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Abstract The carbon mineralization of added organic materials (AOM) in soil was assessed by combining laboratory and modeling approaches. The AOM used in the organic fertilizer industry included: plant residues from agri-food origin, animal wastes, manures, composts, and organic fertilizers. They were fractionated by sequential analyses of ®bers and analyzed for C, N and ash contents. A previous kinetic study permitted to select two predictive models for AOM C mineralization in a sandy soil. These models, m4 and m6, were respectively de®ned by (i) two compartments (labile L and very resistant R) with three parameters: PL (proportion of L), and kmL, kmR (kinetic constants of L and R); (ii) three compartments (very labile L 0 , resistant R 0 and stable S), with two parameters: P 0L and PS (proportions of L 0 and S) with ®xed kinetic constants at 28 8C, 75% WHC. We tested for the best prediction of the above parameters with the analytical data. These predictions were signi®cant for the whole AOM set, but to a lesser degree for the C mineralization of AOM with contrasted characteristics. A Principal Component Analysis (PCA) was used to classify the AOM according to their biochemical contents into two groups: (1) ligneous ones with relatively high C and low N contents (mostly plant-originated AOM), and (2) more nitrogenous ones, poorer in organic C and ligno±cellulosic ®bers (mostly animal-originated or partially composted AOM). The classi®cation improved the predictive equations, which use one to three biochemical variables in agreement with the conceptual de®nition of the parameters. P 0L ; PL and PS were more accurately estimated than kmL and kmR. For most of the AOM, m6 gave better simulations than m4. From m6 equations, the conceptual compartments L 0 , R 0 (with P 0R ˆ 1 2 P 0L 2 PS ) and S appeared to correspond to (i) parts of soluble, nitrogenous and hemicellulosic compounds, (ii) cellulose and the remaining fraction of hemicelluloses, (iii) the ligneous fraction, respectively. q 2002 Published by Elsevier Science Ltd. Keywords: Modeling; Organic fertilizers; Composts; Biochemical analysis; Added organic material; Organic carbon; Mineralization kinetics; Sandy soil



1. Introduction For several decades, there has been a great interest in decomposition studies of soil organic inputs in relation with their biochemical characteristics. Indeed, since the early works of Wollny (1902), Waksman and Tenney (1927) and Tenney and Waksman (1929), the organic matter (OM) decomposition rate was believed to be in¯uenced by the OM quality, as de®ned by the chemical composition and relative proportions of its constitutive organic compounds. Rubins and Bear (1942) referred to the decomposition of organic fertilizers in soil as a function of their quality, ®rstly their C-to-N ratio. Other scientists reported similar work on Ê gren and Bosatta, 1996; forest litters (Melillo et al., 1982; A Heal et al., 1997; CouÃteaux et al., 1998; Sanger et al., 1998), * Corresponding author. Tel.: 133-4-67-41-62-28; fax: 133-4-67-41-6294. E-mail address: [email protected] (M. Pansu). 0038-0717/02/$ - see front matter q 2002 Published by Elsevier Science Ltd. PII: S 0038-071 7(01)00178-X



and crop residue decomposition (Amato et al., 1984; Angers and Recous, 1997; Mary et al., 1996; Quemada and Cabrera, 1995). With the revival of organic farming, a large range of organic fertilizers led some researchers to pay more attention to these products. The major aim of their work was to de®ne quality criteria for organic fertilizers in relation to their potential C and/or N mineralization in soil (Cheneby et al., 1992; LineÁres and Djakovitch, 1993; Robin, 1997). The determination of quality criteria is of theoretical interest for combining measurable pools of added organic materials (AOM, Mueller et al., 1998) with conceptual pools of decomposition models. Quality has been the object of a theory applied to AOM constituents as a continuum (Bosatta Ê gren, 1985). More commonly, the decomposition of and A discrete classes of organic compounds in AOM has been presented as a constitutive part of soil organic matter (SOM) decomposition models, the AOM being split in two (Molina et al., 1983; Van Veen et al., 1984; Parton et
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al., 1987; Sallih and Pansu, 1993; Bradbury et al., 1993) or three (Hansen et al., 1991; Verberne et al., 1990) compartments with a speci®c decay rate. One of the most considered quality criteria was the C-to-N ratio of the AOM (Rubins and Bear, 1942; McGill et al., 1981), but this simple criterion appeared sometimes inadequate for predicting the decomposition kinetics (Recous et al., 1995; PareÂ et al., 1998). Thus, other quality criteria seemed necessary; such criteria can be provided by the sequential analysis of Van Soest (1963) and Van Soest et al. (1991), which attempts to divide AOM into soluble-, hemicellulose-, cellulose- and lignin-like substances. Nowadays some modelers utilize these fractions (LineÁres and Djakovitch, 1993; Robin, 1997; Henriksen and Breland, 1999a,b,c; Trinsoutrot et al., 2000) or their combinations as the lignin-to-N ratio (Melillo et al., 1982; Parton et al., 1987). This study was conducted in conjunction with a manufacturer of organic fertilizers and a French national association for organic farming. The aim was to relate the mineralization kinetics of different AOM to their chemical (C, N) and biochemical (soluble, hemicelluloses, cellulose, lignin) characteristics. We thus studied, under laboratory conditions, the mineralization of raw AOM or their combinations into complex admixtures (composts), and modeled their kinetics (ThurieÁs et al., 2001). In the present study, we then attempted to de®ne the model parameters as a function of the AOM composition. When matching measurable OM fractions with conceptual pools in models of C turnover, Christensen (1996) concluded that the challenge of modelers is to ªkeep the balance between structural simplicity, explanatory capability and predictive powerº. Our objective was to combine laboratory and discrete modeling approaches in order to ®nd a simple and accurate way of predicting AOM-C mineralization.



2. Materials and methods 2.1. Added organic materials Different kinds of AOM from agri-food industry wastes and industrial-processed fertilizers (organic amendments and fertilizers) were tested (Table 1). The raw materials were from (i) plant origin: wet and dry grape berry pellicle cakes (Wgrap, Dgrap), coffeecake (Coffk), cocoacake (Kokoa), olivecake (Olivp) (ii) animal origin: hydrolyzed feather meal (Featm), native ®ne feather (Nfeat), guano (Guano) (iii) plant and animal origin: sheep manure (Shepm), chicken manure (Chicm), and (iv) fertilizers: composted organic amendments (Compo series), and organic fertilizers (Gnofer, Comfer). The composted organic amendments (Compo) were made from Shepm and Coffk, periodically turned and aerated during a 10-month composting period. Samples were taken before



the composting process (Compo a), and at 40 (Compo b), 120 (Compo p), and 305 (Compo e) days. Compo 1 was a mixture of 75% Compo e and 25% Dgrap (used for lowering moisture). Gnofer was a guano-based organic fertilizer, whereas Comfer was a Compo-based fertilizer supplemented with Chicm. The AOM were air-dried, then ground to pass a 1-mm sieve for a sequential analysis of ®bers, or ®nely ground (,200 mm, in order to reduce the AOM sampling heterogeneity) for the incubation tests and total C and N analyses. Angers and Recous (1997) found an increase then a slight decrease of C mineralization when the particle size decreases, in the early and latter incubation stages, respectively. 2.2. Biochemical characterization of AOM Each AOM sample (six replicates) was successively extracted for NDF (neutral detergent ®ber), ADF (acid detergent ®ber) and ADL (acid detergent lignin) by sequential analysis of ®bers (Table 2), after Van Soest et al. (1991). At each extraction step, the products obtained were ®ltered, dried at 40 8C, weighed, and either (i) analyzed for C and N by dry combustion (Fisons NA2000), or (ii) dried at 105 8C for determining residual moisture, then ignited gradually at 525 8C for ash content. The data used in this paper (Table 1) were calculated according to Table 2: Sol (neutral detergent soluble), Hem (hemicelluloseslike), Cel (cellulose-like), and Lig (lignin-like) represented the different organic fractions (ash free) as de®ned by Van Soest (1967), CSol, NSol, CHem, NHem, CCel, NCel, CLig, and NLig were the respective carbon and nitrogen contents of fractions Sol, Hem, Cel and Lig, AshAOM represented the inorganic part of AOM. 2.3. Mineralization kinetics The experiment was described in detail in ThurieÁs et al. (2000). Brie¯y, 125±500 mg AOM were incorporated homogeneously in 50 g air-dried soil (,2 mm) and incubated in the dark at 28 8C and 75% WHC. These experimental AOM amounts corresponded to realistic inputs under ®eld conditions: 7 or 14 t ha 21 for animal materials or fertilizers, 28 t ha 21 for plant-originated materials, manures, and composts. Carbon mineralization was measured as respired CO2 ±C in closed chambers on 17 sampling occasions across a six-month period. The sandy soil used (11.5% clay, 69.3% sand; 4.98 g C kg 21) has been classi®ed as ¯uvisol (FAO±UNESCO±ISRIC, 1988) or Udi¯uvent (USDA, 1975). Two models for AOM-C mineralization have been selected after ThurieÁs et al. (2001): (m4), a parallel 1st order two-compartment model with labile (L) and very resistant (R) organic compounds, (m6), a simpli®ed parallel
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3.1 8.9 7.1 8.8 9.1 28.1 32.3 3.8 2.8 43.3 40.4 25.5 32.2 34.4 40.4 32.1 40.2



53.7 52.9 49.4 46.9 43.7 37.9 37.6 54.5 47.1 17.5 27.3 36.9 36.2 36.3 28.8 33.9 34.2



2.0 2.7 2.2 2.0 4.5 2.2 6.1 14.6 15.2 15.6 9.5 3.7 2.9 2.5 2.7 2.6 2.4



24.0 11.3 29.2 24.6 53.8 22.3 33.5 4.5 32.9 54.4 25.6 32.4 20.2 19.9 18.7 21.3 6.4



9.7 4.7 10.5 13.7 9.3 28.6 15.8 27.2 55.0 0.1 22.9 4.3 7.3 5.8 7.1 8.0 9.9



38.0 17.6 23.0 24.1 15.5 10.2 10.8 20.6 5.2 0.1 6.7 20.4 23.0 21.2 10.7 13.8 9.8



25.2 57.5 30.2 28.8 12.4 10.7 7.5 43.9 4.0 2.1 4.4 17.5 16.8 18.7 23.0 24.8 33.7



16.8 7.0 16.3 12.5 24.7 9.0 16.9 3.3 18.6 17.0 9.1 14.3 11.2 11.2 7.3 9.7 6.4



7.4 2.5 3.6 6.1 4.2 14.8 11.8 20.2 24.2 0.0 12.4 2.1 4.7 3.3 2.1 2.4 2.7



18.4 11.2 13.0 13.1 8.7 5.9 5.5 10.6 3.2 0.0 5.0 10.8 11.9 10.9 7.1 8.5 6.7



11.1 29.9 16.4 15.2 6.1 8.2 3.4 20.4 1.1 0.4 0.8 9.7 9.7 10.8 12.3 13.3 18.5



0.29 0.39 0.70 0.63 2.71 1.07 5.24 1.08 7.81 15.5 4.62 2.62 1.52 1.07 1.33 1.11 0.83



0.49 0.66 0.48 0.07 0.61 0.63 0.12 4.00 6.23 0.01 3.83 0.11 0.20 0.17 0.04 0.01 0.07



0.09 0.06 0.19 0.19 0.61 0.2 0.48 2.51 0.88 0.00 0.90 0.39 0.53 0.50 0.18 0.27 0.18



1.10 1.62 0.88 1.08 0.61 0.33 0.22 6.97 0.26 0.06 0.16 0.62 0.62 0.72 1.15 1.19 1.33



0.114 0.165 0.177 0.197 0.333 0.428 0.338 0.231 0.668 0.599 0.479 0.285 0.191 0.148 0.057 0.125 0.102



0.164 0.082 0.053 0.044 0.245 0.028 0.375 0.045 0.136 0.668 0.227 0.334 0.13 0.161 0.139 0.144 0.058



0.0041 0.0014 0.0008 0.0019 0.0016 0.0006 0.0041 0.0001 0.0033 0.0066 0.0065 0.0008 0.0012 0.0011 0.0004 0.0008 0.0007



0.055 0.070 0.058 0.048 0.278 0.064 0.309 0.068 0.450 0.637 0.394 0.261 0.117 0.097 0.034 0.079 0.032



0.394 0.624 0.670 0.531 0.482 0.422 0.304 0.697 0.089 0.130 0.108 0.613 0.634 0.680 0.869 0.750 0.776
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Table 1 Parameters estimated by ThurieÁs et al. (2001) for the predictive C-mineralization of AOM according to models m4 (PL, kmL, kmR, Eq. (1)) and m6 (P 0L , PS, Eq. (2)) related to measured chemical and biochemical characteristics in g g 21 d.w. ( £ 100; Sol 1 Hem 1 Cel 1 Lig 1 AshAOM ˆ 1) of the AOM (see text for explanation of PL, kmL, kmR, P 0L , PS and Sol, Hem, Cel, Lig)
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242 Table 2 Sequential procedure for biochemical fractionation of the AOM into NDF, ADF, ADL, after Van Soest et al. (1991) (NDS, ADS ˆ neutral detergent solution, acid detergent solution, respectively (Van Soest et al., 1991); AOMo, NDFo, ADFo, ADLo ˆ organic part of AOM, NDF, ADF and ADL residues, respectively; wct ˆ sample weight on a 105 8C basis; CAOM, NAOM, CNDF, NNDF, CADF, NADF, CADL, NADL ˆ carbon and nitrogen contents of AOM, NDF, ADF, ADL, respectively; Asht, AshNDF, AshADF, AshADL ˆ ash contents of AOM, NDF, ADF, ADL, respectively; Sol, Hem, Cel, Lig ˆ dry masses of soluble, hemicelluloses, cellulose and lignine fractions, respectively; CSol, NSol, CHem, NHem, CCel, NCel, CLig, NLig ˆ carbon and nitrogen contents of Sol, Hem, Cel and Lig fractions, respectively; AshAOM ˆ inorganic part of AOM) Extractions
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Ash content (525 8C) Fibrous product Calculation
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1st order three-compartment model with very labile (L 0 ), resistant (R 0 ) and stable (S) organic compounds. More complex model including exchanges between compartments (humi®cation from L to R, decomposition from R to L) was not retained after statistical analysis. The three parameters of model m4 are classically used to regulate organic inputs in many SOM models: PL (no dimension) is the proportion of labile compounds in AOM, kmL and kmR (d 21) are the mineralization kinetic constants for the compartments L and R, respectively. The mineralized AOM fraction (MAOMF, cumulative CO2 ±C expressed as a fraction of added C) at a given incubation time t (d) was: MAOMF ˆ 1 2 PL e 2 kmL t 2 …1 2 PL †e 2 kmR t



…1†



Model m6 is also used to regulate organic inputs in other SOM models. The complete version utilizes generally ®ve parameters: the proportions P 0L and PS (no dimension) of very labile and stable compounds, respectively, (P 0R is obtained by the difference 1 2 P 0L 2 PS ) and the kinetic constants k 0mL ; k 0mR ; and kmS (d 21) of each compartment. Here, in the simpli®ed version, kmS was set to zero as the mineralization of this stable compartment was not noticeable during the six-month experiment. The k 0mL ; and k 0mR values ®tted for each AOM (model m5 in ThurieÁs et al., 2001) were found less variable than kmL and kmR (m4) and close to their mean value. The increase from two (m4) to three (m6) discrete classes of compounds in AOM logically displayed more homogeneous products in each class with analogous decomposition rate. Thus m6 could be de®ned with only two parameters P 0L and PS (k 0mL and k 0mR set at their mean values: k 0mL ˆ 0:40 d21 ; k 0mR ˆ 0:012 d21 ). The MAOMF (28 8C, 75% WHC) at a given incubation time t was thus calculated as: MAOMF ˆ 1 2 P 0L e20:4t 2 …1 2 P 0L 2 PS †e20:012t 2 PS …2† The values of the parameters (Eqs. (1) and (2)) obtained for the 17 AOM are reported in Table 1. 2.4. Calculations In the present work, a stepwise regression was used to determine the relationships between the parameters of Eqs. (1) and (2) (Table 1), and the characteristics of the measured biochemical fractions: CAOM, NAOM, AshAOM, Sol, Hem, Cel, Lig, CSol, NSol, CHem, NHem, CCel, NCel, CLig, NLig. The variables synthesized were also taken into account from the former fractions: C-to-N, labile (lab ˆ Sol 1 Hem) and stable (stab ˆ Cel 1 Lig) fractions, labile organic fraction ¯ab ˆ lab/(lab 1 stab), labile/stable ratio ¯abr ˆ lab/ stab, soluble organic fraction (cellular content) fsol ˆ Sol/ (lab 1 stab), soluble/insoluble ratio fsolr ˆ Sol/(Hem 1 Cel 1 Lig), soluble fraction in labile organic compounds fsoll ˆ Sol/lab, cellulose fraction in the stable compounds
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fces ˆ Cel/stab, lignin/nitrogen ratio (Lig/NAOM), C and N in labile (Clab, Nlab) and stable (Cstab, Nstab) fractions. A stepwise regression procedure using partial F-test and sequential F-test, controlled by Mallows Cp statistic (Draper and Smith, 1980) was used in order to remove or to enter biochemical variables in the models describing each parameter of m4 (Eq. (1)) and m6 (Eq. (2)). The resulting equations (Table 3) were then associated to Eq. (1) or Eq. (2) in order to give biochemical prediction of C-mineralization with m4 and m6 model, with or without classi®cation. In each case, the ef®ciency of these predictions was assessed by the residual sum of squares RSS and graphic visualization. The best simulation must have the lowest RSS; let RSSa and RSSb be the residual sum of squares of simulations a and b, respectively; if RSSa . RSSb, comparisons with F-test must be performed as follows: P RSSa …y 2 y^ia †2 =…p 2 m†a Fˆ ˆ P i otherwise; if RSSb …yi 2 y^ib †2 =…p 2 m†b RSSb . RSSa; F ˆ



RSSb RSSa



(3)



where p is the number of sampling occasions, m the number of model parameters, yi, y^ia ; y^ib is the measured and predicted values with models a and b, respectively, at sampling i. A F value (Eq. (3)) higher than bilateral 0:05 F…p2m† (statistical table) implies that the hypothesis a …p2m†b of equality must be rejected at p , 0.05: RSSa is greater than RSSb, b simulation is thus better than a. When necessary, Principal Component Analysis (PCA) was also used to classify the AOM before the simulations. 3. Results 3.1. Predictions of CO2 ±C mineralization for the AOM set The best relationships found between the parameters and the biochemical characteristics (Table 1) were reported in Table 3, Eqs. (4) (PL), (5) (kmL) and (6) (kmR) for m4 and Eqs. (7) …P 0L † and (8) (PR) for m6. For 11 AOM among the 17 tested, the F-tests (Eq. (3), columns `no' in Table 4) showed that Eqs. (2), (7) and (8) (simpli®ed three-compartment model) gave better mineralization predictions than Eqs. (1), (4)±(6) (two-compartment model). However, the differences were only signi®cant for four AOM: Nfeat, Chicm, and Dgrap at p , 0.01, Coffk at p , 0.05. The carbon mineralization for six AOM was best predicted by Eqs. (1), (4)±(6), but the differences were only signi®cant for three of them: Wgrap and Kokoa at p , 0.01, and Guano at p , 0.05. Despite the signi®cant predictions of the parameters (85.7 , r 2 , 97.1), the modeling of MAOMF with Eqs. (1), (4)±(6), or (2), (7) and (8), was not always satisfactory for some contrasted N-rich (e.g. Guano) and
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Table 3 Predictive equations of parameters of the two models (m4 Eq. (1) and m6 Eq. (2)) by biochemical data, without (all) and with (2, 1Co values, Eq. (9)) classi®cation of AOM (r 2 ˆ % of the explained total variation, signi®cant at p , 0.01 for Eq. (14), at p , 0.001 for Eqs. (15) and (18), at p , 0.0001 for other Equations) (Sol, Hem, Cel, Lig, AshAOM ˆ mass fraction of the organic extracts: soluble, hemicelluloses, cellulose, lignin in AOM, and inorganic part of AOM, respectively, CSol, CHem, CCel, CLig ˆ carbon in Sol, Hem, Cel and Lig fractions; NSol, NHem, NCel, NLig, NAOM ˆ nitrogen in Sol, Hem, Cel, Lig fractions and whole AOM; Nlab ˆ NSol 1 NHem; ¯ab ˆ (Sol 1 Hem)/(Sol 1 Hem 1 Cel 1 Lig), fsol ˆ Sol/(Sol 1 Hem 1 Cel 1 Lig); fsoll ˆ Sol/(Sol 1 Hem), fces ˆ Cel/ (Cel 1 Lig)) Class



Model Eq.



Eq. No



Parameter



Equation



r2



All All All All All 2 2 2 1 1 1 2 2 1 1



1 1 1 2 2 1 1 1 1 1 1 2 2 2 2



(4) (5) (6) (7) (8) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)



PL kmL kmR P 0L PS PL kmL kmR PL kmL kmR P 0L PS P 0L PS



0.38 ¯ab 1 1.8 Nlab 0.53 Sol 2 0.32 Hem 1 2.6 NSol 0.025 CCel 2 0.015 CLig 1 0.045 NSol 0.24 ¯ab 1 2.8 NSol 2 0.31 CLig 3.55 CLig 1 0.61 AshAOM 0.66 ¯ab 2 0.67 Lig 0.50 fsol 2 0.45 Hem 1 1.3 NAOM 0.023 NAOM 2 0.023 CLig 1 0.009 AshAOM 0.25 ¯ab 1 0.54 Hem 0.13 fsoll 0.014 fces 2 0.013 lab 0.35 fsol 1 2.2 NAOM 2 0.010 Lig/NAOM 3.60 Lig 0.099 ¯ab 1 0.14 Hem 1.61 Lig 1 0.62 AshAOM



97.1 93.2 85.7 96.3 96.0 97.8 96.9 96.3 99.1 78.5 97.7 98.7 98.9 97.2 99.0



N-poor (e.g. Wgrap) AOM (curves not shown). Additionally, Eqs. (4)±(8) required the utilization of C and N data from biochemical fractions, not as easily collectable as fraction masses (Table 2). The improvement of MAOMF simulations was thus assessed by classifying the AOM. 3.2. Classi®cation of AOM A PCA was applied on the set of quality indices: CAOM, NAOM, AshAOM, Sol, Hem, Cel, Lig, CSol, NSol, CHem, NHem, CCel, NCel, CLig, NLig, or the previously de®ned ratios (C-to-N, ¯ab, ¯abr, fsol, fsolr, fsoll, fces, Lig/NAOM). We then explored for the most discriminant variables in order to express the maximum variability on the 1st axis. Finally, the ratio Lig/NAOM and the variable CAOM explained more than 70% of the variability on axis 1. Equation of the 1st principal component was: 0:71…CAOM 1 Lig=NAOM †: The PCA variables being standardized, the coordinate of each variable on the 1st axis was calculated by: ! CAOM 2 C AOM Lig=NAOM 2 Lig=NAOM Co ˆ 0:71 1 SCAOM SLig=NAOM ˆ 7:18CAOM 1 0:14Lig=NAOM 2 3:84



(9)



Calculations of the PCA component 1 (Co, Eq. (9)) allowed to classify easily the AOM (Table 4). Indeed, the fertilizers and the AOM of animal origin had negative Co values ranging from 20.41 for Feath to 22.49 for Guano. On the opposite, the AOM of plant origin had positive Co values ranging from 1.54 for Olivp to 1.98 for Wgrap, except the atypical Kokoa (fertilizerlike mineralization behavior with C-to-N ˆ 10 against



20 , C-to-N , 27 for other plant-originated AOM). In accordance with their partially animal character and their C mineralization behavior, Shepm and Chicm presented negative Co values. Most of the composts had negative Co values but these were no lower than 20.55. Compo p, which had high lignin content, had a positive Co value like the plant-originated AOM. It could be noticed that upon the addition of Dgrap …Co ˆ 11:55† to Compo e …Co ˆ 20:55†; the Co value of the obtained mixture Compo 1 increased …Co ˆ 20:04†: Other methods of cluster analysis, hierarchical and non-hierarchical classi®cations were tested. However in that case, results were not as clear as the ones obtained by the PCA method; indeed it allowed to separate markedly, ligneous materials with relatively high C and low N contents (Co . 0) from the more nitrogenous ones with lower C and stable ®ber (Cel 1 Lig) contents (Co , 0). 3.3. Simulations for the classi®ed AOM The m4 parameters (Eq. (1)) for the AOM classi®ed ` 2 ' (Table 4, Co , 0) were simulated by Eqs. (10), (11) and (12) (Table 3, r 2 ˆ 97:8; 96.9 and 96.3) more accurate than Eqs. (4)±(6) (r 2 ˆ 97:1; 93.2, 85.7) for all the AOM. For the AOM classi®ed ` 1 ' (Co . 0), two m4 parameters (PL and kmR) were better simulated by Eqs. (13) and (15) (r 2 ˆ 99:1 and 97.7) after classi®cation. The m6 parameter simulations were improved by classi®cation, for P 0L (r 2 ˆ 98:7 in Eq. (16) and 97.2 in Eq. (18) against r 2 ˆ 96:3 in Eq. (7)) as for PS (r 2 ˆ 98:9 in Eq. (17) and 99.0 in Eq. (19) against r 2 ˆ 96:0 in Eq. (8)). The comparisons of the AOM simulated mineralization were made by using F-test on residuals (Eq. (3); Table 4)
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Table 4 Comparison of models m4 (Eq. (1)) and m6 (Eq. (2)) predictions (F-test, Eq. (3)), with (`yes', Eqs. (10)±(19) in Table 3) or without (`no', Eqs. (4)±(8) in Table 3) classi®cation of the AOM by means of PCA (Co, Eq. (9)) (symbols represent the level of signi®cance for F-test (Eq. (3)): **(p , 0.01), *(p , 0.05), ns (no signi®cant)) Classi®cation No



Coffk Wgrap Dgrap Olivp Kokoa Shepm Chicm Nfeat Featm Guano Gnofer Comfer Compo a Compo b Compo e Compo 1 Compo p



Co



m4/m6



1.76 1.98 1.56 1.54 20.31 20.43 20.94 0.48 20.41 22.49 21.76 20.52 20.42 20.16 20.55 20.05 1.26



3.76 ,1 4.12 2.05 ,1 ,1 4.88 . 100 ,1 ,1 ,1 1.31 1.93 1.42 1.08 1.10 1.82



m6/m4 * ** ns ** **



ns ns ns ns ns ns



9.42



**



5.90 1.55



** ns



2.18 3.64 1.49



ns * ns



No/yes



Yes/no



No/yes



Yes/no



Yes



m4/m4



m4/m4



m6/m6



m6/m6



m4/m6



m6/m4



,1 ,1 ,1 9.33 5.32 1.70 10.45 . 100 ,1 ,1 ,1 1.31 1.93 2.56 9.30 37.38 15.37



1.53 2.47 12.10



ns ns **



1.14 4.24 6.69



ns ** **



3.14 1.69 6.65 1.18 ,1 ,1 ,1 . 100 ,1 1.83 20.97 ,1 10.44 9.08 ,1 1.01 6.00



* ns ** ns



** ns ** ** ** ns **



and graphically (Figs. 1±3) in order to: (i) compare models m4 (Eqs. (1), (4)±(6)) and m6 (Eqs. (2), (7) and (8)) without AOM classi®cation (see description earlier) (ii) show the effect of classi®cation on m4 (Eqs. (1), (4)±(6) vs (1), (10)±(15)) and m6 simulations (Eqs. (2), (7) and (8) vs



1.41 1.16 4.84



ns ns **



2.06



ns



1.14



ns



1.09



ns



,1 6.44 ,1 5.36 22.26 ,1 ,1 2.34 ,1 1.57 4.66 1.33 7.04 16.29 7.91 34.37 50.63



** ** ** ns ns ** ns ** ** ** ** **



1.83



ns



7.50



**



2.26 2.26



ns ns



1.08



ns



** * ns ** **



ns ns * ** ** **



(2), (16)±(19)) (iii) compare m4 (Eqs. (1), (10)±(15)) and m6 (Eqs. (2), (16)±(19)) simulations after classi®cation of AOM. For the model m4, the classi®cation improved the simulations for 11 AOM (Table 4), but only signi®cantly



Fig. 1. Mineralized added organic material fraction (MAOMF) of the AOM from animal origin (Guano: W; Featm: K), manures (Chicm: V; Shepm: S), fertilizers (Gnofer: X; Comfer: B) or with a fertilizer-like behavior (Kokoa: O). Symbols represent experimental data …n ˆ 3†; and lines represent the predictions according to m4 (Eqs. (1), (10)±(12)) and m6 (Eqs. (2), (16) and (17)) models after classi®cation of the AOM (Co , 0, Eq. (9)). Vertical bars represent the maximum of cumulative con®dence intervals at 95%.



246



L. ThurieÁs et al. / Soil Biology & Biochemistry 34 (2002) 239±250



Fig. 2. Mineralized added organic material fraction (MAOMF) of the AOM from plant origin (Coffk: B; Olivp: K; Wgrap: X; Dgrap: A) or with a plant-AOMbehavior (Nfeat: V). Symbols represent experimental data …n ˆ 3†; and lines represent the predictions according to m4 (Eqs. (1), (13)±(15)) and m6 (Eqs. (2), (18) and (19)) models after classi®cation of the AOM (Co . 0, Eq. (9)). Vertical bars represent the maximum of cumulative con®dence intervals at 95%.



Fig. 3. Mineralized added organic material fraction (MAOMF) of the initial mixture of AOM (uncomposted Compo a: K), and the obtained composts at different composting times (Compo b: S; Compo c: B; Compo p: V; Compo e: A), or compost supplemented with Dgrap (Compo 1: X). Symbols represent experimental data …n ˆ 3†; and lines represent the predictions according to m4 (Eqs. (1), (10)±(15)) and m6 (Eqs. (2), (16)±(19)) models after classi®cation of the AOM (Co , 0 except Co . 0 for Compo p). Vertical bars represent the maximum of cumulative con®dence intervals at 95%.
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for 7 AOM: Dgrap, Nfeat, Gnofer, Compo a, Compo b, Compo p at p , 0.01, and Coffk at p , 0.05. For 6 AOM, the classi®cation resulted in poorer simulations compared to unclassi®ed data, but only signi®cantly (p , 0.01) for Chicm. For m6, the classi®cation improved the simulations for 12 AOM (Table 4), but only signi®cantly (p , 0.01) for 9 AOM: Wgrap, Olivp, Kokoa, Gnofer, Compo a, Compo b, Compo e, Compo 1, and Compo p. For 5 AOM, the classi®cation resulted in poorer simulations compared to unclassi®ed data, but only signi®cantly (p , 0.01) for Dgrap. After classi®cation, the m6 simulations (Eqs. (2), (16)±(19)) were better than the m4 ones (Eqs. (1), (10)±(15)) for 11 AOM, but only signi®cantly for 8 AOM: Olivp, Chicm, Nfeat, Compo e, Compo 1, Compo p at p , 0.01, and Kokoa, Compo b at p , 0.05. Inversely, the m4 simulations were better for 6 AOM, but only signi®cantly (p , 0.01) for 3 AOM: Dgrap, Guano and Gnofer. Fig. 1 shows the C mineralization data and their simulations by models m4 (Eqs. (1), (10)±(12)) and m6 (Eqs. (2), (16) and (17)) for AOM classi®ed ` 2 ' (animaloriginated AOM and Kokoa). Guano and Gnofer m4 simulations were better than m6 ones from 15 to 150 d of incubation and similar at the beginning and the end of the incubation. Since Guano and Gnofer had very low Lig contents (Table 1), a three-compartment model was obviously not necessary to describe their mineralization. However, the calculation of PS from Eq. (2) gave a low but no null value (Table 1); Guano and Gnofer represented borderline cases for m6, but still acceptable since the predictions were close to experimental data at the end of incubation. During the ®rst 90 d, Shepm mineralization was better simulated with m6, but better with m4 afterwards (ns F-test). The overestimation observed with m6 at the end of the experiment could be explained by the low content of Lig in Shepm. Fig. 2 shows the C mineralization data and their simulations by models m4 (Eqs. (1), (13)±(15)) and m6 (Eqs. (2), (18) and (19)) for AOM classi®ed ` 1 ' (plantoriginated AOM and Nfeat). Good simulations were observed with both models for Coffk (ns F-test), and with m6 for Nfeat (***F-test). The Olivp simulated mineralization was close to the experimental data with m6 but not with m4 (***F-test). Inversely, Dgrap mineralization was better simulated with m4 (***F-test). These differences between Dgrap and Olivp simulations were dif®cult to explain since the biochemical characteristics of the two AOM were almost similar (Table 1). The major difference concerned Hem, a term of Eq. (18). The Wgrap simulations were slightly underestimated by both models. The C mineralization data and their simulations for composts classi®ed ` 2 ' (Eqs. (1), (10)±(12) and (2), (16), (17)) and Compo p classi®ed ` 1 ', (Eqs. (1), (13)±(15) and (2), (18), (19)) are displayed in Fig. 3.
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Compo c was added in Fig. 3 for validating the model but it was not used for calculations nor discussed there. For all the composts, m6 simulations were close to experimental data, but slightly overestimated for Compo e (greatly overestimated with m4, see Section 4.3). All the m6 simulations were better than the m4 ones; however, the latter seemed still valid for Compo a (ns difference between m4 and m6) and Compo b (with a better m6 prediction, *F-test). 4. Discussions 4.1. Simulations for the AOM set Equations in Table 3 highlight the relationships between the kinetic parameters and contrasted biochemical characteristics of the AOM set. The conceptual labile fraction PL in Eq. (1) was mostly linked to the measured labile organic fraction ¯ab (Eq. (4)). But PL was not strictly equivalent to the ¯ab value as it represented 0.38 ¯ab. The three-compartment model (Eq. (2)) de®ned L 0 as a part (the most labile compounds) of compartment L (Eq. (1)). As for PL, the conceptual very labile fraction P 0L (Eqs. (2) and (7)) was ®rst linked to the measured labile organic fraction ¯ab, but to a lesser extent (0.24 ¯ab against 0.38 ¯ab). P 0L was also linked to the most labile nitrogenous compounds …Nsol ˆ Nlab 2 NHem †; like PL was to Nlab (Eq. (4)). The very stable fraction PS (Eqs. (2) and (8)) was strongly linked to the carbon content of ligneous compounds (CLig). It is generally accepted that lignin is one of the least degradable part of an AOM (Melillo et al., 1982; Heal et al., 1997). The weaker relationship between PS and AshAOM could be explained by the high ash contents of some humi®ed products (composts, manure, Table 1). The kinetic constants kmL (Eq. (5)) and kmR (Eq. (6)) were less strongly linked to the biochemical characteristics. The kmL and kmR values were positively related to the most decomposable compounds (Sol and NSol for kmL, Cel for kmR), and negatively to the less decomposable ones (Hem for kmL, CLig for kmR) in the labile (lab ˆ Sol 1 Hem) and the stable (Stab ˆ Cel 1 Lig) fractions, respectively. 4.2. Simulations for the classi®ed AOM The conceptual labile fraction PL was always linked to the measured labile organic fraction ¯ab (0.66 ¯ab in Eq. (10), 0.25 ¯ab in Eq. (13), 0.38 ¯ab in Eq. (4). The equations differed in their second term: PL was negatively linked with Lig in Eq. (10), positively linked to Hem in Eq. (13). The AOM classi®ed ` 1 ' included mostly plant-originated AOM, non-composted, and containing hemicellulosic constitutive parts of plant cell walls. The conceptual very labile fraction P 0L (a part of labile fraction PL) was principally related to the soluble organic fraction fsol (the more labile part of the labile fraction ¯ab) for the AOM classi®ed ` 2 ' (Eq. (16) in Table 3) or to ¯ab for the AOM classi®ed ` 1 ' (Eq. (18) in Table 3). For AOM
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classi®ed ` 1 ', P 0L was secondarily linked to Hem (Eq. (18)) as PL in Eq. (13). For AOM classi®ed ` 2 ', P 0L was secondarily positively linked to NAOM, and to a small extent negatively linked to the ratio Lig/NAOM as the metabolic fraction of Parton et al. (1987). The very stable conceptual fraction PS was logically ®rstly linked to Lig (Eqs. (17) and 19) like PS to CLig in Eq. (8). To a lesser extent, PS of the AOM ` 1 ' was related to AshAOM (Eq. (19)) as PS in Eq. (8) for all the AOM. In Eq. (11) as in Eq. (5), kmL was: (i) positively linked to the more decomposable compounds of the labile fractions Sol (Eq. (5), soluble fraction of AOM) and fsol (Eq. (11), soluble fraction of AOM organic part), (ii) negatively linked to Hem, and (iii) positively linked to NSol (Eq. (5)) or NAOM (Eq. (11)). The prediction of the kinetic constant kmL (Eq. (14)) was positively related to the ratio fsoll, the soluble fraction from the labile organic part of the AOM (the most labile part). Sol is generally represented by polysaccharidic and soluble nitrogen metabolites more readily degradable than structural saccharides of Hem (Chesson, 1997). Predictions of kmR with Eqs. (6) and (12) were less accurate than PL and kmL ones. In both equations, kmR was negatively linked to CLig (the more stable C). In Eq. (15), kmR was positively linked to the ratio fces, the cellulosic fraction of the stable compounds, and negatively linked to the labile fraction lab. Eqs. (14) and (15), as Eqs. (5), (6), (11) and (12), did not give predictions of kmL and kmR kinetic constants as satisfactory as those of PL, P 0L and PS fractions.



Compo c must be calculated according to Eqs. (1), (10)± (12) (m4) or Eqs. (2), (16) and (17) (m6). For both models, the results were in good accordance with mineralization data (Fig. 3). Compo1 was a mixture of 75% Compo e (classi®ed ` 2 ') and 25% Dgrap (classi®ed ` 1 '). The biochemical pro®le of the mixture was calculated according to the measured biochemical characteristics of Compo e and Dgrap: for example, LigCompo1 ˆ 0:75 LigCompo e 1 0:25 LigDgrap : From the calculated pro®le, Eq. (9) gave Co ˆ 20:05: With such an ambiguous classi®cation (Co , 0), the simulations (not shown) were underestimated with Eqs. (1), (10)±(12) (m4) or (2), (16) and (17) (m6), and overestimated with Eqs. (1), (13)±(15) (m4) or (2), (18) and (19) (m6). It was hypothesized that the calculated biochemical pro®le was not the real one. Indeed, Dgrap was a distillery by-product and contained tannins, which can react with nitrogenous products (Metche and Girardin, 1980) in the highly composted Compo e. The other way to predict Compo1 mineralization was to calculate each parameter like the biochemical pro®le was. For example, P 0L…Compo1† ˆ 0:75 P 0L…Compo e† 1 0:25 P 0L…Dgrap† with P 0L…Compo e† calculated with Eq. (16), and P 0L…Dgrap† with Eq. (18). In this manner, m6 gave a very good prediction of mineralization, whereas that of m4 was overestimated (Fig. 3). Despite this interesting result, one should be cautious in generalizing this kind of calculation. Indeed, a good prediction was obtained for the mixture (Compo1) whereas Compo e and Dgrap predictions were slightly overestimated (Figs. 2 and 3).



4.3. Simulation for very composted materials



5. Conclusions



The overestimation of Compo e carbon mineralization by both models (see Section 3.3 and Fig. 3) can be explained by its composting duration: 10 months for Compo e, 0±6 months for the others. Yet, Compo e presented a lower Lig and a higher Sol contents (Table 1) than expected. A prolonged composting time may result indeed in artifacts of the biochemical pro®les, with Lig degradation into soluble fulvo-humic molecules (Govi et al., 1995; Horwath and Elliott, 1996) resistant to microbial attack. In this manner, the Sol fraction generally represented by polysaccharides and soluble proteins (Chesson, 1997) was particular in Compo e as compared to Sol of other composts. Consequently, Eqs. (10) and (16) could overestimate PL (positively linked to ¯ab, negatively to Lig) and P 0L (positively linked to fsol and NAOM, and negatively to Lig/NAOM).



This work has highlighted correspondences between conceptual parameters and their laboratory estimations, but the theoretical parameters did not correspond exactly to the measured ones. Differences could have originated from the method since the sequential analysis of ®bers did not give exactly the real biochemical entities. However, few (one to three) biochemical characteristics were suf®cient to give signi®cant and logical estimations of each conceptual parameter. The C mineralization simulations obtained from the entire AOM set were not always satisfactory for contrasted N-rich and N-poor AOM. The predictive equations have been recalculated and improved after a classi®cation of the AOM by means of a PCA. The classi®cation was based on the total C content and the lignin-to-N ratio. It allowed to discriminate (i) ligneous and relatively N-poor AOM (mostly plant-originated), from (ii) the more nitrogenous AOM with lower C and ®ber contents (mostly animal-originated or composts). After classi®cation, the C mineralizations were quite well simulated for all AOM. The labile and stable fractions were always more accurately estimated than the kinetic constants. Moreover, for most of the AOM, the simpli®ed three-compartment model m6 (two parameters) gave better predictions than the two-compartment one (m4, three parameters): m6 can



4.4. Model applications The mineralization data of Compo c -not used in this experiment- are shown in Fig. 3. We measured the following biochemical characteristics of this AOM: CAOM ˆ 0:2961; NAOM ˆ 0:0226; AshAOM ˆ 0:3460; Sol ˆ 0:2479; Hem ˆ 0:0269; Cel ˆ 0:1804; Lig ˆ 0:1988; CLig ˆ 0:1162 g g21 : From this data, Eq. (9) gave Co ˆ 20:5: As Co had a negative value, the predictive mineralization of
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