FF-SOM 

accounts for 70-80% of the organic material in soils (Stevenson, 1994; Kogel-Knaber, 2002) 

while most of the remainder is partially degraded, but still recognisable, plant residues (CF). 

Repairing the world’s degraded soils requires the adoption of management practices that 

increase the size of the FF-SOM pool in soil, thereby improving fertility and helping mitigate 

climate change by removing atmospheric carbon dioxide and storing it as more stabilised 

SOM. 

 

A common expectation in conservation agriculture, where soil is not ploughed and crop 

residues are retained rather than burnt or removed, is that SOC levels should substantially 

increase. However, several studies over long periods have shown that increased residue 

inputs have resulted in little, if any, increase in SOC (Campbell et al., 1991; Soon, 1998; 

Rumpel, 2008). In addition, it is now recognised that the addition of fresh organic material 

can increase the mineralisation of “old” OM already in the soil by a phenomenon known as 
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the “priming effect” (PE) (Bingaman et al., 1953), leading to even greater SOC losses. 

Fontaine et al. (2004) showed that this PE could be of sufficient magnitude that the loss of 

“old” SOM exceeded the formation of “new” SOM, through humification of the freshly 

added organic material, leading to a net loss of SOC overall. It is now recognised that the PE 

can either retard or increase “old” SOM mineralisation. When the addition of fresh-C 

substrates increases the mineralisation of “old” SOM the phenomenon is referred to as a 

“positive PE” but when it retards the mineralisation of the “old” SOM it is referred to as a 

“negative PE”. The activation of microorganisms by easily available substrates is generally 

considered to be the main reason for the occurrence of positive PE’s in soil (Kuzyakov et al., 

2000). While Kuzyakov and Bol (2006) and Hamer and Marschner (2005) suggest that 

microorganisms having r-strategy (organisms with a short lifespan but able to reproduce 

rapidly under favourable conditions, e.g. when food becomes available) were mainly 

responsible for the positive PE’s they observed, there is no general agreement on this. 

 

Because crop residues, such as wheaten straw, are C-rich but nutrient (N, P, S) poor, we 

hypothesised that supplementing a soil-straw mix with these nutrients would result in a 

greater proportion of straw-C being transformed into new FF-C, i.e. the humification 

efficiency (HE) would increase, than with straw alone. The nutrient ratios in FF-SOM are 

similar to those of soil microorganisms and this similarity supports the growing body of 

evidence that a large proportion of FF-SOM originates from microbial detritus, rather than 

directly from recalcitrant plant material (e.g. Kramer et al., 2003; Sollins et al., 2006; 

Lehmann et al., 2007; Liang, 2008; Bol et al., 2009; Miltner at al., 2009; Liang and Balser, 

2011). The impact of added nutrients on microbial growth and turnover is therefore the likely 

key to increasing the conversion of C-rich residues to FF-SOM. Further, we hypothesised that 

using 13C-enriched straw would allow us to track the transformation of added straw-C into 
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“new” FF-C independent of any loss of pre-existing “old” FF-C. We did so because FF-SOM 

continually turns over, albeit slowly, and the common observation that SOC failed to build up 

in soils receiving large C inputs (Campbell et al., 1991; Soon, 1998; Rumpel, 2008) may be 

due to faster decomposition of  “old” pre-existing FF-SOM (Kuzyakov et al., 2000) rather 

than no, or low, conversion of straw-C into “new” FF-C. In this paper we investigate the role 

of inorganic nutrients (N, P and S) in short-term C dynamics in soil by measuring both the 

amount of “new” FF-SOM formed by humification and the amount of “old” FF-SOM lost by 

decomposition when wheaten straw was added to a range of arable soils.  

 

2. Materials and methods 

We incubated four diverse soils in laboratory microcosms with and without straw and 

supplementary inorganic N, P and S and followed the changes in size of the pre-existing and 

newly formed FF-SOM pools. The added nutrients, equivalent to 5 kg N, 2 kg P and 1.4 kg S 

per tonne of straw, were designed to augment the nutrients within the straw to achieve the 

ratios of C:N:P:S found in FF-SOM (Table 1; Kirkby et al., 2013). In all experiments any 

partially decomposed plant residue (CF) was removed from the soils both before the 

experiment began and after the incubation with straw using a dry-sieving/winnowing 

procedure (Kirkby et al., 2011) such that any C remaining in the soil was assumed to be FF-

C. In this way only changes in the more stable FF-SOM pool were assessed (Kirkby et al., 

2011). 

 

2.1 Characterisation of the initial soil 

Surface soil samples (0-15 cm) were collected from four diverse agricultural soils (clay range 

8-60%; starting FF-C range 0.6-3%, Table 2) representative of different agro-ecological 

regions of Australia. All CF organic material was removed as described above.  The 
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difference between the total-OC and FF-C values in Table 2, particularly for soils 1 and 4, 

indicates the level of partially degraded plant remains in some soils and indicates why it is so 

important to remove this material when studying FF-C dynamics. More detailed information 

regarding the soils can be found in Kirkby et al. (2013). Note that soil 1 (Buntine) is a 

Tenosol (Table 2) which was previously reported as a Kandosol in Kirkby et al. (2013). 

 

2.2 Incubation experiment 

Uniformly-stable isotope-labelled mature wheat stem (internode) > 97 atom% 13C, was used 

as the enriched material (IsoLife Wageningen, Netherlands). This highly-enriched material 

was diluted (1:25; final atom% 13C = 4.940) with non-labelled wheat stem (internode) 

material collected at harvest from Site 2 which had been oven dried (70oC) and stored. Only 

internode stem material was used to maximise the uniformity of the material added to each 

replicate (Kirkby et al., 2013). The straw was cut into pieces approximately 5 mm long prior 

to mixing with any soil. 

 

2.3 Treatments 

There were three treatments in the experiment: (soil alone, the control), (soil + straw), (soil + 

straw + supplementary nutrients). All weights were to 0.1 mg accuracy and the initial atom% 

13C was calculated for each replicate based on the soil weight and the weights of the labelled 

and non-labelled straw added. 

 

Treatment 1 (control soils).  

Three replicates for each soil type consisting of 40 g soil (equivalent oven dry weight) 

brought up to 70% field capacity (field capacity is defined as the gravimetric water content at 

-100 cm suction, Kirkby et al., 2013) using distilled water.  
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Treatment 2 (soil + straw).  

Ten replicates for each soil type consisting of 40 g soil (equivalent oven dry weight) 480 mg 

unlabelled straw and 20 mg labelled straw were prepared and brought up to 70% field 

capacity using distilled water. 500 mg straw per 40 g soil equates to an approximate field rate 

of 12 t straw ha-1 to 7.5 cm soil depth. 

 

Treatment 3 (soil + straw + supplementary nutrients).  

Ten replicates as per treatment 2 but with added nutrients. A nutrient solution was made 

containing 1.285, 0.5 and 0.325 mg per ml of N, P and S respectively (as ammonium nitrate, 

potassium dihydrogen phosphate and ammonium sulphate). The pH of the solution was 

adjusted to pH 7 using 10M sodium hydroxide. 2 ml of this nutrient solution was added per 

40 g dry soil and the soils were then brought up to 70% field capacity using distilled water. 

The rates of nutrient addition were calculated to achieve 30% humification of the freshly 

added straw-C (as described in detail in Kirkby et al. 2013), as 30% is among the highest 

value for humification of fresh crop residues when added to soil (e.g., Himes 1998).  

 

2.4 Incubation conditions 

Each replicate was placed in an open plastic vial measuring 40 mm diameter and 60 mm 

high. Each vial was placed in a 1 L air-tight Mason type jar containing 5 ml distilled water in 

the bottom of the jar to reduce drying during the incubation. An open scintillation vial 

containing 10 ml 1M sodium hydroxide (NaOH) was also placed in the jar along with the soil 

to absorb carbon dioxide (CO2) respired during the subsequent incubation. Four jars 

containing only the CO2 traps and water in the bottom were incubated to act as blanks. The 

samples were incubated in a darkened constant temperature room at 30oC for 56 days after 
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which time the CO2 evolution rate became low and the evolution rate curve declined to 

approach an asymptote (Paul and Clark 1996). The CO2 traps were changed on days 7, 14, 

28, 43 and 56. After removal from the Mason jar 5 ml 0.05M barium chloride was added to 

the NaOH (to precipitate any carbonate) plus a few drops of phenolphthalein. The NaOH was 

titrated to a pink colour using 0.05M HCl. The CO2 evolved in each period was calculated 

using Equation (1).  

 

C or CO2 (mg) = [(Bv – Sv) x NE]        (1) 
 
Where: 
 
Bv = vol acid to titrate blank 
Sv  = vol acid to titrate sample 
N = normality of acid 
E = Equivalent weight 
Equivalent weight for CO2-C = 6 
Equivalent weight for CO2 = 22 
 

When changing the CO2 traps the soil from each vial was tipped out onto a plastic sheet and 

remixed, with distilled water added to adjust the moisture if necessary. The soils were 

remixed to enhance straw breakdown and improve homogeneity by: (i) re-aerating the soil as 

it is generally acknowledged that oxygen is a requirement for the dominant heterotrophic soil 

organisms responsible for OM breakdown (Franzluebbers, 2005) (ii) create soil disturbance, 

which preferentially increases the breakdown rate of coarse LF organic material 

(Cambardella and Elliott, 1992) and (iii) redistributing the soil-straw-nutrient mixture to 

avoid ‘nutrient poor’ zones that may arise around straw pieces during straw breakdown. In 

addition, ambient air was pushed into the open jar several times using a dry 100 ml syringe. 

This was done to ensure the air in each jar was consistent with ambient air conditions prior to 

placing the sample back in the jar and resealing. 
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2.5 Sample analysis 

At the completion of the incubation period the samples were dried at 45oC for several days. 

Any partially degraded wheaten straw remaining was removed by the dry-sieving winnowing 

method such that any C remaining in the samples at the completion of the 56 day incubation 

period was again assumed to be FF-C. In addition, each replicate was examined under a low 

power dissecting microscope to ensure no straw fragments remained in the sample. The 

whole of each replicate soil sample, with any remaining straw removed, was pulverised using 

a ring and puck mill to pass through a 100 mesh sieve (150m opening) and then thoroughly 

mixed to ensure that any sub-samples subsequently analysed were representative of the whole 

sample. Total FF-C and atom % FF-13C were determined using a dry combustion analyser 

with an attached isotope ratio mass spectrometer (Europa Scientific Model 20-20). The 

partially degraded straw from each sample was thoroughly brushed free of any mineral 

material adhering to the straw (using a small artist’s brush while looking through a dissecting 

microscope) and weighed. Eight replicates, two from each soil type, were analysed for ash 

content and total-C to assess how much C remained in the partially degraded straw and the 

degree of mineral contamination. The original “clean” straw was considered to be 100% 

organic material and the degree of contamination of the partially degraded straw remaining 

after the incubation was calculated as the amount of ash in the sample over and above that 

found in the original “clean” straw samples. The amount of organic material remaining in the 

partially degraded straw was calculated as the oven dry weight of the remaining partially 

degraded straw minus the weight of the ash over and above that found in the “clean” straw. 

The C content of the remaining straw was calculated as a percentage of the mass of organic 

material remaining.   

 

2.6 Statistical analysis and associated calculations 
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The results were analysed using one or two way ANOVA as appropriate using the SigmaStat 

statistical software program (Systat Software Inc. USA). If the ANOVA detected a statistical 

difference an all pair-wise multiple comparison was conducted using the Holm-Sidak method 

to identify which treatments were significantly different. An explanation of which data was 

measured and which was derived, and how it was derived, are shown in Supplementary Table 

1. An example of the data calculations, using the full soil 2 data set, is shown in 

Supplementary Table 2. 

 

3. Results 

3.1 Mass and composition of remaining partially degraded straw 

The remaining partially degraded straw had 34% mineral contamination (Table 3) over and 

above the original straw and thus was 66% organic material. At the completion of the 56-day 

incubation period there was no difference in the C content of the initial and partially degraded 

straw (P>0.8) and the loss of organic material mass mirrored the loss of C. Using the weight 

of the cleaned partially degraded straw remaining, and assuming that all remaining straw 

samples contained 66% organic material, an estimate of the straw organic material remaining, 

or lost, was made. On average, nutrient addition increased the amount of organic material lost 

from the straw during the 56-day incubation by 85% (Fig 1). 

 

3.2 Respiration 

Although the CO2 efflux from soils without straw was slightly elevated during the early (day 

7) incubation period, overall it was low and relatively constant over the 56-day incubation 

period (Fig 2). The total CO2 efflux from soils with added straw was 4.5 times that from soils 

without straw (range 3 – 6.5 fold). For soils with straw and straw plus nutrients, 74% and 

80% respectively, occurred during the first half of the incubation period. The early (day 7) 



11 
 

efflux from soils with added straw was 8.5 times that from soils without straw (range 4.9 – 

15.4 fold). The early efflux from soils with added nutrients was 20% greater (range 7-47%) 

than from soils with straw alone. 

 

3.3 C mass balance 

The C mass balance for soils without added straw is a straightforward calculation as the only 

losses from the system are C losses via microbial respiration. By adding the total amount of 

CO2 respired over the 56-day incubation period (integrating the area under the graphs in Fig 

2) to the final FF-C value (Table 4) between 98% and 100% of the initial C could be 

accounted for.  

 

Calculating a C mass balance for soils with added straw was not as straightforward as these 

soils contained some partially degraded straw that had to be carefully removed and cleaned. 

While the weight of the cleaned, partially-degraded straw was measured for all replicates (to 

estimate the mass of organic material lost) an estimate of the C balance using actual straw 

analyses was only done for two replicates from each soil where the remaining cleaned, 

partially degraded straw was analysed for ash and C content (Table 3). Using the weight of 

the remaining cleaned, partially degraded straw and the appropriate C concentrations for this 

straw, the amount of C remaining in the straw could therefore be estimated.  Summing the 

amount of C in the remaining straw with the C lost via microbial respiration and the C 

remaining in the soil, indicated that between 97 and 104 % of the initial C could be accounted 

for (Table 5).  

 

3.4 Changes in soil 13C 
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Soils incubated without added straw lost 13C via microbial respiration as expected (Fig 3). 

The atom% 13C of these soils did not change (Table 4), indicating that 12C and 13C were 

mineralised at the same rate. All soils incubated with added straw showed a net increase in 

13C (Fig 3, Table 4). The net increase in 13C for soils with added nutrients was 270% greater 

(range 50-480%) than for soils with straw but without nutrients.  

 

3.5 Changes in soil FF-C 

While the net changes in C are reported as mg kg-1 soil (Figs 3 and 4) they can also be 

reported as a percentage of the straw C added to the system. Reported in this way, the net 

percentage change in C is a measure of a system’s ability to sequester and retain C, which we 

define as the net humification efficiency (NHE). Although no straw was added to the control 

soils the net change in C can be expressed similarly by using the average C added to the soils 

with added straw for the calculation. All soils incubated without added straw lost FF-C with 

an effective NHE of -8.8% (range -7.0 to -11.2%, Fig 4). 

 

The net change in FF-C (NHE), for soils incubated with straw but without added nutrients, 

varied in response (Figure 4). Two soils (2 and 3) showed net FF-C increases (+4.1 and 

+10.4% NHE respectively), one (4) showed small but insignificant changes (zero NHE), 

while one (1) showed a net FF-C decrease (-16.9% NHE). When nutrients were added with 

the straw, all soils showed net FF-C increases of between three- to ten-fold compared to soils 

incubated with straw alone (NHE range +14.7 to +40.4%). 

 

Similar to the NHE we define the absolute mass of straw-C transformed into “new” FF-C, as 

a percentage of the straw C added to the system, the gross humification efficiency (GHE) and 

this is a measure of a system’s ability to form new FF-C. The difference between the GHE 
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and the amount of “old” pre-existing FF-C lost by microbial respiration is the NHE. Because 

no straw was added to the control soils, the C lost must have been from the “old” pre-existing 

FF-C pool and the GHE and NHE are equivalent (Figs 4 and 5b). Adding straw alone 

significantly increased the amount of old FF-C lost (Fig 5b) indicating that the decomposition 

of old FF-SOM increased following the addition of the straw. Adding supplementary 

nutrients with the straw further increased the loss of old FF-C in soils 3 and 4, but decreased 

the loss in soils 1 and 2 (Figure 5b). With straw alone the proportion of straw-C transformed 

into new FF-C across the soils (the GHE) ranged from 13 to 33%. For soils with added 

nutrients the GHE increased to between 37 and 74%, an increase of between 1.4 and 3.3 

times compared to soils with straw alone. The GHE for all soils with added straw was 

positively and significantly correlated with the early (day 7) CO2 efflux (Fig. 6, Pearson 

correlation coefficient = 0.92, P<0.01). 

 

4. Discussion 

Although microbial biomass was not directly measured in this study, the 8-fold increase in 

early (day 7) CO2 efflux from soils with added straw is indicative of a large increase in 

microbial activity (and thus presumably microbial biomass ) following straw addition (Wu et 

al. 1993; Rochette et al. 1999).  Nutrient addition further increased the CO2 efflux, which is 

consistent with the previous incubation study reported by Kirkby et al. (2013), where the 

microbial biomass-C increased by 1.6 to 2.6-fold in soils 7 days after the addition of straw 

with added nutrients.  

 

The increase in atom% 13C in all soils with added straw indicate that straw-C was 

transformed into new FF-C in all of these soils. The increased loss of pre-existing FF-C (12C 

+ 13C) in soils with straw alone, compared to soils without straw, is indicative of a positive 
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priming effect (Kuzyakov et al., 2000). In particular, while soil 1 with added straw alone 

gained 13C, it also lost more pre-existing FF-C than the amount of new FF-C (12C + 13C) 

formed and thus, overall, it showed a net FF-C decrease. The net loss of FF-C, following 

fresh OM addition in nutrient-poor soils, such as soil 1, without supplementary nutrient 

addition, is consistent with other published results (Fontaine et al., 2004) even with repeated 

straw additions (Kirkby et al., 2013). Similarly, while soil 4 gained 13C there was no 

significant difference in the amount of new FF-C formed and pre-existing FF-C lost and so 

showed no net change in FF-C overall. In contrast, with straw alone the amount of new FF-C 

formed in soils 2 and 3 was greater than the amount of pre-existing FF-C lost and so total FF-

C increased. 

Despite nutrient addition increasing the amount of pre-existing FF-C lost from soils 3 and 4, 

overall, for all soils with nutrient addition the amount of new FF-C formed was always 

greater than the amount of pre-existing FF-C lost and thus all soils with nutrient addition 

showed a net FF-C increase. 

 

Co-metabolism is one mechanism that could explain the positive PE following straw addition 

and which, in two of the soils, increased with nutrient addition. In co-metabolism, organisms 

which specialise in the decomposition of fresh organic material (FOM) inputs release 

enzymes that are very efficient at mineralising these fresh inputs. However, these enzymes 

can also mineralise pre-existing SOM, although not as efficiently, leading to an enhanced 

mineralisation of pre-existing FF-C or a positive PE (Fontaine et al., 2003, Blagodatskaya &  

Kuzyakov, 2008). We suggest that: (i) straw and nutrient addition leads to an increase in the 

size of the microbial biomass, as indicated by the increased CO2 efflux (Fig 2) (ii) there is an 

increase in amount of enzymes released that are especially efficient at mineralising the FOM 

inputs, and with nutrient addition, leading to even greater FOM mineralisation (iii) these 
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enzymes, although not as efficiently, can also mineralise pre-existing SOM, leading to an 

enhanced mineralisation of pre-existing FF-C (Fig 5) or an increased positive PE. 

 

The decreased loss of pre-existing FF-C following nutrient addition for soils 1 and 2 could be 

explained by assuming that microbial nutrient mining was a major factor inducing the 

positive PE following straw alone addition. Following the addition of C-rich (but nutrient-

poor) straw (Table 1), the growth of the nutrient-rich (but C-poor) microbial population could 

only reach its optimal level if N, P and S could be obtained from a source other than the 

added straw. Without adequate freely-available inorganic nutrients, microorganisms can only 

get the N, P and S they need to optimise their growth by mineralising pre-existing FF-SOM, 

which represents an almost inexhaustible supply of these nutrients (Fontaine et al., 2011). 

The soil microbes are able to use the high energy-C of the fresh inputs to offset the energy 

required to produce the enzymes necessary to mineralise the more stabilised pre-existing FF-

SOM, which in turn releases nutrients (particularly N, P and S) which are needed to sustain 

microbial growth, but also leading to an enhanced mineralisation of the pre-existing FF-C, 

(Blagodatskaya &  Kuzyakov, 2008; Guenet et al., 2010a; Guenet et al., 2010b). Following 

the addition of inorganic N, P and S (along with the straw) microorganisms are able to obtain 

extra N, P and S from the soil solution to optimise their use of the C-rich (but nutrient poor) 

straw and, therefore, do not have to expend energy producing enzymes capable of 

mineralising the relatively stable pre-existing FF-SOM. Thus, the mineralisation of the pre-

existing FF-SOM is reduced (i.e. the positive PE is reduced). It is likely that multiple 

mechanisms occur simultaneously and that the balance between them determines whether the 

decomposition rate of old FF-SOM increases or decreases following the addition of fresh 

residues and nutrients (Guenet et al., 2010a). 
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The great majority of OM mineralisation in soils with added straw and straw plus nutrients, 

as indicated by CO2 efflux, occurred during the first half of the incubation period (mean 74% 

and 80% respectively). The large increase in straw-C lost with nutrient addition (85%), 

compared to soils with straw alone, but only a 9% increase in CO2 efflux indicates that much 

of the “lost” straw-C was transformed into microbial-C rather than respired as CO2-C 

suggesting that most microbial assimilation of straw-C probably occurred during the first half 

of the incubation period as well. This is also supported by the strong correlation between 

early (day 7) CO2 efflux and GHE as microbial assimilation of straw-C is a prerequisite for 

“new” FF-C formation if the generally held hypothesis that microbial detritus, rather than 

recalcitrant plant material, contributes most to the FF-C pool is valid (e.g. Kramer et al., 

2003; Sollins et al., 2006; Lehmann et al., 2007; Bol et al., 2009; Miltner at al., 2009). The 

greater proportion of microbial activity that occurred during the first half of the incubation 

period (i.e., three times more CO2 emitted in the first half of the incubation) ) could also 

mean that it is fast-growing microorganisms, or r strategists, that are responsible for most of 

the OM mineralisation and straw-C assimilation. While Kuzyakov and Bol (2006) and Hamer 

and Marschner (2005) both suggest that microorganisms having r strategy were mainly 

responsible for the PE’s they observed, the evidence presented here suggests they may also 

be responsible for the majority of straw-C that is transformed into new FF-C as well. We 

hypothesise that, especially when nutrients were added along with the straw, these fast-

growing specialist FOM-degrading microorganisms could fully express their potential for 

rapid growth, as suggested by Fontaine et al. (2004). However, when the majority of the 

labile material was exhausted or, when nutrients became limiting (as in the soils with straw 

alone) these organisms died, with a reduction in CO2 efflux rates and with their detritus 

eventually contributing to the FF-SOM pool. This hypothesis warrants further investigation. 
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Our findings clearly indicate that the addition of adequate nutrients to incorporated energy-

rich crop residues can increase, by up to three-fold, the amount of new FF-C formed from 

those residues. Moreover, the addition of these nutrients may reduce the amount of pre-

existing FF-C lost due to the PE resulting in a net increase, by three- to ten-fold, in soil FF-C 

levels. While we recognize that this was a short-term experiment involving a single 

incubation period of 56 days, the results are consistent with our previous observations 

(Kirkby et al., 2013) that  showed a  similar and cumulative build-up of newly formed FF-

SOM across 7 consecutive incubations over 21 months.  Further work to assess the stability 

of the FF-SOM formed under these conditions is warranted along with investigation of its 

contribution to longer-term C stabilization in soil. 

 

These findings have several important implications. Firstly, they provide a possible 

explanation, namely an inadequate supply of N, P, and S, for the low levels of C-

sequestration often observed in long-term experiments in conservation agriculture, where 

crop residues are retained in situ rather than burnt or removed. If new residue-C is to be 

sequestered into the FF-SOM pool then new N, P and S will need to be sequestered with it 

(Kirkby et al., 2011). This is especially relevant in modern farming systems which aim to use 

nutrients more efficiently by supplying only the amounts needed for optimum economic 

return for crop production and a low risk of environmental damage when “surplus” nutrients 

are lost from the system. This conservative use of fertilisers, including the precise targeting of 

nutrient supply to a crop’s requirement, may inadvertently limit the supply of nutrients for 

microbial growth and FF-C formation.  

 

Secondly, it is apparent that understanding why large amounts of old pre-existing FF-C are 

often lost following the retention of crop residues is just as important as understanding how 
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new FF-C  is formed. While such losses have been known for some time, the underlying 

mechanisms, and strategies to reduce the losses, remain unclear and warrant further 

investigation if optimum increases in FF-SOM levels are to be realised following crop 

residue retention. 

 

And thirdly, while our results show that adding supplementary nutrients can greatly increase 

the proportion of straw-C transformed into new FF-C, they also imply that the nutrients will 

have to remain sequestered with the C in the FF-SOM for as long as it exists. Thus the 

potential value of these nutrients is a hidden cost generally overlooked when considering C 

sequestration in soil. This is an important consideration for C-trading systems currently being 

developed globally. 
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Table captions 
 
Table 1   Mass of N, P and S per 10,000 units C for some common crop residues, bacteria, fungi and fine 
fraction-SOM, humus, (Kirkby 2011). 
 
 
 
Table 2   Initial total organic-C and FF-C (mg kg-1 soil), atom% 13C of the FF-C and other selected properties of 
the four soils used for the incubation experiment. 
 
 
 
Table 3   Selected properties of fresh and partially degraded straw after 56 days incubation. Data are means and 
SEM. Fresh straw n=5; degraded straw n=8, two from each of the four soils. 
 
 
 
Table 4   Mean final FF-C (mg kg-1 soil) and atom% 13C levels of four soils incubated with/without wheaten 
straw and supplementary nutrients at the completion of the 56 day incubation period. For FF-C values all 
partially degraded straw fragments were removed from the soils before C analysis.  
 
 
 
Table 5     C mass balance (mg kg-1 soil) for two replicates from each of four soils at the completion of the 56 
day incubation period with added straw* 
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Figure legends 
 
Figure 1 
Effect of nutrient treatment (addition or no addition) on straw organic matter lost at the completion of the 56 day 
incubation period. Data are means and SEM, n=10. 
 
 
 
Figure 2 
Effect of straw and nutrient treatment (addition or no addition) on the CO2-C efflux from four soils (soils 1 to 4 
= a, b, c, d respectively) over 56 days. Data are means and SEM. Treatments with no straw addition n=3, 
treatments with straw addition n=10. Where error bars not shown symbols are larger than error bars. 
 
 
 
Figure 3 
Effect of straw and nutrient treatment (addition or no addition) on the changes in FF-13C of four soils at the 
completion of the 56 day incubation period. Data are means and SEM. Treatments with no straw addition n=3, 
treatments with straw addition n=10. Values above/below bars show changes in FF-13C expressed as a % of the 
straw-13C added. For treatment without straw addition mean straw-13C added to plus straw treatments used for 
the calculation. 
 
 
 
Figure 4 
Effect of straw and nutrient treatment (addition or no addition) on the net change in FF-C for four soils at the 
completion of the 56 day incubation period. Data are means and SEM. Treatments with no straw addition n=3, 
treatments with straw addition n=10. Values above/below bars show net changes in FF-C expressed as a % of 
the straw-C added. For treatment without straw addition mean straw-C added to plus straw treatments used for 
the calculation. 
 
 
 
Figure 5 
Effect of straw and nutrient treatment (addition or no addition) on (a) new FF-C formed and (b) old FF-C 
mineralised at the completion of the 56 day incubation period. Data are means and SEM. Treatments with no 
straw addition n=3, treatments with straw addition n=10. Values above/below bars show changes in FF-C 
expressed as a % of the straw-C added. For treatment without straw addition mean straw-C added to plus straw 
treatments used for the calculation. 
 
 
 
Figure 6 
CO2-C efflux from four soils after seven days of the 56 day incubation with added straw (with and without 
supplementary nutrient addition) versus new FF-C formed at the end of the 56 day incubation period. Data are 
means and SEM, n=10. Open symbols are for treatments without nutrient addition, closed symbols are for 
treatments with nutrient addition. Where error bars not shown symbols are larger than error bars. 
 


