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ABSTRACT

Interactions among substrates, decomposers and the soil environment determine the dynanucs of
energy and nutrients within soil systems. Comprehensive prediction of soil response in vaned agro-
ecosystems requires elucidation of basic transformation mechanisms and the influence of
controlling factors on these mechanisms. Pea residue decomposition in soil was mvestigated in the
field. under controlled laboratory conditions and with mechanistic simulation models. In each case.
the emphasis was on the microbial biomass as mediator of organic matter transformations Field
incorperation of full bloom pea residues resulted in a slower initial release of N and a greater
recovery of pea-derived "N in the straw and roots cf a subsequent barley crop (closer synchrony
between the appearance of pea-derived mineral N and barley demand) compared to 10% bloom
residues. The more mature residue was postulated to contain a smaller proportion of water-soluble
N and/or a larger proportion of resistant components which physically limited microbial
accessibility. In the laboratory, decomposition of the water-soluble and insoluble fractions of ''N-
labelled pea residues were further investigated. Evidence was found to suggest that decomposition
was enhanced by maintaining a physical association between soluble and msoluble components,
possibly the result of increasing decomposer efficiency by supplying both a readily available
energy source and a hospitable habitat (in the form of insoluble residues). In addition to substrate
quality, soil characteristics also influence plant residue decomposition. Our observations supported
previous reports of higher normalized mineralization rates (e.g. N mineralization per unit biomass
N) in Luvisolics compared to Chemozemics and were consistent with the hypothesis that higher
rates of decomposition are associated with soils of lower clay content. Three mathematical
representations of the decomposition process in soil were compared. All of the models appeared
more sluggish than the natural system and none could account for differences in decomposition
resulting from the spatial arrangement of residue components within the soil matrix. The
importance of appropriate quantitative techniques and representative experimental data for model

evaluation is discussed.
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CHAPTER 1

Introduction

1.1 RESIDUE DECOMPOSITION AND NUTRIENT CYCLING

The soil matrix and its living inhabitants are integral parts of the energy and nutrient cycles which
enable ecosystems to function. C from organic residues is utilized by heterotrophic organisms
within food webs and may be dissipated as CO; or incorporated into heterogeneous humic
materials. Nutrients contained in the residues, such as N, are also transformed and may be recycled
within the soil system through repeated mineralization-immobilization reactions. Although organic
matter decomposition dynamics have been studied extensively, the compiex nature of the soil
matrix precludes direct measurement of changes in the decomposing materials. Consequently, our
understanding of the process is based on indirect methods of investigation ranging from simple
measurements of C and N mineralization to the development of integrated mechanistic simulation
models.

Input of organic matter into agro-ecosystems' may be less than that lost by crop removal,
gaseous losses and leaching. The result is a decrease in the organic matter content of cultivated
soils and an eventual increzse in N fertilizer requirements. The use of annual legumes as green
manures has been suggested as a management strategy to increase soil organic matter, particularly
stable organic N reserves (Jensen and Timmermans, 1987). Legumes used as a summerfallow
substitute may also reduce N-fertilizer and tillage requirements (Rice et al., 1993). To optimize
potential benefits of legume green manures, it is necessary to understand the dynamics of legume-
derived N in the soil (Figure 1-1).

Decomposition and subsequent mineralization-immobilization reactions are mediated by
the soil microbial biomass. The biomass changes in size and activity in response to substrate
availability and environmental conditions. Therefore, the chemical properties of a substrate, such
as the proportion of readily metabolizable soluble organics (Muller et al., 1988), as well as the

physical accessibility of the substrate (McGill and Myers, 1987) influence the rate of

' agro-ccosystem refers to an ccosyste manipulated by frequent. marked anthropogenic modifications of
its biotic and abiotic cnvironments (Coleman and Hendrix. 1988).



decomposition. Soil physico-chemical properties also influence the rate of organic matter
transformation. For example, residual organic matter from decomposing legumes 1s positively
correlated with soil clay content and cation exchange capacity (Amato and Ladd. 1992).
Consequently, soils with contrasting pedogenic histories have characteristic responses to agronomic

practices.
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Figure 1-1. Simplified N dynamics of legume green manure.

1.2 RESEARCH OBJECTIVES

The objective of this research was to study plant residue decomposition in soil: specifically, the

interactions among substrates, decomposers (primarily the microbial biomass), and the soil

environment. To elucidate mechanisms and regulatory factors involved in this process, dynamics of

N and C following soil incorporation of pea residues were studied in field experiments, laboratory

incubations, and computer simulation models. Specific objectives were:

(Chapter 2) To compare the accumulation and dynamics of N in the microbia., muneral and non-
microbial organic fractions of a Chemozemic and a Luvisolic soil following pea
incorporation under field conditions; to compare normalized N mineralization rates

(e.g. mg N mineralized g microbial N); and to relate N dynamics to soil properties.



(Chapter 3) To compare barley yield and legume-derived N dynamics following incorporation of
"“N-labelled pea residues at two bloom stages and at two field sites.
(Chapter 4) To examine the correlation among factors (flush of CO,-C. mineral N, NRN) used to

estimate soil microbial biomass.
(Chapter S) To obtain and analyze critically sets of independent experimental data from laboratory

incubations of "*N-labelled plant residues in soil which would be used for evaluation

of simulation models.

(Chapter 6) To evaluate systematically the plant residue decomposition algorithms from three
published simulation modeis.

(Chapter 7) To compare microbial utilization and mineralization of spatially associated or spatially
separated plant componeats (water soluble/insoluble) in soil: to assess the ability of

two plant residue decomposition models to account for differences in the spatial

arrangement of plant residue components.
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CHAPTER 2

Nitrogen accumulations and relative rates of mineralization in

two soils following legume green manuring’

2.1 INTRODUCTION

Dark Brown Chemozemic and Gray Luvisol Luvisolic soils are used extensively for cereal
production in Alberta. These soils are susceptible to degradation and must be carefully managed to
maintain productivity. One management strategy for soil conservation involves green manuring of
annual legumes in place of cultivated summerfallow (Jensen and Tirimermans. 1987). Legumes are
particularly useful as green manures because, in addition to supplying organic matter to the soil,
thev also supply nitrogen obtained through symbiotic N,-fixation.

Organic C and N dynamics do not follow the same pattems in Chemnozenic and Luwvisolic
soils (Dinwoodie and Juma, 1988; Rutherford and Juma, 1989) and, consequently, these soils have
their own characteristic responses to agronomic practices such as green manuring. C and N
dynamics can best be compared among soils when transformation rates are expressed on the basis
of common soil components. Here we use the term ‘normalized rates’ to describe net N
minerzlization rates expressed as proportions of the N present in the whole soil or in selected soll
fractions (e.g. mg N mineralized g’ soil microbial N).

Residue decomposition and subsequent mineralization-immobilization processes arc
affected by substrate type and location (McGill and Myers, 1987), climate (Amato et al., 1987;
Ladd et al., 1981), soil texture (Campbell and Souster. 1982; Amatc and Ladd, 1992; Ladd et al ,
1992), pH and pore space (Amato and Ladd, 1992). These factors influence not only the quantity
of N in soil fractions but also the flux of N between fractions. The objectives of this study were: (1)
to compare the accumulation and dynamics of N in the mineral, microbial and non-microbial
organic fractions of a Chernozemic and a Luvisolic soil following pea incorporation under field
conditions; (ii) to compare normalized N mineralization rates; and (ii1) to relate N dynamics to soil

properties.

' A version of this chapter has becn published in the Canadian Journai of Soil Science 74:23-28.



2.2 MATERIALS AND METHODS

Site Descriptions

Field sites were established in 1989 near the towns of Provost and Rimbey, Alberta. The Provost
site (S2° 21' N. 110° 16' W) was 260 km southeast of Edmonton, Alberta on a Chemozemic (Dark
Brown) soil with a 30 year mean growing season (May-September) precipitation of 285 mm. Total
precipitation over the one year study period (legume incorporation to barley harvest) was 480 mm.
The cropping history from 1985 to 1988 was: fallow, wheat, fallow. canola. The Rimbey site (52°
38'N, 114° 16' W) was 110 km southwest of Edmonton on a Luvisolic (Gray Luvisol) soil with a
30 year mean growing season (May-September) precipitation of 351 mm. Total precipitation over
the one vear study period was 860 mm. The cropping history of the Rimbey site included rotations
with forages and the land was in forages from 1985 to 1987 followed by wheat in 1988. Soil

properties for both sites are shown in Table 2-1.

Tablc 2-1. Propertics of Provost and Rimbey soils

Total C*  Total N° D, Clay*
Sample (%) (%o) pH* Mg m'™) (%) Texture
Provost (0 - 15cm) 207 0.160 7.2 1.24 35.54 Clay loam
Provost (15 - 30cm) 2.22 0.115 8.3 1.58 42.82 Clay loam
Rimbey (0 - 15¢m) 2.46 0.183 6.0 119 15.04 Silty loam
Rimibey (15 - 30cm) 0.93 0.099 6.4 1.57 29.53 Loam

* Determined by dry oxidation in LECO induction furnace.

® Determined by Kjeldahl digestion.

¢ Determined in 1:2 soil:H-O (mass:volumc) mixture by glass elecirode.
9 Determined by hydrometer method.

In May of 1989, four blocks were established at each site in a factorial split-split-plot
design with incorporaiion of legume at two bloom stages (10% bloom or full bloom) as main plots
split by four sampling dates and further split by two sampling depths (0-15 cm and 15-30 cm).
Data reported here are from the full bloom treatment only. Sites were managed as recommended
for annual legume green manuring. The Provost site was fertilized with 7.4 kg P ha™ as triple
supe-phosphate and 11 kg S ha™ as elemental sulfur and the Rimbey site was fertilized with 9.6 kg
P ha" as triple superphosphate, 28 kg K ha™ as potassium sulfate and 11 kg S ha™ as potassium
sulfate and elemental sulfur. Both sites were treated with Treflan 545EC (545 g trifluralin L')at2



L ha"' and seeded to 'Type C' inoculated field pea (/1sum satvum *Sirius’) at 80 kg ha™' In early
August. full bloom field-grown peas were incorporated to approximately 10 cm with a discing

implement.

Sampling and Analysis of Soils

Four open-ended plastic cylinders (30 cm diameter, 50 cm length) were installed in each plot and
non-labelled plant material removed from within the cylinders by hand-picking to a depth of
approximately 15 cm. "*N-labelled full bloom pea shoots were incorporated into the cylinder soil to
a depth of 10 cm. Details of '*N procedures are reported in Chapter 3. Briefly, peas were grown
sterile sand troughs fed with nutrient solution including the equivalent of 100 kg N ha' as
NH,'*NO: (10% "N atom abundance).

In May of 1990, the entire plot area was seeded to barley (Hordcum vulgare *Bonanza’)
Cylinders were hand weeded and thinned to contain 12 barley plants each giving a density of 170
plants m™. Pulled vegetation was left on the soil surface within the cylinders.

One cylinder from each plot was removed from the field: 1) in the fall following legume
incorporation: 2) at the time of barley seeding: 3) when barley was at Zadoks Growth Stage 39
(flag leaf) (Tottman and Broad, 1987); and 4) when the barley was at Zadoks Growth Staye 75
(ripening). At Provost, samples were taken September 18, 1989 and May 24, July 13 and August
21, 1990. At Rimbey, samples were taken Septernber 21, 1989 and May 23, August 2 and
September S, 1990. Barley roots and partially decomposed legume residues were removed from
each of two soil layers (0-15 and 15-30 cm) by hand picking and soil sieving (2 mm). Recovered
roots were washed in distilled water on a | mm mesh sieve. Total N of the remaining soil was
measured on a Carlo Erba Model 1500 Automatic Nitrogen Analyzer.

Soil mineral N was extracted from moist sieved soil (2 mm) with 2 M KCI (25 g soil: 125
mL KC1) for 1 hour and then filtered through Whatman 42 filter paper. The extracts were frozen
until time of analysis. A Technicon AutoAnalyzer was used to quantify NH; -N and NO/-N
(Keeney and Nelson, 1982). The "*N diffusion method of Brooks et al. (1989) was used to prepare
mineral N in the extracts for isotope ratio analysis on a VG Isogas ANA-SIRA (Automatic
Nitrogen Analyzer - Stable Isotope Ratio Analyzer) Dumas combustion - mass spectrometer
system in which samples were dispensed into a Carlo Erba Model 1500 ANA, combusted,
analyzed for N content and the effluent introduced directly into the mass spectrometer for isotope

ratio analysis.



Microbial biomass N was cetermined by the chloroform fumigation-incubation method of
Jenkinson and Powlson (1976) on moist, sieved (2 mm) soil adjusted to 55% water-holding
capacity and incubated at 23°C. The formula of Shen et al. (1984) was used to calculate biomass
N as B, = F/k,. where F, is {{NH; + NO; in fumigated soil incubated for 10 days] - [NH, +
NO.’ in non-fumigated control soil incubated for 10 dayvs]} and k, = 0.68. The change in mineral N
during the 10 day incubation of non-fumigated samples was used as a measure of net N
mineralization. Mineral N samples were prepared for isotope ratio analysis on the ANA-SIRA
system by the 1N diffusion method (Brooks et al., 1989). Non-microbial organic N (NMO N) was

calculated as the difference between total soil N and the sum of microbial N and mineral N.

Statistical Analysis
All experimental data were analyzed using the General Linear Model procedure of SAS (SAS
Institute, 1985). The probabilities presented are Greenhouse-Geisser (Greenhouse and Geisser,

1059) adjusted probabilities which correct for unequal variances of the means.

2.3 RESULTS AND DISCUSSION

Overall, the quantities of soil N, mineral N and microbial N were not significantly different
between sites (Figure 2-1; Table 2-2). A survey of Alberta soils reported that, in the top 15 cm of
cultivated A horizons, the mean concentrations of organic carbon are 2.7% and 2.3% for Dark
Brown and Gray Luvisol soils, respectively (McGill et al., 1988). The C content of the Provost soil
(2.07%) was slightly below the mean value for a Dark Brown, possibly reflecting the frequent
summerfallow: and that of the Rimbey soil (2.46%) was slightly above the mean for Gray
Luvisols. which is consistent with the history of forage production at this site. Consequently, the
Provost and Rimbey soils had similar C and N concentrations in the top 15 cm. The similarity in
microbial N (g m’’) between sites was expected as microbial biomass is positively correlated with
total soil organic C and N (Carter, 1986). Microbial N generally decreased with depth but followed
different trends over time at each depth (significant date x depth interaction), generally increasing
with time in the 0-15 cm layer while decreasing in the 15-30 cm layer. Both sites had soil
concentrations of NH, and NO; near zero at the time of grain ripening which indicated that the
crop uptake and microbial immobilization of mineral N were equal to or greater than the rate of N

mineralization in both soils.
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Table 2-2 Mcan square of analysis of variance for N accumulation as soil N. NH, -N. NO:-N. mincral N
(NH, -N + NO. -N). and microbial N in Provost and Rimbcy soil samples

Source of Variation  df Soil N NH, -N NQO:'-N Mincral N Microbial N
Site ] 2966 0.5550 ** 0.60 2.33 29.44
Error | 6 10149 0.0149 0.66 0.75 12.79
Date 3 2132 0.0543 * 2313 24.58  ** 275
Date x Site 3 1686 0.0193 1.26 * 146 * 0.14
Error 2 18 1237 00135 0.34 0.39 1.07
Depth ! 912 0.0020 2.83 ** 298 * 3010 *
Depth x Site ] 1678 0.0068 201 * 222 * 16.41
Error 3 6 729 0.0051 (.20 0.22 338
Depth » Date 3 2731 0.0220 * 0.80 * 069 * 11.08 **
Depth x Date x Site 3 782 0.0142 1.81  ** 2.07 ¥+ 3.99
Error 4 18 948 0.0052 0.17 0.20 1.27

* The differcnce between the means is significant at: **. P<0.01: *. P<0.05.

Soil fractions with the highest turnover rates react most rapidly to changes in substrate
availability (McGill et al., 1988). For example, mineralizable N declines faster than total N in
response to increased fallow frequency (Janzen, 1987) and microbial biomass i5 more affected by
crop rotations and amendments than are total C and N (McGill et al.. 1986: Powlson et al., 1987).
It is the kinetic state of these rapidly cycling fractions which determines the short term fate of N
from decomposing residues. Consequently, comparisons among dynamic parameters such as rates
and normalized rates of soil processes yield greater insights than do comparisons among static
parameters such as the absolute sizes of these fractions. Dinwoodie and Juma (1988) express the
rates of C transformations on a soil C basis, rather than a soil mass basis, so that the distribution
of C among, and flow of C between, soil components can be compared across soils. Similarly,
potentially mineralizable N makes up a larger proportion of total N in cultivated Luvisolics
compared to Chemozemics (Campbell and Souster, 1982). Our observations support these findings
with an overall greater net N mineralization rate, as well as greater net N mineralization rate
normalized o soil N, microbial N, or NMO N in the Rimbey soil samples (Tatle 2-3; 2-4). N

distribution did not distinguish between these soils, but transformation rates did.
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Tahle 2<% Mcan squarc of analysis of ariance for net ''N mincralized. net "N mineralized and
normalized N nincralization rates in Provost and Rimbey soil samples

Source of Nct mincralization N mineralization rates normalized to
Variation df N "N Soil N Microbial N NMON
Site 1 09324 * 0.016 13.209 * 135308 * 13402 *
Error | 6 0.0715 2.831 1.055 10399 1.090
Date 3 1.2307 ¥+ 10.503 15466  ** 61045 ** 16595 **
Date x Site 3 21387 ** 11137 30.798  ** 151192 ** 32283 x*
Error 2 I8 0.0695 2.890 0.838 5010 0.881
Dcpth ] 1.0296 * 155502 ** 22,908 ** 10915 24941 ¥+
Depth x Sie 1 0.0094 18.674 0.068 44105 * 0.027
Error 3 6 0.0798 4.735 ].340 5348 1.428
Depth x Date ki 0.0472 12.190 0.357 10683 0.397
Depth x Date 3 0.5091 ** 11.540 6.704  ** 4858 7139
x Site

Error 4 18 0.0178 4671 0.587 4799 0.636

* The difference between the means is significant at: **, P<0.01: *. P<0.05.

In addition to allowing comparisons among soils, normalized rates also yield information
on the dynamics of active soil fractions. F.r example, all soil N which become mineralized must
pass through the microbial biomass. Therefore, net N mineralization rate normalized to microbial
N is an index of microbial activity. Furthermore, net N mineralization rate normalized to NMO N
may give insight to the kinetic state of the organic N. Both of these normalized rates were greater
in Rimbey soil samples which may be indicative of a more active biomass and a more dynamic
organic N fraction. Dinwoodie and Juma (1988) also report greater microbial respiration per unit
of biomass C in a Luvisolic soil compared to a Chemozemic soil. Rutherford and Juma (1989)
report comparable N mineralization rates normalized to soil N with a significantly higher rate in a
Luvisolic compared to a Chemozemic soil (2.0 mg g soil N 10d" for a Chemozemic and 3.9 mg
g soil N 10d"' for a Luvisolic soil, calculated from Tables 2 and 4). N mineralization normalized
to biomass N, however, wz; not significantly different between soils (170 mg g microbial N 10d™
for a Chemnozemic and 200 mg g™ microbial N 10d” for a Luvisolic soil, calculated from Table 4)
(Rutherford and Juma, 1989).

From an extensive study of 23 Australian soils, Amato and Ladd (1992) suggest that, for

soils of neutral to alkaline pH, the residual organic "C from decomposing ("'C)-Medicago

11



linoralis is positively correlated with soil clay content and cation exchange capacity but is not
significantly correlated with soil organic C and N content. Therefore, the higher clay content at
Provost (mean of 39.2% in the 0-30 cm layer compared to 22.3% at Rimbeyv) was expected to
result in greater retention of organic N and slower decomposition rate. The lower net N
mineralization rate and lower normalized N mineralization rates per unit of NMO- or microbial-N
in Provost soil samples are consistent with this hypothesis (Table 2-3; 2-4).

N mineralization is microbially mediated and, therefore, soil physical properties which
influence the interaction between microorganisms and their substrate will also influence N
mineralization. Soils with high clay content have several associated properties including high cation
exchange capacity, greater total pore space and a greater proportion of small pores, which make
thera more likely to have slower decomposition and mineralization rates. Organic matter in the soul
mayv be protected from microbial attack by adsorption to clay surfaces and by its location within
aggregates or small pores (<0.2 #m) which are inaccessible tc the decomposers (Hassink, 1003
Van Veen and Kuikman, 1990). Besides mediating the mineralization of organic soil N, the
microbial biomass is also a potential source of mineral N. Therefore, if the biomass has a slow
turmover rate, then the organiz N held within it will also have a slow turnover rate. The greater
proportion of small pores in clay soils protect the microorganisms in two ways: more water 1S
retained in the pores at a given matric potential and, therefore, cellular dehydration is less likely
(Van Veen and Kuikman, 1990), and soil fauna cannot prey on microbes located within the small
pores (0.2 - 6 um) (Hassink, 1993). Predation increases N mineralization because the C:N ratio of
the fauna is greater than that of their prey and excess N is released into the soil as NH, (Hunt et
al., 1987).

Pre-incubation soil conditions appear to influence N mineralization rates as determined
from the incubation of non-fumigated soil samples under laboratory conditions. Soil "N dynamics,
represented by net "*N minerafization rates, showed significant but contrasting variation between
sampling dates (Table 2-3; 2-4). Provost reached a peak rate at the July sampling date while
Rimbey reached a peak rate at the May sampling date. These mineralization rates were determined
in laboratory incubations under controlled conditions without further amendments to the soils in the
field following initial legume incorporation other than growth of a barley crop. Consequently, the
significant 'date' effect and date x site interaction must be indicative of changes either in the nature
of the substrate, its accessibility or the microbial communities - or perhaps all three. Furthermore,

these changes occurred at different times at the two sites. Such observations emphasize the
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importance of considering pre-incubation soil conditions, as well as the timing of soil sampling
when interpreting results from studies under controlled environments.

In contrast to net "*N mineralization rates, net '‘N mineralization rates did not differ
sianificantly between sites or dates (Table 2-3; 2-4). Although not statistically significant.
observations in Provost soil samples (15-30 ¢cm) at the May sampling date suggest that the two
isotopes followed distinctly different trends with apparent net "*N immobilization accompanied by
net "N mineralization. Similar observations have been reported in which considerable quantities of
labelled N are immobilized when soil i= incubated with labelled inorganic N even if there is net
mu:eralization of N in soil (Jenkinsnn et al., 1985). Such observations are attributed to an apparent
‘added nitrogen interaction' caused by substitution of mineral "N for mineral "*N in the
immobilization process during concurrent N mineralization and immobilization. Contrasting flows
between the two N isotopes are further evidence in favor of a kinetic approach to investigating
element cycling patterns in soil systems.

In summary, accumulations of N in the whole soil and in the mineral and microbial
fractions were similar between Provost and Rimbey soils. N mineralization rates under controlled
environments were strongly influenced by pre-incubation soii conditions. We obtained additional
evidence to confirm that the fate of N from plant residues is distinguished best among diverse soils
on the basis of normalized rates of fiow through selected soil components (e.g. mg N mineralized
g soil microbial N), rather than on the basis of accumulation in them. Our observations supported
previous reports of higher normalized N mineralization rates in Luvisolics compared to
Chemozemics under controlled environments and were consistent with the hypothesis that higher

rates of decomposition processes are associated with soils of lower clay content.
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CHAPTER 3

Dynamics of "N in two soil-plant systems following incorporation
of 10% bloom and full bloom field pea’

3.1 INTRODUCTION

Green manuring of annual legumes is recommended as a soil conservation measure to replace
cultivated summerfallow (Jensen and Timmermans, 1987). Extensive field studies in southem
Saskatchewan screened several legumes for their potential as green manures and concluded that
field pea (Pisum sativum “Sirius’) was among the most promising, producing more dry matter and
protein at a higher water-use efficiency and fixing more N than most of the other legumes tested
(Biederbeck and Slinkard, 1988). The primary goal of summerfallow is to conserve soil moisture
Although green manure legumes are typically incorporated at full bloom, earlier incorporation
could conserve more moisture and still benefit the soil by producing surface cover and additions of
organic matter and N. Earlier incorporation, however, would allow more extensive residue
decomposition in the fall and may result in substantial leaching losses of released mineral N.
Furthermore, the chemical composition of the younger plant material may make it more susceptible
to microbial degradation thus influencing the timing and extent of N release.

Previous investigations into green manuring of *N-labelled legume material in the field
indicate that 10-34% of legume N is recovered in the first subsequent barley or wheat crop (Azam
et al.. 1986; Ladd et al., 1981, 1983; Muller and Sundman, 1988; Ta and Faris, 1990). Few field
studies, however, detail the dynamics of legume N in the soil-plant system during early
decomposition or compare these dynamics between soil types. Theoretically, plant residue
decomposition may be described by double exponential decay equations in which heterogeneous
substrate: aic partitioned into labile and resistant fractions each of which exhibit exponential decay
(Hunt, 1677, McGill et al., 1981; Wieder and Lang, 1982). Thus, the net amount of "N
mineralized from decomposing plant residues is suggested to be proportional to the amount of plant

'*N in labile, readily metabolizable forms. Relationships of this type have been noted among plant

' A version of this chapter 'as been publ:shed in the Canadian Journal of Soil Science 74:99-107.
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species (Amato et al., 1987), plant parts (Amato et al, 1983) and stages of maturity (Muller and
Sundman, 1988).
Our objectives in the present study were to compare barley yield and legume-derived N

dynamics following incorporation of "*N-labelled pea residues at two bloom stages and at two field

Sites.
3.2 MATERIALS AND METHODS

Site Descriptions

Plots were established at two Alberta field sites, one on a Dark Brown Chemozemic soil (Frovost)
and the other on a Gray Luvisol Luvisolic soil (Rimbey). Detailed site descriptions are given in
Chapter 2. The experimental design was a factorial split-split-plot with four blocks each with two
treatments (legume incorporation at 10% bloom or full bloom) split by four sampling dates and two
soil depths. To reduce the number of factors and thus emphasize treatment effucts, data from the 0-
15 cm and 15-30 cm sampling depths have been combined in this chapter In May of 1989 both
field sites were seeded to ‘Type C inoculated field pea (Pisum sativum *Sirius’) at 80 kg ha” In
late July and early August, field-grown peas were incorporated to approximately 10 cm with a

discing implement at 10% bloom or full bloom in the appropriate plots.

Growth and Incorporation of **N-labelled Legume Material

Labelled pea material for eventual field incorporation was obtained by growing Pisum sativim
*Sirius’ in open-air troughs (0.85 m x 0.55 m x 0.25 m) filled with sterile sand. Peas were seeded
on June 14. 1989 and fed with a nutrient solution (adapted from Amato et ai.(1987)) which
included the equivalent of 100 kg N ha' as '"NH,"*NO; (10% '*N atom abundance). The solution
was poured on the surface of the sand and excess solution collected at the drainage port to be
recycled with each watering. Plants were harvested at either 10% bloom or full bloom and the roots
separated from the shoots. Subsamples of shoot material were dried at 70°C and ground in a
Brinkmann ultra high speed mill. Total C was determined by dry oxidation in a LECO induction
fumace. Total N and '*N analyses were performed on a VG Isogas ANA-SIRA (Automatic
Nitrogen Analyzer-Stable Isotope Ratio Analyzer) Dumas combustion-mass spectrometer system.

The composition of the shoot materials is shown in Table 3-1.
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Table 3-1. Compesition of "*N-labelled pea shoots (means of 8 samples)

Bloom > content N content C:N Water content °y"*N atom

stage (%) (%) ratio (%o) abundancc
1(1% bloom 4096 a 256a 16.00 a 79.69 a 8.9939 a
Full bloom 41404 275a 15.05a 76.86 a 9.0696 a

“ Mcans in the same column followed by the same lctter do not differ significantly according to Student's
t test (alpha = 0.01).

Following incorporation of field-grown peas, four open-ended plastic cylinders (30 cm
diameter, 50 cm length) were inserted in each plot and non-labelled plant material removed from
within the cylinders by hand-picking to a depth of approximately 15 cm. Fresh "*N-labelled pea
shoots were incorporated into the soil within the cylinder to a depth of 10 cm (equivalent to dry
mass of approximately 1040 kg ha'). At Provost, incorporation of 10% bloom occurred on August
7 and full bloom on August 22, 1989. The corresponding dates at Rimbey were August 15 (10%
bloom) and August 24, 1989 (full bloom). The input of legume N was approximately equivalent to
27.6 kgha.

In May of 1990, the entire plot area was seeded to barley (Hordeum vulgare ‘Bonanza’)
without additional fertilization. Cylinders were hand weeded and thinned to contain 12 barley

plants each. Pulled vegetation was left on the soil surface within the cylincers.

Sampling and Analysis of Plants and Soils

Sampling details are given in Chapter 2. Briefly, one cylinder from each replicate was removed
from the field: 1) in the fall following legume incorporation; 2) at the time of barley seeding: 3)
when barley was at Zadoks Growth Stage 39 (flag leaf) (Tottman and Broad, 1987); and, 4) when
barley was at Zadoks Growth Stage 75 (ripening). Barley plants, when present, were cut above the
root crowns and, in the case of mature barley tops, were hand separated into grain and straw.
Barley roots and partially decomposed legume residues were removed from the soil by hand
picking and soil sieving (2 mm). Recovered roots were washed in distilled water on a | mm mesh
sieve. Plant materials and soil subsamples were dried at 70°C and ground in a Brinkmann ultra
high speed mill. Total N and *N in barley, legume residues and remaining whole soils were
analyzed as described for legume shoot materials.

Soil mineral N was extracted from moist sieved soil (Keeney and Nelson, 1982) and

prepared for isotope ratio analysis by the *N diffusion method (Brooks et al., 1989). Microbial
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biomass N was determined by the chloroform fumigation-incubation method of Jenkinson and
Pov.ison (1976) and calculated from the formula of Shen et al. (1984). Microbial '*N excess was
assumed to be the same as the '*N excess of NH,  extracted from the fumigated samples after a 10-
day incubation. The non-microbial organic "N (NMO-""N) was calculated as the difference
between total soil '*N and the sum of microbial '*N and mineral '*N. The recovery of legume "N in
each soil and plant component was calculated as mass of "N above background level in the
component (e.g. dry mass of soil sample x %N x (%"*N atom abundance in soil sample - %''N
atom abundance in control soil sample)) divided by the mass of legume "N added to the sample

(dry mass of legume x %N x %'*N atom abundance in legume).

Statistical Analysis

All experimental data were analyzed using the General Linear Model procedure of SAS (SAS
Institute, 1985). The probabilities presented are Greenhouse-Geisser (Greenhouse and Geisser,
1959) adjusted probabilities which correct for unequal variances of the means. Regression
equations were developed with CA-Cricket Graph (Computer Associates, 1990). Independent

regressions were analyzed for homogeneity as described by Steel and Torrie (1980).

3.3 RESULTS

Shoot dry mass (kg ha™) of peas grown in the field in 1989 was 519 for 10% bloom and 618 for
full bloom at Provost compared to 1489 for 10% bloom and 1686 for full bloom at Rimbey (means
of 4 samples). Statistical analysis revealed no significant difference (P<0.01) between the yields of
10% and full bloom plant shoots at either site. Furthermore, there was no significant difference in
the C and N content of the two bloom stages. Pea plants grown in sterile sand were also not
statistically different between bloom stages in terms of percent C and N, C:N ratio, water content
and percent "N atom abundance (Table 3-1).

The 1990 growing season precipitation was 81% of the 30 year mean at Provost and 138%
of the 30 year mean at Rimbey (70% of this fell during June and July). Barley development at
Rimbey was delayed and the plants lacked vigor. Grain, straw and root yields were all significantly
greater at Provost but were coupled with lower N concentrations compared to barley at Rimbey
(Tables 3-2; 3-3). Although the bloom stage of the legume at incorporation had no significant
influence on the yield or N content of grain or straw, overall barley root production, especially at

Provost, was greater following incorporation of full bloom peas (Table 3-2; 3-3).
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Table 3-2. Barley vicld on two 1990 sampling dates following 10% bloom or full blootn legume
incorporation

Dry matter (kg ha') Nitrogen (®a)

Site Date Bloom Grain  Straw Root  Grain  Straw Root
Provost July 10% 0 3290 1080 0 1.8 0.6
full 0 4430 1810 0 1.8 0.6

August 10% 5930 4460 1200 14 0.4 0.5

full 5940 4600 1370 1.5 05 0s

Rimbey August 10% 0 1700 620 0 1.8 07
full 0 1910 610 0 22 0.7

September  10% 2000 2450 580 1.8 1.2 08

full 2290 2190 560 1.6 1.1 07

Table 3-3. Mcan squarc of analysis of variancc for barlev vicld and nitrogen content

Source of Yicld %N

Variation df  Grain Straw Root Grain Straw Root
Site | 573855 ** 363628 ** 47739 ¥+ (0.268 ** 1.524 * 01770
Error 1 6 32716 19382 1054 0.014 0.161 0.0013
Bloom" 1 839 7733 3829 * 0.002 0.049 0.0003
Bloom x Site 1 839 8957 4162 * 0.055 * 0.025 0.0015
Error 2 6 13044 3756 362 0.005 0.062 0.0097
Datc 3 27956 844 9915 ** 00120
Datc x Site K 487 250 0.558 0.0630
Error 3 18 11273 1964 0.180 0.0148
Datc x Bloom 3 10617 1695 0.079 0.0045
Datc x Bloom 3 1409 1542 0.083 0.0066
x Site

Error 4 18 6393 400 0.067 0.1076

* -Bloom’ refcrs to bloom stage of legume at incorporation.
b Straw and root samplcs taken summer and harvest. grain samples at harvest only.
¢ The difference between the means is sigrificant at: **, P<0.01. *. P<0.05.
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Figurc 3-1. Recovery of "N in barley at (A) Provost and (B) Rimbey on two 1990 sampling dates
following 10% bloom and full bloom incorporation.
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soil following full bloom incorporation. NMO = non-microbial organic.

Total recovery of legume-derived '*N in the plant-soil system (0-30 cm) ranged from 88-
125% at Provost and 70-125% at Rimbey. The low recoveries at Rimbey occurred on the August
and September sampling dates and were evident with incorporation: of both bloom stages.

Significantly more "N was recovered in the Provost grain, straw and root samples (Figure
3-1; Table 3-4). Recovery of "*N in the grain did not vary with bloom stage at either site.
Significantly more "N from the full bloom residues was, however, recovered in the barley straw
and roots. Grain "N accounted for 66% and 60% of total 'N recovered in the barley at Provost

and Rimbey, respectively while root "N accounted for 10% of the total at both sites.
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Both soil and NMO had significant bloom x site interactions. At Provost, "N recoveries
the whole soil and NMO fraction were higher in the 10% bloom treatment while at Rimbey, they
were higher in the full bloom treatment. Significantly more "N was recovered as mineral N in the
full bloom treatment. This effect wa: only evident at the September and May sampling dates as
mineral N and consequently mineral *N were near zero by mid summer and barley harvest in both
treatments and at both sites. A significant date x site interaction emphasized the earlier peak '*N
recovery in the mineral N at Rimbey (September) compared to Provost (May). Significantly more
*N was recovered in the Provost microbial biomass.

Significantly more *N was retained in the full bloom residues over the decomposition
period investigated (Figure 3-2; Table 3-4). There was, however, no significant difference in '*N
recovery in the legume residues between sites. Analysis of the natural log values of "N recovery i
legume residues over the post-winter sampling dates (Provost = May, July, August. 1990 and
Rimbey = May, August, September, 1990) revealed that, in all cases, a simple linear equation gave
the closest fitting regression (Table 3-5). Analyzing the independent regressions for homogeneity
(Steel and Torrie, 1980) showed no significant difference (P<0.05) between the decomposition rate
constants associated with the 10% bloom compared to full bloom residues at either site.
Furthermore, no significant difference (P<0.05) was found between the overall site rate constants

calculated from the combined 10% bloom and full bloom data.

Tablc 3-5. Regression coefficicnts of the relation between In(proportion "*N retained in the recalcitrant
fraction of the legume)® and decomposition period”

Site Bloom stage a k (day') r
Provost 10% bloom 2.82 0.017a 0.999
Provost full bloom +4.54 £.022 a 0.972
Rimbey 10% bloom 4.46 .021 a 0.988
Rimbey full bloom 6.32 -0.027 a 0.991
Provost combincd 4.04 -0.021 a 0.921
Rimbcey combincd 532 0.024 a 0.962

* Natural log (proportion *N retained) = a+kt

b First four cntries based on three data points: Provost in Ma_ . July. August 1990 and Rimbey in May,
August. September 1990, Other entries based on six data points.

© Pairs of ratc constants (k) within a scction followed by the samc letter do not differ significantly
according to independent regression analysis (alpha = 0.05).
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3.4 DISCUSSION

Due to physiological similarities, green manuring 10% bloom or full bloom peas represented
similar additions of organic matter and N to the soil. Possibly for this reason, barley yield and N
content were not influenced by legume bloom stage at incorporation. Grain yield was much less
than expected at Rimbey and was only 38% of the previous year's yield on an adjacent field
(unpublished). Yield may have been lost to bird and insect predation which were more prevalent at
Rimbey compared to Provost. In addition, Rimbey's high growing season precipitation (138% of
the 30 year mean May - September precipitation), especially in June and July, delayed barley
development which possibly had a deleterious effect on grain yield. The distribution of dry matter
among plant parts was, however, similar at both sites. Grain yield accounted for 57% and 53% of
the dry matter of barley tops at Provost and Rimbey, respectively and the ratios of dry matter in
the tops:roots were 7.8:1 and 7.9:1. These ratios were higher than expected (Ladd et al.. 1981) and
may be the result of incomplete root recovery in the 0-30 cm layer and non-sampled roots at
greater depths. The proportion of legume "N recovered in various barley parts at both sites,
however, agreed with values reported for wheat (Azam et al., 1986; Ladd et al., 1981).

At Provost, the total of 16% legume 'N recovery at harvest was comparable to findings of
other researchers who report recoveries of 10 - 34% in the first subsequent barley or wheat crop
(Azamet al., 1986; Ladd et al., 1981, 1983; Muller and Sundman, 1988; Ta and Faris, 1990).
This recovery means that the legumes supplied 4.4 kg N ha™' (16% of 27.6 kg ha') to the barley
crop which, at harvest, contained approximately 107 kg N ha™' (Table 3-2). The N derived from the
legume, therefore, accounted for only 4.1% of the barley’s N. Apparently, the main benefit of the
pea green manure is in its contribution to long-term soil fertility.

The 5.3% recovery in the barley at Rimbey was less than expected. This observation may,
in part, be the result of the greater potential mineralization of the Rimbey soil (see Chapter 2). The
potential mineralization of the soil determines the '*N atom % enrichment of the plant available
nitrogen and consequently, diztates the enrichment of the crop. The greater the soil's potential
mineralization, the more the legume-derived '"NO, will be diluted by soil-derived "*NO;™ (Ladd et
al., 1983). Calculation of the '*N atom % enrichment of the mineral fraction of the soil at barley
seeding (mean of bloom treatments) supported this hypothesis with a lower percentage at Rimbey
(0.586%) compared to Provost (0.937%). Another expianation for the low '"N recovery in the
barley at Rimbey was the apparent loss of "N from the 0-30 cm soil layer. With the wet
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conditions, leaching and possibly denitrification would have been the primary processes of N loss
Poor barley vigor may also have limited N and "*N uptake from the soil.

Incorporation of full bloom legumes ic.ulted in closer synchrony between mineral N
availability and crop demand. Cereal grains can absorb 90% of the nitrogen needed for maturity
before they are half-grown (Salisbury and Ross, 1985). Therefore, to be most efficiently utilized
by the barley crop. the N from the legume should be available in mineral form between the time of
barley germination and the end of vegetative development. Our observations indicated that more
legume-derived mineral *N was available at the beginning of this crucial period following
incorporation of full bloom legumes. The higher "N recoveries in the barley roots and straw
following this treatment were further evidence of the more timely availability of legume-derived N.

Many studies document that the chemical composition of forages changes as the plants
mature (Walton, 1983). For example, Trevino et al. (1987) report a decrease in protems, sugars
and starch coupled with an increase in cellulose, hemicellulose and lignin in the leaves and stems of
peas (Pisum sativum x P. arvense) between early pod filling and pod ripening. We had expected
that the N content would be greater and the C:N ratio smaller in peas at 10% bloom compared to
fuil bloom. Our analyses, however, indicated that these growth stages were similar in C and N
content. Therefore, the two residues must have differed in some other respect to account for
differences in their decomposition dynamics. Mutler et al. (1988) found little change in the C, N
and ethanol soluble fractions between 2 and 3 month old subterranean clover. Cellulose and lignin
content, however, increased with the growth stages sampled. Furthermore, Amato et al. (1983)
report that although the leaves and roots of two Medicago species had similar C ‘N ratios, a greater
proportion of leaf '*N was mineralized shortly after soil incorporation compared to root "N. This
difference was attributed to a greater proportion of leaf "N in readily metabolizable forms
Therefore, residues with similar C and N content may have varied amounts of resistant structural
and readily metabolizable labile nitrogenous compounds.

Mathematical models of plant residue decomposition based on the partitioning of residues
into labile and resistant fractions suggest that differences in overal’ “:composition result from
differences in the proportion of labile to recalcitrant matenal (Hunt, 1977, McGill et al., 1981,
Wieder and Lang, 1982). The lower percentage of "*N retained in the 10% bloom residues at the
September 1989 sampling date at each site may indicate that this material had a larger labile or
easily metabolizable component. The differences in "*N recovery at this sampling were larger than

could he explained by the additional 9 to 15 days of decomposition gained by earlier incorporation

26



(Rimbey and Provost, respectively) We assume that only the recalcitrant fraction of both 10%
bloom and full bloom legume residues remained by the spring of 1990. From the lack of significant
differences beiween decomposition rate constants for the 1990 sampling dates, we infer that, over
these dates, decomposition of the resistant legume component followed similar trends for both
bloom stages and at both sites. It should be noted that single site, single treatment equations were
based on only three data points. Nevertheless, although the number of data points is small, these
results appear to be consistent with the theory that the recalcitrant fractions of different plant
materials have similar decomposition rates.

In conclusion, the 10% bloom and full bloom pea shoots were not significantly different in
dry matter production, C content or N content. More N was, iowever, released from the 10%
bloom residues directly following soil incorporation suggesting that the younger pea material may
have had a larger proportion of easily metabolizable labile components. Although legume bloom
stage at incorporation had no influence on barley dry matter yield, N content or "N recovery in the
gram, significantly more "*N was recovered in the barley straw and roots during vegetative growth
following full bloom incorporation. This observation may be the result of a closer synchrony
between the appearance of legume-derived mineral "*N and early N demand by the barley. N losses
(leaching/denitrification), poor crop vigor and the greater potential N mineralization rate of the
Rimbey soil appeared to limit "N uptake by barley at this sue. At Provost, 16% of legume N was
recovered by the subsequent barley crop which supplied 4.1% of the barley’s N requirement. The
ram benefit of the green manure, therefore, may be in building long-term soil fertility. Neither
bloom stage nor site had a significant effect on decay rate constants for the recalcitrant fraction of
legume residues - ver the time intervals of our observations. These findings are consistent with the

theory that decomposition of the recalcitrant fraction of plant residues can be described by a single

exponential equation.
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CHAPTER 4

Is there a correlation among factors used to estimate soil

microbial biomass?'

4.1 INTRODUCTION

Amato and Ladd (1988) propose an assay for microbial biomass C and N based on the release of
ninhydrin-reactive N (a-amino N + NH,'-N) from soils held under CHCl; vapor for 10 days. The
release of ninhydrin-reactive N (NRN) was calibrated against biomass C as estimated by the
chloroform fumigation-incubation technique (CFI) of Jenkinson and Powlson (1976). From a range
of 25 pasture soils (0-7.5 cm), the coefficient of correlation between the release of NRN and
biomass C was greatest in soils which had been incubated for 44 or 66 weeks prior to fumigation
(r=0.96, 0.91) and was less in soils incubated for only 2 weeks prior to fumigation (r=0.79).
Amato and Ladd (1988), therefore, used data from the soils which had been conditioned for 44 and
66 weeks to derive the relationship, biomass C (ug C g"'soil) = 21 x NRN (ug N g”'soil). yet this
relation is applied to fresh and conditioned soils alike (Van Gestel et al., 1992). This relationship
has also not been tested in soils below 7.5 cm depth. Is it valid to use the same relation with
conditioning periods that differ from that used to develop it, and with subsurface soils? Here |
report on the correlation between the flush of CO,-C (CO:-C evoived from fumigated soil - CO,-C
evolved from nonfumigated soil), the flush of mineral N and the flush of NRN following

fumigation of fresh soils sampled at two sites and at two depths.

4.2 MATERIALS AND METHODS

Soil samples were collected from field experimental sites: one in the Dark Brown Chemozemic
zone (DBC) and the other in the Grey Luvisol Luvisolic zone (GLL) of Alberta. These sites formed
part of a larger investigation and are described in Chapter 2. Briefly, field pea was incorporated as
green manure in the fall of 1989 and barley seeded the following spring. Soils from the 0-15 cm

and 15-30 cm layers (8 replicates of each) were sampled three times during the barley growing

' A version of this chapter has been accepted for publication in Applied Soil Ecology

30



season. Barley roots and partially decomposed legume residues were removed by hand picking and
soil sieving (2 mm). Moist subsamples (approximately 25 g oven-dry) were adjusted to 55% water-
holding capacity (WHC) and wee: (i) incubated at 23°C for 10 days in 1.9 L glass jars together
with 20 mL of 2.5 M NaOH, (ii) fumigated with CHCI; for 24 hours and then incubated for 10
days as in (i); or (iii) fumigated with CHCl; vapor for 10 days. CO,-C recovered in the NaOH
solution was measured by autotitration to pH 8.1 following addition of BaCl,. The flush of CO,
was calculated as COtumigaics - CO2monfumignee. All s0il samples were extracted with 2 M KCl (5:1
v/w) and subsamples of extracts from nonfumigated and fumigated (24 hours) soils were analyzed
for NH,'-N and NOs-N with a Technicon AutoAnalyzer (Keeney and Nelson, 1982). The flush of
mineral N was calculated as mineral Nyumigatcd - mineral Nyoafumigatea. Subsamples of extracts from
nonfumigated and fumigated (10 days) soils were analyzed for NRN by mixing 0.5 mL aliquots
with 3.5 !, 2 M KCl and 2 mL ninhydrin reagent (Sigma Chemicals). Samples were heated in a
water bath (IQO°C) for 15 minutes, cooled and mixed with 5 mL of 50% ethanol. NRN was

determined bv reading absorbances at 570 nm and comparing to /-leucine standards. The flush of

NRN was calculated as NRN!hmigalcd - NRNnnnfumnglcd~

4.3 RESULTS AND DISCUSSION

Biomass C estimated from the flush of NRN was consistently greater than biomass C estimated
from the flush of CO»-C, although this difference was only significant in the GLL soil (Table 4-1).
Biomass N estimated by NRN was significantly greater in all cases as compared to biomass N
estimated from the flush of mineral N.

Although the coefficients of correlation were lower than those reported by Amato and
Ladd (1988). correlation among primary factors used to calculate biomass C and N was significant
in the 0-15 cm soil samples (Figure 4-1). Regression of the flush of NRN against biomass C (flush
of CO,-C / 0.45) (Jenkinson and Ladd, 1981), fitting the intercept through zero, gave the following
relationship: biomass C (ug C g"soil) = 17.8 (+0.8) x NRN (ug N g"'soil) (r = 0.62). Greater
coefficients of correlation between the flushes of CO,-C, mineral N and NRN have been reported
in studies with conditionad topsoils. For example, Sparling and Zhu (1993) conditioned 24 soils (0-
10 cm) from westem Australia for 7 days at 22°C and 40% WHC before fumigating and found
significant correlations (r=0.81-0.93) among flushes of CO,-C, mineral N and NRN. Carter (1991)
collected soils from three tillage sites (0-5 cm) in Atlantic Canada, stored the field moist samples at
4°C and then conditioned them for 2 days at 25°C and 50-55% WHC prior to fumigation. Again,
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significant correlations (r=0.78-0.98) were observed among flushes of CO,-C, mineral N and
NRN. Soil conditioning typically precedes CFI to reduce interference from actively decomposing
residues but, does the conditioned biomass represent the biomass at sampling? Reports of both net
increases and net decreases in microbial biomass and metabolic activity in response to incubaiion

(Van Gestel et al., 1992; Jenkinson and Powlson, 1976) suggest that it may not.

Tablc 4-1. Flushes of CO--C. mincral N and NRN and corresponding biomass C and N cstimatcs®

Concentration (ug g soil)

DBC GLL
0-15 cm 17 30cm 0-15cm 15-30 cm
CO.-C Fumigated 273.6 67) 140.8 (68) 190.8 aH 95.2 (25)
Nonfum. i03.4 (43) 79.8 an 85.1 2m 3t (18)

Biomass C" 3782 a (133) 1356 a (149) 2349 b (66) 1407 b (38)

Mineral N Fumigated 48.1 (12) 16.5 8) 37.6 ) 189 (8)
Nonfum. 15.3 (9) 5.5 (+4) 16.4 (i 7.1 (6)
Biomass N* 482 d (1D 162 d (6 312 d (®) 174 d (0)
NRN Fumigated 22.9 (5) 12.4 %) 198 4 12.4 H
Nonfum. 3.7 (2) 3.1 ) 48 ) 39 )

Biomass (" 4032 a (86) 1953 a (94) 3150 a (8 178.5 a (80)
Biomass N* 595 ¢ (13) 288 ¢ (14) 465 ¢ (12) 264 ¢ (13

* Mean and (standard deviation)

® Biomass C = flush of CO.-C/0.45 (Jenkinson and Ladd. 1980)

¢ Biomass N = flush of mincral N/0.68 (Shen ct al.. 1984)

4 Biomass C = flush of NRN * 21

* Biomass N = flush of NRN * 3.1

Biomass values within a column followed by the same letter do not differ significantly according to paired
t-tests (P<0.05).

Correlation among flushes was not significant in the 15-30 cm samples (Figure 4-1). Of
the few publications that report on the correlation between the NRN method and other methods of
biomass analysis (Sparling and Zhu, 1993; Carter, 1991, Joergensen and Brookes, 1990, Amato
and Ladd, 1988), none has included soil samples from below 10 cmn. Relatively high levels of

CaCO:; in the 15-30 cm DBC soil may have interfered with CO; evolution. Separate statistical

analysis of the 15-30 cm GLL data, however, also indicated nonsignificant correlation among
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factors. Furthermore, CaCO; interference does not explain the poor correiation between the flush
of mineral N and NRN.

Another consideration is that soils with lower initial biomass, as would be the case with
subsurface soils, recover more slowly after fumigation (Muramoto et al., 1982). The
transformation of lyzed cell materials to CO, and NH,' is the result of immobilization-
mineralization processes requiring active recolonizers. In contrast, the transformation of these
cellular materials to extractable NRN is mainly the result of exo-cellular protease activity. Slow
microbial recovery in fumigated subsoils v.ould be more likely to delay mineralization processes
than exo-cellular hydrolysis reactions.

The flusi: of NRN in the 15-30 cm soils was significantly (P<0.05) correlzced to the
‘noncorrected’ CO,-C evolved from fumigated soils. Sparling and Zhu (1993) also found a higher
degree of correlation between the flush of NRN and CO,-C (=0.95) evolved from fumigated soils
compared to the corrected flush of CO,-C (r=<0.81). This may suggest that CO, evolution from the
nonfumigated soils was erratic which is substantiated by proportionately larger standard dewviations
for CO,-C evolved from nonfumigated soils compared to fumigated soils (Table 4-1). A possible
explanation becomes evident when considering the physiological state of the microbial population:
the scarcity of accessible substrate at depth would be expected to result in more aged and resting
cells. These cells would have lower CO, production per unit biomass C compared to younger cells
(Anderson and Domsch, 1978). Once sieved and exposed to ambient conditions, these samples may
have variable responses, some experiencing a longer lag period before becoming active while others
may be able to take immediate advantage of newly accessible substrate. Fumigated samples would
have relatively more abundant and possibly more homogeneous substrate (lyzed cells) resulting in
less erratic mineralization patterns by recolonizing microbes.

In the original publication describing the NRN assay for biomass analysis, Amato and
Ladd (1988) refer to the relationship: biomass C = 21 x the release of NRN. In fact, Amato and
Ladd (1988) used the ‘noncorrected” quantity of NRN extracted from fumigated soils to correlate
against CFI-biomass C. Although the meaning of ‘the release of NRN’ is vague in the onginal
publication, it is clearly stated as, "NRN extracted from fumigated soils’ in an accompanying
publication (Ladd and Amato, 1988). In the present study, the correlation between ‘noncorrected’
NRN extracted from fumigated soils and the flush of CO,-C (r=0.56) was weaker than the

correlation between corrected values in the 0-15 cm samples (Figure 4-1). In the 15-30 cm
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samples. the correlation between ‘noncorrected” NRN and the flush of CO,-C (r=0.20) was similar
to that calculated with corrected NRN.

More recently, Amato and Ladd (1994) calculated net release of NRN by subtracting the
NRN extracted from nonfumigated, nonincubated control soils from the NRN extracted from soils
fumigated with CHC}. vapor for 10 days. Most other studies employing the NRN technique include
24 hour fumigation and calculation of the flush of NRN as NRN extracted from fumigated soil
minus NRN extracted either from soil at time = 0 or at time = 24 hours (Carter, 1991; Joergensen
and Brookes, 1990; Sparling and Zhu, 1993; Sparling et al., 1993). In the present study., the flush
of NRN was calculated as NRN extracted from soil fumigated for 10 days minus NRN extracted
from soil incubated for 10 days. In retrospect, because of the variable responses of NRN in
nonfumigated incubated soils, sometimes increasing (Chapter 5) and sometimes decreasing (Van
Gestel et al., 1992), a more appropriate control would have been the NRN extracted from soil at
time = 0.

In summary, flushes of CO,-C, mineral N and NRN were significantly correlated in the 0-
IS cm depth of the two soils investigated. For these samples the relationship between biomass C
(estimated by CFI) and the release of NRN was similar to that reported by Amato and Ladd
(1988) The coefficients of correlation were lower than those reported elsewhere with conditioned
topsoils Correlation among flushes was not significant in the 15-30 cm samples except when the
‘noncorrected” flush of CO,-C was used. Consideration of the physiological state of the microbial
biomass in subsoils may explain some of these observations. The relationship between the release
of NRN from fumigated soil with biomass measured by CFI, may be strongest for soils and
conditions similar to those from which the relationship was developed. Broader appiications would
benefit from a comprehensive examination of how the nature or strength of such a relationship
varies with length of soil conditioning, soil sampling depth, and metabolic state of soil microbial

communities at the time of sampling.
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CHAPTER 5

Decomposition of pea shoot in soil: a laboratory incubation

5.1 INTRODUCTION

The English dictionary defines decomposition as ‘breaking up and separating into simple parts’
(Longman, 1978). Decomposition of organic materials in soil, however, is a much more complex
process because the organics are part of a cycle. For example, an amino acid contained within a
plant residue could be assimilated by a microorganism thus maintaining its chemical composition
but physically existing in another form of biota. Juma and McGill (1986) characterize
decomposition in soil as a combination of physical breakdown, biochemical transformation and
biophysical stabilization of organic material. A general description of plant residue decomposition
would be the physical and/or chemical and/or biological transformation of plant matenals to
something other than their original state. By its vagueness, this definition indicates the breadth of
processes involved in decomposition.

Decomposition of plant residues in soil is one of the key processes in nutrient cycling
(Coleman and Hendrix, 1988). Unfortunately, the loss of original plant material cannot be directly
measured in soil because non-decomposed materials are similar to inherent soil organic matter. One
of the most common indirect methods of measuring plant residue decomposition mnvolves
monitoring "“CO evolved or "*C remaining in soil following the addition of *C-labelled residues
(Juma and McGill, 1986). Actual decomposition, however, is not accounted for by this method
because C mineralization is only one step in the decomposition process. Other steps include the
activities of exo-cellular enzymes, microbial uptake of small molecular weight compounds to form
new cellular or exo-cellular microbial material (Paul and Clark, 1989), predation by microfauna
(Hunt, 1987) and stabilization of partially decomposed materials within the soil matrix (Juma and
McGill, 1986). Quantifying the decomposition of nitrogenous materials is even more challenging
because mineral N is not released from the soil like CO; but is recycled among mineral and organic
forms. Measurements of organic '*N remaining in soil or the accumulation of mineral "N,
therefore, are even less representative of actual decomposition than are measurements of organic

14 -
C remaining or "*CO; evolved.
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One approach to quantifying plant residue decomposition is to consider the mechanisms
involved. Soil microflora are responsible for most of the heterotrophic activity through which
residues are transformed (Heal and Dighton, 1986) and are themselves comprised of elements
originating from decomposing residues. Consequently, we can look to microbial immobilization as
the earliest stage of the decomposition process in which plant-derived compounds can be
distinguished from the rest of the soil organic matter. By monitoring plant-denved "N in the
microbial biomass, mineral and organic soil components, it is possible to identify pathways of
elemental movement and gross rates of transfers and transformations (Nason and Myrold, 1991)
This is true over the short-term only, however, because over long periods, isotopes equilibrate with
all parts of the system through which they circulate. These isotopic data can then be used to
develop z;nd evaluate' mechanistic simulation models designed to mimic plant residue
decomposition and subsequent transformations in soil.

Three simulation models (sets of hypotheses’) of plant residue decomposition are described
in Chapter 6. The objective of the present chapter was to obtain and analyze critically sets of
independent experimental data which were to be used for evaluation of those simulation models.
This involved monitoring the flux of plant-derived "*N through the microbial biomass and inorganic
soil components, as well as the overall dynamics of these components in two soils amended with

""N-labelled pea residue. Data were then compared to findings in the literature.

5.2 MATERIALS AND METHODS

Growth of *N-labelled Legume Material

The procedure for growing "*N-labelled peas (Pisum sativium *Sirius’) was as described in Chapter
3 except that plants were grown in a greenhouse and fed a modified nutrient solution which
included the equivalent of 115 kg N ha™ as (**NH.);SO; (13.8% '*N atom abundance). Plants were
harvested at full bloom (June 20, 1991) and the roots separated from the shoots. Subsamples of
shoots were lyophilized (Freeze Mobile 6) and ground to a fine powder in a Brinkmann ultra-high-

speed mill. Shoot were analyzed for C, N and '*N as described in Chapter 3. Pea shoots contained

' evaluate refers 1o a statistical or subjective comparison of simulated output and experimental
obscrvations of common variables over time.

> hypotheses are ideas which attempt to explain observations and may be expressed in the form of words or
pictures or as mathematical equations. Mechanistic simulation modcls can be considered as statements of

hyvpotheses.
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41 1% C,24%N, 11 7% "*N atom abundance. Shoots were analyzed for lignin by refluxing with
7296 H,S0O; for 3 hours and correcting the mass of the remaining insoluble residue for ash content

(AOAC, 1990j. Shoots were 4.9% lignin.

Incubation

Soil samples (0 - 15 cm) were collected on August 11, 1991 from fallow fields near the
experimental sites described in Chapter 2: one from the Dark Brown Chemozemic (DBC) soil zone
and the other from the Grey Luvisol Luvisolic (GLL) soil zone. Soil properties are shown in Table
5-1 The DBC soil was collected from an upper slope position and, therefore, had a lower clay
content compared to the DBC soil used in Chapters 2, 3 and 4. Field-moist soil was sieved (2 mm)
and stored ovemight at 23°C. Triplicate 25 g subsamples were weighed into 50 mL polystyrene
beakers and moistened to 55% water-holding capacity (WHC) which was equivalent to 31% water
content for the DBC soil and 29% for the GLL soil. Soils were amended with 11.9 + 0.2 mg
ground pea shoot which was proportional to the amount of pea material per mass of soil used in
related field experiments (Chapters 2 and 3). Individual beakers containing amenced and non-
amended samples were placed inside 1.9 L glass jars with screw cap lids: the bottom of the jars
contained water to maintain high relative humidity and prevent soils from drying. Samples were
incubated in the dark at 23°C. NaOH (2.5 M) traps were used to estimate cumulative CO,

production. NaOH traps were replaced on days 0. 1, 2, 9, 16, 23, 30, 37,51, 65and 81.

Soil Analysis

Further replicates of amende . and non-amended soils were incubated in 1.9 L jars and were
destructively sampled on days 1, 2, 12, 22, 40, and 81. Jars were aerated every 7 days to insure
aerobic conditions. At each date, triplicate samples of soil were either: (1) immediately extracted
with 247 KCI (5:1 v/iw), (2) used for biomass C and N determination, or (3) dried at 70°C. NH, -N
and NO:-N in KC! extracts were analyzed with a Technicon AutoAnalyzer (Keeney and Nelson,
1982). The remainder of the extracts were prepared for "'N analysis by the N diffusion method of
Brooks et al. (1989). Biomass C and N were determined by the ninhydrin-reactive N (NRN) assay
(Amato and Ladd, 1988) as described in Chapter 4. Biomass N was calculated as 3.1 times the
flush of NRN following fumigation. It was assumed that the "N atom % abundance of the NH, -N
extracted from fumigated samples represented that of the microbial biomass. Total N aﬁd "N
analyses were performed on the ANA-SIRA system as described in Chapter 3.
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Statistical Analysis

Experimental data (combining observations taken over the 81 days) were analyzed using the
ANOVA procedure of Microsoft Excel Version 5.0 (Microsoft Corporation, 1993). A NLIN
procedure of SAS (SAS, 1985) was used to generate one and two-component first order equations
to describe trends in microbial biomass N and '*N data. One-component equations were considered
adequate to represent trends unless the residual sum of squares (RSS) was significantly reduced by
using the two-component equation. Significance was determined by comparing a computed F-
statistic (= (RSSupecomponent = RS Stmo-component) / Tesidual mean squares ocomponen) to an F-value at
P<0.05 with 1 and n-p degrees of freedom, where n=number of data points and p=number of

parameters (Robinson, 1985).

Table 5-1. Propertics of the Chernozemic and Luvisolic soils used in the laboratory incubation

Total C* Total NP Clay* Sand’ "*N atom
Sample (%) (%o) pH* (o) (®o) abundance (%)
DBC 2.82 (.23 7.3 19.5 453 0.3644
GLL 2.60 0.25 6.2 12.5 46.7 0.36K8S

* Determined by drv oxidation in LECO induction furnace.

Detcrmined by Dumas combustion.

 Determined in 1:2 soil:H-O (mass:volumc) mixture by glass clectrode.
4 Determined by hydrometer method.

5.3 RESULTS

Data for observed variables are plotted in Figures 5-1 through 5-3. Data points in these graphs
were not joined because observations were made at points in time and, as such, do not necessar:ly
indicate trends in the variables between observed times. In general, caution should be used when
interpolating lines over time-course data points.

Microbial biomass N was significantly greater in the DBC soil compared to the GLL soul
(Figure 5-1; Table 5-2). Overall, the addition of pea shoot did not significantly increase microbial
biomass N in either soil. Biomass values in all soils declined after day 12 of the incubation. The
percent of original biomass N remaining after 81 days was 59% in the DBC soil and 40% in the
GLL soil. Mineral N was significantly greater in the GLL soil compared to the DBC soil (Figure
5-1: Table 5-2). Overall, mineral N was not significantly different between amended and non-

amended soils although, it did appear to be greater in the amended soils on day 81. N mineralized
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Table 5-2. ANOVA results for combined 81 day incubation data

Biomass Mincral Nmin ratc Cmin ratc ' Nrec in "Nrce in

N N Cum. CO- /soil N /s0il C biomass N mincral N
Sitc ¥ b NS NS NS NS NS
Amendment NS NS *x NS s --- -en

The differcnce between means is significant at. ***. P<0 001 ** P<0.01. * P<0.05. NS. not
significantly different
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in responise to amendment (day 81: mineral Numcadca - mineral Nooo.umended) accounted for 236% and
201% of N added as pea residue in the DBC in the GLL soil, respectively. This means that
amendment increased mineralization of native soil N by 23 and 19 g N Mg 'soil. Mineralization
rate and mineralization rate normalized to soil N were not significantly different between soils or
treatments (Table 5-2). N immebilization was evident in both soils early in the incubation (Figure
5-1). Cumulative CO, (Figure 5-1), respiratior: rate and respirau:on rate normalized to soil C were
not significantly different between soils but were greater in the amended treatments (Table 5-2).
The main respiratory response was observed on days 1 and 2. After day 20, respiration rates were

similar between treatments. CO, evolved in response to amendment (COzmended - CO2 ded)

accounted for 78% and 60% of C added as pea residue in the DBC and GLL soil, respectively.
Recovery of pea-derived *N in the whole soil was >92% after 81 days. There was no significant
difference between soils in either the recovery of pea-derived "N in the biomass N or the recovery
of pea-derived I*N in the mineral N (Figure 5-2; Table 5-2). On day 81, however, the DBC
biomass contained more "N than did the GLL biomass.

The net decay of microbial biomass N (from peak value to day 81) was best described by
single component first-order kinetics which can be expressed as:

A =Age™

where A, = microbial biomass N (g N Mg 'soil) at time t (days), A¢ = microbial biomass N att = 0
(time of peak value) and k = first-order rate constant (day’) (Table 5-3). Peak values (between
40% and 52%) of plant-derived '*N were recovered in the biomass on day 2 in both soils (Figure 5-
2). Decay of "N-labelled biomass between day 2 #1d 81 wzs best described by single component

first order kinetics (Table 5-3). The rate constant for the decay of *N-labelled biomass was greater

than that of total biomass N.

Table 5-3. First order decav parameters for microbial biomass

k Half-lifc

Soil Variable Amendment A, (day’) r (davs)
DBC biomass N nonc 75 9.9E-3 0.79 70
biomass N pea shoot 80 1 4E-2 0.89 50
biomass ' ‘N pea shoot 40 3.8E-2 0.95 18
GLL hiomass N nonc 58 1.5E-2 0.93 46
bioimass N pca shoot se 1.7E-2 0.89 41
biomass ''N pea shoot 52 9.7E-2 .96 7




Because the loss of *N from the original plant residues cannot be measured directly.
decomposition must be inferred from indirect measurements. The transformation of “N-labelled
pea residue was represented in two ways (Figure 5-3). The mitial rate of transformation was much
greater when recovery of *N in the biomass was included. Transformation of plant-derived '‘N

into non-microbial organic forms was evident in both representations.

5.4 DISCUSSION

Biomass N Dynamics

At the beginning of the incubation, biomass N as a proportion of soil organic N was 3.2% for the
DBC and 2.4% for the GLL soil. These values were within the expected range (Hassink, 1994,
Sparling and Zhu, 1993) and are consistent with general observations of greater proportions of soil
N as biomass in soils of higher clay content (Hassink, 1994). Considering the variability of
reported biomass values in comparable studies (Table 5-4), the percentage declinc in biomass N in
the present study (Figure 5-1) was not unrealistic. For example, Voroney and Paul (1984) report
that 72% of the original soil biomass N remained after 42 days of incubation. This percentage is
less than that observed in the present study at 40 days. Ladd et al. (1992) also report substantial
decreases in biomass N during incubation with glucose and (NH);SO,. As with the present study,
the greater loss was observed in the soil with lower clay content (Vertisol 50% clay. Alfisol 10%
clav). West et al. (1986) incubated *fresh’ soils and found variable responses in biomass C and N
depending on the sampling site and the season in which samples were collected.

One could speculate that some of the apparent decline in microbial biomass was the result
of ‘artificially” high values at the start of the incubation. As reported in Chapter 2, pre-incubation
soil conditions and sample preparation car: influence results from studies under controlled
environments. Soil samples, which were collected from fallow fields in August, probably contained
little available substrate and, consequently, a largely inactive microbial population. The mechanical
disturbance of sieving, as well as wetting the soils to 55% WHC may have stimulated microbial
growth by increasing accessibility to previously 7. :ed substrates (Van Veen et al, 1984). N
immobilization was evident in both amended and nonamended soils early in the incubation

indicating that a substrate with a fairly wide C'N ratio was being utilized. Further to this argument,

44



the mean values of biomass N reported in Chapter 4 for similar soils (estimated by NRN and

mineral N flush) were approximately 70% of the day 1 incubation values.

Table 5-4. Change in microbial biomass upon incubation as reported in the litcraturc

Sourcc of data Votoncy and Paul. 1984 Ladd et al.. 1992 West ¢t al.. 1986
Soil description Dark Brown Vertisol Alfisol Silt loam pasture soil
Chernozemic
Soil conditioning ‘incubaicd 1 month’ “stored at 3°C’ nonc
Incubation period 42 davs 112 days 7 days
Morsturc content 50 kPa 40% WHC 50% WHC
Temperature 21°C 25°C 25°C
Amendment NO; (150 ug Ng™") Glucose (1000 ug C g') + nonc
(NH,):S0; (36 ug N g")
Biomass analysis Fumigation-incubation Ninhvdrin-reactive N Fumigation-incubation
Biomass C rcmaining 92% NR* NR 43% 10 94%
Biomass N remaining 72% 83% 56% 82% 1o 134%

* NR=not reported.

Analysis of Assumptions in Ninhydrin-Reactive N Technique

Was the decrease in biomass during incubation real or was it an artifact of the methodology
employed? The NRN technique includes the following assumptions: (1) the cellular content of
ninhydrin-reactive compounds (c-amino acid and NH") is constant and can be related to biomass
C by a factor of 21 and to biomass N by a factor of 3.1, and (2) the degradation of nitrogenous
compounds released from chloroform-lysed cells (i.e. protease activity) is independent of pre-
incubation soil conditions and is comparable among soils held under chloroform vapour for 10
days. NRN extracted from fumigated samples decreased during the latter portion of the incubation
in all cases. This decrease was expected as biomass declines. The observed fluctuation and increase
in NRN extracted from non-fumigated samples, however, was not expected (Figure 5-4) and is in
contrast to Van Gestel et al.’s (1992) observations of a decrease in NRN upon soil incubation. An
increase in non-fumigated NRN decreases the size of the calculated flush of NRN and
consequently decreases the estimation of biomass N. The increase in NRN was largely due to an
increase in a-amino acids and secondarily to an increase in NHy . Some of the accumulation may

have been the result of microbial predation by amoebae and bacterivorous nematodes. Excess N in



both faunal groups is released solely as NH,' and, although most of nitrogenous wastes (feces and
dead animals) of amoebae are released as NH,', about 48% of bacterivorous nematode waste is in
organic form (Hunt et al., 1987). Some of this organic material could have contributed to the

increase in a-amino acids over the 81 days of incubation.
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Figurc 5-4. Ninhvdrin -reactive N extracted from non-fumigated DBC soil (A) non-amended and (B)
amended with pea residuc.

When developing a conversion factor between the release of NRN and biomass C, Amato
and Ladd (1988) found a good correlation between biomass C, as determined from the flush of
CG, following fumigation, and NRN in soils that had been incubated for 44 and 66 weeks. They
found a lower and much more variable ratio of biomass C:NRN in soils that had been incubated
for 2 weeks. Was there a qualitative change in microbial cells, the older cells containing less MRN?
Older cultures of Fusarium oxysporum were found to have significantly lower N content and
significantly lower k. and k, values compared to younger cultures (Ress et al., 1987). The lower k.
and k, values reflect a decrease in mycelial cytoplasmic content, the cytoplasmic material being the
source of C and N mineralized upon incubation. The cytoplasm is also the main source of NRN
compounds following fumigation. Assuming the conversion factor of 21 is appropriate for older
cells such as those found in soils incubated for 44 or 66 weeks, it is possible that a smaller
conversion factor may be more appropriate for younger cells such as those found in recently

amended soils.
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Estimating biomass by measuring the release of NRN requires comparable protease
activity in different soils and under different environmental conditions. Evidence already exists of
vanable protease activity in different soils (Sparling et al., 1993). The magnitude of the NRN flush
increases with soil water content and is affected by soil pH: activity optima were observed in the
pH range 7.8-8.4 (Amato and Ladd, 1994). Protease activity is not always correlated to total
numibers of bacteria and is proposed to be specific to a small fraction of the microbial community
(Watanabe and Hayano, 1995). Shifts in species composition may, therefore. influence protease
activity. Furthermore, there is evidence that protease activity may fluctuate with growth stage. In
cultured isolates of /-rankia, exo-cellular proteinase activity increased dramatically shortly before
the peak in exponential growth (Muller, 1991). The specificity of the enzymes also changed (e.g.
proline-specific aminopeptidase was no longer produced). Nutrient status also influences protease

activity: C starved cells are reported to have higher rates of intemal protein cycling (Mason and

Egli, 1993).

Response to Amendment with Fea Residue

There were no significant increases in microbial biomass N or mineral N in response to amendment
with pea residue over the 81 days of incubation. By day 81, however, amendment had resuited in
an apparent ‘priming effect’ on N mineralization. Both the amended DBC and GLL soils had
similar small increases in the quantity of native soil N mineralized. Considerable controversy exists
regarding the indirect benefits of legume residues but it is suggested that, in addition to their value
as a direct source of plant-available N, legume residues improve crop productivity by enhancing
the availability of soil N (Azam et al., 1993).

Purposely low concentrations of plant residue were added to these soils (196 g C Mg 'soil)
in order to minimize distortion of soil dynamics. Input of plant materials mimicked the field
situation. This is in contrast to studies in whick large quantities of plant residue are added resulting
in significant and sustained increases in microbial biomass. For example, Ocio and Brookes (1990)
incubated soil with wheat straw at 8260 g C Mg 'soil and noted a 50% to 100% increase in
biomass by day 13 which was sustained until the end of the experiment (day 35). Similarly,
Thomsen (1993) observed an 82% increase in biomass following the addition of barley straw at
2700 g C Mg 'soil. For comparison, the highest barley straw yield observed during the present
study was 1260 g C Mg soil (Chapter 3).
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Respiration was the only measured variable that showed a significant response to
amendment and then only on the first two or three sampling dates. In fact. peak recovery of pea-
derived "N in the microbial biomass was observed after only 2 days. More measurements during
the tirst few days of incubation would have been useful to elucidate decomposition dynamics
further. In a comparable laboratory incubation with “*N-labelled maize residues (C:N = 41, 542 ¢
C Mg 'soil) decomposing in a fine sandy loam, peak recovery (34%) of plant-derived "N in the
biomass was not observed until day 14 (Voroney, 1983).

Transtormation of Pea Residue '°N

With its rapid uptake by the microbial biomass, the pea shoot behaved much like a simple
substrate. Glucose, for =xample, was observed to have maximum recovery in the biomass after 2
days of incubation (Ladd et al., 1992). A possible explanation for the ready availability of the pea
N lies in the preparation of the plant material: grown in a greenhouse and harvested at bloom, it
contained little lignin and was immediately freeze-dried and then ground to a fine powder. In both
the previously mentioned experiments (Voroney, 1983; Amato and Ladd, 1980), the plant material
was air-dried and chopped into 1-2 mm pieces. Freeze-dried plant matenal most closely resembles
fresh material and freeze-drying is suggested to be the more appropriate method for mineralization
studies when compared to oven drying (Moorhead et al., 1988).

Grinding plant materials appears to have contrasting effects on mineralization rate. Over a
98 day soil incubation, ground (<0.2 mm in cyclone mill) lentil green manure evolved similar
amounts of CO; as cut (1 cm) green manure (Bremer et al., 1991). Grinding, however, increased
CO- evolution from lentil and wheat straw. Grinding increases the residue’s surface area and
disrupts plant structure, thus increasing microbial accessibility. Apparently grinding the lentil green
manure, which had the least amount of resistant material to begin with, did not make it
significantly more susceptible to microbial attack.

Initial transformation of plant residue, as represented by the appearance of plant-derived
I*N in the microbial biomass and mineral soil components, was very rapid: 50 - 60%
transformation in the first two days of incubation. In contrast, when represented by the
accumulation of plant-derived N in the mineral component caly, less than 10% transformation was
estimated after two days. This type of discrepancy emphasizes the importance of considering

mechanisms when assigning rates to complex processes.
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N mineralization and immobilization occur simultaneously in the soil and, therefore,
mineral N is in continuous flux. This is problematic when attempting to elucidate actual rates such
as gross mineralization rate. A similar problem is evident when attempting to estimate
decomposition rate from the amount of plant-derived N in the microbial biomass because the
biomass is in flux with not only the mineral but also the organic soil component. Plant-derived N
may be released from microbes as organic waste and this, plus inactivated cells, becomes
incorporated into soil organic matter. Furthermore, not all plant residue N is necessarily
mineralized or even taken up by microorganisms. Some of the N present in the more resistant
structurai components (aromatic compounds) of plant residues may be abiotically incorporated into
soil humus. This should also be included in the decomposition equation. Again, it is imperative that

mechanisms be considered when assigning rates to complex transformation processes.

interaction Between Microbial Biomass and Soi! Properties
Soil characteristics influence microbial dynamics (Amato and Ladd, 1992, Ladd et al., 1992).
Examining microbial biomass decay in the DBC and GLL soils, gives some insight to interactions
among microbes, substrate and habitat. Following amendment, microbial biomass in both soils had
a shorter ha!f-lifc compared to non-amended soils. Van Veen et al. (1984) suggest that each soil
has a :specific maximum capacity to protect microorganisms. Microbial biomass in excess of the
proiactive capacity, such as that present in response to readily available substrate additions, is
subject to rapid tunover. The shorter half-life of the '*N-labelled biomass in comparison to total
biomass N is further evidence toward a faster turnover of recently immobilized N (Azam et al,,
1989; Ladd et al., 1985).

The rate of decay of microbial biomass N was greater in the GLL soil compared to the
DBC sail {Table 5-3) Biomass *N also decayed more quickly in the GLL soil and, as a result, less
I*N was retzined by the GLL biomass on day 81 of the incubation (Figure 5-2). These observations
are in agreement with previous findings of a faster tumover of C and N in the microbial biomass of
coarse-textured soils compared to fine-textured soils (Ladd et al., 1992). This has been attributed
to predation: soils with coarser texture impose less physical restrictions on the ability of soil fauna
to graze on microbes, thereby increasing faunai-induced mineralization of microbial C and N

(Rutherford and Juma, 1992). Similar trends were observed in Luvisolic and Chemozemic soils

collected from the field (Chapter 2).
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Conclusion

The decline in biomass N was comparable to that observed in several other studies, although the
question remains as to whether the decline was ‘real’ or an artifact of the technique employed to
measure it. Amendment with pea residue did not elicit a significant response in biomass N,
cumulative mineral N or N mineralization rate possibly as a result of the relatively low
concentration of added substrate. Mineral N concentrations on day 81, however, suggest that
amendment did cause a ‘priming effect” resulting in the mineralization of an additional 19-23 g
native soil N Mg 'soil. The rate of pea residue N transformation, as estimated from the recovery of
plant-derived '*N in the soil microbial biomass and mineral components, was initially very rapid:
50-60% in the first 2 days of incubation. Transformation dynamics would have been better
elucidated had more observations been made during the first few days of the incubation. Recently
immobilized biomass N, possibly that in excess of the soil’s protective capacity. had a faster
turnover compared to ‘steady-state’ biomass N. Further evidence was found to support the
hypothesis of faster turnover of biomass C and N in coarse-textured soils compared to fine-

textured soils.
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CHAPTER 6

Evaluation of three simulation models used to describe plant

residue decomposition in soil’

6.1 INTRODUCTION

Transformation of organic matter in the soil-plant system’ is a complex, dynamic process involving
biological, chemical, and physical components. Mathematical representation of complex processes
allows information from experiments to be integrated into a system model. Defining components of
a natural system, and more importantly the links among components, challenges our understanding
of a system and identifies areas where more information is required. To improve models, ore must
be able to distinguish and retain valid hypotheses and dismiss invalid ones. Two problems arise in
evaluating models, however. First, there is a lack of consensus as to which statistical methods are
appropriate when comparing model output to observed natural phenomena (Wallach and Goffinet,
1089). Is it quantitatively correct to compare many simulated variables to data sets with few
variables? Often statistical comparisons are avoided and subjective means are used to evaluate
mode! performance. graphing simulated and observed data and ‘eyeing’ the goodness of fit (Grant
et al.. 1993: McGill et al., 1981; Verbeme et al., 1990). Two quantitative methods which have
been used for model evaluation are the goodness of fit method (Whitmore, 1991) and the figure-of-
merit function (Molina et al., 1990). The goodness of fit method is used for evaluating the
difference between replicated data and simulated values of a single variable (e.g. microbial biomass
N). The figure-of-merit function is used for comparing altemnate models by ranking the
correspondence between experimental data and simulated values of many variables.

The second problem in evaluating models is in the nature of the comparison between
alternate models designed to simulate the same system. Comparing two system models yields little
insight into which of the structural or kinetic features of one model might give it greater predictive
accuracy or mechanistic integrity compared to the other. Specific hypotheses within the system
models must be compared (Hunt and Parton, 1986) and evaluated against experimental data.

' A version of this chapter will be submitted to Ecological Modclling.
* svstem refers to a group of related parts working together: for example. a community within an
ccosystem or a group of linked algorithms in a simulated ecosystem.
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Failure of a model to replicate a natural phenomenon identifies an invalid hypothests. Sensitivity to
specific structural or kinetic features can also be evaluated by comparing the behavior of alternate
models.

My objective was to evaluate systematically the plant residue decomposition algorithms’
from three published models. These plant residue decomposition submodels were taken from
Ecosys (Grant et al., 1993), Phoenix (McGill et al., 1981) and Verbeme et al (1990) and will
subsequently be referred to as ECO, PHO and VER. The thrze submodels differ both structurally
and kinetically. Structurally, ECO partitions plant residues into four biochemical components, all
of which are solubilized before either being taken up by soil microbes or abiotically adsorbed to
soil organic matter (Figure 6-1). PHO, in contrast, partitions plant residues into two functional
components: materials from these are either taken up by microbes or adsorbed to soil organic
matter (humadification). VER partitions plant residues into three functional components: two of
these are taken up by microbes while the third is directly incorporated into soil organic matter. The
models differ kinetically in the types of equations used (first order, Michaelis-Menten) and in the
factors which control the rates of transformation.

'} 0 evaluate the submodels, 1 sequentially ‘plugged” each of them into a single base model
which described soil dynamics thus testing only one aspect of the medel: the hypothesized
mechanisms of residue decomposition. I statistically evaluated ECO, PHO and VER in terms of
their ability to mimic experimenta! data absolutely and relative to one another. Expenimental data
were from my laboratory incubations of '"N-labelled plant residues (Chapter 5) and two other

laboratory incubations of plant residues as reported in the literature.

6.2 MATERIALS AND METHODS

The Base Model

The base model and all three plant decomposition submodels were programmed with Steila 11
simulation software (High Performance Systems, 1994) and run on an hourly time-step using
Euler's integration method. Stella II equations for the base model and the three submodels are
listed in Appendix A. The base model which describes C, “N and "*N transformations in soil, is a

simplified version of the soil component from Ecosys (Grant et al., 1993) (Figure 6-2). This model

3 algorithm refers to a list of mathcmatical operations whick arc carried out in a fixed order.
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explicitly represents the activities of soil microorganisms as essential to the dynamics of soil
organic matter transformation. Three organic substrates (groups of kineticaily similar materials)
are represented in the model. plant residue, active soil organic matter and passive soil organic
matter’ Each substrate has an asso . iated soluble component and associated microbial biomass.
The microbial biomass is resolved into labile, resistant and storage components. Active microbial
biomass is assumed to contain all the labile biomass in the system. Its composition is 55% labile
and 45% resistant (Figure 6-3). The remainder of the resistant microbial material represents
quiescent (dormant or non-viable) biomass. The storage component of microbial biomass

represents exo-cellular ‘coatings’ of readily available polysacchandes.

Figurc 6-1. Structurc of plant residuc decomposition submodels: (A) ECO. (B) PHO and (C) VER.
Microbial biomass. adsorbed and active organic matter are componcents of the basc model shown in Figure

0-2.

A plant
residuc
S - X
protcin carbohydrate ccllulose lignin
M-
» soluble residuc je
microbial biomass adsorbed
B plant C plant
residuc residue

metabolic structural idecomposable structural resistant
! v v o }
m!'croblal adsorbed migcrobial active organic
biomass biomass matter

¥ active and passive soil organic matter refers to a conceptual division of organic matter into two
kinctically homogcnous components. Active organic matter has a greater turnover rate than passive

organic mattcr.
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Figurc 6-2. General structurc of basc model for soil functions. As shown here. “micromal biomass’
represents both live and inactivated biomass. The respiration flow is used for C simulation and the
mineralization immobihization flow is used for N simulation. Note: sorpron refers to both
adsorption/precipitation and desorption/dissolution.
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Figure 6-3. The concept of active biomass (55% labile + 45% reststant).
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The simplified version of Ecosys differs from the original in the following: only one soil

layer (0-15 cm) was represented, only one adsorbed pool was represented, animal manure was not

included as an organic substrate, and oxygen and water were considered non-limiting to growth-

related processes.
Although each submodel was designed to function within its own system model, the

algorithms describing the loss of material from plant residue were considered to be sufficiently

mechanistic and, thereby, independent of the respective system models to be separated. The rate at

which material leaves the plant residue, therefore, is representative of the rate at which this process

would have occurred in the original system model. See Appendix A for details on parameters in

original models.
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ECO Submocdel for Plant Residue Decomposition

ECO (Grant et al.. 1993) partitions plant residues into biochemical components (protern.
carbohvdrate, cellulose and hgmin} based on chemucal analysis of representative plant samples
(Figure 6-1). These btochemical components are treated as homogeneous. independent and
exhibiting different resistance to microbial decomposition. The N in each component is calculated
by dividing the C in each component by a constant C:N ratio. The C:N ratios are: 3.125 for
protein, SO0 for carbohydrate, 5.0 for cellulose and 100 for lignin. The C in each component is
subject to decomposition by first order kinetics as a function of active microbial biomass. For

example, protein decomposition (g C Mg 'soil h') is described by:

Dprotein C = 1.00 * actmic C * (protein C / Tplant C) * ftg * fdplant C (6-1)
where
1.00 = specific rate constant for decomposition of protein C (g C g'actmic C h™)
(1.00 for carbohydrate C, 0.15 for cellulose C. 0.025 for lignin C)
actmic C = active microbial biomass C in soil (g C Mg 'soil)

protein C = C in the form of plant residue protem (g C Mg 'soil)

Tplant C = total plant residue C remaining in soil (g C Mg'soil)
fter = Arrhenius temperature function for growth-related processes (dimensionless)
fdp'ars " = density function relating concentration of active microbes to the quantity of

substrate (dimensionless)

Density functions are defined for each substrate (plant, active organic matter. passive
organic matter). The density function for plant material is:

fdplant C = Tplant C / {Tplant C + 75 * {1.0 + {actmic Cj / 25)} (6-2)

where:

[actmic C] = aqueous concentration of active microbial biomass C (g C Mg available H,O)

75 = Michaelis-Menten constant describing substrate concentration at half Vi, fror
plant residue decomposition (g € Mg 'soil)

25 = inhibition constant for plant residue decomposition (g C Mg available H,0)

The ‘aqueous concentration’ of active microbial biomass refers to the mass of active

microbial C per mass of “available™ soil water. Water held at potentials below -50 MPa 15
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considered unavailable as a medium for enzyme activity (Papendick and Campbell, 1981). Ata
given moisture content, the mass of water held at potentials above -50 MPa vanies with soil texture
Using observed values for matric potential (-0.5 MPa and -1.5 MPa) and corresponding water
contents for representative sand, silt loam and clay soils, I calcuiated values for *a” and ‘b" from

the following relationship (Papendick and Campbell, 1981}):

Y=a*o® (6-3)
where:
b = matric potential (MPz)
0 = water content (Mg H,0 Mg soil)
a.b = constants for given soil texture

The constant ‘a’ was calculated as 9.75E-... 5.*4F  ard 3 .33E-4 for sand. silt loam and
clav, respectively. The constant ‘b’ was calculated as 3. ', 4 S0 and 6.25 for sand, silt loam and
clay, respectively. I used equation 6-3 to calculate water content at a matric potential of -50 MPa
for each soil texture and calculated available water as the difference between soil water content and
water held below -50 MPa.

The products of decomposition of the plant residue biochemical components are transferred
«© a soluble residue pool” (Figure 6-1; 6-2). C in this pool and the other soluble pools (soluble
active and soluble passive (Figure 6-1)) may become part of the adsorbed soil component or be
taken up by microbes. Microbial uptake of C from all soluble pools - based on the microbial
requirement for C (maintenance and growth respiration) ~ he availablilty of soluble C.

Microbial uptake of C from the soluble residue pool (g C Mg'soil h"') is calculated by

Usoll C = MIN(Rmmic1, Rspecificl) + {Rgmicl / (1 - 0.6)} (6-4)
where:
MIN is a function that retumns the minimum of the variables in the following brackets
Rmmicl = maintenarice respiratior: of microbes associated with plant residue, referred to as
microbial biomass 1 (¢ C Mg 'soil h”)
Rgmicl = growth respiration of microbes associated with piant residue (g C Mg soil h')

Rspecific] = specific respiration of microbes associated with plant residue (g C Mg'soil h')

* pools refer to conceptual reserve.zs of Finetically similar yet chemically diverse materials and arc
represented as rectangles in the Scila software. Kinetically similar pools arc not alwavs physically
associated in soil.



06 = efficiency of utilization of plant residues by microbial biomass | (dimensionless)

Rmmicl = (2E-3 * labmicl C + 1E-4 * resmic] C) * ftm (6-5)
where:
2E-3 = specific maintenance respiration of labile microbial biomass 1 at 30°C (g C g
jabmicl Ch™)

labmicl C = labile microbial biomass associated with plant residue (g C Mg 'soil)

IE-4 = specific maintenance respiration of resistant microbia! biomass at 30°C (g C g
resmicl Ch™)

resmic] C = resistant microbial biomass associated with plant residue (g C Mg 's0il)

fim = temperature function for maintenance p )cesses {dimensionless)
Rgmicl = MAX(0, Rspecificl - Rmmicl) (6-6)
Rspecificl = 0.25 * actmicl C * [solublel C)/(35 + [solublel C]) * fig * fenratio (6-7)
where:
0.25 == specific respiration at saturating solublel C and 30°C (g C g actmic Ch™')
[solublel C] = aqueous concentration of soluble C associated with plant residue (g C Mg
available H,0)
35 = [soluble] C] when growth respiration is half of maximum (g C Mg available
H.0)
fenratio = function of microb..! C:N associated with plant residue (dimensionless)
fenratio = actmicl NC / (actmicNC + 0.044) (6-8)
where:

actmicl NC = N:C ratio of active microbial biomass associated with plant residue

0.044 = N:C ratio of active microbial biomass associated with plant residue when
uptake is half of maximum (g N g"'C)
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PHO Submodel for Plant Residue Decomposition

In the original version of Phoenix (McGill et al., 1981), separate algonthms were included for
fungi and bacteria (=bacteria + actinomycetes). In order for the PHO submodel to “connect” to the
base model, fungi and bacteria were combined assuming a 4:1 ratio of fungal biomass bactenial
biomass (g C m”) (McGill et al., 1981, p.86). PHO partitions plant residues into two functional
corponents: a metabolic component which mineralizes or decomposes rapidly, and a structural
component which is more resistant to decomposition due to lack of N, chemical recalcitrance, or
enzymatic inhibition (Figure. 6-1). The metabolic component is considered to contain DNA, RNA,
small molecules, and most of the enzymes and therefore, the C:N ratio of this component is set at
5. The structural component is considered to contain cellulosic and lignified structures plus cell
wails and some exo-cellular polysaccharides and has a C:N ratio of 150. The fraction of plant
residue C which is siructural (F,) and that which is metabolic (1 - F.) is calculated from *he C:N
ratio of the original plant residue by:

F, = (1/plant CN - 1/5) / (1/150 - 1/5) (6-9)
where:
plant CN = C:N ratio of original plant material (g C g'N)
5 = C:N ratio of metabolic component (g C g"'N)
150 = C:N ratio of structural component (g C g'N)

The metabolic component is considered to be in soil solution and, therefore, microbial

uptake of metabolic C (g C Mg 'soil h™') follows Michaelis-Menten kinetics:

Umet C = 0.18 * Tmic C * [met C] /(92 + [met C]) * fig (6-10)
where:
0.18 = maximum uptake rate of metabolic component h')
Tmic C = total microbial biomass C (g C Mg 'soil)
[met C] = aqueous concentration of metabolic C (g C Mg"'H,0)
92 = [met C] when uptake is half of maximum (g C Mg"H,0)
ftg = Arrhenius temperature function for growth-related processes (dimensionless)

Metabolic C in solution may undergo adsorption (g C Mg 'soil h™') to become part of the

adsorbed soil component:
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Amet C = 0 044 * [met C] * soil H,0 * fig (6-11)

where:

0044 = rate constant for adsorption of plant metabolic component h')

soil H,0 = gravimetric soil moisture (Mg H,0 Mg 'soil)

fig = Arrhenius temperature function for growth-related processes (dimensionless)

Decomposition products of the structural component are either assimilated by microoes
(97.5%) or undergo ‘humadification’ and are transferred to the adsorbed soil component (2.5%).

Decomposition of structural C (g C Mg 'soil h') follows first order kinetics:

Dstr C = 0.0083 * Tmic C * fenratio * fdstr C * fig (6-12)
where:
0.0083 = maximum decomposition rate of structural component ™

. fdstr C = density function relating total microbial biomass to the quantity of structural
plant matenal (dimensionless)
fdstr C =1/ {1+ 13.27 (Tmic C /str C) '™} (5-13)

where:
str C = structural C (g C Mg''soil)
13.27 = K, value for top 14 cm of soil (dimensionless), see Appendix A
.44 = K> value for top 14 cm of soil (dimensionless), se¢ Appendix A

VER Submodel for Plant Residue Decomposition

VER (Verbemne et al., 1990) partitions plant residues into three components: a decomposable
component representing carbohydrates and proteins, a structura! component representing cellulose
and hemicellulose, and a resistant component representing lignified structural material (Figure 6-1).
The partitioning of plant residue among the components is based on the C:N ratio of the original
plant residue and is presented as 2 graphical relationship. Each component has a constant C:N
ratio: 6 for decomposable, 150 for structural, 100 for resistant anc -composes by first order
kinetics. Decomposable and structural materials are transferred to microbes, vhile the resistant
fraction is directly incorporated into the soil organic matter. Microbial uptake of decomposable C

(g C Mg 'soil h") is independent of microbial biomass and is calculated by:
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Udec C = 0.0093 *dec C 6-14)

where:
0.0003 = specific rate of uptake of decomposable C ()
dec C = decomposable C (g C Mg 'soil)

The microbial uptake of structural C (g Mg 'soil h™') is regulated solely by the fraction of

resistant material remaining in the plant residues:

Ustr C = 0.0044 {30t ¢ (FeC Fes Ol » gp € (6-15)
where:
0.0044 = specific rate of uptake of structural C thh)
Fres C = fraction of residue C which is resistant (dimensionless)
Fstr C = fraction of residue C which is structural (dimensionless)
str C = structural C (g C Mg 'soil)

The resistant plant residue component is abictically stabilized (g C Mg 'soil h'') as active

sol} organic matter:

Sres C = 0.00084 {30FesC (BuC-bes Ol & poq (6-16)
where:
0.00084 = specific rate of stabilization of resistant component th')
res C = resistant C (g C Mg"soil)

initialization Values

An 81 day laboratory incubation of *N-labelled pea shoot in two soils provided most of the
experimental data for model evaluation. Details ot pea growth and soil incubations are given in
Chapter 5. Observed variables used for sizosticai analysis of model ouiput included three replicate
measures of biomass N, mineral N, biomass '*N recovery, mineral "N recovery, and CO,
evolution.

Soil and plant residue initialization values were required by the models. Soil inputs
included total C, initial mineral N, background "N atom abundance, clay and sand content,
gravimetric soil moisture and temperature (T, able 5-1). The base model calculates initial microbial

biomass C as a fraction of total soil C. When experimentaily determined initial valucs of microbial
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biomass C differed from those calculated by the model, adjustments were made to the resistant
fractions of the microbial biomass associated with the active and passive soil organic matter. In
this way, the active microbial C (= labile biomass C / 0.55) was always initiated as a constant
fraction of toial soil C. These values allowed the model to be initialized close to equilibrium (R.F.
Grant, pers. comm.).

All three plant decomposition submodels required total plant residue C input (196 g C Mg’
! soil, calculated as dry mass x C content) and percent "N atom abundance (11.7%, analytically
determined). PHO and VER further required the C:N ratio of the whole plant matenial (17.13).

ECO required the biochemical analysis of the pea shoot. The pea shoot was separated into water-
soluble and water-insoluble components, each of which were analyzed for C and N content (details
in Chapter 7). The water-soluble component was assumed to contain soluble protein and
carbohydrates. Protein was calculated as 6.25 x N and was assumed to be 50% C. The remaining
C in the soluble component was assumed to be in the form of carbohydrates. The water-insoluble
component was assumed to contain insoluble protein, cellulose and lignin. As for the soluble
component, protein C was calculated as 6.25 x N x 50%. Lignin content was analytically
determinied (Chapter 5) and lignin was assumed to be 50% C. The remaining C was assigned to
cellulose. The fraction of plant residue C in each component calculated by this method is shown in
Table 6-1.

Further experimental data for model evaluation were taken from QOcio et al. (1991) and
from Amato and Ladd (1980). Initialization values are shown in Table 6-1. Observed variables
were biomass N and recovery of *N in biomass. Observed measurements were reported as meari
values in both publications and, therefore, the goodness of fit method of model evaluation, which
requires replicated data, could not be used. Only the chi-square statistic was used for these data

(see ‘Statistical Analysis’).
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Table 6-1. Initialization vaiucs for simulations of plant residuc dccomposition

Chapter 5 Chapter 5 Ocio et al.. Amato and
Variable DBC GLL 1991 Ladd. 1980
Soil C (g C Mg soil) 28200 26000 9000 14500
Biomass C (g C Mg soil) 500 390 33" 250
Mineral N (g N Mg soil) 35 53 2.5 not reported
Clav (%) 19.5 12.5 35 47
Sand (%) 46.3 458 10 25
Moisture (Mg H-O Mg soil) 0.29 0.30 0.27 018
Temperature (°C) 23 23 25 25
Plant residuc pea shoot pea shoot wheat straw medic lcaves
Residuc input (g C Mg soil; 196 196 4219 R00
Residuc C:N 17.13 17.13 56 R7
Residuc '*N atom abundance 11.70 11.70 1.24 147
Protcin®(g C g' C) 0.17 0.17 0.06° 0.36
Carbohydratc® (g C g’ O) 0.23 0.23 0.25 017!
Celiulosc® (g C g C) 0.53 0.53 0.55° 0.40¢
Lignin® (g Cg' C) 0.07 0.07 014 007

* Assuming biomass C:N = 6.8.

® Biochemical components represented as C in each component / total plant residuc C.
° Fractionation of wheat residuc from Broder and Wagrer. 1988.

¢ Fractionation of medic residuc from Amato ct al.. 1983.

Statistical Analysis

The goodness of fit method (Whitmore, 1991) was used to evaluate the submodels” ability to
simulate values of single variables (microbial biomass N, mineral N, *N recovery in biomass and
mineral N and CO; evolution). This method partitions the sum of squares of the differences
between measurement and simulation into two components: one calculated from the differences
between the simulation and the mean of replicate measurements (lack of fit) and the other
calculated from the variance within each set of replicate measurements (pure error). If lack of fit 1s
not significantly larger than pure error then the data present no grounds for rejecting the model (F-
statistic). The submodels were rriiked with the lowest Fy orn (= mean square due to lack of fit /
mean square due to error) as best fitting.

A further least squares method, x°, was used to rank overall performance of the

submodels. The standard deviation of each variable was used as a scaling factor to account for
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differences in the magnitude of the residuals among variables. The following figure-of-mert

function was used (Molina et al., 1990):

32 = (£Zm [(Ym - Y(m,A})/SD;)*)/DF (6-17)
where:
j = state variable index (microbial biomass N, mineral N, "*N recovery in biomass and
mineral N and CO; evolved)
m = sampling index (1, 2, 12, 22, 40 and 81 days)
Y = observed experimental values
Y m,A) = simulated values given the set of model parameters, A
SD, = standard deviation of the Yj observations (scaling factor)
DF = degrees of freedom

Controversy exists as to what form of experimental data, cumulative® or incremental’,
should be used with least-squares methods of model evaluation (Hess and Schmidt, 1995).
Therefore. both forms of DBC and GLL data were used for submodel evaluation by the goodness
of fit method. For reasons indicated in the ‘Discussion’, data sets consisting of cumulative values
of biomass N, mineral N, "*N recovery in biomass and mineral N, and incremental values of CO;

evolution were used for submode! evaluation by the chi-square method.

6.3 RESULTS

Observed and simulated values of DBC soil variables in cumulative form are shown in Figure 6-4.
Values of two DBC soil variables in incremental form are shown in Figure 6-5. For graphical
purposes only, incremental experimental data were transformed to daily rates by dividing the
incremental value by the number of days between successive measurements and plotting at the
midpoint between the two data collection times. Similar results were nbserved for DBC and GLL
simulations and. therefore, only DBC data are shown. For statistical purposes, incremental

experimental data were not transformed to daily rates.

* cumulative refers to the quantity of a variable present at each sampling date (c.g. total biomass present at

time=t).
incremental refers to the change in a variable between successive sampling dates (¢.g. changc in biomass

between t-1 and ).
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Figurc 6-4. Obscrved (®) and simulated valucs (€. ECO; <. PHO: +. VER) of (A) microbial biomass N.

(B) mincral N. (C) "N recovery in microbial biomass N. (D) *N recovery in mineral N and (E) CO;
evolved from a Dark Brown Chernozemic soil amended with '*N-labelied pea shoots.

67



2.0

1.5 : [}

1.0

-0.5

Mineralization (g N Mg s0il &)
?
“

-1.0

o] 10 20 30 40 50 60 70 80 00
Days

50

40

30

20

10

Respiration (g CO,-C Mg ! soil d°)
-

o 10 20 3¢ 40 50 60 70 80 20
Days
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and (B) respiration ratc in a Dark Brown Chernozemic soil amended with "*N-labelled pea shoots.
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Table 6-2. Goodness of fit method to evaluate submodels (DBC and GLL expenimental data)

Fi. 41 for accumulation FLwrr for incremental change

Soil Variablc ECO PHO VER ECO PHO VER
DB(C  Biomass N 53 10 53 10 1 11
Mineral N 8 6 7 2 2 2
Biomass ' ‘N rccoven 74 10 67 1 1 11

Mincra! '*N recovery 17 109 21 2 8 2

CO; 1 17 3 4 11 6

GLL.  Biomass N 57 42 55 3 3 4
Mincral N 38 37 36 13 13 13
Biomass ' N recoven 53 18 62 3 6 16

Mincral '*N recoven 63 342 74 28 60 31

CO- 12 233 59 7 25 13

The fowest F. . indicates the best fitting submodel for either cumulative or incremental change in the

given variable.

The decline in biomass N was not well simulatec by any of the models (Figure 6-4 (A)).
Statistically, PHO best represented the cumulative expeiimental data and all three submodels were
similar in their fit to incremental biomass N data (Table 6-2). Trends in mineral N data were fairly
well simulated and all three submodels were statistically similar for both cumulative and
incremental data (Figure 6-4 (B); 6-5 (A), Table 6-2). The pattern of N recovery in the microbial
biomass was simulated by ECO and PHO (Figure 6-4 (C)) and both submodels were statistically
similar for incremental data: cumulative data were best represented by PHO (Table 6-2) ECO and
VER best represented "N recovery in the mineral N (Figure 6-4 (D); Table 6-2). Accumulation of
and incremental changs in CO, were best simulated by ECO (Figure 6-4 (E); 6-5 (B); Table 6-2).
Tabular F-values (P<0.05) with the appropriate degrees of freadom were 3.00 for biomass, mineral
N and "N data and 2.35 for CO, data. Comparison of these F-values to Fyorn values in Table 6-2
indicated that the majority of simulated variables, especially in the GLL soil, were significantly
different from observed values suggesting that submodels ‘could almost certainly be improved’
(Whitmore, 1991).

Observed and simulated cumulative data from Ocio et al. (1991) are shown in bFigure 6-6
and observed and simulated cumulative data from Amato and Ladd (1980) are shown in Figure 6-
7. The rhi-square method was used to rate overall submodel performance for DBC, GLL, Ocio et
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al. (1991) and Amato and Ladd (1980) data (Table 6-3). The PHO submodel best fit the
experimental data from DBC and GLL soils. ECO best fit data from Ocio et al (1991) and VER
best fit data from Amato and Ladd (1980).

Table 6-3. Chi-square method to rank the submodcls” overall correspordence .- exyxerimental data

- o«

Cia-square
Experimental data Number of variables ECO PHO VER
DBC 5 1.7 1.1 1.6
GLL S 1.7 14 i8
Ocio ct al. (1991) 2 31 39 119
Amato and Ladd (1980) 2 Qo 23 15

The lowest ” in a row indicates the best fitting submodel for that sct of experimental data.

Distinct differences among submodels were observed for simulated values of pea shoot C
and N (Figure 6-8). The initial value of residue N was different among submodels. Each submodel
calculates the N in various plant components by dividing the C in each component by a constant
C:N ratio as described in ‘Materials a=:d Meti:o!s’. As a result, the amount of simulated pea shoot
residue N accompanying the input of {96 g cf residue C was 11.10 g N for ECO, 11.45 g N for
PHO and 12.56 g N for VER. An obvicus change in kinetics was evident in PHO at approximately
day 3 when the metabolic component of the residue had been completely decomposed (Figure 6-8).
Overall, the disappearance of plant residue C was much siower in PHO compared to ECO and
VER. The disappearance of residue N was more rapid in ECO and PHO as compared to VER
(Figure 6-8).

The simulated fluxes through various soil components further demonstrated diff.:::1ces
among submodels (Figure 6-9; Table 6-4). PHO had the slowest overall rate of decomposition with
" large: amounts of "N and '*N remaining in the residue by day 81. PHO had consistently the
smallest amount of "*N entering (flux 2 + flux 3 + flux 6) and leaving (flux 4 + flux 5) the
microbial biomass while VER had the largest zmount of "°N entering and leaving the microbial
biomass. The submodels were similar in “*N mineralized (flux 5), but PHO had greater '*N
mineralized. ECO had greater "N immobilization (flux 6); '*N immobilization was similar among

submodels.
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Figure 6-9. Schematic of simulated N fluxcs (scc Table 6-4). *Soil organic matter” represents soluble.
adsorbed. active and passive organic matter and “microbial biomass’ represents both live and inactivated

biomass.
] flux 2
flux 1, , - flux 3 , : . x5
plant [ soil organic *}microbial flx *| mineral

|_residue | [_vatter b 117 | biomass flux 6 :

Table 6-4. Comparison of simiulated N fluxcs after 81 days (g N Mg soil)
Isotopc  Submodcl Residuc® Flux1 Flux2 Flux3  Flux4  Flux5  Fluxo

DBC soil
"N ECO 0.0 98 161 118 40 44
PHO 0.6 0.1 9.4 140 108 Rt 23
VER 0.1 0.1 10.9 152 118 39 28
N ECO 0.00 1,30 2.68 1.69 043 0.03
PHO 0.08 0.01 1.25 1.17 1.35 0.74 .03
VER 0.02 0.01 1.44 1.54 1.91 0.45 0.02
GLL soil

"N ECO 0.0 9.8 169 118 43 1.4
PHO 0.6 0.1 24 i45 I 40 2.1
VER 0.1 0.1 10.9 159 114 42 2.5
N ECO .00 1.30 2.84 1.71 0.51 0.03
PHO 0.6y 0.01 1.25 1.33 1.40 0.79 0.02
VER 0.62 0.01 1.44 i.74 1.96 0.53 0.02

* N remainin; as plant residuc
" Pathway not 1cpresented in submodel
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C mineralized in response to amendment (COzuncndes - CO: ded) WAS greater in

simulations compared to observed values (Table 6-5). In contrast, N mineralized in response to

amendment was less in simulations compared to observed values.

Table 6-5. Mincralization response to amendment with pea shoot at 81 days

Submodcl %% of added C mincralized % of added N mincralizcd
DBC GLL DBC GLL

Obscrved 78 60 236 201
ECO 144 162 90 124
PHO 89 97 95 115
VER 135 147 88 P14

6.4 DISCLETIUN

Statistical Assumptions

In developing kinetic models, parameter values must be estimated such that equations represent the
processes vnder study. Functions which best represent biological behavior are often non-linear with
respect to their parameters® (Robinson, 1985) and require non-linear parameter estimation
techniques. Commonly, least-squares techiiiques are used which involve minimizing some objective
function such as the residual sum of squares (Robinson, 1985) or chi-square (Molina et al., i66J}.
Similarly, models can be ranked in teisims of these functions: the lower the value of the function, tie
better the fit of the mode! to the experimental data. Assumptions implicit in least-squares analysis
are that all errors associated with the experimental data are independent, are normally distributed
and have a constant variance (Ott, 1984). This implies that the data themselves must also be
independent. As a result, strong argument exists against the use ¢f cuunulative data and the
integrated form of equations to obtain parameter estimates (Hess and >chmidt, 1995; Ellert and
Bettany, 1988). For example, Hess and Schmidt (1995) compared the fit of cumulative CO, data to
a mode! in integral form to the fit of discrete (incremental) CO, data to the same model in
differential form. The use of the integral model and cumulative data produced correlated residuals

and, therefore, violated the assumptions implicit in least-squares analysis. Furthermore, integral

* uon-lincar with respect te parameters refers (o the non-lincar responsc in a variable when a parameter is
changed in 2 lincar fashion.
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modcis fit to cumulative data gave low values of the standard deviation associated with each
parameter estimate thus ‘giving the researcher a false sense of security” (Hess and Schruidt, 1995).
They concluded that analyses of CO; evolution data are only statistically valid when discrete,
independent data and differential model forms are used.

This raises the -juestion: what constitutes independent data? Studies of biological processes
often involve collecting data in time series and these types of data are ofien correlated. Most would
agree that cumulative CO, data are not independent. A large value early in the time-sequence
increases the value of all subsequent data points. This type of correlation is the result of the form in
which data are presented (cumulative vs incremental). Repeated measures on the same sample over
time (such as mycelial mass determined from the same fungal sample at daily intervals) are also
not independent, especially if measurements are taken close together (Gurevitch and Chester,
1986). This type of correlation occurs because the characteristics of a single sample do not change
randomly but are linked to characteristics earlier in time. Independent data, therefore. mut be
independent both in form of pre<entation and in sampling technique. Because components cf
complex systems, such as soil, are interrelated in space and time, is it ever possible to collec
independent time series data from such a system? Consider, for example, microbial biomass in
response to incubation. Two subsamples are taken from a homogenous soil sample and are
incubated under identical conditions. Microbial biomass is destructively measured in sample A on
day 1 and in sample B on day 2. Are these data independent” I would argue that, because the
experimental units (sample A and B) are physically separate, these data can be considered
inde, endent. However, had the initial larger soil sample been incubated and then subsamples taken
for biomass analysis on days | and 2, then the biomass data would not have been independent.

For successively measured variables such as CO, evolution, incremental data have been
suggested to comply with the assumptions underlying least-squares analysis (Hess and Schmidt,

i -95: Ellert and Bettany, 1988). Icremental data are not, however, necessarily independent. For
example, consider a single soil sample which is incubated together with a substrate. Incremental
CO, evolution is determined every hour. Biomass increases in response to the substrate and,
therefore, assuming constant or increasing activity (CO; per unit biomass C). more CO; 1s evolved
between hour 2 and 3 compared to that evolved between hour 1 and 2. I would argue that these
data, although incremental, are not independent. The incremeial form of these data is, however,

more appropriate for least-squares analysis than the currlative form.
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I concluded that the most appropriate experimental data to use for submodel evaluation by
least-squares analysis were the cumulative values of biomass N, mineral N, "N recovery in
biomass and mineral N (as determined on days 1, 2, 12, 22, 40 and 81) and the incremental values
of CO, evolved (10 increments between 0 and 81 days as reported in ‘Materials and Methods’). In
addition to the arguments given above, using different forms of these data is further supported by
the nature of the variables. Biomass N and mineral N are in continuous flux with each other and
with e rest of the soil environment and, therefore, the mass of microorganisms or the amount of
mineral N at a given time is the net result of a number of processes. In contrast, CO, is removed
from the soil system and is, therefore, a gross measure and qualitatively distinct from dynamic
. .~iables such as biomass N or mineral N. It should be noted that mineral N was determined by
destructive sampling. Had mineral N been measured by successive leaching from the same
samples, as was the case with Ellert and Bettany (1988), then incremental data would have been
more appropriate for statistical analysis.

Data generated by simulation models are n.t independent over timc. Firstly, cquations are
in the integral form (Euler’s method of integration used in Stella II):

variable, = variable,. + dt * flows (6-18)
where variable, = value of variable at time t, variable.s = value of variable at previous time-step
and flows = positive or negative change in the variabls over time. Secondly, simulated data have no
associated error terms. Independence among error and, therefore, among data, cannot be tested.
Consequently, both the cumulative and incremental forms of simulated data are equally valid. The
independence of experimental data must, therefore, be confirmed and the independent form
compared to the appropriate simulated output for least-squares analysis. Becausc simulated data
have no associated error, I have not found an objective means of comparing models without
evaluating each against experimental data.

Classic: ly, the chi-square method is used for analyzing categorical data (Ott, 1984). For
example, 100 soil samples could be categorized into 2 groups: those with pH>7and those with
pH<7. Assume, from previous experience, 25% of the samples are expected to fall into the phi>7
category. The chi-square statistic tests the null hypothesis that the number of samples observed in
cach category is the same as the number expected. The expression (Ob - Ex)*/Ex, where Ob is the
observed value for each category and Ex is the corresponding expected value, is calculated for each
ca’~gory. These quotients are summed over all categories to determine x?. Molina et al. (1990)

suggast a modified chi-s., :are statistic for analyzing the goodness of fit between simulated data and
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experimental data. For this analysis, simulated data represent observed values and experimental
data represent expected values. Time represerts the categories into which the data fall. Two
questions arise: first, is it valid to use the value of an observed or simulated data point (e.g. 10 g
biomass N Mg 'soil) in place of a count ¢f the number of samples fitting intc a category and
second, is it valid to segment a continuous variable such as time into discrete categories” ! would
suggest that the modified chi-square statistic is valid for ranking altemate models in ternis of
correspondence between experimental and simulated data. The modified chi-square should not,
however, be confused with the classical chi-square, nor should it be compare: ro tabulated critical
values of x2. Molina et al. (1990), in fact, do not use chi-square as a means of testing hypotheses

but rather as a least squares function to be minimized for parameter optimization.

The Quality of Data

Quantitative methods of evaluating simulation models are only as good as the experimental data
allow. Ideally, experimental values for all variables in a system and their dynamics over short
intervals should be collected for mode! evaluation. Because this is not feasible, experiments must
be designed to best distinguish among alternate hypotheses (models). Although correlation between
simulated cutput and experimental data is not proof of correlation to actual mechanisms, ihe more
specific the data, the better the chances of falsifying a hypothesis. Consequently, "'C and "N tracer
data are particularly useful because isotopic data can identify pathways of elemental movement
and quantifv gross rates of transfers or transformations (Nason and Myrold, 1991). This 1s true
over the short-term only as over long periods, isotopes equilibrate with all parts of the system
through which they circulate.

Timine of observaticns 1s also critical. Most measurements should be taken when the
experiraeiuz! svatern is #-tivaly responding to perturbation. Estimates of the half-lives of plant
residue <:n - s . 76l fange bet-pen 0.69 - 3.5 days for the easily decomposable fraction and
between 6 9 - & Ay b~ more siowl decomposable fraction (fuma and Paul, 1981; McGill et
al., 1981; Varbaias et o, 1990). 1, thercrore, wsgeeted o monitor intial rapid decomposition
between days 1 zd & » i slower decomposition between days 12 and 40. In retrospect, more
measurements shov'a = . 2 been made in the first 10 days of incubation as this is ti.2 time when
differences ameng th 2 submodel simulations of "*N dynamics were most evident. Latc: i» the

simulations, the influe.v - of the plant deconposition submodel was overshadowed by the base
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model and variables began to converge. Simulated values of integrated variables, such as mineral

N, N mineralization rate and respiration rate converged by approximately day 45 of the simulation.

Submodel Hypotheses
Developing simulation models to describe plant residue decomposition in soil is problematic
because the loss of original plant material cannot be directly measured ‘n soil. Two methods used
to overcome this problem are: (1) regression analysis on the C mineralization curve (where rate of
mineralization is considei« ¢ Gual to rate of decomposition) and (2) the calculation of microbial
growth on residues (juma and McGill, 1986). Regression analysis yields information on the
number of components involved and specific rate constants but does not yield information on
mechanisms of transforn:ation. This type of analysis can be used to develop decomposition
equations as used in the VER submodel which are based on the assumption that the concentration
of the substrate rather than the biological capacity is rate-limiting (*/erbeme et al., 1990).
Calcuiation of microbial growth yields information on total decomposition and the
formation of microbial material. Both ECO and PHO explicitly represent the activities of soil
microorganisms in the decomposition process. ECO partitiows residues into biochemical
components, each of which is assigned a specific decomposition rate and efficiency of utilization.
This app~-i=h does not take into account that chemically homogeneous components (e.g. cellulose)
may have different kinetics due to chemical and/or physical stabilization with other plant or soil
components. The functiora! approach in PHO is based on observations of similar decomposition
dynamics among labile fractions of various materials and among recalcitrant fractions of various
materials (Hunt, 1977) (Wieder and Lang, 1982). A problem with this approach is that rate
constants for the transformation of functional components are difficult to determine experimentally

because these components are chemically heterogeneous and cannot be physically isolated.

Submodel Eva'uations Based on DBC and GLL Soil Data

According to the F, o1 statistic, aimost all «-nulated variables were significantly different from
observed data. This indicates that mechanisms described in the models are not flexible enough to
allow the models to function under conditions different from those used to calibrate them. The
short-coming may be in the base model or in the submodels or perhaps both. A comparison of
submodels was still informative, however, because the importance of the plant residue ‘

decomposition submodel to the behavior of soil variables in the short-term was verified.
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None of the submodels simulated the decline in biomass N (Figure 6-4 (A)). This was most
lik~'v the result of model initialization procedures as outlined above in ‘Initialization Values.’
Experimentally determined biomass C was 500 g Mg 'soil for the DBC soil. Based on total soil C.
however, the base model initialized microbial C at 251 g Mg 'soil. The remainder of experimentaily
determined microbial biomass was simulated as resistant biomass associated with the active and
passive soil organic matter. Consequently, the ratio of resistant:labile biomass was approxima:-i;
22. In contrast, the base model initializes this ratio at approximately 11. The resistant biomass is
slower to decay under limiting environments and, therefore, overall microbial biomass remained
fairly constant.

The microbiz! bicmass is the earliest stage of the transformation process in which plant-
derived compounds can be distinguished from the rest of the soil organic matter and, therefore, the
recovery of plant-derived '*N in the biomass is the most sensitive variable for detecting differences
in 7usidue decomposition dynamics. Experimentally, more than 20% of pea-derived "N was
recovered in the microbial biomass on day 1 and approximately 40% on day 2 (Fignie 6-4 (C)).
Simulated data also indicate a rapid uptake of plant "*N with recoveries between 16-30% on day 1
and 28-59% on day 2. Statistically, PHO best simulated the recovery of '*i" «~ e biomass (Table
6-2). In this submodel, 73% of pea shoot C was partitioned as structura! and the remaining 27% as
metabolic (equation (6-9)). With set C:N ratios of 150 for the structural component and 5 for the
metabolic component, 8% of total N was partitioned as structural and 92% as metabolic.
Consequently, the vast majority of N was quickly available to microbes. PHO was developed with
an emphasis on the physiological response of microorganisms to substrate and environment. |
would speculate that this emphasis gave PHO an advantage over the other two submodels in terms
of simulating substrate availability to microorganisms. PHO, however, overestimated the 'N
recovery in mineral N (Figure 6-4 (D)). The high values were the result of rapid N mineralization
in the first 3 or 4 days as the microbial biomass compensated for the influx of residue matenal with
a C-N ratio of about 5. In the models, the microbial C:N ratio is maintained at 4.5 for labile
biomass and 7.5 for resistant biomass by transferring excess N to the mineral pool (Appraiix A).
Experimentally, a range of biomass C:N ratios in rezr. .2 to substrate hava Hieo i eported
(Voroney and Paul, 1984)

ECO and VE® both had overall greate: 7 ++ ..y of "N in the biomass and lower recovery
in the mineral componeni compared to PHO (Figure 6-4 /C, D)). More plant residue C entered the

biomass &.' -. " s . the residue N (C:N approximately 10) and, therefore, the biomass ‘grew’ and
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retained more '*N. Readily available C resulted in the early peak in respiration rate giving ECO the
be »1 fit to respiration data (Figure 6-5 (B)).

Examining experimental data for the first 2 days of the incubation, the C:N ratio of
immediately available substrate can be estimated. The 40% recovery of residue-derived '« in the
bicnass on day 2 (Figure 6-4 (C)) represents approximately 4.6 g of residue N Mg soil.
Cumulative CO; over this pericd was 70 g C Mg 'soil (Figure 6-¢ (E)). Assuming a C utilization
efficiency of 60%, 2 total of 7G/0.40 or 175 g C Mg 'soil would have been processed by
microorganisms. These calculations indicate that the C:N ratio of available substrate was
approximately 175:4.6 or 38. This may explain the net immobilization of N observed prior to day 2
(Figure 6-4 (B)). In contrast, simulated substrate C:N ratios ranged ‘rom 5 to 10.

On day 2 of the DBC soil incubation, approximately 50% of pea shoot ''N was recovered
in the microbial biomass and mineral soil fractions (Figure 6-4 (C, D)). This indicates that at least
50% of plant residue N had been decomposed. Simulated values from ECO and PHO also
indicated that more than 50% of N had been transferred out of the residue pool by day 2 (Figure 6-
8 {B)). Both of these submodels employ Michaelis-Menten kinetics for the uptake of readily
available soluble compounds (equations (6-7) and (6-10)). The first order kinetics used in VER
were too sluggish to accurately represent this phenomenon (equation (6-14)).

An abrupt change in the rate of residue C and N decomposition was evident in PHO at
approximately day 3 when the metabolic component of the residue was exhausted and kinetics
switched from mainly Michaelis-Menten to exclusiv=ly first order (equation (6-12)). This
exemplifies the difference between the functional and biochemical approach to decomposition. ECO
simulates a more gras-~' change in residue C and N which is more in keeping with typical
decomposition cur - - 71" & 2d Clark, 1989) and the gener-! concept of decomposition as a
continuum (Bosatta a:c Agren, 1985).

In PHO, rost of the simulated C iu pea shoois was partitioned as structural and
decomposed very slowly in contrast to the rapid disappearance of C as simulated by ECO (Figure
6-8 (A)). From an incubation of “C-labelled raedic leave s 1 »3ii, Amato and Ladd (1980) reported
that, by <lay 34, 51% of medic-derived "“C ha 5, resric 4. In a similar experiment, 70% of
medic-derived "*C had been respired after 140 days. Resi.tual *C remaining in the soil may have
been in the form of non-deconposed plant residues and/or microbially *processed’ organics. in

either case, this experimenta! <vidence suggests that PHO’s simulated decomposition of residue C



is unrealisticaiiy slow. Whether ECO’s simulated C decomposition 1s too rapid cannot be

ascertained from these experimental data.

Submodel Evaluations Based on Data From the Literature

All three submodels overestima: 2d biomass N following addition of wheat straw (Figure 6-6 (A))
An assumption in the base model is that incoming plant residues have an associated biomass:
additional labile biomass C is set at 0.02 * residue C and additional reststant biomass C is also set
at 0.02 * residue C. Therefore, the simulated 4219 g residue C Mg 'soil would bring with it
approximately 84 g labile biomass C Mg 'soil (C:N = 4.5) and 84 g resistant biomass C Mg'soil
C:N = 7.5) and a total of 30 g biomass N Mg 'soil. The simulation models were initialized with
biomass N values of 46 g N Mg'soil as reported by Ocio et al. (1991) for non-amended soils.
however, with the large input of biomass associated with the wheat straw, the biomass N
immediately increased to almost 75 g N Mg 'soil. The quantity of biomass C added to the soil with
large inputs of residue C may require re-evaluation.

The initial burst of biomass N simulated by ECO (Figure 6-6 (A))} was in response to
readily available proteins. Because the proteins accounted for only 6% of the total wheat straw C
(Table 6-1), N quickly became limiting and the biomass declined. By day 5, more slowly
decomposing residues sustained a gradual increase in biomass N. In contrast to the simulated
overestimation of biomass N, simulated values of '*N recovery in the biomass were lower tnari
observed values in all three submodels (Figure 6-6 (B)). The duality in dynamics of overali
biomass N and biomass '*N is further evidencz in support of isotopic data to discern among
processes in integrated systems

Simulation of N in the microbial biomass following soil incubation with labelled medic
leaves indicated a peak in "*N recovery prior to the first experimental data point at 34 days (Figure
6-7 (A)). In their publication, Aiato and Ladd (1980) show a graph of their observations similar
to Figure 6-7 (A). In their graph, however, the data points are joined with the line beginning at 0%
"*N recovery at day 0. As a result, Amato and Ladd (1980) report that the peak recovery of "N in
the biomass occurred at 62 days. This representation of the data is misleading in two ways: firstly,
data points in time-ccurse graphs should not be joined because the pcints do not necessarily
represent the trends of the variables between observations. Secondly, the observations were not
well timed. The medic leaves were a readily available source of N for the soil microorganisms and

maximum recovery of "N in the biomass should have been expected much sooner than 34 days. In
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the present study, approximately 40% of pea-derived "N was recovered in the DBC biomass after
only 2 days (Figure 6-4 (C')). These data emphasize the importance of appropriate timing when
measuring dynamic variables

ECO simulated a rapid mineralization of "N and an accompanying low recovery in
biomass (Figure 6-7). Protein and carbohydrates were readily available from the medic leaves.
Protein, however, made up the majority of the initial substrate (36% of medic C compared to 17%

of medic C as carbohydrate (Table 6-1)) resulting in an over abundance of N. Hence, the rapid N

mineralization.

Mineralization Response to Amendment

Experim~ "' CO; evolved in response to amendment over 81 days was equivalent to 60-78% of
C adc {ue (Table 6-5). Bremer et al. {1991) also reported 60% of lentil green marnure
Cres . wer 100 days of incubation in soil. With the exception of PHO, all the
submou. ..ated a greater mineralization of C than could be accounted for by the added plant

residue which would suggest that pulsed residue additions result in an overall decrease in soil
organic C (Table 6-5). This is contradictory to current soil conservation strategies which
recommend incorporating cr; residues to increase soil organic matter. Some observations do,
however, suggest that plant residue additions increase CO, evolution from indigenous sources
{Parnas. 1975). Dalenbere and Jager (1789) postulated that this ‘priming effect’ was caused by an
enhanced tumover of C in the microbial biomass. The positive priming effect caused by ryegrass
incubating in soil, however, could not be explained by changes in the size of the native biomass and
it was suggested that ligninases and cellulases produced by the microorganisms degrading the
ryegrass also decomposed some of thie native soil organic matter (Wu et al., 1993). In the
simulation data. the biomass increascd i response to residue additions and, because decompositicr
of soil active and passive organic matter in the base model is a function of active iomass C, the
rate of mineralization of these soil pools was increased. As noted, the models overestimated
biomass and, apparently, overcstimaied C mineralization as well.

As discussed in Chapter 5, pea residue additions caused an apparent increase in the
mineralization of native soil N in both DBC and GLL soils. Simulated data, however, indicate only
a shght increase in N mineralization in the GLL soil (Table 6-5). This soil had a smalier biomass
ard. therefore, less N was required for cell growth and maintenance. Examining N fluxes, the GLL

biomass had a greater influx of N from soil organic matcer compared to the DBC biomass. This



may be the influence of clay content: the GLL soit had less clay and, therefore. less of the
inactivated microbial cells would be stabilized. Instead, these materials would be readi!y available
for microbial uptake from the soluble pools. Greater intemal N cycling would result in a yreate:

rate of N mineralization

Conclusion

Rigorous guidelines for evaluating simulation models have not heon established. The procedure
involves more than statistically quantifying differences between ubserved and simulated vanables
Even for this task, certain statistical assumptions must be satisfied: independent expermmental data.
for example. Time senes data collected from integrated biological systems are often correlated and
the question remains as to what constitutes truly independent data. Because data sets for model
evaluation commonly consist of relativery few measured vanables, the sensitivity and timing of
measurements are critical. Isotopic data and short intervals between measurements at a time when
the system is actively responding to perturbation are most informative. More credit should be given
to models which accurately simulate the most sensitive variables in the process under study
Examining plant residue decomposition, for example, "*N recovery in biomass was the most
sensitive variable. Unfortunately, too few measurements were taken in the first few days of residuc
decomposition to accurately distinguish whether plant decomposition submodels were statistically
valid or not.

In addition to quantitative considerations, conceptual integrity should aiso be evaluated. To
what extent does a model mechanistically represent the natural system” Finally, there are practical
considerations s:ch as model accessibility. Questions such as, ‘Is the model user-friendly and we!l
documented”’ or, *How much computing power is required to run the model”?” are vahd factors in
evaluating a simulation model.

In my evaluation of three plant residue decomposition submodels, I confirmed that
simulated dynamics of plant-derived N within the microbial and mineral soil fractions were
sensitive to structural and kinetic differences among submodels. The initial rapid microbial
assimilation of residue N observed experimentally was also cvident in simulated data and appeared
to be best represented by Michaelis-Menten kinetics. Overall, however, the models appeared more
sluggish than th> natural system. Simulated CO, evolution suggested that pulsed addition of readily

decomposable residues to soil increases the mineralization of indigenous soi! C. Although this
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phenomenon was not supported by the DBC and GLL experimental data, 1t has been previously

reported and may be the result of increased enzymatic activity following microbial “priming’
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CHAPTER 7

Spatial relationships and decomposition

7.1 INTRODUCTION

Microbial utilization of plant residues is influenced by their chemical composition and physical
accessibility Empirical indices have been suggested to relate attributes of plant residues tc their
decomposition dynamics in soil. It is generally accepted that residues with low C:N ratios
decompose more rapidly than residues with high C:N ratios. In addition, increases i lignin content
(Muller et al., 1988) and polyphenol concentrations (Palm and Sanchez, 1991) have been
correlated to decreases in the rate of residue decomposition. Combinations of attributes such as
C:N ratio, lignin content and carbohydrate content have also been related to C minerali~ *‘on of
root materials (Herman et al., 1977). More recently, the proportions of plant residue C .nd N 1
readily available, water-soluble components have been linked to early decomposition dynamics
(Cogle et al., 1989: Reinertsen et al., 1984).

Spatial relationships at the pedon, organism and molecular level also influence residue
decomposition (McGill and Myers, 1987). For example, at the pedon level, plant res:dues placed on
the soil surface are not as quickly decomposed as those mixed into the soil (Cogle et al.. 1939) At
the organism level, decomposition occurs in microenvironments which bring together substrats and
decomposer under hospitable moisture and aeration regimes. Structural plant components, such as
lignin and cellulose, are postulated to serve as both habitat and substrate (McGill et al., 1983). The
concentration of microorganisms in and around particulate residues may increase microbial
efficiency or, alternatively at high densities may dectease efficiency through competition fer space
and nutrients. Finally, at the molecular level, interactions among spatially associated polymers
result in unique decomposition rates for unique structures (McGill and Myers, 1987). For example,
labile cytoplasmic compounds may be physically protected by their position within membranes and
cell walls or by reaction with these resistant organics.

We assumed that freeze-drying and giinding pea residues would destroy the cellular
integrity of the plant materials yet maintain the physical assoc:ation between crystallized
cytoplasmic components and structural components. We separated the water-soluble and insoluble

components from these residues and added them to soi! alone or in combination. By monitoring
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microbizl assimilation of '*N. as well as '*N and C mineralization from these materials, we hoped
to compare microbial itilization of spatially associated or spatially separated plant components in
soil Furthermore, we assessed the ability of two plant residue decomposition submodels, ECO and

PHO, to accourr for differences in the spatial arrangement of plant residues and their components.

7.2 MATERIALS AND METHODS

Analysis of Pea Residues

This experiment was run concurentiy with that described in Chapter S. Full bloom "N-labelled
peas (Pisum utrvum *Sirius’) were separated into shoots and roots, lyophilized and ground to a
fine powder n a Brinkmann ultra-high-speed mill. Scanning <lectron microscopy was used to
examine physical aspects of ground pea iesiducs at various levels of magnification (Figure 7-1).
The shoots and roots were separated into water -soluble and water-insoluble fractions by extraction
in a mortar with a pestie and potassium phosphate buffer (0.02M, pH 7) (Knowles and Ries, 1981).
Ten mL of buffer were used for 200 mg of plant material. The resulting slurry was centrifuged at
10.000 x g at 4°C for 30 minutes. The supernatant was removed and the remaining pellet washed
with 4 mL of buffer and recentrifuged at 10,000 x g for 30 minutes. Supernatants were combined
The proportion of insoiuble pea component was determined by extracting. washing and
centrifuging a known mass of whole plant material then drying (70°C) and weighing the remaining
pellet. The soluble component was assumed to be the difference between whole and insoluble mass.
Further subsamples of supernatant and pellet were dried at 70°C and, along with whole shoot and
root samples, were analyzed for total C, total N and "N as described for shoot materials (Chapter
5). It was assumed that the salt from the phosphate buffer was recovered in the supematant and,
therefore, the mass of the soluble fraction and hence its C and N contents were corrected for the
mass of salt used in the extraction. The composition of pea materials is shown in Table 7.1.

The mass of C represented by each plant component was calculated as dry mass x C
content. Biochemical fractionation of the plant materials was calculated as follows: The water-
soluble component was assumed to contain soluble protein and carbohydrates. Protein was
calculated as 6.25 x N and was assumed to be 50% C. The remaining C in the soluble component
was assumed to be in the form of carbohydrates. The water-insoluble component was assumed to
contain insoluble protein, cellulose and lignin. As for the soluble component, protein C was

calculated as 6.25 x N x 50%. Lignin content was analytically determined (4.9% in shoot; 5.2% in
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root (AOAC, 1990)) and ligimin was assumed to be 50% C. The remaining C was assigned to

cellulose.

Incubation

DBC soil samples (25 g) were placed in SO mL polystyrene beakers and either lef: non-amended or
amended with one of the following: (1) 11.9 + 0.2 mg non-fractionated ground pea shioct, (2)
water-soluble fraction of pea shoot (S-SH), (3) water-insoluble fraction of pea shoot (IN-SH). (4)
water-soluble plus insoluble fractions of pea shoot (SIN-SH), (5) 11.9 ' 0 2 mg non-fract:onated
ground pea root, (6) water-soluble pea root (S-RT), (7) water-insoluble pea root (IN-RT) and. (8)
water-soluble plus insoluble fractions of pea root (SIN-RT). The water-soluble and water-insoluble
fractions were added in amounts equivalent to what was estimated to be pre sent in 1.9 mg of non-
fractionated plant material. Appropriate aliquots of water-soluble or insoluble materials were
adjusted to a total volume of 1.1 mL with phosphate buffer and gently mixed into the soil. For the
soluble plus insoluble treatment, the fractions were added separately to the soil in smalicr voiumes
of phosphate buffer but so that the sum of buffer was also 1.1 mL. Ground pea shoot and root were
mixed into the soil and 1.1 mL of phosphate buffer poured onto the soil surface. Soils were

moistened to 55% water-holding capacity (WHC) with deionized water.

Table 7-1. Characteristics of pca componcents

Dryv mass as % Carbon” Nitrogen” "N atom
Componcnt of whole (%) (%) C:N ratio abundancc (o)

Pca shoot

Whole 100 41.1 240 17.1 11.7

Watcr-soluble 34 3.7 2.19 14.5 1.1

Watcr-insolublc 66 39.0 1.91 20,4 1.4
Pca root

Wholc 100 375 2.37 15.8 K8

Water-soluble 25 22.1 273 8.1 8.9

Waicr-insoluble 75 322 1.71 18.8 98

* Determined by dry oxidation in LECO induction {furnacc.
® Determined by Dumas combustion.
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Figure 7-1. Scanning electron microscopy images of freeze-dried and ground pea shoot. For reference, a
spherical bacterial cell is approximately 1 um in diameter.
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Soils were incubated 2t 23°C for 81 days as described in Chapte: 5. Microbial biomass N,
biomass ''N, mineral N and mineral "N, as well as CO; production were all analyzed n triphcate

as described in Chapter §.

Computer Simulations

ECO and PHO submodels were examtied for sensitivity toward spatial arrangement of plant
residue components by comparing simulations of whole plant residues to simulations of the
separate soluble and insoluble residue components. Initialization values were analytically
determined (Table 7-2). For ECO. biochemical fractionation of soluble and insoluble components
was estimated as described above. For PHO, the metabolic pool was assumed to represent soluble
residue components and the structural pool, insoluble residue components. The fraction of plant C
in the structural residue pool (F.) was assumed to equal the C in the insoluble fraction divided by
the C in the soluble + insoluble fractions The C:N ratios of the metaholic and structural
components were set to the analytically determined C:N ratio of the soluble and insoluble residue

components, respectively.

Table 7-2. Initialization valucs for simulations of plant residuc decomposition

Shoot S-SH IN-SH Root S-RT IN-RT
Residuc input® (g C Mg soil) 196 50 124 178 20 115
Protcin®(g C g’ C) 0.17 0.20 0.16 0.21 0.39 0.16
Carbohydrate (g C g’ C) 0.23 0.80 0.00 0.11 0.6} 0.00
Cellulose (g C g' C) 0.53 0.00 0.75 0.59 0.00 073
Lignin(g Cg"' Q) 0.07 0.00 0.09 0.09 0.00 011
FS 0.71 0.00 1.00 0.82 0.00 1.00
C:Npetabolic 14.47 1447 8.06 1 S—
C:Nnctural 2040 - 20.40 L X S— 18 84

® Residuc input = dry mass as percent of whole x dry mass added to soil x C content.

b Biochemical components represented as C in each component / total residuc C.

¢ Fraction of plant C in the structural component.
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7.3 RESULTS

Experimental Data

The recovery of pea "N in the soil ranged from 92-117% "*N recovery in the mineral, microbial

and non-microbial organic (NMO) fractions, as a percent of iotal soil "*N, is shown in Figure 7-2.
The dynamics of '*N assimilation by the microbial biomass were markedly different between the
whole shoot or root treatments and the water-soluble plus insoluble treatments. On day 2,
approximately 90% of the SIN-SH '*N and 60% of the SIN-RT "*N were recovered in the
microbial biomass. A similar pattern of microbial recovery was evident for the insoluble
treatments. Both net mineralization and net immobilization of '*N were observed in most treatments
at some point during the incubation. As evidenced by the increase in "N recovery in the NMO soil
fraction following large recoveries in the microbial biomass, it appears that piant-derived N. once it
had passed through the biomass, was left in the soil as ‘processed’ organics.

Combining all sampling dates, there were no significant differences (ANOVA, P<0.05)
among treatments in microbial biomass N or mineral N. Amendment did not distort the system.

Incremental CO, data of non-amended soils were subtracted from incremental CO, data of
amended soils and were transformed to daily rates by dividing the incremental value by the number
of days bstween successive measurements. Rates were normalized by dividing by the mass of
residue C added in each treatment. The resulting rates were plotted at the midpoint between the two
data collection times (Figure 7-3). Cumulative CO evolved in response to plant residue
decoinposition (i.e. when rate of evolution in . 1ended was greater than that in non-amended) was
calculated as a percent of residue C added (Figure 7-4). The respiratory response to amendment
was observed up to day 16 for pea shoots and shoot components. The response was also observed
up to day 16 for pea roots but varied for the other root treatments. The response to S-RT was only
evident on the first two sampling dates whereas the response to IN-RT and SIN-RT was not
evident until the third sampling date. The greatest respiratory response was observed in the first 24
hours of the S-SH and S-RT treatments: CO, evolved during this period accounted for over 20% of
the soluble C added to soil. At day 16, CC, evolved accounted for approximately 60% of the shoot
C added and 30% of the root C added. Generally, respiration rates were greater in the whole shoot
treatment compared to SIN-SH. In comparison, rates were greater for whole root on the first 2 or 3
sampling dates after which, rates were greater for the SIN-RT treatment. Respiratory response to

amendment was not evident beyond 27 davs for any treatment.
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Figure 7-3. Rate of CO; cvolution (corrected for basal rate) following amendment with (A) pea shoots
and shoot components and (B) pea roots and root components.
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Figure 7-4. Respiratory response to amendment with (A) pea shoots and shoot components and (B) pea
roots and root components. Values were calculated by subtracting the non-amended respiration from the
respiration of amended incubations and dividing by the mass of residue C added (x 100%).
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Simulated Data

C remaming in plant residues was calculated as the arithmetic sum of soluble C and insoluble C
remaining and was compared to values generated from simulations of whole plant residues (Figure
7-5) Neither ECO nor PHO showed any difference in plant C decomposition between soluble +

insoluble and whole plant residue. Reasons for differences in C decomposition dynamics between

ECO and PHO are discussed in Chapter 6.

7.4 CISCUSSION

Composition of Pea Residues

Scanning electron microscopy images confirmed that freeze-drying and grinding pea residues did
destroy cellular integrity (Figure 7-1). Furthermore, these images show the residue landscapes at a
scale relevant to microorganisms. Ample habitat opportunities were evident within and around
structural materials and we suggest that displaced cytoplasmic materials coated the outside. as well
as inside surfaces of these materials.

Pea shoots were more abundant in "N compared to roots (Table 7-1). Furthermore, the
water-insoluble fractions, especially of roots, were more abundant in "N compared to the water-
soluble fractions. Yoneyama and Kaneko (1989) also reported a lower abundance of "N in the
roots of Brassica campestris plants grown hydroponicaliy and fed "*N-labelled nitrate. Isotopic
discrimination is not believed to be associated with N transport because neither diffusion nor mass
flow are subject to isotopic fractionation (Shearer and Kohl, 1986). Yoneyama and Kaneko (1989)
suggest that the enzymatic reduction of nitrate is the critical step in isotopic fractionation: the
products of enzymatic reactions (amino acids and proteins) have lower levels of heavier isotopes.
Nitrate taken up from solution is translocated from roots to shoots. Amino acids less abundant in
"N are returned to the root through the phloem for the synthesis of organic compounds. Our
findings of greater "N abundance in the insoluble fraction of roots compared to the soluble,
however, seem to contradict this hypothesis. The greater "*N abundance of the insoluble fraction
may have delayed the overall microbial recovery of '*N from the whole root treatment.

The C:N ratios of the water-soluble fractions of pea ranged from 8.1 for pea roots to 14.5
for peas shoots (Table 7-1). Wheat straw with initial C:N ratios of 36 to 238, contained water-
soluble fractions with C:N ratios from 9 to 63 (Reinertsen et al., 1984). Furthermore, the C:N ratio
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of the soluble fraction of green manure lentil was 9 while that of mature lentil straw was 24
(Bremer et ai.. 1991) The water-soluble component of plant residues 1s consideied to U readily
available to decomposers (Cogle et al., 1989). Apparently, the soluble nature of this component,
and not its C:N ratio, determines decomposability.

The cold water-extractable C accounted for 25% of total shoot C and 15% of total root €
In comparison, cold water-extractable N accounted for similar proportions (29 - 31%) of total N iy
both shoots and rocts (Table 7-1). The roots of Medicago littoralis and Moedicago truncarula were
also reported to have a smaller proportion of water-extractable C compared to leaves 3% for
roots compared to 24% for leaves (Amato et al., 1983). Furthermore, grass roots have been
reported to contain low concentrations of soluble carbohydrates (Herman et al., 1977). The root
nodules of cowpea, on the other hand, contain relatively large proportions of soluble C and N
(Franzluebbers et al., 1994). Pea roots in the present study had few nodules because plants were

grown in sterile sand and fed a N-rich nutrient solution.

Dynamics of Soluble and Insoiuble Componernts

The "N recovery data do not allow distinction among treatments in terms of the rates of
transformations because the intervals between observations were too long. The timing of static
measurements of dynamic systems is critical and must be matched to the rate of the process under
study. Maximum recovery of soluble '‘N was expected between 1 and 2 days whereas maximum
recovery of insoluble '‘N was expected between days 12 and 40 (Chapter 6). Apparently,
transformation rates were more rapid than expected. The rapid rates of CO, evolution in the S-SH
and S-RT treatments prior to 24 hours suggest that the soluble C was quickly mneralized. The
water-soluble C fraction of wheat straw was also readily mineralizable with respired "*C-CO:
accounting for 40% of applied "“C after 4 days (Cogle et al., 1989). Although "N data do not show
a dramatic recovery of soluble N in the microbial biomass on day 1, it is possible that a substantial
portion of the "N had already passed through the biomass by this time. Soluble pea N would, after
all, have accounted for only a small fraction (approximately 5%) of biomass N. The recovery of
*N in the soil mineral component of the soluble treatments also suggests activity prior to 24 hours
After day 2, the rate of CO; evolution in the soluble treatments was similar to the other
treatments suggesting that microorganisms had transformed the soluble compounds into matenials
which decomposed more slowly. Cogle et al. (1989) also noted that the half-Iife of "C originating

from the soluble fraction of wheat straw increased during the first 4 days of incubation so that,
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between days 4 and 15, the half-life was similar to that of intact straw. Cytoplasmic materals from
bacterial cells also showed biphasic decomposition in soil indicating their reaction with soil
components s'ich as phenolics (Juma and McGill, 1986).

Rapid microbial assimilation of "*N originating from the insoluble fraction of pea shoots
and. to a lesser extent, that originating from pea roots, was evident between day | and 2 (Figure 7-
2). Respiration rates, however, did not correspond well to these "*N data. On day 2, for example,
the respiratory response to the IN-SH treatment accounted for 10% of C added (Figure 7-4).
Assuming a maximum microbial efficiency of 60%, at least another 15% was present as microbial
biomass or its by-products. In total approximately 25% of the substrate’s C would have been
processed by microorganisms. This value is in contrast to the 90% recovery of substrate "N in the
microbial biomass on day 2. This is possible only if the N in the insoluble compounds was
preferentially utilized by microorganisms over the C in these compounds. Water-insoluhle N was
assumed to be in the form of proteins. Conjugated proteins, such as lipoproteins, would be
insoluble because of their association with fats or cholesterol (Wade, 1987) but the N in these
proteins may still be readily available to microorganisms. Furthermore, C in some structures may
become resistant to microbial utilization by its association with less active soil components.
Perhaps accessible N was cleaved and the remaining C structures were directly incorporated into
soil organic matter. The phenyl propanoid structure of lignin, for example, lends itself to oxidative

coupling of phenols with components of soil humus. These phenomena deserve further

investigation.

Influence of Spatial Arrangement on '°N Dynamics and C Mineralization

Although rates of N transformation cannot be distinguished from the "*N data, it can be ascertained
that the dynamics of 'N recovery in the microbial biomass were changed by separating the
substrate into soluble and insoluble components. The microbial assimilation of soluble + insoluble
"*N appeared to reflect dynamics of each component added separately, as would be expected. The
whole shoot is more of a mystery. Is the peak in microbial '*N recovery before or after day 2?
Analysis of the respiration data suggested that, during the first two days of incubation, more C
from whole plant residues was mineralized compared to C from soluble + insoluble residue
components: this was especially evident for root materials. In addition, by day 2, the mass of C
respired from the whole shoot and whole root treatments accounted for more than twice the ritass of

C respired from the S-SH and S-KT treatments, respectively suggesting that both soluble and

98



inscluble materials were being mineralized. One could speculate, therefore, that the peak n
microbial recovery of whole residue '*N was prior to day 2 and that the decomposition of pea
residues was enhanced by maintaining a physical association between soluble and insoluble
components. This would support the hypothesis of structural plant materials providing both habtat
and substrat» to microorganisms (McGill et al., 1981). If dvere is contact between decomposer and
substrate, then the efficiency of enzymatic catabolism of Uoth soluble and insoluble substrates
would be enhanced. At high microbial density, however, efficiency may be reduced through
competition for space and nutrients or by the production of inhibitory substances such as
antibictics (McGill et al., 1981).

The hypothesis of structural plant components protecting labile ccmponents from microbial
attack and thus delaying decomposition of intact residues is widely accepted (Cogle et al., 1989,
Muller et al., 1988). Physical protection of labile cytoplamic components within membranes and
cell walls requires intact cellular structure (Juma and McGill, 1986). Because cells were disrupted
by freeze-drying and grinding pea residues, this type of physical protection was not a factor in the
whole residue treatments. Structural components also protect labile components from rapid
decomposition by forming resistant complexes. For example, N mineralization may be lowered in
the presence of high concentrations of polyphenols, due to the binding of mineralized N into an
insoluble organic compound (Tian et al., 1992). Partially altered plant lignins and other phenolic
materials are abundant in soil (Juma and McGill, 1986). The S-SH and S-RT compounds were as
likely to complex with indigenous resistant soil compounds as with adjacent plant corounds.

Reinertsen et al. (1984) concluded that the biomass produced during the utilization of the
initial available C fraction of wheat straw has a significant influence on the overall rate of
decomposition in the initial stages. Collins et al. (1990) noted that wheat residue mixes containing
quickly and slowly decomposable components decomposed more quickly than would be expected
from the decomposition rates of individual parts. They postulated that bridging of fungal hyphae
from substrate-rich components may enable some fungi to produce enzymes necessary for
utilization of complex substrates. Both of these examples demonstrate the importance of the spatial
association of decomposers with their substrate. As microbes cluster around particulate residues,
they quickly utilized the readily available nutrients and the energy released from these nutrients
spurs on decomposition of the more resistant substrates. Separating the soluble and tisoluble plant
components dilutes nutrient concentrations within the soil matrix and reduces the efficiency of the

decomposers.
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Differences Between the Decomposition of Shoots and Roots

Root C mineralization was slower than that of shoot C (Figure 7-4). Jawson and Elliott (1986) also
reported slower C mineralization of wheat roots compared to straw and showed that the difference
in CO,-t evolved during the first 6 days of incubation was nearly equivalent to the difference in
water soluble C content of the plant materials. During the first 9 days of incubation, the ratio of %
pea shoot C respired / % pea root C respired was approximately 1.9 ( Figure 7-4). The ratio of
soluble C in the pea shoot / soluble C in pea root was 1.7. The difference in C mineral:zation in pea
residues. therefore, could also be related to initial soluble C content. Similar results were reported
for the decomposition of Medicago littoralis leaves, stems and roots (Amato et al., 1983).
Differences in the C mineralization of SIN-SH compared to SIN-RT are more difficult to explain.

Submodel Performance

ECO partitions residues into biochemical components, each of which is assigned a specific
decomposition rate. Chemical or physical interaction with other plant or soil components is not
expected to change the decomposition rates. The functional approach in PHO partitions residues
into labile and resistant fractions. Although this approach recognizes cellular structure, it does not
allow for exchange between labile and resistant fractions.

Both ECO and PHO contain ‘density functions’ which represent the idea of plant residues
providing both substrate and habitat to microorganisms. In ECO, the density function applies to all
biochemical components (protein, carbohydrate, cellulose and lignin) and is based on the ratio of
the aqueous concentration of active microbial C to total plant residue C remaining in soil. In PHO,
the density function applies only to the structural plant components and is based on the ratio of
total microbial C to structural C. Neither submodel, however, could account for differences in
residue decomposition resulting from the spatial arrangement of residue components and their

proximity to decomposers. Spatial phenomena may be one of the most challenging aspects of

simulation modelling.

Conclusion

SEM images confirmed that freeze-drying and grinding pea residues disrupted plant cells and also
suggested that structural residue components could serve as microbizl habitats. The water-soluble
fraction of plant residues was readily utilized by soil microorganisms: apparently the soluble nature

of this component and not its C:N ratio, determined decomposability. "*N data suggest that
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insoluble N was also rapidly assimilated by the microbial biomass although, C mineralization data
do not concur. This is possible only if N in insoluble compounds was preferentially utilized over C
in these compounds. It was postulated that the decomposition oi pea residues was enhanced by
maintaining a physical association between soluble and insoluble components, thereby increasing
decomposer efficiency. The capacity to simulate spatial relationships would greatly improve

existing ecosystem simulation models. Further work 1s required in this area.
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CHAPTER 8

Synthesis

8.1 DECOMPOSITION WITHIN AN ECOSYSTEM FRAMEWORK

Organic matter decomposition and nutrient cycling at specific sites under specific conditions have
been studied extensively. Most of these observations, however, cannot be extrapolated to other
ecosystems. Rather than building an inventory of empincal site-specific data, we must work toward
elucidating mechanisms within processes and the influence of regulatory factors on these
mechanisms. To be applied most broadly, the flux of energy and nutrients within an ecosystem
should be examined at the level of the agents of transformation. In soil, the microbial biomass is
the primary biological agent of organic matter transformation and is largely regulated by the
properties of its substrate and the physico-chemical environment.

Elucidating mechanisms at the microbial level remains a challenge, especially within a
heterogeneous matrix such as soil. Hierarchy theory, the systematic organization of observations at
specific levels of resolution, is a useful framework in which to examine interactions within and
links between levels of resolution (McGill and Myers, 1987). Mechanistic simulation models, those
which are structured to be analogous to the real system under study, exemplify this framework:
their purpose is to account for behavior at one hierarchical level by describing the elements of a
more detailed level (Hunt and Parton, 1986). With the proper links, observations from soil samples
under controlled laboratory conditions and even field-scale observations could be simulated from
algorithms representing interactions at the microbial level. Fa‘lure of a model to mimic natural
phenomena would indicate that one or more hypotheses in that model must be invalid.

In my dissertation I have focused on the microbial biomass as the driving force behind the
decomposition process. Chemical properties of plant residues, specifically the proportion of labile
components, as well as the spatial relationship between labile and structural components were
shown to regulate microbial utilization. Microbial activity (as determined by N mineralization per
unit biomass N) was linked to soil clay content. Through simulation modelling, the impact of
change in biomass size and activity on the rest of the soil system was evident. Only by studying the
process of plant residue decomposition at the level of the agents of transformation and within the

context of an integrated ecosystem will its interconnections and implications be fully understood.
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8.2 CONCLUSIONS

Although 10% bloom and full bloom pea shoots were not significantly different in dry matter
production, C or N content, more N was released from the 10% bloom residues directly
following soil incorporation. It was suggested that the younger pea material had a larger
proportion of easily metabolizable labile components.

Legume bloom stage at incorporation had no influence on barley dry matter yield, N content or
N recovery in the grain, however, significantly more '*N was recovered in the barley straw
and roots during vegetative growth following full bloom incorporation. This observation may
be the result of a closer synchrony between the appearance of legume-derived mineral "N and
early N demand by the barley.

At Provost (DBC) 16% of full bloom legume N was recovered in the subsequent barley crop.
This legume-derived N supplied approximately 4.1% of the barley’s N at harvest. The main
benefit of legume green manure, therefore, may be in building long-term soil fertility.

Under laboratory conditions, the rate of pea residue N transformation, as estimated from the
recovery of plant-derived '*N in the soil microbial biomass and mineral components, was
initially very rapid: 50-60% in the first 2 days of incubation.

The water-soluble C and N from pea residues was rapidly mineralized and "N data suggest that
insoluble N was also rapidly assimilated by the microbial biomass. Apparently, there was a
preferential microbial uptake of N from insoluble components compared to C in these
components.

It was postulated that the decomposition of pea residues was enhanced by maintaining a
physical association between soluble and insoluble components, thereby increasing decomposer
efficiency. The simulation submodels, ECO and PHO, could not account for differences in
residue decomposition resulting from differences in the spatial arrangement of the residues’
soluble and insoluble components.

The fate of N from plant residues was distinguished best among diverse soils on the basis of
normalized rates of flow through selected soil components (e.g. mg N mineralized g soil
microbial N), rather than on the basis of accumulation in these components.

Our observations supported previous reports of higher normalized N mineralization rates in
Luvisolics compared to Chemnozemics under controlled environments and were consistent with

the hypothesis that higher rates are associated with soils of lower clay content.
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9. Under laboratory conditions, ainendment with pea shoot caused a “pnming effect” resulting in
the mineralization of an additional 19-23 g native soil N Mg 'soil over 81 days.

10. Simulated CO; evolution suggested that pulsed addition of a readily decomposable residuc to
soil increases the mineralization of indigenous soil C. Although this phenomenon was not
supported by our experimental data, it has been previously reported and may be the result of
increased enzymatic activity following microbial ‘priming’.

11. Recently immobilized biomass N, possibly that in excess of the soil's protective capacity, had
a faster tumover compared to ‘steady state’ biomass N.

12. Flushes of CO,-C, mineral N and ninhydrin-reactive N (NRN) were significantly correlated in
the 0-15 cm depth of the two soils investigated. Correlation among flushes was not significant
in the 15-30 cm samples except when the ‘noncorrected” flush of CO,-C was used. We
concluded that the relationship between the flush of NRN and biomass measured by CFI, may
be strongest for soils and conditions similar to those from which the relationship was
developed. Broader applications would benefit from a comprehensive examination of how the
nature or strength of such a relationship varies with length of soil conditioning, soil sampling
depth, and metabolic state of soil microbial communities at the time of sampling,

13. The simulated dynamics of plant-derived N within the microbial and mineral soil fractions
were sensitive to structural and kinetic differences among three plant residue decomposition
submodels, ECO, PHO and VER. The rapid microbial assimilation of residue N observed
experimentally was also evident in simulated data. Overall, however, the models appeared
more sluggish than the natural system. Unfortunately, too few measurements were taken in the
first few days of residue decomposition to accurately distinguish whether plant decomposition
submodels were statistically valid or not.

14. Quantitatively evaluating mode! performance emphasized the importance of appropriate
experimental data. Least squares analysis requires independent experimental data for model
evaluation. Time series data collected from integrated biological systems are often correlated
and the question remains as to what constitutes truly independent data. Because data sets for
model evaluation commonly consist of relatively few measured variables, the sensitivity and
timing of measurements are critical. Isotopic data and short intervals between measurements at

a time when the system is actively responding to perturbation are most informative.
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8.3 FURTHER CONSIDERATIONS

| More studies of decomposition from the perspective of microbial metabolism of plant
constituents is required. The apparent preferential microbial utilization of N in insoluble
compounds compared to C in these compounds is one aspect of this issue deserving further
Investigation.

2. Microbial biomass estimation techniques should be further evaluated under various conditions.
For meaningful comparisons among published findings, some degree of methodological
standardization would be appropriate, especially regarding the length and environment of the
<oil conditioning period.

3. Simuiation models are often not evaluated in situations other than those for which they were
developed. Rather than developing new models around data sets, varied independent data sets
should be used to evaluate systematically hypotheses within existing models.

4. Although it is not practical to represent individual pores or individual microorganisms in
simulation models designed to represent ecosystems, representation of spatial phenomena in
some capacity should be considered.

. Research findings should be more than topics for discussion among academics; they should be

hn

shared with potential users. The role of extension services within the agnicuitural and

environmental sectors should not be underestimated.
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APPENDIX A

Simulation model equations and schematics

Stella 1 software was used to program the simulation models. Equations for the base model. ECO. PHO and VER follow. Reter tothe
schematics at the end of the equations section to see how sectors. submodels. stocks. flows and converters are arranged. Stella 1 allows
modelling on three lavers. Thesector laver is the simplest view of the model and only sectors are visible. Sectors are arbitran. boundaries
which surround groups of related equations. The model 1aver shows all the main stocks. flows and converters. Stocks represont state
variables and are shown as rectangles in the schematics. Flows represent movement of materials, in this case C*N and '*N. In the
schematics. flows are shown as hollow arrows with attached circular *valves™ and can be either single or double headed for one and two-
way flows. respectivety. Converters are shown as circles. Converters hold supplemental information required to nin the model and may be
stock-related. flow-related or extemal input-related. Finally. thin black connecting arrows link vanables that are mterdependent. The
submodel layer shows further details about certain stocks. On the model layer, stocks with associated submodels are shown as larger
rectangles surrounding a smaller striped rectangle. The submodel tayer shows secondary stocks. flows and converters

The first set of equations are for the combination of base model and ECO. Following are equations for the submodels PHO and
VER. Eadh set of equations are arranged alphabetically within stock. flow and converter groupings.

The following standard decignations are used throughout the code:
1. The nature of the flow is defined by the first letter of its code: D=decomposition. U ~microbial uptake, R :respiration. M N
mineralization. Z-N immobilization. A~adsorption desorption. S -physical chemical stabilization, C-:chemical stabilization.
2. Similar stocks and flows are associated with each of the three organic substrates. These stocks and flows have the same codes except tor
a numerical designation: 1 refers to plant residue, 2 refers to active organic matter and 3 refers to passive organic matter. For example,
solublel C is the soluble C stock associated with plant residue, soluble2 C is the soluble C stock associated with adtive organic matter and.
soluble3 C is the soluble € stock associated with passive organic matter.
3. Flows that conned stocks on the model laver to the submodel laver have the same codes except that, on the submodel laver, the code 1
follow ed by one or muse prime symbols ().

BASE MODEL + ECO PLANT DECOMPOSITION SUBMODEL

The hase model is a version of ECOSY S (Grant et al.. 1993) and was translated from FORTRAN mto Stella 11

Stocks

aative C(1) - aative C(t-dt) - (Cads C-Dact C)*dt

INIT active C = 0.45*(organic C-

(adsorbed C-solublel C-soluble2 C-solubled C-labcor] C-labcor2 C-labeord C-labmicl C-labmic2 C-labimed C-rescori C-
rescor2_C-rescor3 C-resmicl C-resmic2 C-resmicd_C)) {gC Mg'soil }

DOCUMENT: Adtive organic matter.

active N14(1) - active N14(1-dt) -~ (Cads N14-Daa N14)* dt
INIT adtive N14 = active_C 10.5%(1-nat atab) {g N14 Mg 'soil}
DOCUNMENT  Adtive organic matter.

aaive N15(1) = active N15(t-dt) - (Cads N1S-Daa N15)*dt
INIT active N15 = active _C 10.5*nat_atab {g N15 Mg 'soil}
DOCUMENT: Active organic matter.

adsorbed C(t) = adsorbed C(1 - dt) ~ (Asol2 C - Asoll C = Asol3 C-Cads C-DadsC)* dt
INIT adsorbed_C = Qadsorb {g C Mg'soil}
DOCUMENT: Adsorbed organic matter.

adsorbed N14(t) = adsorbed N1t - dt) - (Asol2 N14 - Asoll  N14 - Asol3 N14-Cads Nl4-Dads N14)*
INIT adsorbed_N14 = adsorbed C 10°(1-nat_atab) {g N14 Mg'soil}
DOCUMENT: Adsorbed organic matter.

adsorbed_N15(1) = adsorbed N15(t - dt) - (Asol2 N15 - Asoll = N15~ Asol3 N15-Cads N15-Dads N15)*dt
INIT adsorbed N15 = adsorbed C 10*nat_atab {g N15 Mg''soil}

DOCUMENT: Adsorbed organic maticr.

carbohy_C(t) = carbohy C(t - dt) - (car C - Dplant C")* &t

INIT carbohy € = 0 {g C Mg’soil}

DOCUMENT: Plant residue carbohydrate.

carbohy N14(t) = carbohy N14(t - dt) - (car N14- Dplamt N14%)*
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INIT carboby N14 0 {g Ni14 Mg 'soil}
DOCEUMENT Plant residue carbohvdrate

carb-hy N1S(t) carbohy NI15(t-dt) - (car N15. Dplam NI157)* dt
INI'T carhohy N1S 0 {g N15 Mg'soil}
DOCUMENT  Plant residue carbohvdrate.

cellulose Cit)  eellutose Cit-dr) - (el C - Dplamt C) * dt
INTT cellulose € 0 g€ Mg 'soil}
DOCUMENT: Plant residue cellulose.

cellutose N1 cellulose N14(t-dr) - (cel N14-Dplant N147)* dt
INT} cellulose N14 0 {g N14 Mg 'soil}
DOCUMENT Plant residue cellulose.

cellulose N15(1)  ellulose N1S(t- @) - (cel N15-Dplant N15%)*dt
INIT cellulose N15 0 {g N15 Mg'soil}
DOCUMENT - Plant residue cellulose.

CO21) COAt-dt) - (Rmic C)* &t
INIT CO2 0 {gC Mg'soil}
DOCUMENT  €O2-C respired by microbial biomass.

labeorl Ct) labeor] C(t-dr) - (Dlabl C - Dmicl C*)*dt
INIT labeor! € - 0.0015*plam Cin {g C Mg soil}
DOCUMENT: Labile fracion of microbial corpses.

labeorl NI14(1) labcor] N14t-dt) - (Diabl N14-Dmicl N14)*dt
INIT labeor] N14 labeort € 4.5%(1-nat atab) {g N14 Mg 'soil}
DOCUNEN'T  Labile traction of microbial corpses

laboor] N15(1) - labcor] N15(t-dt) - (Dlabl N15-Dmicl N1§)*dt
INIT labcort N15 - labeorl C 4.5*nat atab {g N15 Mg"snil}
DOCUMENT: Labile fraction of microbial residve.

fabeor2 (1) labeor2 Cqt-dt) - (Dlab2 C - Dmic2 C)* dt
INIT faboor2 € 0.00025%0 45%organic C) {g C Mg 'soil}
DOCUMENT Labife fraction of microbial corpses.

fabeor2 N14(1) labcor2 N14(t-dt) - (Dlab2 N14-Dmic2 N147)* dt
INTT labeor2 N14 - Jabeor2 € 4.5%(1-nat atab) {g N14 .\ig’lsoi”
DOCUMENT. Labile fraction of microbial corpses.

labcor2 N15(1) labeor2 NIS(t-dt) - (Dlab2 N15-Dnuc2 NI5)*dt
INIT labeor2 N1§ - laboor2 C 4.5*nat atab {g N1S Mg soil}
DOCUMENT. [abile fraction of microbial residue.

labcord C(1) - laboord Crt-dt) - (Dlab3 C-Dmicd C)*dt
INIT labeord C - 0.00005%0.55%organic C) {g C Mg'soil}
DOCUMENT: Labile fraction of microbial corpses.

laboord N14(U) - labeord N14(t- dt) - (Dlab3 N14- Dmic.’i..\'l-i‘)‘dl
INIT labeor3 N14  labeord C 4.5%(1-nat atab) {g N14 Mg 'soil}
DOCUMENT: Labile fractior: of microbial corpses.

labcor3 N15(t) - laboor3 N15(t-dt) - (Dlab3 N15-Dmic3 N15)*dt
INIT labcor3 N1S - labeord € 4.5%nat atab {g N15 Mg'soil}
DOCUMENT: Labile fraction of microbial residue.

labmict C() - labmicl C(t-dr) - (flabl C - Ustglabl C-Dlabl C-Smic C'-Rmic C') ¢ dt
INIT labmic! C - 0.02*plant Cin {g C Mg 'soil}
DOCUMENT: Labile fraction of microbial biomass.

labmicl N14(t) = labmicl N14(t-dt)~ (flab] N14 - Zlab! N14-Dlabl N14-Smic N14'- Mmic N14)* dt
INTT labmicl N14 = labmicl C 4.5%1-nat_atab) {g N14 Mg 'soil}
DOCUNMENT: Labile fraction of microbial biomass.

labmicl N15@1) - labmicl N15(t-dt) - (ilabl NI5 - Zlabl N15-Dlabl N15-Smic N15'-Mmic N15)*d

INIT labmicl N1$ - labmicl C 4.5%nat_atab {g N15 Mg'soil}
DOCUMENT: Labile fraction of microbial biomass.
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labmic2 C(1)  Jabmic2 C(t-dt) - (flab2 € - Ustglab2 C - Dlab2 C - Smuc €7 - Rmic ¢ * dt
INIT labmic2 € 0.001%(0.45%0rganic C) {g C Mg 'soil}
DOCUNMENT: Lahile fraction of microbial biomass.

labmic2 N141) - labmic2 N1t - dt) - (flab2 W14 - Zlab2 Ni4-Dlab2 N14- Spuc N147 - Mmae N14™) * dt
INIT labmic2 N14 = labmic2 € 4.5%(1-nat atab) {g N14 Mg soil}
DOCUNIENT: Labile fraction of microbial biomass.

fabmic2 N15(1) - labmic2 N15(1-dt) - (flab2 N15 - Z1ab2 N15-Dlab2 N15-Smic N157 - NMnue N157) * dt
INTT labmic2 N15 - labmic2 € 4.5%nat_atab {g N15 Mg soil }
DOCUMENT: Labile fraction of microbial biomass.

labmic3 C(1) = labmic3 C(t-dt) - (flab3 C - Ustglabl C-Dlab3 C - Smic €™ -Rmic CT)* dt
INIT labmicd C = 0.0001%(0.55%rganic C){gC Mg soil}
DOCUMENT: Labile fraction of microbial biomass.

labmic3 N14t) = labmic3 N14t-dt) - (flab3 N14 - Zlab3 N14-Dlabd N14-Smic N14%- Mmic N147* &
INTT labmic3 N14 - labmic3 C 4.5%(1-nat atab) {g N14 Mg 'soil}
DOCUMENT: Labile fraction of microbial biomass.

labmic3 N15(t) = labmic3 N15(t - dt) -~ (flab3 N15 - Zlab3 N15-Dlab3 NI5-Smic N15™ - ANmic N15™)* &t
INIT iabmicd N15 - labmic? C 4.5*nat_atab {g N15 Mg 'soil}
DOCUMENT: Labile fraction of microbial biomass.

lignin C(1) - lignm C(t - dt) ~ (lig C-Dplam C™)*
INIT lignin C = 0 {g C Mg 'soil}
DOCUMENT- Plant residue lignin.

lignin N14t) - lignin N14(t- ) - (lig N14-Dplant N14™)* v
INIT lignin N4 = 0 {g N14 Mg 'soily
DOCUMENT: Plant residuc lignin.

lignin N15(t) - lignin N15@-d) - (lig N15- Dplamt N157)* dt
INIT lignin, N15 = 0 {g N15 Mg’ =oil}
DOCUMENT: Plant residue lignin.

micdum C(1) - micdum C(t-dt) - (Usol3 C'- Usol2 €'~ Usoll C'-Umic3 C-Umic2 C-Umict ¢)*dt
INIT micdum C = 0 {g C Mg soil}
DOCUNMENT: Dummy pool.

micdum N14(1) = micdum NI1Ht-dt) - (Usol2 N14 = Usol3 N14' - Usoll N14-Umic2 NI4-Umicl N14-Umicl N14)* dt
INIT micdum N14 =0 g N14 Mg'soii}
DOCUMENT: Dummy pool holding microbial biomass before partitioning it among populations.

micdum N15(1) - micdum N15(t-dt) - (Usoll N15 - Usol3 N15' - Usol2 N15-Umicd N15-Umic2 NIS-Umicl NiS)* dt
INIT miedum N1§ = 0 {g N15 Mg'soil}
DOCUNMENT: Dummy peot holding microbial biomass before pantitioning it among populations.

micdum! C(t) = miedum! C(t-dt) - (Umicl C-fresl C-flabl C-fstgl C)* &t
INIT micdum] _C = 0 {g € Mg 'soil}
DOCUMENT: Dummy pool holding microbial biomass before separating it into labile and resistant fractions

micdum! N14(1) - miedum] N14(t-dt) - (Umicl N14-fres] N14.flabl Ni4)* i
INIT micduml N14 = 0 {g {14 Mg 'soil}
DOCUMENT: Dummy pool holding microbial biomass before separating it into labile and resistant fractions

micduml N15(1) = micduml N15(t-dt) - (Umicl N15-fres] N15-flabl NI§)*
INIT micdum} N15 =0 {g N15 Mg 'soil}
DOCUMENT: Dummy pool holding microbial biomass before separating it into labile and resistant fractions of population |

micdum2 C(1) - micdum2 C(t-dt) - (Umic2 C-fres2 C-flab2 C-fsg2 C)* &t
INIT micdum2_C = 0 {g C Mg soil}
DOCUMENT: Dummy pool holding microbial biomass before separating it into labile and resitant fradtions

micdum2 N14(1) = micdum2 N1&t-dt) ~ (Umic2 N14-fres2 N14-flab2 N14)*
INIT micdum2 N14 = 0 {g N14 Mg'soil}
DOCUMENT: Dummy pool holding microbial biomass before separating it into labile and resistant fractions of biomass.

micdum2 N15(1) = micdum2 N15(t-dt) - (Umic2 N15-fres2 N15-flab2 N15)* dt
INIT micdum2 N15 = 0 {g N15 Mg'soil}
DOCUMENT: Dummy pool holding micrabial biomass before separating ft mto labile and resistant fractions of papulatson 2
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micdum?d Cit)  miodum3d Ca-d) - (Uonned C -tres3 C-flab3 C-fagd C)*dt

INIT micdum3 € 0 {g C Mg 'sail}
DOCUMENT. Dummy pool holding microbial biomass bafore separating it nto labile and resistant fractions

micdum3 N14) micdum3d N1dt-dt) - (Umic3 N14-ires3 N1d4-tlabl N14)* dt

INIT micdum3 Ni4 0 {g N14 Mg 'soil}
DOCUMENT. Dummy pool holdmg microbial biomass before separating it into labile and resistant fractions biomass

micdumd N15(1) micdum3 N15(t-dt) - (Umic3 N15-fresd N15-flab3 NiS)*dt

INIT micdumd NIS 0 {gN15S Mg 'soil}
DOCUMENT: Dummy poal holding microbial biomass before separatmg it into labile and resistant fractions of population 3.

micrabial ¢ rescor] C - resmic! € - micdum} C - micdum C - micdum3 C - resmic3 C - stgmic3 C - labmic3 C - labeord C
- rewoury C - miodum2 C - resmic2 € - stgmic2 C - labmic2 C - laboor2 C - rescor2 C - labmicl C - stgmicl C - labcor]l C

microhial N14  rescor3 N14 - resmicd V14 - micdum3 N14 - micdum N14 - micdum2 N14 - resmic2 N14 - mindum2 N14 -
mindum N14 - mindum! N14 - labmicl N14 - micdum] N14 - resmicl N1d - rescor! N14 - labeor] N14 - mindum3 N14 -
labmic3 N14 - laboor3 N14 - labmuc2 N14 - laboer2 N14 - rescor2 N14

microbial N15  labriic! N15 - miodum] N15 - micdum N15 - micdum3 N15 - resmic3 N15 - mindum3 N15 - mindum N5 -
mindum?2 N15 - labmic2 N1S - micdum2 N15 - resmic2 N1§ - rescor2 N1§ - labeor2 N15 ~ mindum] N15 - resmicl N15 -
rescorl N1$ - Jabmicd N1S - labcor3 N15 - rescord N1S - labcorl N1S§

mindum N14(t) mindum N14(t-dt) - (Zmin N14'-7Zmic2 N14-Zmicl N14-7Zmic3 N1 * d

INTT mindum N14 700 {g N14 Mg 'soil}
DOCUMENT: Dummy pool holding mineral N before partitioning it among, microbial populations.

mindum N15(t) - mindum N15(t-dt) - (Zmm N15-Zmic2 N15-Zmic3 N15-Zmicl N15)* dt
NI mindum N15 - 1000 {gNlS.\lg"wil}
DOCUMENT: Dummy poel holding mineral N before partitioning #t among microbial populations.

mindum}i N14(1) mindum] N1&t-dt) - (Zmicl N14-7labl Ni4-Zres] N14)* &t

INIT mindum] N14 1000 {g N1+ Mg 'soil}
DOCUMENT. Dummy pool holding immobilized N before designating it as part of the labile or resistant microbial population 1.
Inftialized at a high value because total immobilization is dependant on labile - resistant immebilization and therefore Zmic is calculated

AFTER Zlab and Zres.

minduml N15(t) mindum] N15(t-dt) - (Zmicl N15-Zlabl N15.Zres] N15)*dt

INTT mindum? N15 - 1000 {g N15 Mg's0il}

DOCUMENT: Dummy pool holding immobilized N before designating it as part of the labile or resistant microbial population 1.
Iniialized at a high value because total immobilization is dependant on labile - resistant immobilization and therefore Zmic is calculated

AFTER Zlab and Zres.

mindum2 N14() mindum2 N14t-d) - (Zmic2 N14-Zlab2 NI4-7res2 N14)* dt

INIT mindum2 N14 - 1000 {g N14 Mg 'soil}

DOCUMENT: Dummy pool holding immobilized N before designating it as part of the labile or resistant microbial biomass of
population 2. Initialized at a high value because total immobilization is dependant on labile - resistant immobilization and therefore Zmic
is calculated AFTER Zlab and Zres.

mindum2 N15(t) mindum2 N15(t-dt) - (Zmic2 N15-Zlab2 N15-7res2 N15)*dt

INIT mindum2 N15 - 1000 {g N15 Mg''soil }

DOCUMENT: Dummy pool holding immobilized N before designating 1t as part of the labile or resistant microbial biomass of
population 2. Inftialized at a high value because tetal immobilization is dependant on labile ~ resistant immobilization and therefore Zmic
is caleulated AFTER Zlab and Zres.

mindum3 N14(t) - mindum3 N14(t-dt) - (Zmic3 N14-Ziab3 N14-Zres3 N14)* dt

INIT mindum3 N14 - 1000 {g N14 Mg 'soil}

DOCUMENT: Dummy pool holding immobilized N before designating it as part of the labile or resistant microbial population 3.
Inftialized at a high value because “olal immobilization is dependant on labile - resistant immobilization and therefore Zmic is calculated

AFTFER Zlab and Zres.

mindum3 N15(1) - mmdum3 N15(t - dt) - (Zmic3_N15-Zlab3 N15.-Zres3_N15)* dt

INIT mindum3 N1S 1000 {g N15 Mg 'soil}

DOCUMENT: Dummy pool holding immobilized N before designating it as part of the labilc or resistant microbial population 3.
Inttialized at a high value because total immobilization is dependant on labile - resistant immobilization and therefore Zmiic is calculated
AFTER Ziab and Zres

mineral N14(t) - mineral N14(t-dt) - (Mmuc N14-Zmin N1 *dt

INIT mineral N14 - IN[Tmin_ N*(1-nat_atab) {g N14 Mg 'soil}
DOCUMENT: Soluble mineral N
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mineral N15()  mineral N15@-dty - (Mmic NIS-/min N15)* ¢
INIT mineral N1§ INTTmin N*nat atab {g N15 Mg sl
DOCUMENT: Soluble mineral N

passive C(t) - passive C(t-dt) - (Smic C-Dpas C)* dt
INIT passive € 0.55%organic C-

(adsorbed C-soluble] C-soluble2 C-solubled C-labmicl C-resmicl C-laboor] C-rescorl C-labmic2 C-resmne Celabeor? O

rescor2 C-labinicd C-resmicd C-labeord C-rescurd ) {g € Mg'soil}
DOCUMENT. Passive organic matter

passive N14(1) - passive N13(t-dr) - (Smic N14- Dpas N14)* &t
INIT passive N13 - passive C 10.5*(1nat _atab) {g N14 .\Ig"soil}
DOCUMENT: Passive organic maticr.

passive N15(1) = passive N15(t-dt) - (Smic NI15-Dpas N15)* &
INIT passive N15 - passive C 10.5*nat atab {g N15 Mg'soil}
DOCUMENT: Passive crganic matter.

plant C - protein C - phdum C - lignin C - cellulose C - carbohy €
plant N14 - protein N14 - phdum N14 - lignin N14 - cellulose N14 - carbohy N14
plant N15 - protein N15 - phdum N15 - lignin N15 - cellulose N15 ¢+ carbohy NS

phdum Cqt) - phdum C(t-dt) - (plamC in’-pro C-lig C-cel C-car C)* dt
INT1 pitdum C =0 {g C Mg 'soil}
DOCUMENT: Dummy pool holding incoming plant materials before separating them into biochemical components

pitdum N14(1) - plidum N14(1-dt) - (plant N14in'-pro N14-hg N1d-cel N14-car N14)*
INIT phdum N14 - 0 {g N14 Mg soil}
DOCUMENT: Dummy pool holding incoming plant materials before separatimg them into biochemical components

phdum N15(t) - ptdum N15(t-dt) - (plamN15 in'-pro N15-lig N15-cel N1S-car N1S)*
INIT phdum N15 = 0 {g N15 Mg''soil}
DOCUMENT: Dummv pool holding incoming plant materials before separating them into biochemical components

protein C(t) = protein C(t-dt) - (pro C - Dplant C')* dt
INIT protein C = 0 {g C Mg'soil}
DOCUMENT: Plant residue pratein.

protein N14(1) = proetn N14t - dt) - (pro N14-Dplamt N14)* dt
INIT protein N14 = 0 {g N14 Mg 'soil}
DOCUMENT: Plant residuce protemn.

protein N15(0) = protein N15(t-dt) - (pro N15-Dplant N15) * i
INIT protein N15 = 0 {g N15 Mg 'soil}
DOCUMENT: Plant residue protein.

rescorl C(t) = rescorl C(t-dt) - (Dresl C-Dmicl CY*d
INIT rescor! C = 0.0015*plant Cin {g C Mg''soil}
DOCUMENT: Resistant fraction of microbial corpses.

resor]l N14(1) = rescorl N14(t-dt) - (Dres] Nid-Dmicl NI4%)* dt
INIT rescorl N14 = rescor]l_C 7.5*(1-nat_atab) {g N14 Mg 'soil }
DOCUMENT: Resistant fraction of microbial corpses.

rescorl N15(1) = rescor] N15(t-dt) -~ (Dres] Ni5-Dmicl NISH)* dt
INTT rescor] N1S = rescor] € 7.5%nat atab {g N15 Mg'soil}
DOCUMENT: Resistant fraction of microbial corpses.

rescor2 C(t) = rescor2 C(t-dt) - (Dres2 C - Dmic2 C*)* dt
INIT rescor2 € = 0.0015%(0.45%rganic C) {g C Mg'soil}
DOCUMENT: Resistant fraction of microbial corpses.

rescor2 N14(1) = rescorz N14{t- dt) - (Dres2 N14-Dmic2 N14)*
INIT rescor2 N14 = rescor2 C 7.5%(1nat_atab) {g N14 Mg'soil;
DOCUMENT: Resistant fraction of microbial corpses.

rescor2 N15(1) = rescor2 N15(t - dt) ~ (Dres2 N15-Dmic2 N15%)* dt
INTI rescor2 N15 = rescm2 € 7.5%nat atab {g N15 Mg'soil}
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IOCUNMENT  Resisnt fradtion of microbial corpses

resord Clity rescord Cit-dr) - (Dresd C-Dmicd € *
INTI rescor3 € L0005%0.55%rganic C) {gC Mg 'sol}
DOCUMENT Resistant fradion of microbial corpses.

resciord N1401)  rescord NI1Ht-dt) - (Dres3 N14-Dmicd N14)* &
INI} rescord N1 rescord C 7 5%(1nat atah) {g N14 Mg 'soil§
DOCUMENT Resisant fraction of microbial corpses.

resoord N1S(t) - resoord NJS(t-d) - (Dres3 N15-Dmic3 N15%)*
INFT rescord N1S  rescord € 7.5%nat atab g N1S Mg'soil}
DOCUMENT: Resistant fraction of microbial corpses

resmicl €ty resmicl C{t-dt) - (fresl € - Ustgres] € -Dres] C-Smic C*- Rmic (") * &t
INIT resmicl € 0.02%plant Cin {g C Mg 'soil}
DOCUMENT Resiant fraction of microbial biomass

resnucl N1dt) resmicl N14(t-dtj - (frest N1 - Zres! N14-Dres] N14-Smic NI4™ - Mmic N14™)* dt
INIT resmucl N14 - resmicl C 7.5%(1-nat_atab) {g N14 Mg 'soil}
POCUNMENT. Resistant fraction of microbial biomass.

resmic] N1S(1)  resmicl N1S(t-dt) - (fres] N1S - Zres) N15-Dresl N15-Smic N15“-NMmic N1SY) *dt
INTT resmucl N1S - gesmicl € 7.5%nat atab {g N15 Mg 'soil}
DOCUMENT  Resistamt fration of microbial biomass

resmuc2 C(t)  resmic2 C(t-dt) - (fres2 C - Ustgres2 € - Dres2 C-Smic €™ -Rmic C™)* dt
INIT resmic2 € - 0.015%0.45%rganic C)-94 {g C Mg 'soil}
DOCUMENT: Resistamt fraction of microbial biomass.

resmic2 N1 resmic2 NI4(t-dt) - (fres2 N14 - Zres2 N14-Dres2 N14-Smic N147 - Mmic N147)* d
INT} resmic2 N14  resmic2 € 7.5%(1nat atab) {g N14 Mg'soil}
DOCUNMENT: Resistam fraction of microbial biomass.

resmic2 N1S()  resmic2 NES(U-dt) - (fres2 N1S - Zres2 N15-Dres2 N15- Smic NIS™-Mmic N157)* dt
INI1 resmic2 N15 - resmic2 C 7.5*nat aiab {g N15 Mg'soil}
DOCUMENT: Resistant fraction of microbial biomass

resmicd C(1)  resmic3 C(t-dt) - (fresd C - Ustgres3 C - Dres3 € - Smic €™ - Rmic C7)* dt
INTT resnucd € - 0.003%(0.55%rganic C)-27 {g C Mg'svil}
DOCUMENT. Resistant fraction of microbial biomass.

resmicd N1KU)  resmicd NIKt-d) - (fres3 Nid - Zres3 N1d-Dres3 N14-Smic N147- Mmic N14°)* &
INTE resmicd N14 - resmicd C 7.5%(inat atab) {g N14 Mg'sail}
PDOCUMENT: Resistant fraction of microbial biomass.

resmicd N15(1)  resmic3 N1S(t-dt) - (fres3 N15 - Zres3 N15-Dres3 N15-Smic NI15™ - Mmic N157™) * d
INTT resmied N1S - resmic3 C 7.5%nat atsb {g N1S Mg'soil }
DOCUMENT- Resistant fraction of microbial biomass

soluble! Ctt) - solublel C(t-d) - (Dmicl C - Dplam C-Usoll C - Asoll C)*dt
INTT solublel € - 0.001*plam Cin {g C Mg soil}
DOCUMENT. Organie matter in soil solution.

solublel N14t) solublel N14t-dt) - (Dnuc) N14 - Dplamt N14-Usoll N14-Asoll N14)*dt
INIT solublel Ni4  solublel € 10%(1-nat_atab) {g N14 Mg 'soil}

solublel N15(1) - solublel N15(t - &) - (Dmicl N1S5 - Dplamt N15-Usoll N15-Asoll NIS)*dt
INIT solublel N1S - solublel C 10*nat atab {g N15 Mg 'soil}

soluble2 C(t)  soluble? C(t-dt) - (DadsC - Daa C - Dmic2 C- Asol2 C-Usol2 C)*di

INTI soluble2 C = 0.00005%(0.45%0rganic C) {g C Mg'soil}

DOCUNMENT. Organic matier in soi} solution.

soluble2 N141) - soluble2 N1t - &)~ (Dact N14 ~ Dads N!4- Dmic2 N14- Asol2 Ni4-Usol2 N14)* dt
INIT soluble2 N14 - soluble2 C 10%(1-nat atab) {gN14 Mg"soil}

soluble2 N15()  soluble2 NI1S(t-dt) - (Dact N15 - Dads NIS - Dmic2 N15- Asol2 N15-Usol2 N15)* dt
INIT soluble2 N15 soluble2 C 10%nat atab {g N15 Mg'soil}

solub' ¥ C(1) solubled Ct-dt) - (Dpas C - Dmic3 C- Asol3 C-Usold C)*dt
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INIT soluble3 € - 0.000005%0.55%0rganic C) g C Mg sonl)
DOCUMENT: Organic matter in soil solution

soluble3 N14(1) - soluble3 N14(t-dt) - (Dpas NI4 - Dmic3 N14-Usold N14- Asold N1y de
INIT soluble3 N14  solubled C 10*(1-nat atab) {g N14 Mg'soil}

solubled N15(1) = soluble3 N15(t-dt) - (Dpas N15 - Dmic3 N1S-Usold N1S- Asol3 N1S)*
INIT soluble3 N15 = soluble3 C 10*nat_atab jg 15 Mg'sail}
DOCUMENT: Organic matter in soil solution.

stgmicl C(1) = sigmicl C(t-dt) - (fstgl C - Ustglabl C - Ustgres] Cy* &t
INIT stgmict C =0 {gC Mg soil}
DOCUMENT: Microbial storage as exocellular material.

stgmic2 C(t) = stgmic2 C(t-dt) - (fsg2 C-Ustglab2 C-Ustgres2 C)* &k
INIT stgmic2 € - 0 {gC Mg soil}
DOCUMENT: Microbial storage as exocellular material.

stgmicd C(1) = stgmic3 C(r-dt) - (fstgd C-Ustglabl C - Ustgresd C)* dt
INI'1 stgmic3 C = 0 {gC Mg’ soil}
DOCUMENT: Microbial storage as exocellular matenial.

TimmobilizedN141) TimmobilizedN14t - &) - (RimmN14) * d
INIT TimmobilizedN14 = 0
DOCUMENT: Total N14 immobilized.

TimmobilizedN15(1) = TimmobilizedN15(1 - dt) - (RimmN15) * dt
INTT TimmobilizedN15 -0
DOCUMENT: Total N15 immobilized

TmicinC) - TmicinC(t - d&t) - (RmicinC) * &
INIT TmicinC = 0
DOCUMENT. Total input of non-plant residue C mnto microbral biomass.

TmicnN14(1) = TmeinN14(1 - &t) ~ (RmicinN14) * di
INIT TmicinN14 -0
DOCUMENT: Tctal input of non-plant residuc N14 mto microbial biomass.

TmicinN15(t) = TmicmN15(t - dt) - (RmicinN15)* dt
INIT TmicinN15 -0
DOCUMENT: Total input of non-plant residue N15 into microbial biomass.

TmicomtC(1) - TmicowtC(t - dt) - (RmicowC) * &t
INTT TmicowtC - 0
DOCUMENT: Total C output from microbial biomass.

TmicoutN14(t) = TmicoutN14t - dt) - (RmicowtN14) * dt
INIT TmicoutN14 - 0
DOCUMENT: Total N14 output from microbial biomass.

TmicountN15(1) = TmicoutN15(t - dt) - (RmicortN15) * dt
INTi" TmicowtN15 = 0
DOCUNENT: Total N15 output from microbial biomass.

Tmineralized N15(t) = Tmineralized N15(t - dt) - (RminN15)* dt
INIT Tmineralized N15-0
DOCUMENT: Total N15 mineralized.

Tmineratiz3N ' 4(1) = TmineralizedN14(t - dt) - (RmmN14) * &t
INIT TmaersitzedN14 = 0

DOCUMENT: Total N14 mineralized.

TplantN15 in(t) - TplantN15 in(t - dt) - (FplamN1S$ in) * &t
INIT TplamN1S_in = 0 {g N15 Mg 'soil}

DOCUMENT: Total plant residue N15 added 10 soil.

Fiowvs

Asol]l C = IF(Qadsorb -adsorbed C) THEN(0.001*MIN(soluble]l C.Qadsorb-adsorbed C)) ELSE(0.0001*MAX(-adsorbed C.Qadsorb-
adsorbed C)) {g C Mg'soil h'';
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DOCUMENT  Rate of adsorption and dcsomum of soluble organics.
000) equibbnum rate of adsorption th! }
0.0001  equilibnium rate of desorption {h }

Asoll N14 JF(Asoll € 0) THEN(Asoll C*(soll N soluble]l C)*(solublel N14 soll ‘\))
ELSIAAsol C*(adsorbed N adsorbed C)*(adsorbed_N14 adsorbed N)) {g N14 Mg'soil h'}
DOCUMENT: Rate of adsorption and desorption of sofuble organics

Asoll N15 - IF(Asol]l € -0) THEN(Asoll C*(soll N solublel C)*(soluble] N15 soll \))
EISI{Asoll C*(adsorbed N adsorbed C)*(adsorbed N15 adsorbed N)) {g N15 Mg! soilh'}
DOCUMENT: Rate of adsorption and desorption of soluble organics.

Asol2 ¢ 1F(Qadsorh -adsorbed C) THEN(0.001*MIN(soluble2 C.Qadsorb-adsorbed C)) ELSE(0.000)*MAN(-adsorhed C.Qadsorb-
adsorbed C)) {2 C Mg'soilh'}

DOCUMENT: Rate of adsorption and desmp\im of soluble organics.

0.001 equilibrium rate of adsorption {h'! }

0.0001 cquilibrium rate of desorption {h'

Asol2 N14  IF(Asol2 C -0) THEN(Asol2 C*(s0l2 Nsoluble2 C)*(soluble2 N14 5012 \))
ELSI(As0l2 C*adsorbed N adsorbed C)*(adsorbed N14-adsorbed N)) {g\H Mg! soil h'! H
DOCUMENT: Rate of adsorption and desorption of soluble organics.

Asol2 N1S  IF(Asol2 C 03 THEN(Asol2 C*(sol2 N soluble2. C)*(soluble2 N15s0l2 N))
E1.S8i(As0l2 C*(adsorbed N-adsorbed C)*(adsorbed N15 adsorbed_N)) {g N15 Mg'soilh™' )
DOCUMENT: Rate of adsorption and desomption of soluble organics.

Asold € 1F(Qadsorb -adsorbed C) THEN(0.001*MIN(soluble3 C.Qadsorb-adsorbed C)) ELSE(0.0001*MAN(-adsorbed C.Qadsorb-
adsorbed C)) {g C Mg'soil h''}

DOCUNMENT: Rate of adsorption and desorption of soluble organics.

0.001 -equilibrium rate of adsorption thy

0.0001 equilibrium rate of desorpion {h'}

Asold N14 [F(Asol3 C 0) THEN(Asol3 C*(sol3 N soluble3 C)*(soluble3 N14 sol3 \))
EI1.SE(Asol3 C*(adsorbed N adsorbed C)*(adsorbed N14 adsorbed N)) {g\H Mg 'soil h'y
IXX UNMENT: Rate of adsorption and desorprion of soluble organics.

Asold N1S - IF(Asol3 € 0) THEN(Asol3 C*(sol3 N-soluble3_C)*(soluble3 N15 5013 \))
ELSE(Asol3 C*(adsorbed N adsorbed C)*(adsorbed N15 adsorbed N)) {g N15 Mg! soilh!}
DOCUMENT. Rate of adsorption and desorption of soluble organics

Cads € 0.5F-4%adsorbed C*fig {g C Mg'soil h”'}
DOCUMENT: Rate of chemical stabilization of adsorbed component to active organic matter.
0.5E-4 specilic rate of stabilization {h''}

Cads N14 - Cads C*(adsorbed N adsorbed C)*(adsorbed N14 adsorbed N){g N14 Mg'soith"'}
DOCUMENT: Rate of chemical stabilization of adsorbed component to active organic matter.

Cads N14  (Cads C*(adsorbed N adsorbed C)*(adsorbed N14 adsorbed N) {g N14 Mg'soil hty
DOCUNMENT: Rate of chemical stabilization of adsorbed component to active organic matter.

Cads N15 Cads C*adsorbed N adsorbed C)*(adsorbed N15.adsorbed N} {g N15 Mg'soil h'}
DOCUNMENT: Rate of chemical stabilization of adsorbed component to active organic matter.

ar C - fearC*plamC i’ {g C Mg soil b}
DOCUNMENT: Carbohyvdrate entering soil system.

car N14  car C carCN*(1-plant atab) {g N14 Mg soith™}
DOCUMENT: Carbohvdrate entering soil svstem.

car N1S - car C carCN*plant atab {g N15 Mg 'soil h''}
DOCUNMENT: Carbohyvdrate entering soil system.

cel € foelC*plantC i’ {g C Mg soilh'}
DOCUMENT: Cellulose entering soil svstem.

col N14 el € oelON*(1-plant atab) {g N14 Mg'soil b}
DOCUMENT: Cellulose emtering soil system.

cel N1S el € celCN*plant atab {g N15 Mg'soil h'}
DOCUMENT: Cellulose entering soil system.
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Daa C - 0.0Z%acmic C*dactiveC*flg {g C Mg 'soil h''}
DOCUNENT: Rate of decomposition of adtive organic matter.
0.02 specific rate of decomposition of active C {g g'aamicCh'}

Daa N14 Dad C*active N adive C)*(active NIdadive N){gNI]4 .\1g“wil h'y
DOCEMENT: Rate of decomposition of adtive organic matter.

Dac N15 Daa C*adive N adive C)*adtive N15 active N) {g N15 Mg'soil h'}
DOCUMENT: Rate of decomposition of active organic matter.

Dads N14 - DadsC*(adsorbed N adsorbed C)*(adsorbed N14 adsorbed N) {g N14Mg'soilh'y
DOCUMENT: Rate of decomposition of adsorbed organic matter.

Dads N15 = DadsC*(adsorbed_N adsorbed C)*(adsorbed N15 adsorbed N) {g N15 Mg'soilh's
DOCUMENT: Rate of decomposition of adsorbed organic matter.

Dad:C = MIN(0.5%adsorbed C.0.024*actmic_C*fdadsorbedC*fig) {g C Mg 'soith'}
DOCUMENT: Rate of decomposition of adsorbed organic matter.
0.02+4 =specific rate of decomposition of adsorbed organic matier {g C g'actmic Ch''}

Dlabl C = Habmicl C-Smic C' {g C Mg soil h'y
DOCUMENT: Rate of transfer of mactivated jabile microbial biomass to microbial corpscs.

Dlab! N14 - Dlabl C*(labmict N labmicl_C)*(labmicl_N14 labmicl N) {g N14 Mg'soilh"}
DOCUMENT: Rate of transfer of inactivated labile microbial biomass to microbial corpses

Dlabi N15: Dlabl C*(labmicl N labmicl_C)*(labmicl N15 labmicl N){gN15 Mg'soilh'}
DOCUMENT: Rate of transfer of inactivated labile microbial biomass to microbial corpses.

Dlab2 C = llabmic2 C-Smic C™ {gC Mg"'soilh™'}
DOCUMENT: Rate of transfer of inactivated labile microbial biomass to microbial corpses.

Dlah2 N14 Dlab2 C*(labmic2 N labmic2_C)*(labmic2_N14 labmic2 N) {g N14 Mg'soil "'}
DOCUMENT: Rate of transfer of mactivated labile microbial biomass to microbial corpses.

Dlab2 N15 - Dlab2_C*(labmic2 N labmic2 C)*(labmic2 N15 labmic2_N) {g N15 Mg scith"'}
DOCUMENT: Rate of transfer of inactivated labile microbial biomass to microbial corpses.

Diab3 C = Habmic3 C-Smic_C™ {gC Mg'soilh'}
DOCUNENT: Rate of transfer of nactivated labile microbial biomass to microbial compses.

Dlab3 N14 - Dlab3 C*(labmic3 N labmic3_C)*(labmic3_N141abmic3 N) {g N14 Mg 'soil by
DOCUMENT: Rate of transfer of inactivated labile microbial biomass to microbial corpses.

Dlab3 N15 = Dlab3 C*(labmic3_N labmic3 C)*(labmic3_N15 labmic3_N) {g N15 Mg'soilh''}
DOCUMENT: Rate of transfer of mactivated labile microbial biomass to microbial corpses.

Dmicl C - Dmict C' - Dmicl C" {gC Mg soil h''}
DOCUMENT: Decomposition rate of microbial comses.

Dmicl _C'~ 0.10*rescor]_C miccor! C*Pmicoor] {gC Mg'soil b}
DOCUMENT: Rate of decomposition of resistant micsobial corpses.
0.10-specific rate of decomposition of resistam microbial corpses {g g'actmic Ch'')

Dmicl C* = 0.5%abcorl_C miccor] _C*Pmiccor] {g C Mg 'soil h'}
DOCUMENT: Rate of decomposition of labile microbial corpses.
0.5=specific rate of decomposition of labile microbial corpses {g g'aamicCh'}

Dmicl_N14 = Dmicl N14'- Dmic}_N14" {g N14 Mg"'soil b}
DOCUMENT: Total decomposition rate of microbial corpses.

Dmicl N14'= Dmic] C'(rescor]l Nrescorl_C)*(rescor]_NI4-rescorl X) {g N14 Mg'soil h''}
DOCUMENT: Rate of decomposition of labile microbial corpses.

Dmicl_N14"= Dmicl_C'*(rescor] N rescor] C)*(rescor] Nl4rescorl N} {gN14 Mg'wilh'}
DOCUMENT: Rate of decomposition of resistant microbial corpses.

Dmicl N15 = Dmicl N15'- Dmicl N15" {gN15 Mg'soilh"}
DOCUMENT: Decomposition rate of microbial corpses.

Dmicl N1§ - Dmicl C™*(laboor] N laboor] C)*(labcor] N157abcorl N) {gN15 Mg soil b
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DOCUNMENT Rate of decomposttion of fabile microbial corpses.

Dmizl NS Dmicl C*%(rescor] N rescor] C)¥(rescor] N15rescor] N) {g N1S Mg'soilh'y
DOCUMENT: Rate of decomposition of resistant microbial corpses.

Dmi2 € Dmic2 ¢ - Dmic2 €™ {gC Mg'soith'}
DOCUMENT: Decomposition rate of microbral corpses.

Druc2 ¢ 0.5%)abeor2 € miccor2 C*Pmiccor2 {g ¢ Mg".soil h'y
DOCUMENT  Rate of deoomposition of Iabile microbial corpses.
0.5 speaific rate of decomposition of labile microbial corpses {g glaamicCh'y

Dmic2 ¢ 0.10%escor2 € miccor2 C*Pmiccor2 {g C Mg'soilh™'}
DOCUMENT: Rate of decomposition of resistant microbial corpsces.
.10 specific rate of decomposition of resistamt microbial corpses {g g'amicCh'}

pPmic2 N14 Dmic2 N14' - Dmic2 N14" {g N14 Mg'soil b}

DOCUMENT: Decomposition rate of microbial corpses.

Dmic2 N14' - Dmic2 C*(rescor2 Nerescor2 C)¥*(rescor2 N14 rescor2 N) {g N14 Mg'soilh'}
DOCUMENT: Rate of decomposition of resistant microbial corpses.

Dmic2 N14"  Dmic2 C*(labcor2 N labeor2 C)*(labeor2 N14 fabeor2 N) g N14 Mg'soilh'}
DOCUMENT. Rate of decomposition of labile microbial corpses.

Dmic2 N15 Dmic2 N15° - Dmic2 N15™ {g N15 Mg 'soith'}
DOCUNMENT: Decomposition of microbsal corpses.

Dmic2 NIS' Dmic2 C*(Jabcor2 N labcor2 C)*(labeor2 N15 labeor2 N) {g N15 Mg 'soil h}
DOCUMENT. Rate of decomposition of labile microbial corpses.

Dmic2 NIS" Dmic2 C™(rescor2 N rescor2 C)*(rescor2 N15 rescor2 N) {g N15 Mg'soith'}
DOCUMENT: Rate of decomposition of resistant microbial corpses.

Dmic} ¢ Dmic3 C' - Dmic3 C* {gC Mg'soilh™'}
DOCUMENT: Decomposttion rate of microbial corpses.

Dmic3 ' 0.5%labeord C micoor3 C*Pmiccor3 {g C Mg soil b}
DOCUMENT: Rate of decomposition of labile microbial corpses.
0.5 specific rate of decomposition of lahile microbial corpses {g g'actmic Ch™'}

Dmic3 € 0.10%*rescor3 € miccor3 C*Pmiccor3 {g C Mg'soith™
DOCUMENT: Rate of decompasition of resistant microbial compses.
0.10 specific rate of decomposition of resistant microbial corpses {g g'admic Ch'}

Dmic3 N14  Dmic3 N14' - Dmic3 N14" {g N14 Mg'soith'}
DOCUMENT: Decomposition rate of microbial corpses

Dmic3 N1+ Dmic3 C™*(rescord N rescord3 C)*(rescor3 N14 rescor3 N) {g N14 Mg'soilh'}
DOCUMENT Rate of decomposition of resistant microbial corpses.

Dmuicd N14"  Dmic3 C'*(laboor3 N labeor3 C)*(labeor3 N14Taboor3 N) {g N14 Ng'soilh'y
DOCUNENT: Rate of decomposition of labile microbial corpses.

Dmic3 N1S  Dmic3 N15' - Dmic3 N15" {gN15 Mg'soil h''}
DOCUNMENT: Decomposition rate of microbial corpses.

Dmic3 N1S Dmicd C*(laboor3 N labcor3 C)*(labeor3 N15labeor3 N) {g N15 Mg"soil h'y
DOCUMENT: Rate of decomposition of labile microbial corpses.

Dmicd N15". Dmic3 C™*(rescor3 N rescord C)*(rescor3 N15 rescord N) {g N15 Mg'soil h'}
DOCUMENT: Rate of decomposition of resistant microbial corpses.

Dpas C 0.005%acmic C*fdpassiveC*flg {g C Mg soil b’}

DOCUMENT: Rate of decomposition of passive organic matter.

0.008 specific rate of decompositian of passive organic matter {g g'actmic Ch™'}

Dpas N14  Dpas C*(passive Npassive C)¥passive N1d-passive N) {g N14 Mg soilh'"}
DOCUNMENT: Rate of decomposition of passive organic matter.

Dpas N15  Dpas CH(passive N passive C)*(passive N15passive N) {g N15 Mg 'soil h'}
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DOCUMENT: Rate of decomposition of passive organic matter.

Dplant C - Dplant C' - Dplamt C"- Dplant €™ - Dplam C~ {gC Mg 'soilh’'}
DOCUMENT: Total decomposition rate of plant residucs.

Dplant C' - 1.00%prtein C TplamtC*PplantC {g C Mg 'soil h™'}
DOCUNENT: R ste of decomposition of plant residue protein.
1.00 specific rate of decomposition of plant protein {g g 'actmic Ch'}

Dplant €™ = 1.00*carbohy C TplamtC*PplantC {g C Mg soil h'}
DOCUMENT: Rate of decomposition of plant residue carbohydrate.
1.00--specific rate of decomposition of plant carbohyvdrate {g glaamic Ch'y

Dplant C™ = 0.15%cellulose C TplamC*PplantC {g C Mg'soilh™}
DOCUMENT: Rate of decomposition of plant residue cellulose.
0.15 specific rate of decomposition of plant cellulose {g glaamicCh'y

Dplant C™ - 0.025*lignin_ C TplamtC*PplantC {g C Mg soilh'}
DOCUMENT: Rate of decomposition of plant residue lignin.
0.025=specific rate of decomposition of plant lignin {g glaamicCh'y

Dplant N14 = Dplant N14'- Dplant N14" - Dplant N14™ - Dplant N14™ {g N14 Mg "soil h''}
DOCUMENT: Total decomposition rate of plant residucs.

Dplant N14': Dplant C' proCN*(protein. N14-pro N) {g N14 Mg 'soil h'}
DOCUMENT: Rate of decomposition of plamt residue protein.

Dplant N14" - Dplamt C™ carCN*(carbohy_N14 car N) {g N14 Mg soilh"'}
DOCUMENT: Rate of decomposttion of plant residue carbohyvdrate.

Dplant N14™ = Dplamt C™ celCN*(celiulose N14.cel_N) {g N14 Mg'soil h''}
DOCUMENT: Rate of decomposition of plant residue cellulose.

Dplant N14™ = Dplamt C™TigCN*(lignin N141ig N) {g N14 Mg 'soilh'}
DOCUMENT: Rate of decomposition of plant residue lignin.

Dplant_N15 = Dplant N15' - Dplant_N15" - Dplant N157 - Dplamt N15™ {g N15 Mg 'sail h'y
DOCUMENT: Total decomposition rate of plant residues.

Dplant N15'= Dplamt_C'proCN*(protein N15pro_N) {g N15 Mg 'soil h"'§
DOCUMENT: Rate of decomposition of plant residuc pratem.
Soil Input Sector

Dplant_N15° = Dplant C" carCN*(carbohy N15 car N) {g N15 Mg 'soith™'}
DOCUNMENT: Rate of decomposition of plant residue carbohvdrate.

Dplant N15™ = Dplant_C™ celCN*(cellulose N15 cel N) {g N15 Mg 'soil h'
DOCINENT: Rate of decomposition of plant residue cellulose.

Dplant N15™ = Dplam C=TligCN*(lignin N157ig_N) {g N15 Mg soilh"'}
DOCUMENT: Rate of decomposition of plant residue lignin.

Dres] C = Iresmicl_C-Smic_C" {g( Mg'soilh'}
DOCUMENT: Rate of transfer of inactivated resistant microbial biomass to microbial comses.

Dresl N14 - Dresl C*(resmicl N resmicl C)*(resmicl N14-resmicl N) {gN14 Mpg'soil h'}
DOCUMENT: Rate of transfer of inadtivated resistamt microbial biomass to microbial corpses.

Dres] N1S5 = Dresl C*(resmicl N resmicl C)*(resmicl N15resmicl N) {gN15 Mg'soilh'}
DOCUMENT: Rate of transfer of inactivaied resistant microbial biomass to microbial corpses

Dres2 C = Iresmic2 C-Smic C™ {gC Mg'soith™'}
DOCUMENT: Rate of transfer of inactivated resistant microbial biomass to microbial corpses.

Dres2 N14 = Dres2 C*(resmic2 N resmic2 C)*(resmic2_Ni4 resmic2 N) {g N14 Mg'soilh'}
DOCUMENT: Rate of transfer of madtivated resistant microbizl biomass to microbial corpses.

Dres2 N15 = Dres2 C*resmic2 Nresmic2 C)*(resmic2 N15vesmic2 N) {g N15 Mg'soilh''}
DOCUMENT: Rate of transfer of inadtivated resistant microbial biomass to microbial comses.

Dres3 C = Iresmic3 C-Smic C* {g C Mg'soilh”}
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DOCUMENT  Rate of transfer of madtivated resistamt microbial biomass to microbial corpses

Dres3 Ni4 o Dres3 CUresmict N resmic3 C)*(resmic3 N1 resmicd Nj {g N4 Mg'soith'y
DOCUMENT: Rate of transfer of inadtivated resistant microbial biomass to microbial corpses.

Dres3 NIS  Dresd Coresmic3 N resmic3 C)*(resmic3 N15.resmic3 N) {g N15 Mg'soil h'y
DOCUMENT Rate of transfer of inactivated resistant microbial biomass to microbial corpses.

flabl € (1-faorage)*0.55*Umicl C {gC Mg'soilh''}
DOCUNENT: Fraction of substrate uptake assigned to labile microbial biomass.

flabl N14  0.55*Umicl N14 {g N14 Mg'soilh}
DOCUMENT: Fraction of substrate uptake assigned to labile microbial biomass.

flabl N15  0.55*Umicl NI5 {gN15 Mg 's0ilh'}
DOCUMENT. Fraction of substrate uptake assigned to labile microbial biomass,

flab? € (I-forage)*0.55*Umic2 C {g C Mg'soilh™}
DOCUMENT: Fraction of substrate uptak= assigned to labile microbial biomass.

flab2 N14 0.55*Umic2 Ni4 {gN14 Mg soilh'}
DOCUMENT: Fraction of substrate uptake assigned to labile microbial biomass.

flab2 N15  0.55*Umic2 N15{g N1S Mg'soith'}
DOCUMENT: Fraction of substrate uptake assigned to labile microbial biomass

flabd € (1-forage)*0.55*Umic3 C {gC Mg'soil h'}
DOCUMENT. Fraction of substrate uptake assigned to labile microbial biomass.

flab} N4 0.55Umic3 N14 {g N14 Mg'soil b}
DOCUMENT: Fraction of substrate uptake assigned to labile microbial biomass.

flab? N15 0.55*Umic3 N15 {2 N18 Mg'soil h'}
DOCUMENT. Fradtion of substrate uptake assigned to Jabile microbial biomass.

FplantN1$S in plantN1S m

fres! € (1-fitorage)*0.45*Umic) C {g € Mg'soilh''}
DOCUMENT: Fradtion of substrate upake assigned to resistant biomass.

fres] NI4 045*Cmicl N14 {g Nid Mg'soilh”'}
DOCUMENT  Fraation of substrate uptake assigned to resistant biomass.

fres] N1S  0.45*Umicl N15 {gN15 Mg'soilh'}
DOCUMENT: Fracion of substrate uptahe assigned to resistant biomass.

fres2 € (1-fstorage)*0.45*Umic2 C {gC Mg'soilh'}
DOCUMENT: Fradtion of substrate uptake assigned to resistant biomass.

fres? N14 0.45*Umic2 N14 {g N14 Mg'soil b}
DOCUMENT. Fradtion of substrate uptake assigned to resistant biomass.

fres2 N1S - 0.45*Umic2 N1S {gN15 Mg'soil b}
DOCUMENT: Fradtion of substrate uptake assigned to resistant biomass.

fres3 € (1-fstorage)*0.45°Umic3 C {g C Mg'soith'}
DOCUMENT: Fraction of substrate uptake assigned to resistam biomass.

fres3 N14 0.45*Umic3 N14 {g N14 Mg'soil h'}
DOCUMENT: Fraction of substrate uptake assigned to resistant biomass.

fres3 N1S - 0.45°Umic3 N1S {g N15 Mg'soilh'}
DOCUMENT: Fraction of substrate uptake assigned to resistant biomass.

ftgl C - fstorage*Umicl C {gMg'soith™}
DOCUMENT: Fracion of uptake assigned to microbial storage.

g2 C ftorage*Umic2 C {g \Mg'soilh"'}
DOCUMENT. Fraction of uptake assigned to microbial storage.

ftgd ¢ fdorage*Umicd C {g Mg'soilh''}



DOCUMENT: Fradtion of uptake assigned to microbial storage.

llabmict C = [F(Rspecific] "Rmmicl) THEN(0.0125*latmic]l C*fig) ELSE(0.0125%labmicl C*fig- Rmlabnuc! *(Rnmmuac!-
Repecificl) Rmmicl) {g C .\lg"soil h'y

DOCUMENT: Inactivation of labile microbial biomass

0.0125 specific madtivation at 30C {g C g'labmic Ch'}

Ilabmic2 C - IF(Rspecific2 ‘Rmmic2) THEN(0.0125%labmic2 C*fig) FLSE(0.0125%abmic2 C*fig- Rmlabmic2*(Rmamc2-
Rspedific2) Rmmic2) {g C Mg 'soith™'}

DOCUMENT: Inaativation of labile microbial biomass

0.0125-specific mactivation at 30C {g C g'labmic C h'}

liabmic3 C - IF(Rspecific3 "Rmmic3) THEN(0.0125%1abmic3 C*fig) ELSE(0.0125%labmicd C*fig-Rmiabmic3*(Rmmic3-
Rspecific3) Rmmic3) {g C Mg'soith™'}

DOCUMENT: Inactivation of labile microbial biomass.

0.0125 - specific inactivation at 30C {g C g"labmic Ch"'}

Iresmic] C - IF(Rspecific] - Rmmicl) THEN(0.00035*resmicl C*ftg) E1.SE(0.00035%esmicl C*fig - Rmresmicl *(Rnwme] -
Rspevificl) Rmmicl) {g C Mg'soil b}

DOCUMENT: Inactivation of resistant microbial biomass.

0.00035 - specific inactivation at 30C {gC g''resmic Ch'}

Iresmic2 C < IF(Rspecific2 ‘Rmmic2) THEN(0.00035*resmic2 C*fig) ELSE(0.00035*resmic2 C*fig- Rmresmic2 *(Rmmie2-
Rspecific2) Rmmic2) {g C Mg 'soil h''}

DOCUMENT: Inadtivation of resistant microbial biomass.

0.00035 - specific inactivation at 30C {g C g”'resmic C h™'}

Iresmic3 C - IF(Rspecific3 . -Rmmic3) THEN(0.00035*resmicd C*fig) F1SF(0.00035%resmic3 C*fig - Rmrosmuc3 *(Rmnued-
Rspeific3) Rmmic3) {g C Mg'soith™'}

DOCUMENT: Inactivation of resistant microbial biomass.

0.00035 specific inactivation at 30C {g C g'resmic C h''}

lig C - fligC*plamtC i’ {g C Mg 'soil b’}
DOCUMENT: Lignin entering soil svstem.

lig N14 - lig C ligCN*(1-plant_atab) {g N14 Mg 'soilh''}
DOCUMENT: Lignin entering soil svstem.

Jig N15 = lig C ligCN*plant atab {g N15Mg 'soil b}
DOCUMENT: Lignin entering soil svstem.

miccor] € = labeorl C-rescor] € {g € Mg'soil}
miccur2 C = laboor2 C-rescor2 C {g C Mg'soil}
micourd C - labeord C-rescord3 C {g C Mg'soil}

Afmic N14' = IF(labmicl C labmic] N- 4.5) THEN((labmic] N-labmic! € 4.5)*(labmic] Nid4 labmucl N ELSE() {g N14 Mg
'soilh™'}

DOCUMENT: Mineralization rate of ‘excess’ microhial N

4.5-preferred C:N ratio of labmic

\nic N14° - IF(resmic? C resmic3 N 7.5) THEN((resmic3 N-resmic3 C 7.5)%resmic3 N14 resmicd N)) ELSE(G) {g N14 Mg
Veni1 1o

soilh™}

DOCUMENT: Rate of mineralization of ‘excess’ microbial N.

7.5 -preferred C:N ratio of resmic

Amic N14™ = [F(labmic3 C labmic3 N: 4.5) THEN((Jabmic3 N-labmic3 C'4.5)*(labmic3 N14 labmic3 N)) ELSE() {g N14 Mg
'soilh'}

DOCUMENT: Mineralization rate of 'excess’ microbial N.

4.5-preferred C:N ratio of labmic

AMmic N14™ = IF(resmic2 C resmic2 N 7.5) THEN((resmic2 N-resmic2 C 7.5)%(resmic2 N14 resmic2 N)) ELSE(0) {g N14 Mg
[PT)

sotlh™}

DOCUMENT: Rate of mincralization of ‘excess’ microbial N.

7.5=preferred C:N ratio of resmic

Mmic N14™ - [F(labmic2 C labmic2 N 4.5) THEN((labmic2 N-labmic2 C 4.5)%(labmic2 N14 labmicZ N)) ELSE(0) {g N14 Mg
'soith'y

DOCUMENT: Mineralization rate of ‘excess’ microbial N.

4.5 =preferred C:N ratio of labmic
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Mmic N14™ [Fresmuct Cresmucl N7 5) THEN((resmic] Neresmicl € 7 $)%tresmicl N1 resmich Ny ELSE(0, 4g N14 Mg
st h 'y

DOCUNENT  Rate of mineralization of ‘excess’ microbial N

75 preferred CoN ratio of resmic

Mmie NiS o Mmic NIS - Mmic N15 - Mmic N157 - Mmic N157 - Mmic N157 - Mmic N15™ {g NS Mg'soith'}
DOCUMENT  Total microbial minerahization rate.

NMmie N18 [F(labmicl C labmicl N- 4.5) THEN((labmicl N-labmicl C 4.5)%labmic] N15 labmicl N) ELSE/f{g N Mg 'soil
h'y

DOCUMENT. Mmceralization rate of ‘excess’ microbial N.

4.5 preferred C:N ratio of labmic

Mmie N15* [F(resmic! C resmicl N 7.5) THEN((resmuct N-resmicl € 7.5)*(resmic] N15 resmicl N)) ELSE(0) {g N15 Mg

'soilh '}

DOCUNMENT: Rate of mineralization of ‘excess’ microhial N.

7.5 preferred CoN ratio of resmic

NMmie N15™  1¥(labmic2 € labmic2 N- 4.5) THEN((labmic2 N-labmic2 C 4.5)*(labmic2 N15fabmic2 N)) ELSE(0) {g N Mg soil
h'y

DOCUMENT: Mmerahization rate of ‘exoess’ microbial N.

4.5 preferred CoN ratio of labmic

Mmire N15™ TE(resmic2 C resmic2 N 7.5) THEN({resmic2 N-resmic2 C 7.5)*(resmic2 N15 resmic2 N)) ELSE()) {g N15 Mg

1 [}

sorlh

DOCUMENT: Rate of muneralization of ‘excess’ microbial N.
7.5 preferred C:N ratio of resmic

Mmic N15™ [F(labmic3 C labmic3 N 4.5) THEN((labmic3 N-labmic3 C 4.5)*(Jabmic3 N15 labmic3 N)) ELSE(0) {g N My’

] 1

sotlh '

DOCUNENT. Mineralization rate of ‘exeess’ microbial N
45 preferred C.N ratio of labmic

Mmie N1S™ - [F(resmied C resmicd N 7.5) THEN((resmic3 N-resmic3 C 7.5)*(resmic3 N15 resmic3 N)) ELSE(0) {g N15 Mg

] ]

sotlh '}

DOCUMENT: Rate of mineralization of ‘excess’ microbial N.
7.5 preferred C:N ratio of resmic

plant N14m plant Nin*(l-plant atab) {g N14 Mg 'soil b}
DOCUMENT  Input of plant residuc

plant N14m' plant Nldin
DOCUMENT. Input of plant residue: C

plantC m  plant Cin
DOCUMENT. Tatal plant C added as residue

plamtl ' plantC in
DOCUMENT: Input of plant residuc €

piantN15 in  plant Nin*plant atab {g N15 Mg 'soilh'}
DOCUMENT . Input of plant residuc.

plant\1S i’ plamN1S
DOCUMENT: Input of plant residue C.

Pmiccur]  aamicl C*fdmicoor(*fig {g actmic C Mg 'soil}
DOCUMENT: Potential decomposition rate of microbial corpses.

Pmiccor?  aamic2 C*fdmicoorC*fig {g actmic C Mg 'soil}
DOCUMENT: Potential decomposition rate of microbial corpses.

Pmiceor}  aamicd C*fdmiccorC*fig {g actmic € My 'soil}
DOCUMENT- Potential decomposition rate of microbial corpses.

pro € fproCeplantC in' {g C Mg 'soith™'}
DOCUNMENT: Protemn entering soil system.

pro N14  (pro C proCN)*(1-plant atab) {g N14 Mg 'soil h'}
DOCUMENT: Protein entering soil system
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pro N15 (pro C proCN)*plant atab {g N1S Mg 'soil b}
DOCUMENT: Protem entermg soil svstem.

Rglabmicl  0.55*Rgmicl {g C Mg'soith'}
DOCUMENT: Growth respiration of labilc microbial biomass
0.55 fraction of adtive biomass which is labile

Rglahmic2 - 0.55*Rgmic2 {g C Mg 'soilh'}
DOC! MENT: Growth respiration of labile microbial biomass.
0.55 traction of active biomass which i labile

Rglabmic3  0.55*Rgmic3 tg C Mg'soilh'}
DOCUNMENT: Growth respiration of labile microbial biomass
0.55 fraction of active biomass which is lahile

Rgmicl - MAX(0.Rspecificl-Rmmicl) {5 C Mg'soil h'}
DOCMENT: Growth respiration of microbial biomass.

Rgmic2 ~ MAN(O.Rspecific2-Rmmic2) {g C Mg 'soil h''}
DOCUMENT: Growth respiration of microbial biomass.

Rgmic3 - MAN(O.Rspecific3-Rmmic3) {g C Mg 'soilh™'}
DOCLUMENT. Growth respiration of microbial biomass.

Rgresmic!  0.45*Rgmicl {g C Mg'soilh}
DOCUMENT: Growth respiration of resistant microbial biomass
0.45 - fraction of active biomass which is resistant.

Rgresmic2  0.45*Rgmic2 {g C Mg 'soilh™'}
DOCUMENT: Growth respiration of resistant microbial biomass
0.45 fraction of active biomass which is resistant.

Rgresmic3 - 0.45*Rgmic3 {g C Mg'soilh'}
DOCUMENT: Growth respiration of resistant microbial biomass
0 45 fraction of active biomass which is resistant

RimmN14 Zmin N14
DOCUMENT: Rate of .N14 immobilization

RimmN1S$  Zmin XI1S§
DOCUMENT: Rate of .N15 immobilization.

Rmic ¢ Rmic C' - Rmic C" - Rmic C™ - Rmic C™ - Rmi¢ C™ - Rmic C™ {gC Mg'soilh"}
DOCUMENT: Total microbial respiration rate.

Rmic €'~ Rmlabmict-Rglabmicl {g C Mg'soil h''}
DOCUMENT: Maintenance and growth respiration of labile microbial biomass.

Rmic C" - Rmresmicl -Rgresmicl {g C Mg 'soifh™'}
DOCUMENT: Maintenance and growth respiration of resistant microbial biomass.

Rmic C™ - Rmlabmic2-Rglabmic2 {g C Mg'soil h"'}
DOCUNENT: Maintenance and growth respiration of labile microbial biomass.

Rmic €™ = Rmresmic2-Rgresmic2 {g C Mg'soith™'}
DOCUMENT: Maintenanoe and growth respiration of resistant microbial biomass

Rmic €™ -~ Rmlabmic3-Rylabmic3 {g C Mg'soilh'}
DOCUMENT: Maintenarnice and growth respiration of labile microbial bion ass.

Rmic C™ - Rmresmic3-Rgresmic3 {g C Mg'soilh”'}
DOCUMENT: Maintenance and growth respiration of resistant microbial b omass

Rmicm(C = Usoll C-Usol2 C-Usol3 C
DOCUMENT: Rate of input of non-plant residue C into microbial biomass.

RmicinN14 - Usoll N14-Usol2 N14-Usold N14
DOCUMENT: Rate of input of non-plant residue N14 mto microbial biomass

RmicinN15 = Usoll N15-Usol2 N15-Usol3 N15
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DOCUNMENT  Rate of mput of non-plant residue N 1S into microbial bromass

RancowtC  Pmicl C-Dmic2 C-Dmic3 C-Rmic C-Smic €
DOCUMENT  Rate of output from microbia) biomass

RoueountN14  Dmicl N14:-Dmic2 N14-Dmic3 N14-Smic N14
IXX UNMENT: Rate of output from microbial hiomass.

RmicowtN15  Dmicl N15-Dmic2 N15-Dmic3 N15-Smic NI5
NOCUMENT: Rate of output from microbial biomass

RminN14  Mmic N4
DOCUMENT: Rate of N14 mineralization.

RminN15  Mmic NIS
DOCUMENT: Rate of N15 mineralization.

Rmisbmicl  2E-3*labmicl C*im {g C Mg 'soilh”}
DOCUMENT: Maimtenance respiration of labile mna’oblal bnoma&s
2.0F -3 -specific maintenance respiration at 30C {gC g "abmich'}

Rmlabmic2 - 2F-3*labmic2 C*fim {g C Mg'soil b}
DOCUMENT: Mamtenance respiration of labile m:croblal hmmass
2.0F-3 specific maintenance respiration at 30C {gC g 'fabmich™}

Rmlabmic3 -~ 2F-3*labmic3 C*ftm {g C \ig’ soilh}
DOCUMENT: Mamtenance respiration of labile mtcrobxal blama\s
2.0F-3 specific maintenance respiration a1 30C {gC g "abmich'}

Rmmicl  Rmlabmicl - Rmresmic] {g C Nig”milh"}
DOCUMENT: Maintenance respiration of microbial biomass.

Rmmic2 Rmlabmic2 - Rmresmic2 {g C Mg'soilh™!}
DOCUMENT: Maintenance respiration of microbial biomass.

Rmmic3  Rmlabmic3 - Rmresmic3 {g C Mg'soil h''}
DOCUMENT: Maintenance respiration of microbial biomass.

Rmresmicl - 1.0E-4%resmicl C*fim {g C Mg 'soil h'
DOCUNENT: Maintenanoe respiration of resistant mlcroblal bxomass
1.0F -4 - specific maimenance respiration at 30C {gC g 'resmic Ch'}

Rmresmic2  1.0E-4%resmic2 C*fim {g C Mg'soil h''y
DOCUMENT: Maintenance respiration of resistam mxcmblal hlomass
] Ok-4 specific maintenance respiration at 30C {gC g 'resmic C h''}

Rmresmicd  1.0E-4*resmicd C*fim {g C Mg'soilh™}
DOCUMENT. Mamtenance respiration of resistant rmaob:al blomzm
1.0E-4 specific maintenance respiration at 30C {gC g 'resmicCh'}

Repevifict - IF(solublel C -0)

THEN(. 2“awmcl C*((solublel C avail H20) (soluble] C avail H20-Csoll_C))*fig*(actmicl NC (actmicl NC-0.044))) ELSE
(0) {2 C Mg'soith'}

DOCUMENT  Specific respiration given concentration of soluhle substrate.

0.25 growth respiration at saturating soluble C and 30C {g C g'actmic Ch™'}

0.044 active microbial N:C ratio (C:N of 22.5) at which respiration is 0.5 of maximum {g N g’ 'Cy

Rq"cciﬁd - ().25‘aamic2 C*((soluble2 Cavail H20)(soluble2 C avail H20-Csol2_C))*fig*(actmic2 NC-(actmic2 NC-0.044))
{g C Mg 'soith}

DOCUMENT: Specific respiration given concentration of soluble substrate.

0.25 growth respiration at saturating soluble C and 30C {g C g'actmic C h''}

0.044 active microbial N:C ratio (C:N of 22.5) at which respiration is 0.5 of maximum {g N g’ 'cy

Rspeciﬁd 0.25*actmic3 C*((soluble3 C avai! H20) (soluble3_C avail_H20-Csol3_C))*fig®(actmic3 NC (actmic3 NC-0.044))
{2 C Mg'soilh'}

DOCUMENT: Specific respiration given concentration of soluble substrate.

0.25 growth respiration at saturating soluble C and 30C {gC g’ laamic C h'}

0.044 active microbial N:C ratio (C:N of 22.5} at which respiration is 0.5 of maximum {g N g’ 'cy

AMmic N14 - Mmic NI - Mmic N14" - Mmic N14™ - Mmic_N14™ - Mmic_N147 - Mmic_N147 {g N14 Mg’ 'soilh''}
DOCUMENT: Toal microbial mineralization rate.
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Smic € Smic C' - Smic C* - Smic C™ - Smic €™ - Smic €™ - Smic C™ {g C Mg'soilh '}
DOCUMENT: Total microbial stabilization rate.

Smic €'+ Habmicl C*(clay (0.40~clay)) {gC Mg'soith"}
DOCUNMENT: Rate of stabilization of mactivated labile nu.. obial biomass i passive organic matter.
0.40 clay content at which stabilization is 0.5 of inadtivation rate

Smic C” - Iresmicl C*(clay (0.40-clav)) {g C Mg'soil b}
DOCUMENT: Rate of stabilization of inactivated resistant microbial biomass in passive organic matter,
0.40-clay content at which stabilization is 0.5 of mactivation

Smic C™ = llabmic2_C*(clay (0.40-clay)) {g C Mg'soil h'}
DOCUMENT: Rate of stabilization of inactivated labile microbial biomass in passive organic matter.
0.40-clay content at which stabilization is 0.5 of inadtivation rate

Smic C™ = Iresmic2_ C*(clay (0.40~clay)) {g C Mg'soit h''}
DOCUNMENT: Rate of stabilization of inactivated resistant microbial biomass in passive organic matter
0.40- clay content at which stabilization is 0.5 of inactivation

Smic C™ = Hlabmic3_C*(clay (0.40-clay)) {2 C Mg''soil h''}
DOCUMENT: Rate of stabilization of inactivated labile microbial biomass in passive organic matter.
0.40 clay content at which stabilization is 0.5 of nactivation rate

Smic C™ - Iresmic3 C*(clay (0.40~clay)) {g C Mg'soilh™'}
DOCUMENT: Rate of stabilization of inactivated resistant microbial biomass in passive organic matter.
0.40 clay content at which stabilization is 0.5 of inactivation

Smic N14 - Smic N14' - Smic_N14" - Smic N14™ - Smic_ N14™ - Smic N14™ - Smic N14™ {g N14 Mg 'soilh'}
DOCUMENT: Total microbial stabilization rate.

Smic N14' - Smic C*(labmic! N labmicl C)*(labmicl N14 labmicl N){g Ni4 Mg'soilh'}
DOCUMENT: Rate of stabilization of inactivated labile microbial biomnass N in passive organic matter.

Smic N14" = Smic_C™*(resmic3_N-resmic3 _C)*(resmic3 _N14 resmic3 N) {g N14 Mg'soilh'}
DOCUMENT: Rate of stabilization of inactivated resistant microbial biomass in passive organic matter.

Smic N14" = Smic C™*(labmic3 N labmic3 C)*(labmic3 N14labmic3 N){gN14 Mg'scilh™}
DOCUMENT: Rate of stabilization of inactivated labile microbial biomass N in passive organic matter.

Smic NI14™ = Smic C™*(resmic2 N resmic2 C)*(resmic2_Nl4wvesmic2 N) {g N14 Mg'soil h'}
DOCUMENT: Rate of stabilization of inactivated resistam microbial biomass in passive organic matter.

Smic N14™ = Smic C**(labmic2 Nlabmic2 C)*(labmic2 N14labmic2 N) {g N14 Mg scilh"'}
DOCUMENT: Rate of stabilization of inactivated labile microbial biomass N in passive organsc matter.

Smic N14™ = Smic_C"*(resmicl N resmicl C)*(resmicl Nl4resmicl N){g N14 Mg'scil h'y
DOCUMENT: Rate of stabilization of inactivated resistant microbial biomass i passive organic matter.

Smic N15 = Smic N15' - Smic N15" = Smic N15™ - Smic N15™ - Smic N15™ - Smic N15™ {g N15 Mg'soilh'}
DOCUNENT: Total microbial stabilization rate.

Smic N15' = Smic C*(labmicl N labmicl C)*(labmicl N15labmicl N) {g N Mg e uh™}
DOCUMENT: Rate of stabilization of mactivated labile microbial biomass N in passive organic matter.

Smic N15" = Smic C™*(resmicl N'resmicl C)*resmicl_N15tesmicl N){gNI1$ \g'soil h'y
DOCUMENT: Rate of stabilization of inactivated resistant microbial biomass in passive organic matter.

Smic N15™ = Smic C™*(labmic2 N labmic2 C)*(labmic2_N15Tabmic2 N) {g N Nig"soil h'}
DOCUMENT: Rate of stabilization of inactivated labile microbial biomass N in passive organic mauer.

Smic N15™ - Smic_C™*(resmic2 N resmic2 C)*(resmic2 N15resmic2 N) {g N15 Mg'soilh"'}
DOCUMENT: Rate of stabilization of inactivated resistam microbial biomass in passive organic matter.

Smic N15™ = Smic_C™*(labmic3_XN labmic3_C)*(labmic3_N157abmic3 N) {g N\ Mg'soith"}
DOCUMENT: Rate of stabilization of mactivated labile microbial biomass N m passive organic matter.

Smic N15™ - Smic C™*(resmic3 N resmic3 Cy*(resmic3_N15 resmic3_N) {g N15 Mg'soith'}
DOCUMENT: Rate of stabilization of inactivated resistam microbial biomass m passive organic matier

Umicl C = Usoll_C'{gC Mg'soilh™'}
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.



Umicl N4 Usoll N1
DOCUMENT. Rate of uptake of soluble substrate by microbial bromass.

Cmicl N1S Usoll NIS
DOCUMENT Rate of uptake of soluble substrate by microbial biomass

Umc2 ¢ Usol2 C{gC Mg 'soilh'}
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass

Umic2 N14 Usol2 N1
DOCUMENT: Rate of uptak e of soluble substrate by microbial biomass.

Umic2 N15 Usol2 NT§
DOCUNMENT: Rate of uptake of soluble substrate by microbial biomass.

Umic3 € Usold C' {gC Mg 'soil by
DOCUNMENT: Rate of uptahe of soluble substrate by microbial biomass.

Umic3 N4 - Usol3 N1¥
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Umic3 NIS  Usol} NIS
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usoll € MIN(Rmmicl.Rspecificl )+ (Rgmicl (1-efl1)) {g C Mg'soilh'}
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usoll ¢* Usoll C
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usoll N14 MIN(<uiablel N14.Usoll C*(soll N solublel C)*(soluble] N14 soll Ny {g N14 Mg'soil h'
DOCUMENT: Rate of uptake of solubie substrate by microbial biomass

Usoll N14° Usoll N14
DOCUNMENT: Rate of uptahe of soluble substrate by microbial biomass.

Usoll NIS  MDN(solublel N15.Usoll C*(soll N solublel C)*(soluble] N15soll N)){gN15\g'soilh'}
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usoll N1S8' Usoll NIS
DOCUNENT. Rate of uptake of soluble substrate by microbial biomass.

Usol2 ¢ MIN(Rmmic2.Rspecific2)-(Rgmic2 (1-ef2)) {g C Mg'soil h'}
DOCUMENT: Rate of uptake of soluble substrate by microhial biomass.

Usol2 (" Usol2 C
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usol2 N4 MIN(soluble2 N14.Usol2 C*(s0l2 N soluble2 C)*(soluble2 N14s0l2 N)) {g N14 Mg'soilh '}
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usol2 N14'° Usol2 N4
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usol2 N1$ - MIN(soluble2 N15.Usol2 C*(sol2 N soluble2 C)*(soluble2 N15s0l2 N)) {g N15 Mg'soilh”}
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usol2 N1§ - Usol2 N15§
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usol3 € - MIN(Rmmic3.Rspecific3 )+ (Rgmic3 (1-eff3)) {g C Mg 'soil b}
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass.

Usol3 ¢ U'sold C
DOCUMENT. Rate of uptake of soluble substrate by microbial biomass.

Usol3 N14  MIN(solubled N14,Usol3 C*sol3 N solubled C)*(soluble3 N14s0l3 N)) {g N14 Mg'soilh'y
DOCUMENT: Rate of uptake of solubie substrate by microbial biomass.

Usol3 N14'- Usold N4
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DOCUMENT: Rate of uptake of soluble substrate by microbial biomass

Usol3 N1§  MIN(soluble3 N15.Usol3 C*(sol3 N solubled Cy*(solubled N1Ssol3 N)) g N15 Mp'sol b '}
DOCUMENT: Rate of uptake of soluble substrate by microbial biomass

Usold N15 - Usol3 N1S
DOCUMENT: Rate of uptahe of soluble substrate by microbial hiomass.

Ustglabl € - 0.55%(0.002*stgmicl C*fig) {gC Mg soith'}
DOCUMENT: Uptake of storage carbon by labile microbial biomass
0.55- fraction assigned to labile microbial biomass

0.002-specitic rate of ranster {h'}

Ustglab2 C = 0.95%(0.002*stgmic2 C*fig) {g C Mg'soith'}
DOCUMENT: Uptake of storage carbon by labile microbial biomass.
0.55 fraction assigned to labile microbial biomass

0.003 - specific rate of transfer {h''}

Ustglab3 € - 0.55%(0.002*sigmic3 C*fig) {g C Mg'soilh}
DOCUMENT: Uptake of storage carbon by labile microbial biomass.
0.55- fraction assigned to labile microbial biomass

0.002 =specific rate of transfer {h'}

Ustgresl € = 045%0.002*sgmicl C*fg) {g C \Mg'soilh'}
DOCUMENT: Uptake of storage carbon by resistant microbial biomass
0.45 fraction assigned to resistant biomass

0.002 specific rate of transfer {h''}

Ustgres2 € - 0.45%0.002*sgmic2 C*fig) {g C Mg'soith'}
DOCUMENT: Uptake of storage carbon by resistant microbial biomass
.45 - fraction assigned to resistant bismass

0.002 - specific rate of transfer {h'}

Ustgresd € - 0.45%(0.002*gmic3_ C*ftg) {g C Mg soil b}
DOCUMENT: Uptake of storage carbon by resistant microbial biomass.
0.45- fraction assigned to resistant biomass

0.002 - specific rate of transfer {h'}

Zlabl N14 - [F({labmicl C labmicl N -4.5) THEN(MIN(mineral N14,(labmicl C 4.5-labmicl N)*(mincral N14 mmeral
ELSE(0) {g N14 Mg 'soith '}
DOC MENT: Rate of immobilization of mineral X by labmic C.

Zlabl N15 = IF(labmic] C labmic] N +4.5) THEN(MIN(mmeral N15.(Jabmicl C 4 S-labmicl N)*(tmineral N1S mineral
ELSE(0) {g N15 Mg 'soil b}
DOCUNMENT: Rate of immobilization of mineral N by labmic.

Zlab2 N14 - IF(labmic2 C labmic2 N 4.5) THEN(MIN(mineral Ni4.(labmic2 € 4.5-labmic2 N)*(mmeral N14 mineral
ELSE(0) {g N14 Mg'soil h'}
DOCUMENT: Rate of immobilization of mineral N by labmic C.

Zlab2 N15 - IF(labmic2 C labmic2 N 4.5) THEN(MIN(mineral N15.(labmic2 € 4.5-labmic2 N)*(nmneral N15 muncral
ELSF(0) {g N15 Mg 'soilh '}
DOCUMENT: Rate of immobilization of mineral N by labmic.

Ziab3 N14 - IF(labmic3 C labmic3 N 4.5) THENOMIN(mineral N1d(labmic3 € 4.5-labmic3 N)y*(mincral N14 mmneral
ELSE(0) {g N14 Mg 'soil h''}
DOCUMENT: Rate of immobilization of mineral N by lsbmic C.

Zlab3 N15§ = IF(labmic3 C fabmici *. 4.5) THEN(MIN(mineral N15.(labmic3 C 4.5-labmic} N)*(mmeral N1S mmeral
ELSE(0) {g N15 Mg 'soil h''}
DOCUMENT: Rate of immobilization of mineral N\ by labmic

Zmicl N14 - Zlabl N14-Zresl N14 {g N14 Mg'soilh'}
DOCUMENT: Rate of immobilization of mineral N by microbial biomass.

Zmicl N15 - Zlab! N15-Zresl N15 {gN15Mg'soilh'}
DOCUMENT: Rate of immobilization of mineral N by microbial biomass.

Zmic2 N14 - Z1ab2 N14-Zres2 N14 {g N14 Alg'soilh'}
DOCUMENT: Rate of immobilizatic.s of mineral N by microbial biomass.

N

N

N

Ny

N

N
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Zmi2 N1S  Z1ab2 NIS-Zres2 N1S (g N1S Mg soith'}
1Y UNMENT  Rate of immobilization of mineral N by microbial biomass.

7mid N14 o Ziabd N14-Zres3 N14{g N14 Mg'soilh'}
IXX UNMENT  Rate of immobilization of mineral N by microbial biomass.

Zmicd Ni$ Zlab3 N15-Zres3 N1S {g N1S Mg'soilh'}
POCUMENT Rate of immobilization of mineral N by microbial biomass.

/mmn N4 Zmict N14- mic2 Noa /micd N14 {g N14 Mg lsoit b}
DOCUNMENT Total micreoal immobilizaton rate.

Zmin N1+ Zmin N14

/min N1S Zmuic) N1S-7Zmic2 N15-Zmied N1S{giic . "soilh'}
DOCUMENT  Tota) microbial immobilization rate.

Zmm N1% Zpun N1S

Zres] N14 IF@resmic] Cresmicl N 7.5) THEN(MIN(mineral N14.(resmicl _C 7.5-resmicl_N)*(mincral Ni4 mineral N)))

ELSE(0) g N14 Mg 'soilh '}
DOCUNMENT: Rate of immobilizauon of mineral N by resmuc C.

Zresl N15 IFresmicl € resmic] N 7.5) THEN(MIN(mineral N15.(resmic] C 7.5-resmicl N)*(mmncral N15 mmeral N)))

ELSE() {g N15 Mg 'soil b}
DOCUMENT: Rate of immobilization of mineral N by resmic.

7res2 NI4 IF(resmic2 C resmic2 N 7.5) THEN(MIN(mineral N14.(resmic2_C 7.5-resmic2_N)*(mincral N14 mineral N)))

ELSL(0) {g N14 Mg 'soilh '}
DOCUMENT. Rate of immobilization of mineral N by resmic C.

7res2 N15 IF(resmic? C resmic2 N 7.5) THEN(MIN(mineral N1Saresmic2 C 7.5-resmic2 N)*(mineral N15 mineral N\)))

ELSE(0) {g N15 Mg'soilh 'y
DOCUMENT . Rate of immobilization of mineral N by resmic.

Zresd N14 [F(resmic3 C resmic3 N 7.5) THEN(MIN(mineral N14.(resmic3_C 7.5-resmic3 N)*(minerzl_N14 mineral N)))

ELSE(0) {g N14 Mg'soith '}
DOCUMENT. Rate of immobilization of mineral N by resmic C.

Zresd N15 IF(resmic3 € resmicd N 7.5) THEN(MIN(mineral N15.(resmic3 € 7.5-resmic3_N)*(mineral N15 mineral N)))

ELSE( {g N15 Mg 'soil 'y
DOCUMENT  Rate of immobihization of mineral N by rosmie,

Converters
adive atab  adtive N15adive N {gN15g'N}
adive N adive N1d-adive N15 {g N Mg'soil}

agive rec  IF(TplamtN15 m -0) THEN(adtive N*(active_atab-nat_atab) Tpiamt\15_in)*100 ELSE(0) {0}
DOCUMENT Recovery of plamt residue N15 in aitive organic matter

admic ¢ aamicl C-aamic2 C-aamic3 C {gC Mg'soil}
DOCUMENT: Total active microbial biomass.

aamicl C - fabmicl € 0.55 {g C Mgsoil}
DOCUMENT Adtive microbial biomass is $5% labile.

aarmicl NC  (labmic]l N-(aamicl C-labmici C) (resmicl C resmicl_N)) acmicl_C {g N g'Cy
DOCUMENT: N:C ratio of active microbial biomass.

samic2 C - labmic2 € 0.55 {gC Mg'soil}
DOCUMENT: Active microbial biomass is $5% labile.

aamic2 NC - (labmic2 N-(actmic2 C-labmic2 C)(resmic2_C resmic2_N))aamic2_C {g N g'cy
DOCUMENT: N:C ratio of active microbial biomass.

aamic3 € labmic} C 0.55 {g C Mg 'soil}
DOCUMENT: Adive microbial biomass is $5% labile.
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actmicd NC - (labmic3 N-(aamic3 C-labmic3 C)(resmic3_C resmic3 N))aamic3 C {gNg'C}
DOCUMENT: N:C ratio of active microbial biomass

adsorbed atab - adsorbed N15 adsorbed N {gN15g'N}
adsorbed N -~ adsorbed N14-adsorbed N15 {g N Mg'soil}

adsorbed rec - IF(TplamN15 in-0) THEN(adsorbed_N*(adsorbed atab-nat_atab) TplamtN15 in)*100 ELSE(0) {®0}
DOCUMENT: Recovery of plant residue N15 in adsorbed component.

avail H20 = soil H20-unavH20 2 {Mg H20 Mg dry soil}
DOCUNMENT: Soil water held at patentials above -50MPa and. therefore. avatlable for microbial use

car_atab = IF(carbohy N15 -0} THEN(carbohy N15 car_ N)ELSE 0 {g N15g'N}
car N = carbohy N14-carbohy N15 {g N Mg'soil}

car rec = IF(TplamN15_in-0) THEN(car_N*car atab TplantN15_n)*100 ELSE(0) {°0}
DOCUMENT: Recovery of plant residuc N15 in carbohvdrate.

crCN = 500 {g C g'N}
DOCUMENT: Carbohvdrate C:N ratio.

cel atab - IF(cellulose N15 -0) THEN(cellulose N15 oel_ N)ELSE 0 {g N15 g'\}
ol N - cellulose N14-cellulose N15 {g N Mg'soil}

cel rec = IF(Tplam\15_in~0) THEN(cel N*cel atab TplantN1S in)*100 E1SE(0) {0}
DOCUNMENT: Recovery of plant residue N15 m cellulose.

clCN = 500 {gC g'N}
DOCUMENT: Cellulose C:N ratio.

clay - 0.47 {Mg Mg 'soil}
DOCUMENT: Soil clay content.

Csall C = 35 {g C Mg'avail H20}
DOCUMENT: Concentration of soluble C {on an available H20 basis} when growth respiration is 0.5 of maximum.

Csol2 C = 35 {g C Mg'avail H20}
DOCUNMENT: Concentration of soluble C {on an available H20 basis} when growth respiration is 0.5 of maximum.

Csol3 € - 35 {g C Mg'avail H20}
DOCUMENT: Concentration of soluble C {on an available H20 basis} when growth respiration is 0.5 of maximum

effi - 0.6
DOCUNMENT: Microbial efficiency of substrate utilization.

eff2 - 0.6
DOCUMENT: Microbial efficiency of substrate utilization.

eff3 - 0.6
DOCUMENT: Microbial efficiency of substrate utilization.

fearC = 0.17 {gC g'plam C}
DOCUMENT: Fraction of plant residue which is carbohydrate.
Total residue C - (protein C - cellulose C - lignin C)

foelC = 0.40 {g C g’'plamt C}
DOCUMENT: Fraction of plamt residue whidh is cellulose.
Measured (ccllulose ~ hemicellulose)

fdadtiveC = adtive_C (adtive_C-75%(1.0~(actmic_C avail_H20)25))*(active C.(active C-passive C)) {dimensionless;
DOCUMENT: Density function for decomposition of active soil organic matter.

75=\lichaelis constant for decomposition of active soil OM carbon {g C Mg 'soil}

40=inhibition constant for active soil fraction {g C Mg avail H20}

fdadsorbedC = adsorbed _C (adsorbed_C-75%(1.0~(actmic_C-avail_H20) 25)) {dimensionless;
DOCUMENT: Density function for decomposition of adsorbed organic matter.

75=Michaelis constant for decomposition of adsorbed C {g C Mg 'soil}

25=inhibition constant for adsorbed C {g C Mg 'avail H20}
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fdmicorC  Tmiccor € (Triceor C-75%(1.0-(aamic C avail H20) 25)) {dimensionless}
DOCUMENT: Densits fundtion for decomposition of microbial residuc.

75 \ichachs constamt for decomposition of microbial residue carbon {g € Mg'soil}

25 mhibition constant for microbial residue {g C Mg 'avail H20}

fdpasaveC  passive C-(passive C-75%1.0-(aamic C: -avail H20) 25))¥%(passive C (active C-passive C)) {dimensionless
POCTUMENT: Density function for dwmnposmon ofpa%snc soil osganic matter.

75 Nichaehs constant for decomposition of passm: s0il OM carbon {g C Mg'soil}

40 mhibition constant for passive fraction {g C Mg’ ‘avail H20}

fdplantC  TplantC(TplantC - 75%(1.0 -(actmic C avail H20) 25)) {dimensionless}
DOCUMENT: Density function for decomposition of plant residue.

75 Michaelis constant for decomposition of plam residue carbon {g C Mg'soil}

20 mhibition constant for plant residue {g C Mg 'avail H201}

figC 0.07 {gC g'plm C}

DOCUMENT: Fraction of plant residuc which is lignin.
Mcasured

fproC 036 {gC g'plam C}

DOCUMENT: Fradion of plant residue whidh is protein.
Measured (N x 6.25)

faorage 0 {gCg'Cl
XX UMM ~T: Fradion of residuc C uptake which is stored by microbial biomass.

fig Th*(EXP(17.1127-57500 (Tk*%.3295))) (1-EXP((192500-710%Tk) (Tk*8.3295))-EXP((710*Tk-222500) (Th*8.3295)))

{dimensionicss }

DOCUMENT: Temperature function (Arrhenius equation) for growth related processes.
17.1127 p--meter selected such that fig - 1.0 at 30C

§7500 energy of activation {J mol'}

8.3295 universal gas constant {J mol' K}

192500 energy of low temperature deactivation {J mol! }

222500 energy of high tcmpcrawrc deagivation {Jmol'}

710 change in entropy {Imol’ K}

fim  0.J4*EXP(0.067%(Tk-273.16)) {dimensionless}
DOCUMENT: Temperature fundtion for maintenance processcs.
0.14 parameter selected such that fim - 1.0 at 30C

0.067 parameter seleted to give a Q10 of 2

INI'lmin N 5 {g N Mg'soil}
DOCUMENT: Initial soluble mineral N content of soil.

labeor] atab - IF(labeor] N -0) THEN(labeor! N1§ laboorl N)ELSE(0) {g N15 g'N}
labeor} N - labeor] Ni4-labeorl N15 {g\ Mg'soil}

laboor! rec  IF(TplantN15 in -0) THEN(laboor]l N*(labeor] atab-nat atab) TplamN15_in)*100 ELSE(0) {°o}
DOCUMENT Recovery of plant residue N15 in labile microbial corpses.

labeor2 atab - laboor2 N15laboor2 N {gN15g'N}
labeor2 N labcor2 Ni4-labcor2 N1§ {g N Mg'soil}

laboor2 rec  JF(TplamN15 in -0) THEN(labcor2 N*(labcor2 _atab-nat atab) TplamtN15 in)*100 ELSE(0) {6}
DOCUMENT: Recovery of plamt residue N15 in Jabile microbial corpses.

laboor3 atab - labeor3 N157aboor3 N {gN15 2'N}
laboord N - labeord Nld-laboord N1¢ {g N Mg 'soil}

labcord rec  IF(TplantN15 in-0) THEN(laboor3_ N*(labcor3_atab-nat_atab) TplamtN15 in)*100 ELSE(0) {%}
DOCUMENT: Recovery of plant residue N15$ in labile microbial compses.

labmici atab - IF(labmicl N -0) THEN(labmicl N15labmicl_N)ELSE (0) {g N15 g'Ny
labmic) N labmicl NI14-labmicl N1§ {g N Mg soil}

labmicl rec  IF(TplantN15 in~0) THEN(labmicl N*(labmicl_atab-nat_atab) TplantN1S in)*100 ELSE(0) {®o}
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DOCUMENT: Recovery of plant ressdue N15 in labile microbial biomass
JabnucZ atab - labmic2 N1$ labmic2 N {g N15g'N}
labmic2 N - labmic2 N14-labmic2 N15 {g N Mg soil}

labmic2 rec = IF(TplantN15 in ~0) THEN(labmic2 N*(labmic2 aab-nat atab) TplantN15 n)*100 ELSE@) {*o!
DOCUMENT: Recovery of plant residue N15 in fabile microbial biomass.

labmic3 atab = labmic N15 labmic3 N {gN15g'N}
labmic3 N - labmic3 N14-labmic3 N1S {gN Mg 'soil}

labmic3 rec = IF(TplantN15 i -0) THEN(Jabmic3 N*(labmic3 atab-nat atab) TplantN1S m)* 100 ELSE(0) {®o}
DOCUMENT: Recovery of plant residue N15 in labile microbial biomass.

lig_atab = IF(lignin N15°0) THEN(ignin N1 lig N)ELSE 0 {gN15g'N}
lig N = lignin N14-lignin_N15 {g N Mg"soil}

lig rec = IF(TplantN15_in ~0) THEN(lig N*lig atab TplamN15 i *100 ELSE(0) {%0}
DOCUMENT: Recovery of plant residue N15 in lignin.

HgCN = 100 {g C g'N}
DOCUMENT: Lignin C:N ratio.

mic atab - ((mic rec 100*plantN15 in mic N)-0.003663)*100 {®0;

mic CN - mic C mic_N {gC g"'N}

DOCUMENT: Microbial biomass C

Nratto.

mic N - labmicl N-labmic2 N-labmic3 N-resmicl N-resmic2 N-resmic3 N e N Mg'soil}
PplantC - actmic_C*fdplantC*fig {g acmic C Mg 'soil}

DOCUMENT: Potential decomposition of plant residue.

mic rec = micl rec-mic2_rec-mic3_rec {0}

micl CN = (labmicl_C-resmicl_C-stgmicl_C)(labmicl N-resmicl N) {gC g'Ny
DOCUMENT: Microbial biomass C:N ratio.

micl N = labmicl_N-resmicl N {gN Mg'soil}

mic2 CN - (Jabmic2 C-resmic2 C-stgmic2 C) (labmic2 N-resmic2 N) {gC £'Ny
DOCUMENT: Microbial biomass C.N ratio.

micl rec = labmicl _rec-resmicl rec-labeor] rec-rescorl rec {¥o}

mic2 N - labmic2 N-resmic2 N {g N Mg'soil}

mic3 CN = (labmic3 C-resmic3 C-stgmic3_C)(labmic3 N-resmic3 N) {gC g'N}
DOCUMENT: Microbia! biomass C:N ratio.

mic2 rec = labmic2 rec-resmic2 rec-labeor2 rec-rescor2 rec {®of

mic3 N = labmic3 N-resmic3 N {gN Mg 'soil }

mic C = labmicl C~labmic2 C-labmic3_C-resmic] C-resmic2 C-resmic3 C-stgmicl C-stgmic2 C-stgmic3 € {g C Mg 'soil}
DOCUMENT: Total microbial C.

mic3 rec = labmic3_rec-resmic3 rec-labeord rec-rescord rec {€o}

min_atab = mincral_atab*100 {®o}

mineral atab = IF(mineral N>0) THEN(mineral N15 mineral N)ELSE (0) {g N15 g'N}

mineral N = mineral N14-mincral N15 {g N Mg'soil}

mineral_rec = IF(TplantN15 in »0) THEN(mineral N*(mineral atab-nat atab) TplantN15 ;n)*100 ELSE(0) {®¢}
DOCUMENT: Recovery of plant residue N15 m mmerai N

nat_atab = 0.003663 {g N15 g'N}
DOCUMENT: Natural N15 atom abundance.
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NMO) rec passive ree-adive rec-soluble ree- adsorbed rec {90}

orgamc C 14500 {g C Mg 'soil}
DOCUMENT  Soil organic carbon coment.

passive atab  passive N5 passive N {eN1Sg'N}
passise N passive Nl14-passive N15{gN Mesoily

passive ree  JF(TplamN1S$ in -0; THEN(passive N*(passive atab-nat atab) TplamN15 in)*100 ELSE(0) {%]
DOCUNENT: Recovery of plamt residue N15 in passive organic matter.

plant atab 004473 {g N15g'N}
DOCUMENT: Plam residue NS atom abundance.

plant Cin  PULSE(0.0.9000) {g C Mg 'soil. time of addition. time of next addition}
DOCUMENT: Plam residue C added to soil.

plant CN  (fproC - fearC - feelC - fligC) (fproC proCN-fearC carCN-feelC celON- fligC ligCN) {g C 2Ny
DOCUNENT: Plant residue C:N ratio.

plant Nin  pro C proCN-car C carCN-cel C ICN-Jig CHgCN {gN Mg 'soilh'}
plant rec pro rec-car rec-cel rec-lig rec {%o}

pro atab  [F(protein N15 -0) THEN(protein N15pro N)ELSE 0 {g N15 g"'N}

pro N protein N14-proten N15 {g N Mg 'soil}

pro rec  IF(TplantN15 in 0) THEN(pro N*pro atab TplamtN15S in)*100 ELSE(0) {0}
DOCUMENT. Recovery of plant residue N15 m protemn.

proCN 3125 (g Cg'N}
DOCUMENT: Pratein C:N ratio.

Qadsorb  ((2*TadsorbentC)*0.001*(((2*(soluble]l C-soluble2 C-soluble3 C)) avail H20) 0.85)) 2 {g C Mg'soil}

DOCUMENT: Equilibrium amount of adsorbed organic C given amount in solution. This equation was formulated on a drv matter basis

0.001 -partitioning coefficient between aqueous and sorbed fraction { Mg H20 \Mg'soil}
0.85 Freundhich exponenT:2*TadsorbentC - Tadsorbent drv matter

2*soluble C soluble rv matter

rescorl atab  IF(rescor] N -0) THEN(res>orl N1S5 rescorl N)ELSE (0) {g N15 g'N}
rescor] N rescor] Nid-rescor] N1S {g N Mg'soil}

rescorl rec - IF(TplantN15 in -0) THEN(rescorl N®(rescor] atab-nat_atab) TplantN'15_in)*100 ELSE(O) {%0}
DOCUMENT: Recovery of plant residuc N15 in resistant microbial corpses.

rescor? atab - rescor2 N15rescor2 N {g N15g'N}
rescor2 N - rescor2 N14-rescor2 N15 {g N Mg'soil}

rescor2 rec - IF(TplamtN1S in -0) THEN(resoor2 N*(rescor2 atab-nat_atab) TplanmtN15_n)*100 ELSE(0) {0}
DOCUMENT: Recovery of plant residue N1S in resistamt microbial corpses.

rescord atab - rescor3 N1Srescord N {gN15g'N}
rescord N - rescord N14-rescor3 N15 {g N Mg 'soil}

rescord rec  IF(TplamN15 in ~0) THEN(rescor3 N*(rescord atab-nat _atab) TplamtN15 _in)*100 ELSE(0) {0}
DOCUMENT: Recovery of plant residue N15 in resistant microbial corpses.

resmicl atab - IF(resmicl N~0) THEN(resmicl N15-resmicl N)ELSE (0) {g N15 g'N}
resmicl N resmicl N14-resmicl N15 {g N Mg'soil}

resmic] rec = IF(TplamtN15 m -0) THEN(resmicl N*(resmicl atab-nat_atab) TplamtN15_m)*100 ELSE(0) {0}
DOCUMENT: Recovery of plant residue N1 S in resistant microbial biomass.

resmic2 atab - resmic2 N1S§resmic2 N {gN15g'N}
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resmic2 N - resmic2 N14-resmic2 N15 {gN Mg'soil}

resmic2 rec - IF(TplamN1$ m -0) THEN(resmic2 N*(resmic2 atab-nat atab) TplantN15 in)*100 E1SF(O) {°0}
DOCUMENT: Recovery of plant residue N15 in resistant microbial biomass

resmic3 atab < resmicd N15 resmic3 N {gN15g'N}
resmic3 N - resmic3 N14-resmic3 N15 {g N Mg'soil}

resmic3 rec = IF(TplantN15_in »0) THEN(resmic3 N*(resmic3 atabaat_atab) TplantN15 mn)*100 ELSE(D) (%0}
DOCUMENT: Recovery of plant residue N15 in resistart microbial biomass.

sand 0.25 {Mg Mg 'soil}
DOCUMENT: Soil sand content.

soil H20 = 0.18 {Mg H20 Mg 'drv soil}
DOCUMENT: Soil gravimetric moisture content.

sol 3 atab - soluble3 N15sol3 N {gN15 ¢’N}

sol_3 rec: IF(TplamNi& in-0) THEN(sol3 N*(sol 3 atab-nat_atab) TplamN15 in)*100 ELSE(0) {“o}
DOCUMENT: Recovery of piunt residue N15 in soluble component.

soll atab - soluble] N15soll N {gN15g'N}
soll N - soluble! N14-solublel N15

soll rec = IF(TplantN15 in -0) THEN(soll N*(soll atal-nat atab) TplamN15 m)*100 EI SE(0) {0}
DOCUMENT: Recovery of plant residue N15 in soluble component.

sol2 atab = soluble2 N15sol2 N {gN15g'Ny
sol2 N - soluble2 N14-soluble2 N1

sol2 rec = IF(TplantN15 in -0) THEN(s012 N*(s012 atab-nat atab) TplantN15 m)*100 ELSE(0) %0}
DOCUMENT: Recovery of plant residue N15 in soluble component.

sol3 N - soluble3 N14-soluble3 N1
soluble N - soll_N-sol2 N-sol3 N
soluble rec - soll rec-sol2 rec-sol 3 rec {%}

TadsorbentC = organic C-TplantC«(mic_C) {g C Mg soil}
DOCUMENT: Total C which influences adsorption equilibrium.

temperature = 28 {degrees C}
DOCUMENT: Soil temperature.

Tk - temperature~273.15 {degrees K}
DOCUMENT: Soil tenperature in degrees Kelvin

Tmiccor C = miccor! C~micoor2 C~miccor3_C {g C Mg'soil}
DOCUMENT: Total microbial corpse C.
PHO plant decomposition Submode!

TplantC - protein_C-carbohy C-cellulose C-lignin_C {g C Mg'sail}
DOCUMENT: Total plam C.

umavH20 ! = IF(sand-0.50) THEN{0.051) ELSE(0.013) { Mg H20 Mg's0il}

DOCUMENT: Water held at potentials below -S0MPa (and. therefore. not available to microbes) in sandy and silty soils
0.051-H20 in silty soil at -50\Pa

0.013=H20 in sandy soil at -50MPa

unavH20 2 = IF(clay~0.50) THEN(0.15) ELSE(unavH20 1) {Mg H20 Mg 'soil}

DOCUMENT: Water held at potentials below -50MPa (and, therefore. not available to microbes) in clay soils
0.15=H20 in clay soil at -50\{Pa
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PHO PLANT DECOMPOSITION SUBMODEL

Modifications to the original Phoenix plant decomposition equations (McGill et al.. 1981): Daily rates were converted to hourly rates.
parmeters given separately for baderia and fung) were combmed assuming a 1:4 ratio. parameters given separaiely for soil layers were
oumbined o give a mean for a 15 an soil sample. For example. in fdstr. the value. 13.27. is adjusted from K values of 11.5 for the top 2
em soil laver and 13.56 for the 2-6 am and 64 cm soil lavers so that Kjupnar ~ (2 14) * 11.5 - (12 14) * 13.56 - 13.27. The value. 1 4.
is adjusied from K. valucs of 1.837 for the top 2 an soil laver and 1.37 for the lower layers.

Stocks (PHO)

dum] N14(t) dum! N14(1-dt) - (plamt N14in'-met N14.-sr N14)* dt

INIT duml N4 0 §g N14 Mg'soil}
DOCUMENT: Dummy pool holding incoming plant materials before separating them into structural and metabolic components.

dum! N15@) dum! N15@-dt) - (plant N15in'-met N15-str N15)* dt

INIT duml N15 - 0 {g N15 Mg''soil}
DOCUNMENT. Dummy pool holding mecoming plant materials before separating them into structural and metabolic components

dumC1¢t) - dumCi(t-dt) - (plantC in"-met C-str C)*

INTL dumC1 0 {g C Mg 'soil
DOCUMENT: Dummy pool holding incoming plant materials before separating them into structural and metabotic components

meatabolic Cit) metabolic C(1-dt) - (met € -Uplant C'- Aplant C*)* dt
INTT metabolic € 0 {g € Mg'soil}
DOCUMENT: Metabolic plant residuc

metabolic Ni4(t) - metabolic N14(t-dt) - (met N14-Uplant N14'- Aplant N14)* &t
INIT metabolic N14 - 0 {g N14 Mg'soil}
DOCUMENT. Metabolic plant residue.

metabolic N15(1) metabolic N15(t-dt) - (met N15- Uplant N15- Aplant N15)* &t
INFT metabolic N15- 0 {g N1§ Mg'soil}
DOCUNMENT: Metabolic plant residuc

plant C - strudural C - dumC1 - metabolic €
plant N14  metabohic N14 - duml N14 - structural N14
plant N1§  metabolic N1S - duml N15 - struatural N15

struatural C(t)  structural C(t-dt) - (str C - Uplant_C"- Aplant C')* dt
INIT struaural ¢ 0 {g C Mg 'soil}
DOCUNENT: Structural plant residuc.

dructural N141) - structural N14(t - dt) - (str N14 - Uplant N147- Aplant N147)* dt
INIT srugtural N14 - 0 {g N14 Mg 'soil}
DOCUMENT: Strudtural plant residuc

sruaural N15() - structural N15(t-dt) - (str_N15 - Uplant_N15"- Aplant N15%) * &t
INIT struawral N15 0 {g N15 Mg 'soil}
DOCUNMENT: Structural plant residue.

TplantN1S in(t) - TplantN1$ init - dt) - (FplamiN15 m)* &t
INIT TplantN15 in - 0 {g N1S§ Mg'soil}
DOCUMENT: Total plant residue N15 added to soil (sum of pulsed additions if relevant).

Flows (PHO)

Aplant C - Aplant C' - Aplant_C*
DOCUMENT: Rate of humadification of plant residue.

Aplant ¢ Uplant €"0.975%(1-0.975) {g C Mg 'soil h''}
DOCUMENT: Rate of adsorprion of plant residue structural component.
(1-0.975) -fraction of structural material which is adsorbed

Aplant C* 0.044%Rg*Cmet C*soil H20 {gC Mg soil b}

DOCUMENT: Rate of humadification of plant metabolic component
0.044 rate constam for adsorption {h''}
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Aplant N14 Aplant N14' - Aplant N14"
DOCUMENT: Rate of humadification of plant residuc.

Aplant N14 - (Aplant C" matCN)*(metabolic N4 met N) {g N14 Mg'soilh'
DOCUMENT: Rate of adsorption of plant metabolic component.

Aplant N147 - (Aplant C' arCN)%(structural N14str N) {g N14 Mg 'soilh'}
DOCUMENT: Rate of adsorption of plant residue structural component

Aplant N15 - Aplant N15' - Aplant N15°
DOCUMENT: Rate of humadification of plant residuc.

Aplant N1§ - (Aplant C* metCN)*(metabolic N15 met N) {g N15 Mg wilh'}
DOCUMENT: Rate of adsorption of plant metabolic component.

Aplant N15" = (Aplant € strCN)*(structural N15 stir N) {g N15 Mg 'soilh’'}
DOCUMENT: Rate of adsorption of plant residuc structural component.

FplamN15 in - plant N15m {g N15 Mg 'soilh'}
DOCUMENT: Rate of addition of plant residuc N15.

met C - (1-Fs)*plamC i’ {g C Mg soilh''}
DOCUMENT: Metabolic plant residue entering soil svstem

met N14  (met C maCN)y*(1plant atab) {g N14 Mg'soilh'}
DOCUMENT: Metabolic plant residue entering soil svstem.

met N15  (met C metCN)*plant_atab {g N15 Mg'soith'y
DOCUMENT: Metabolic plant residue entering soil system.

plam Nidin - plant Nin*(1-plant atab) {g N14 Mg 'soilh'}
DOCUNENT: Input of plant residue.

plant N14in' - plant N14in
DOCUMENT: Input of plant residue (lnk between main and submodel).

plamt X15in - plam Nin*plant atab {g N15 Mg 'soilh™'}
DOCUMENT: Imput of plant residue.

plant N15in° plant N15min
DOCUMENT: Input of plant residue (link between main and submodel)

plant Nin - (Fs*plamt Cin) trCN=((1-Fs)*plant Cm) metCN {g N Mg 'soilh'}
DOCUMENT: Single mput of plant residuc N.

str C - Fs*plantC in' {g C Mg 'soilh'}
DOCUMENT: Structural plant residue entering soil system.

sr N14 - (stir C strCON)*(1-plant_atab) {g N14 Mg 'soilh”'}
DOCUMENT: Structural plant residuc entermg soil system.

str N15 - (str C strCN)*plant_atab {g N1S Mg 'soil h''}
DOCUMENT: Structural plam residve entering soil system.

Uplant C - Uplam C' - Uplamt C*
DOCUMENT: Rate of uptake of plamt residuc.

Uplam C' - fig*(0.18*°Cmet C*mic C)(92-Cmet C){gC Mg'soil h'}
DOCUMENT: Rate of uptake of plant residuc metabolic component

0.18 =maximum uptake rate th'}

92-Cmet when uptake is 0.5 of maximum {g C Mg'H20}

Uplamt C* - 0.975%0.0083*ftg*fdstr*fanratio®mic C {g C Mg soith™'}
DOCUMENT: Rate of uptake of plant residue structural component.
0.975 - fraction of structural material taken up by microbes
0.0083=maximum uptake rate of structural component {h'}

Uplam_N14 = Uplant_N14' - Uplamt N14°
DOCUMENT.: Rate of uyptake of plant residue.

Uplant N14' - (Uplamt C’ metCN)*(metabolic N14 met N) {g Ni4 Mg"soil h'}

133



DOCUMENT  Rate of uptake of plant residue metabolic component

Uplant N14™ (Uplant C* srCN)¥(struatural N14str N) {g N14 Mg 'soil h"'}
DOCUMENT  Rate of uptake of plant residue structural component

Uplant N15  Uplamt N15°- Uplamt N15°
DOCUMENT Rate of uptake of plam residue

Uplant NIS' (Uplant ' maCNy*(metabohc N1S met N){gN15 Mg'soilh”}
DOCUMENT: Rate of uptake of plam residue metabolic component.

Uplant N15°  (Uplant C*rCN)*(strudtural N15sr N) {g N1 Mg 'sol h''}
DOCUMENT: Rate of uptake of plant residue structural component.
Converters (PHO)

Cma ¢ 0.586%meabolic C soil H20) 0.161 {g C Mg H20}
DOCUMENT: Solution concentration of plant metabolic component.

fairaio - GRAPH(mic C mic N)
(0.00. 1.00). (5 00. 1.00). (10.0, 1.00), (15.0. 1.00). (20.0. 0.75). (25.0. 0.5). (30.0. 0.00)

DOCUMENT: Factor adjusting for the effedt of microbial C:N ratio on decomposition and uptake of structural plant residue.

fdstr 1 (1-13.27*(mic C strucural C) 1.44)) {dimensionless}
DOCUMENT: Density function for decomposition of structural plant residuc.
13.27 (K1) {dimensioniess}

1.44 (K2) {dimensionless}

Fs (1 plant ON' maCN) (1 rCN metCN) {dimensionless
DOCIUMENT: Fraction of C m the structural components of plant residuc.

ma atab  [Fanaabolic N15 0) THEN¢netabolic N15met N)ELSE 0 {g N15g'N}
mat N matabolic N14-metabolic N15 {g N Mg'soil}

mat ree JR(TplamtN1S in -0) THEN(met N*met atab TplamtN1S m)*100 E1.SE(0) {0}
DOCUMENT: Recovery of plant residue N15 in pratem

malCN  S{gCg'\}
DOCUNENT: C:N ratio of metabolic plant component

plant atab  0.117 {gN15g'N}
PDOCUMENT. Plant residue N15 atom abundance.

plant Cin  PULSE(196.0.9000) {g C Mg 'svil. time of addition. time of next addition}
DOCUNMENT: Plant residuc € added to soil.

plant CN 1713 {gCg'N}
DOCUMENT: Original plant C:N ratio

plant rec met rec-str rec {%of

plamtC in  plamt Cm {g C Mg soil '}
DOCUMENT: Input of plant residue (link between plant input sector and main model)

plantC in' - plantC in
DOCUMENT. Input of plant residue (link between main and submodel).

sr atab  IF(qruawral N15 -0) THEN(gmaural N15sr N)ELSE 0 {gN15g'N}
str N - structural Nl14-strucural N15 {g N Mg 'soil}

gr rec - IF(TplantN1S m 0) THEN(sts N*str_atab TplantN15_in)*100 ELSF(0) {°0}
DOCUMENT: Recovery of plamt residue N15 in carbohydrate.

rCN 1504 Cg'N\y
DOCUMENT: C:N ratio of strudural plant component.

TplamC  metabolic C-structural C {g C Mg 'soil}
DOCUMENT: Total plam C.
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VER PLANT DECOMPOSITION SUBMODEL

Moadifications to the original Verbeme et al. (1990) plant decomposition equations  Daily rates were converted to hourly rates

Stocks (VER)

decomposable C(1) ~ decomposable_C(t - dt) - (dec C-Uplant C7)* &t
iINIT decomposable_C -~ 0 {g C Mg 'soil}
DOCUMENT: Decomposable plant residuc.

decomposable N14(t)  decomposable N14(t-dt) - (dec N1d4-Uplant N14™* dt
INTT decomposable N14 = 0 {g N14 Mg'soil}
DOCUMENT: Decomposable plant residuc.

decomposable_N15(1) - decomposable N15(t - dt) - (dec_N15-Uplant N157) ¢t
INIT decomposable N15 = 0 {g N15 Mg 'soil}
DOCUMENT: Decomposable plant residuc.

dum] N1t) - dum] N14t-dt) - (plant N1din'-res N14-str Nld-dec NI *dt
INIT duml N14 - 0 {g N14 Mg 'soil}
DOCUMENT: Dummy pool holding incoming plant materials before separating them into conponents

duml N15() ~ duml _N15(t-dt) - (plant_N1Sin"-res N15-str Ni5-dec N1S)*dt
INIT duml N15 =0 {g N15 Mg''soil}
DOCUMENT: Dumms pool holding incoming plant materials before separating them into components

dumC1(t) - dumCi(t-dt) - (plamtC in'-res C-str C-dec C)*
INIT dumC1 - 0 {g C Mg'soil}
DOCUMENT: Dummy pool holding incoming plant materials before scparating them tnto components

plant C - resistant_C - dumC1 - strucural C - decomposable C
plant N14 - resistant_N14 - duml N14 - strudural N14 - decomposable N14
plant N1§ - resistant_N15 - dum1_N15 - structural_N15 - decomposable N15

resistant C(t) - resistant C(t - dt) ~ (res C -Cplamt ') * dt
INIT resistant_C = 0 {g C Mg soil}
DOCUNMENT: Plant residue resistant component.

resistant N14(1) = resistant N14(t - dt) - (res_N14 - Cplant N14)*
INTT resistant_N14 = 0 {g N14 Mg'soil}
DOCUMENT: Resistant plant residuc.

resistant_N15(t) = resistant_N15{t- dt) - (res. N15 - Cplam _N15)* &
INIT resistant_N15 = 0 {g N15 Mg'soil}
DOCUMENT: Resistant plant residue.

struaural C(t) = structural C(t - dt) - (str C-Uplant ) * &t
INIT structural_C =0 {g C Mg’ soil}
DOCUMENT: Plant residue structural component.

structural_N14(1) = structural_N14(1- dt) - (str_N14 - Uplant N14)* &t
INIT structural_N14 = 0 {g N14 Mg 'soil}
DOCUMENT: Structural plant residuc.

structural N15(t) = structural_N15(t -dt) - (str N15-Uplant Ni5)* dt
INIT struatural_N15 = 0 {g N15 Mg 'soil}

DOCUMENT: Structural plant residue.

TplantN15_in(t) = TplantN15_in(t - &t) - (FplantN15 in)* &t

INIT TplantN15 _in = O {g N15 Mg 'soil}
DOCUMENT: Total plant residue N15 added to soil.

Flows (VER)

Cplant_C = Cplant_C*
DOCUMENT: Rate of humadification of plant residue.
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Cplant €' 0 000K3°F-.XP(-3 O*fdplam )*resistant € {g C Mg 'soith™'}
DOCUMENT  Rate of stabilization of resistam plamt residue
0.000K%4 speaific rate of tabihzation {h''}

Cplant N14 Cplamt N1
DOCUMENT Rate of humadification of plant residue

Cplant N14' (Cplant C'resCN)*(resitamt Nidres N) {g N14 Mg 'soith'y
DOCUMENT. Rate of stabilization of plant resistam componem

Cplant N1S - Cplant N15°
DOCUMENT Rate of humadification of plant residue.

Cplant N15° (Cplam € resCN)*(resistamt N15 res N) {g N15 Mg'soilh™'}
DOCUMENT: Rate of stabilization of resistant plant residue.

dec € fdecC*plantC in' {g C Mg'soil '}
DOCUMENT: Decomposable plant residue entering soil system.

dec € fdecC*plamtC in' {g C Mg 'soil h'}
DOCUMENT: Decomposable plant residuc emering soil svstem.

dec N14 (dec € decCN)*(1-plamt atab) {g N14 Mg'soil b}
DOCUMENT. Decomposable plant residue entering soil system.

dec N4 (dec € decON)*(1-plant atab) {g N14 Mg'soil h'}
DOCUMENT: Decomposable plant residue entering soil svstem

dec N15  (dec € decCN)*plant atab {g N15 Mg'soil b}
DOCUNENT: Decomposable plant residue entering soil system.

dec N15 (dec € decCN)*plamt atab {g N15 Mg'soil by
DOCUMENT: Decomposable plant residue emtering soil system

FplamtNtS in - plant NiSm

res C - fresCoplantC in' {g C Mg soilh'}
DOCUMENT. Resistant plant residue entering soil system.

res € fresC*plamC in' {g C Mg'soilh™)
DOCUNENT: Resistant plant residue entening soil system

res N14 (res CresCN)*(1-plant atab) {g N19 Mg'soilh™'}
DOCUMENT: Resistant plant residue entering soil system.

res N14 (res CresCN)*(1-plant atab) {g N14 Mg'soith™'}
DOCUMENT: Resistant plant residue entering soil svstem.

res N1S  (res C resCN)*plant atab {g N15 Mg'soith™'s
DOCUMENT: Resistant plant residuc entering soil svstem.

res N1S  (res CresCN)*plant atab {g N15 Mg'soilh™'}
DOCUMENT: Resistant plant residue entermg soil system.

str C - farC*plamiC ' {g C Mg'soil h'}
DOCUMENT: Structural plant residuc entering soil svstem.

sr C - frCoplantC i’ {g C Mg 'soilh™'}
DOCUMENT: Structural plant residuc antering soil system.

sr N4 - (str € srCN)*(1-plamt atab) {g N14 Mg 'soilh™'}
DOCUMENT: Structural plant residue entering soil system.

sr N14  (str C strCN)*(1-plamt atab) {g N14 Mg 'soil h''}
DOCUMENT: Structural plant residue entering soil system.

ar N1§ (st C-strCN)*plant atab {g N15 Mg 'soil h''}
DOCUMENT: Structural plant residue entering soil svstem.

sr NIS - (str C trCN)*plant_atab {g N15 Mg 'soil h™'}
DOCUMENT: Structural plant residue emering soil svstem.
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Uplart € - Uplam €' - Uplant C*
DOCUMENT: Rate of uptake of plant restduc

Uplant €' 0.0044*EXP(-3.0*fdplanty*structural C {gC Mg 'soilh'}
DOCUMENT: Rate of microbial uptake of structural plant residuc.
0.0044 =specific rate of decomposition {h'}

Uplant C* - 0.0093*decomposable C {3 C Mg soil h'}
DOCUMENT: Rate of microbial uptake of decomposable plant residuc.
0.0093 = specific rate of decomposition {h''}

Uplant N14 - Uplant N14' - Uplant N14"
DOC' 'MENT: Rate of uptake of plant residuc.

Uplant N14' (Uplam €’ strCNY*(structural N14 dr N) {g N14 Mg 'soil h''}
DOCUMENT: Rate of microbial uptahe of structural plant residuc.

Uplant N14° - (Uplant C* decCN)*(decomposable N14 dec N) {g N14 Mg 'soil h'}
DOCUMENT: Rate of decomposition of decomposable plant residuc.

Uplant N1§ - Uplant N15 - Uplam N15°
DOCUMENT: Rate of uptake of plant residuc

Uplant N15° (Uplam €' srCN)*(structural N15str N) {g N1S Mg 'soilh'}
DOCUMENT: Rate of microbial uptake of structural plant residuc.

Uplant N15% - (Uplant C* decCN)*(decomposable N15dec N) {g N15 Mg 'soilh''y
DOCUMENT: Rate of microbial uptake of decomposable plant residue

Converters (VER)
dec atab - IF(decomposable N15 -0) THEN(decomposable N15 dec N)ELSE 0 {g N15g'N}
dec N - decomposable N14-decomposable N1S {g N Mg'soil}

dec rec = [F(TplantN15 i 0) THEN(dec _N*dec atab TplantN15 in)*100 ELSE(0) {®o}
DOCUMENT: Recovery of plant residuc N15 in protein

decCN =6
DOCUMENT: Decomposable plant residue C:N ratio.

fdecC = GRAPH(plant CN)

(0.00. 1.000). (5.00. 0.75). (10.0. 0.60). (15.0. 0.45), (20.0. 0.30). (25.0. 0.20). (30.0. 0.15). (35.0. 0.125). (20.0. 0.10). (45.0, 0.0K).
{50.0. 0.07). (55.0. 0.065). (60.0. 0.06). (65.0. 0.050)

DOCUNENT: Fraction of plant residue which is decomposable.

fdplant  1F(TplamC -0) THEN((resistam C TplantC) (structural C TplantC-resistant C TpiantC)) ELSE (1) {dimensionless
DOCUMENT: Density function for decomposition of structural and resistant plant residuc

fresC - GRAPH(plant CN)
(0.00. 0.00). (5.00. 0.00). (10.0. 0.00). (15.0, 9.01). (20.0. 0.1). (25.0. 0.15). (30.0. 0.18), (35.0.0.195). (40.0. 0.2). (45.0.0.22). (50.0.

0.23).(55.0.0.235). (60.0. 0.24). (65.0. 0.25)
DCCUNENT: Fraction of plant residue which is resistant.

fstrC - GRAPH(plant CN)

(0.00. 0.0). (5.00. 0.25). (10.0. 0.4). (15.0. 0.54). (20.0. 0.60). (25.0. 0.65). (30.0. 0.67). (35.0. 0 68). (40.0. 0.7). (45.0.0.7). (50.0. 0.7),
(55.0.0.7).(60.0.0.7). (65.0.0.7)

DOCUNENT: Fraction of plant residue which is structural.

plant_atab = 0.117 {gN15g'N}
DOCUMENT: Plant residue N15 atom abundance.

plamt Cin = PULSE(196.0.9000) {g C Mg 'sil. time of addition. time of next addition}
DOCUNENT: Plamt residue C added to soil.

plant CN = 17.13 {gC g'N}
DOCUMENT: Plant C:N ratio.

plant N14in = plant_Nin*(1-plant atab) {g N14 Mg 'soil }
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DOCUMENT  Input of plant residue

plant N14in' plant N14m
DOCUNENT Input of plant residue

plamt N15m  plam Nm*plant atab {g N15 Mg 'sol}
DOCUMENT  Input of plant residuc

plam N15m' plant N1Sin
DOCUMENT: Input of plant residue

plant N dec CdecCON-str C strCN -res € resCN {g N .\lg"suilh"}
plant rec  dec receres recestr rec {%of

plantC in  plant Cmn
DOCUMENT: Input of plant residuc (amount. first pulse. pulse mterval).

plamtC m'  plantC in
DOCUMENT: Input of plant residue

res atab  [F(resistamt N15 0) THEN(resistant. N15 res N)ELSE 6 {g N1S g'N}
res N resistant N14-resistamt N15 {g N Mg'soil}

res ree  IFCTplamN1S i -0) THEN(res N*res atab TplantN15 mn)*100 ELSE(0) {®0}
DOCUMENT: Recovery of plant residue N15 in carbohvdrate.

resCN 100
DOCUMENT: Resitant plant residue C:N ratio

s atab  IF(structural N15 0) THEN(struawral N15str N)ELSE 0 {g N15 g'N}
sr N stuaural N14-struaeral NS $g N Mg soil}

dar ree JIF(TplamN1S m -0) THEN(str N*str atab TplantN1$ 1n)*100 ELSE(0) {0}
DOCUNMENT  Recovery of plant residue N1S in cellulose

srCN 150
DOCUMENT  Structural plant residue C:N ratio.

Tplam(C  decomposable C-resistant C-strudural C {gC Nfg"soil)
DOCUMENT  Total plant €
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