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Evaluation of the Nitrogen Submodel of CERES-Maize Following 

Legume Green Manure Incorporation 

W.T. Bowen,* J.W. Jones, R.J. Carsky, and J.O. Quintana 

ABSTRACT 
Crop simulation models that accurately predict the availability of 

N from decomposing plant residues would provide a powerful tool for 

manures as potential N sources for nonle.evaluating legume green 
gume crops. Using measured data from a series of field experiments 

conducted on an Oxisol in central Brazil, we conducted this study to 

test the N submodel of CERES-Maize for its ability to simulate N 
(Zea Maysmineralization, nitrate leaching, End N uptake by maize 

L.) following the incorporation of 10 different legume green manures. 

Legume or weed resdue N at the time Af incorporation varied from 

25 to 300 kg ha-' with C/N ratios varying from 13 to 37. Compati: on 

of predicted and measured accumulation of inorganic N in uvcropped 
soil showed that the model usually provided a realistic simu tion of 

legume N release, although N release was overpredicted for some 
legumes. For all legumes, boh simulated and measured data showed 
that about 60% of the organic N applied was recovered as inorganic 
N with-n 120 to 150 d after incorporation. To realistically simulate N 

availability when rainfall was excessive, we modified the model to 
account for delayed leaching due to nitrate retention in the subsoil. 

Nitrogen uptake by maize was generally overpredicted at high levels 
shown to realistically simulateof available N. The N submodel was 

legume N release, but further work is needed to determine the im-

portance of subsoil nitrate retention in other soils and how best such 

retention might be described in the model. 

EGUMES MANAGED AS GREEN MANURES have the 
part of the N neededpotential to furnish all or 

by a succeeding nonlegume crop. Knowledge of which 
legumes and what type of management would best 
supply this N, however, is incomplete for most crops 
and environments. For any location, many candidate 
legumes and mai-agcment strategies could be evalu-
ated, but a test of all such possibilities in field crop 
response studies would be impractical. Screening pro-
cedures based on measurement of legume N released 
in uncropped soil (Bowen et al., 1988), field incu-
bated plastic bags (Carsky et al., 1990), or laboratory 
incubations (Quintana et al.. 1988) have been pro-
posed, but these procedures have costs and labor re-
quirements that can limit the number of legumes to be 
tested. Another screening tool that might permit an 
analysis of not only large numbers of legumes but also 
various management strategies in different years and 
at different locations is a computer model that rea 
istically simulates N release from decomposing leg-
umes as well as crop response to this N. Such a model 
would not be expected to eliminate crop response 
studies; rather, it would be expected to assist experi-
mental programs in better identifying legumes and 
management strategies with the greatest chance of 
success (Whisler et a!., 1986). 
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A comprehensive crop simulation model that may 

be useful in predicting maize response to legume green 
manure N is the CERES-Maize model (Jones and Kin

iry, 1986). This model contains an N submodel that 
resdescribes soil N transformations following plant 

N lossesidue incorporation and fertilizer N addition, 
by leaching and denitrification, and N uptake by maize 
(Godwin and Jones, 1991). Although the N submodel 
has been tested for maize response to applied fertilizer 
N and shown to provide reasonable predictions (God
win and Jones, 1991), it has not been tested where 
legume green manures were used in rotation with maize. 
Such a test, done by comparison of simulated results 
with observed experimental results, is necessary to 
determine whether the model realistically simulates 
legume N availability. 

The objective of this study was to evaluat , the N 
submodel of CERES-Maize for its capabilityegb inousgrto sine-eulate N CERESMa ze fpo rts c 

ulate N availability after incorporating leguminous green 

manures. Specific components of the model that were 

evaluated included predictions of mieralization or re

lease of organic N during decomposition, nitrate 
leaching, and N uptake by maize. 

MATERIALS AND METHODS
 
Model Description
 

Natogen balance following legume green manure in
corporation was simulated with CERES-Maize V2.10 
(Ritchie et al., 1989). This version is essentially the same 
's the one described by Jones and Kiniry (1986) except 
that input and output formats were modified to match 
those used by the International Benchmark Sites Net
work for Agrotechnology Transfer (Harrison et al., 1990; 
IBSNAT, 1990). Operating on a daily time step, the 
model requires daily inputs fo, precipitation, solar ra
diation, and maximum and minimum temperatures. To 
predict the phenological development and growth of maize, 
the model uses five genotype-specific inputs that define 
photoperiod sensitivity, thermal time between certain 
phenological events, and potential kernel number and 
growth rate. The soil profile, defined to at least the max
imum depth of rooting, is divided into layers. The needed 
inputs for each soil layer are initial water content, upper 
and lower limits of soil water availability, initial nitrate 
and ammonium le'iels, soil pH, organic C content, bulk 
densitv, and a root dis:ribution weighting factor. If ap
plied, irrigation and fertilizer N amounts and times are 
specified. 

Model components important to the simulation of leg
ume N availability are described hei! in brief; a more 
detailed description of the N submodel, which was adapted 

from the PAPRAN model (Seligman and van Keuleo, 
1981), has been provided by Godwin and Jones (1991). 
To simulate green manure or crop residue decomposi
tion, the model requires the dry weight of surface residue 

Abbreviations: DRL, dark red latosol; RYL, red yellow latosot; 
LL, lower limit; DTI'. daily thermal time; DUL, drained upper 
limit; SAT, saturated water content, and SOM, soil organic mat
ter. 
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Table I. Soil profile characteristics determined at experimental sites and used as model inputs.
 

Soil layer number
 

4 5 6 7 8Sitet 1 	 3 

0.30 0.45 0.60 0.75 0.90 1.05 1.20Lower boundary (in) All 0.15 

- 0.266 0.271 0.275
LL: H20 (in' m ) 	 RYL 0.191 0.237 0.250 0.256 0.263 

DRL1 0.165 0.219 0.219 0.200 0.195 0.195 0.200 0.205 
0.200 0.195 0.195 0.200 0.205DRL2 0.165 0.219 0.219 

DULt H,0 (in' in - ') 	 RYL 0.349 0.339 0.329 0.329 0.327 0.320 0.323 0.328
 
DRLI 0.338 0339 0.320 0.310 0.303 0.305 0.309 0.309
 
DRL2 0.338 0.339 0.320 0.310 0.303 0.305 0.309 0.309
 

SATt H.0 (in' m-3) 	 RYL 0.389 0.367 0.371 0.385 0.389 0.394 0.394 0.394
 
DRL1 0.417 0.378 0.396 0.417 0.436 0.436 0.436 0.436
 
DRL2 0.417 0.378 0.396 0.417 0.436 0.436 0.436 0.436
 

Organic C (g kg-') 	 RYL 18.1 14.5 12.0 10.3 8.1 7.6 6.9 6.3
 
DPLJ 15.4 13.3 11.9 7.3 7.3 6.6 6.6 5.4
 
DRL2 21.6 14.3 13.1 11.8 10.4 8.4 7.7 7.0
 

5.3 5.2 4.8 4.6 4.8 4.8 4.9Soil pH (water) 	 RYL 5.9 

DRLI 5.5 5.3 5.3 5.3 5.5 S.4 5.3 5.2
 

5.2DRA.2 5.5 5.3 5.3 5.3 5.5 5.4 5.3 


Bulk density (Mg in - ') RYL 0.93 1.03 1.01 0.95 0.93 0.91 0.91 0.91
 
DRLI 1.21 
 1.23 1.17 1.11 1.07 1.08 1.05 1.05 
DRL2 1.00 0.94 0.90 0.89 0.93 0.97 0.89 0.90 

0.303 0.515 0.242 0.182 0.061 0.030Rooting factor 	 All 1.000 0.697 


t Brazilian soil classification system: RYL, Red Yellow Latosol; and DRL, Dark Red Latosol.
 
t Limits on plant-extractable soil water. LL, lower limit; DUL, drained upper limit; and SAT, saturated water content.
 

incorporated, the depth to which it was incorporated, and Nitrogen uptake by a growing crop is determined as 
the C/N ratio of the residue. The amcunt of residue N the lesser of (i) the crop demand for N and (ii) the soil 
available for mineralization is initially calculated from N supply. Ciop demand is driven by a critical N con
the dry weight and C/N ratio of the residue, assuming C centration in plant tissue which changes with plant age. 
represents 40% of the dry weight. At the beginning of Soil N suppiy is calculated as a function of inorganic N 
the simulation, plant residue is split into three pools, amount, soil water availability, and root length density 
each with its own daily decay constant. Of the total res- for a given layer. When crop demand exceeds the supply 
idue initially added, 20% is assumcd to be carbohydrte, of N, th5 model calculates N factors that reduce photo
70% cellulese, and 10% lignin. The carbohydrate frac- synthesis and growth. 
lion decomposes more rapidly with amaximum potential 
decay rate of 0.2 d-' (Selignan and van Keulen, 1981. Field Experiments 
report the decay rate used for carbohydrate in their model 
as 0.8 d- 1); the decay rate for the cellulose fraction is Model piedictions of N availability following legume 
0.05 d- 1, and for the lignin fraction it is 0.0095 d-1. green manure incorporation were compared to field mea-
These decay iates may be constrained by soil water, soil surements obtained from three irrigated dry season ex
temperature, and C/N ratio factors calculated for each periments and one ,ainfed wet season experiment 
day. The C/N ratio factor only limits the decay rate when conducted at the Cerrado (Savanna) Agricultural Re
the C/N ratio is greater than 25 (Godwin and Jones, search Center (CPAC-EMBRAPA; 15*3. .. S, 47'42' W) 
1991; Fig. 13-2). After a decay rate for each pool has near Brasilia, Brazil. The experimental objectives, meth
been determined, the amount of residue N mineralized ods, and results for these experiments, conducted from 
in 1 d is calculated as the product of the decay rate for 1984 through 1987, are discussed further in Bowen et 
that day, the proportional size of each pool that is de- al. (1988) and Carsky et al. (1990). Although each ex
caying, and the total updated amount of residue N. The periment had somewhat different objectives, a common 
model assumes part of the N released is incorporated feature of all experinents was the application of similar 
into soil organic matter while the rest enters the am- amounts of different legume green manures to uncrcpped 
monium and nitrate pools where it is susceptible to im- plots as well as to adjacent plots cropped to maize. The 
mobilization, leaching, denitrification, or plant uptake. uncropped plots, maintained free of all vegetation, were 
Nitrogen released from the decomposition of soil organic used to measure potential legume N release, which was 
matter (SOM) is also simulated assuming SOM com- compared to N uptake by maize in the cropped plots and 
prises a single pool with a constant C/N ratio of 10 and shown to be proportional (Bowen et al., 1988; Carsky 
a daily decay constant of 8.3 x 10' d- '. Soil organic et al. 1990). After legume incorporation, the time course 
matter decomposition is limited by the same soil water and amount of legume N released were estimated during 
and temperature factors that affect residue decay. the dry season experiments by periodically sampling the 

The loss of N due to leaching is assumed to be directly uncropped soil profile for accumulated inorganic N. 
proportional to the amount of water moving through the Controlled irrigation during the dry season allowed suf

soil profile. Only N in the nitrate form is considered ficient moisture for decomposition without leaching ni
leachable. The fraction of water in a given layer that trate beyond the sampling depth. Periodic sampling of 
drains to the next underlying layer is assumed to carry uncropped and cropped plots doring the wet season ex
with it the same fraction of nitrate present in the given periment provided an estimate of the potential for n0trate 
layer. leaching under rainfed conditions. In each expeirient, 

I / 
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the soil profile was sampled in 0.15-m increments to a 
depth of.1.2 m, and soil inorganic N was determined in 
each layer by steam distillation (Keeney and Nelson, 
f982). 

The legume species that were incorporated as green 

manures (GM) during the four experiments included Co-
janus cajan (L.) Huth, Calopogonium mucunoides Mill 
sp. Desv., Canavaliabrasiliensis(Benth.) Mart., Can-
avalia ensiformisa a(L.) DC.,iI Crotalaria paulinaSchanki n 

Crotalaria striata DC., Glycine max (L.) Merr., Mucuna 
aterrima (Piper & Tracy) Merr., Puerariaphaseolcides 
(Roxb.) Benth., and Zornia latifolia Sm. The amount of 
legume or residue N that was incorporated ranged from 
25 to 300 kg ha-' with C/N ratios varying from 13 to 
37. The highest C/N ratio was for one grass weed residue 
treatment. A control treatment with no surface residue 
incorporated was included in each experiment. Increas-
ing rates of fertilizer N were applied as additional treat-
ments to only the cropped plots. The experimental design 
for all experiments was a randomized complete block 
with four replicates of each treatment. 

The four field experiments were conducted at three 
sites on two soil types distinguished by their color in the 
Brazilian classification system; a Dark Red Latosol (DRL) 
and a Red Yellow Latosol (RYL). In the U.S. system, 
both soils are classified as clayey, oxidic, isothermic 
Anionic Acrustox (Macedo and Bryant, 1989). One dry 
season expriment and the wet season experiment were 
both at the same RYL site, while the other two experi-
ments were at two different DRL sites. Soil profile inputs 
used to run the model are given in Table 1. Limits on 
plant-extractable soil water (LL, lower limit; DUL, drained 
upper limit; and SAT, saturated water content) were ap-
proximated from field .neasurerrnits taken either shortly 
after a heavy rain or after a long drought period. The 
root weighting factor for each layer was estimated from 
relative root distribution measurements taken Oterby Souzaina sparte epermen. oii 
and Ritchey (1986) in a separate experiment. Other sod 
inputs included a whole profile drainage coefficient of 

Ritcey 198) 

0.5 (fraction drained p.r day) for both soils, albedo val
ues of 0.14 for the RYL and 0.13 for the DRL, and an 
upper limit stage one evaporation constant of 7.1 mm 
for both soils. 

was usedA commercial maize hybrid (Cargill 111)
for all experiments. Genetic inputs for this variety wereer 
estimated from crop and climatic data taken from an 
independent field experiment conducted at the sante ex-
periment station (I.W. Buttler, 1987, personal commu-
nication). A trial-and-error method was used to calibratethe genetic coefficients one at a time (Liu et al., 1989; 

Ritchie et al., 1989). Genetic coefficients used in the 
rr 2.rel were defined as 340 degree-days for daily thermal 
time (DTI) from emergence to end of the juvenile stage, 
965 degree-days for DTT from silking to physiological 
maturity, 771 kernels plant-' for potential kernel num-
ber, and 5.0mg kernel-' day-' for potential kernel growth 
rate. The photoperiod sensitivity coefficient was set equal 
to zero. 

Daily weather data for solar radiation, maximum and 
minimum temperature, and precipitation were obtained 
from two weather stations at the research center; all ex-
periments were within 500 m of one of these stations. 
Irrigation inputs for the dry season experiments were 
estimated from approximate sprinkler irrigation amounts 
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Fig. 1.Simulated and observed (:t SE) accumuiaton of Inorganic 

N in uncropped soil (0-1.2 m) after incorporating weeds (N 
= 26 kg ha-'; C/N = 37), zornia GM (N = 53 kg hr-';C/ 
N = 17), or C. paulina GM (N = 170 kg ha-'; C/N = 24) 
during the 1986 irrigated dry season. 

recorded during each experiment. To simulate the release 
of N in uncropped soil, th soil water and N balance 
components of CERES-Maize were run without planting 
a crop. 

MODEL PERFORMANCE 

Soil and Legume Nitrogen Release in 
Uncropped Soil 

Soil inorganic N measurements in uncropped soil dur
ing the irrigated dry season experiments were usedtest soil and legume N release predicted by th6 model.to 
Figures 1 and 2 show the measured accumulation of in
organic N in uncropped soil compared to that simulated 
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Fig. 2. Simulated and ob.;-'ved (:t SE) accumulation of inorganic 
N in uncropped soil (0-1.2 m) after incorporating no residue, 
mucuna GM (N = 131 kg ha'; C/N = 18), or canavalla 
GM (N = 255 kg ha-'; C/N = 15) during the 1987 Irrigated
dry season. 
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Fig. 3. Comparison of simulated and observed inorganic N in 
uncropped soil (0 to 1.2-m depth) for all sampling dates 
during the irrigated dry season experiments, 

for a representative range of treatments that included no 
residue, weed residue with a C/N ratio of 37, and varying 
amounts of legume residue with different C/N ratios. For 
many of the legumes and the weed residue, the simulated 
pattern of inorganic N accumulation was nearly identical 
to that observed. For other legumes, however, the sim-
ulated pattern was consistently greater than that ob-
served; e.g., for mucuna GM in Fig. 2. A comparison 
of measured and simulated inorganic N on all sampling 
dates showed that the model performed well by accu-
rately predicting the range of profile inorganic N levels 
resulting from the various residue and no-residue treat-
ments (Fig. 3). The values for applied residue in Fig. 3 

= 25 since the model defines thiswere separated at C/N 
as the critical value above which the decomposition rate 
i3 limited by N availability. 

The model also provided an accurate estimate of the 

relationship between organic N in plant residues and in
organic N released by the end of a growing season (Fig. 
4). Inorganic N released from mineralization of the plant 
residues was calculated by correcting for soil N miner-
alization in the no-residue treatments. As illustrated in 
Fig. 4, both simulated and observed relationships showed 
that approximately 60% of the organic N added was re-
leased as inorganic N by 120 to 150 d after incorpora-
tion. There was somewhat less variability in the predicted 
relationship, but this would be expected since experi
mental error was a part of the observed relationship. 

Because of experimental data limitations, model as
sumptions regarding the partitioning of residue pools, 
decay constants, and the effect of environmental condi-
tions on decomposition could not be more critically -x-
amined. Inaccuracies in any of these assumptions, or 
failure of the model to consider other factors such as 
polyphenolic content in plant residues (Palm and San-
chez, 1991), might explain the inability of the model to 
accurately simulate Nrelease for some of the leguminous 
residues. Nevertheless, the fairly simple assumptions made 
to describe N release from decaying residue provided a 
realistic simulation of the pattern and quantity of N re-
leased during one growing season for most of the plant 
residues tested in these experiments, 
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Fig. 4. Simulated End observed relationship between organic 
N in residue applied and inorganic N released in uncropped 
soil by 120 to 150 d after incorporation for the irrigated dry 
season experiments. Graph inset shows comparison of 

simulated and observed inorganic N released. 
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Fig. 5. Simulated and observed (:SE) changes in inorganic
 

N In uncropped soil (0-1.2 m) after incorporating no residue
 
or mucuna GM (N = 182 kg ha-n; C/N = 12) during the
 
1984-1985 wet season. The original model was modified to
 
account for nitrate retention in the subsoil.
 

Nitrate Leaching 

The amount of inorganic N present in the uncropped
 
soil profile during the wet season experiment was u.
derpredicted by the model (Fig. 5). Whereas the model
 
predicted substantial losses of N due to leaching, the
 
measured data clearly showed laige amounts of N re
mained in the soil profile; accumulated rainfall during
 
this period was 1087 mm. Comparison of simulated and
 
measured so;i moisture contents indicated the model ac
curately described soil water changes (data not shown),
 
thus most of the discrepancy between simulated and ob
served results was attributed to subsoil retention of hi
trate that delayed its downward movement. This
 
phenomenon has been observed for many tropical soils
 

K. 
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(Wong et al., 1990) but is not yet described by the model. 
Marcano-Martinez and McBride (1989) have demon-
strated thai both RYL and DRL soils possess positive 
chdrge sites in the subsoil that could attract nitrate, thus 
impeding its movement with water. 

To determine if retarded leaching of nitrate could be 
quantified using the model, we modified the subroutine 
describing nitrate movement to account for subsoil ni-
trate retention based on Wild's (1981) retardation factor. 
The fraction of tutal nitrate in a layer (NSi) that is in 
solution and can move from one layer to the next with 
the downward flow of water was defined as 

[1]NS, = 1/[1 + (K p1/lO)] 

where Ki is the estimated adsor-ption coefficient (nitrate 
3adsorbed/nitrate in solution; cm g-') for layer i, p 

the bulk density (g cm- 3) for layer i, and Oiis the vol-
umetric water content (Mi3 M- 3) for layer i at the drained 
upper limit. Since the adsorption coefficient was un-
known, the model was calibrated for this parameter using 
measured data from the no-residue treatment; starting 
with the bottom soil layer, we adjusted the adsorption 
coefficient for each 0.15-m layer until the best fit be-
tween simulated and measured inorganic N in that layer 
was obtained. An example of model sensitivity 'o changes 
in the adsorption coefficient is illustrated in Fig. 6 for 
soil Layer 7 (0.9 - 1.05 ni) 

Model calibration results showed nitrate moved freely 
with water in the top threc layers (0 - 0.45 m) with no 
apparent nitrate retention, whereas below the third layer 
(>0.45 m) the apparent nitrate retention progressively 
increased with depth. The adsorption coefficient that 
provided the best fit to the data was equal to zero in the 
top three lavers, then increased in value to 0.4, 0.8, 1.0, 
1.2, and 1.6 cm3 g-' for each successive 0.15-m layer. 
Other studies with variable charge soils hve shown an 
increase in nitrate retention with depth that was probably 

as soil or-associated with an increase in surface charge 
ganic matter content decreased (Black and Waring, 1976; 
Wong et al., 1990). 
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Fig. 6. Modified model sensitivity to changes in the value of 
the adsorption coefficient K and measured inerganic N (t:SE) 
in soil layer number 7 (0.9 - 1.05 m) of the no.residue 
treatment during the 1984-1985 wet season experiment, 

The modified leaching model, with the adsorption 
coefficients set to the values given above, provided a 
more accurate simulation of inorganic N in the soil pro
file during the wet season after incorporating mucuna 
(Fig. 5). Following one of the dry season experiments 
at a DRL site, periodic sampling of the uncropped soil 
profile continued into the wet season, thus providing ad
ditional data for comparing the original and modified 
leaching models (Fig. 7). Although the soils at the two 
sites were somewhat different, the adsorption coefficient 
values derived from calibration at the RYL site also im
proved the ability of the model to predict inorganic N at 
the DRL site (Fig. 7). 

Nitrogen Uptake by Maize 

Simulated and measured values of aboveground N in 
maize at harvest were compared using both the original 
model and the modified leaching model (Fig. 8). For the 
irrigated dry season experiments, the predicted above
ground N remained much the same regardless of the 
model used. Small differences between original and 
modified model predictions during the dry season indi
cated water movement through the profile was not ex
cessive. thus the effect of delayed nitrate leaching on 
predicted N availability was minimal. Wet season com
parisons, however, showed predictions of N uptake in
creased when delayed nitrate leaching was described using 
the modified model. This increase in predicted N uptake 
improved the overall fit of simula.2d to observed data 
(Fig. 8). 

The significance of nitrate retention in predicting N 
in these soils when rainfall was excessiveavailability 

was best illustrated by the wet season no residue treat
ment (Fig. 9). At the time of planting, there were almost 
200 kg ha-' of inorganic N in the soil profile (0-1.2 in), 
and no other sources of N were added during crop growth. 
As shown in Fig. 9, failure to account for delayed nitrate 
leaching resulted in extreme underprediction of N up
take. The modified model improved the simulation of N 
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Fig. 7. Simulated aid observed (t"SE) changes in inorganic 
N in uncropped soil (0-1.2 m) after incorporating no residue 
or calopegonium GM IN = 142 kg lid " C/N = 19). The 
onginal model was modified to account for niirZ': retention 
in the subsoil. 
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Fig. 8. Comparison of simulated and observed N uptake by 

maize at harvest for both the original and medifled models.
 

uptake since it kept nitrate in the rooting zone for a
longer period. 

For most treatments where legume green manures were 

incorporated 2nd large amounts of N were available, pre-

dicted N upta,'-c- was greater than observed N uptake


Someedofup t h ovasgrerrtin i N uptake
(Fig. 8). Some of the overprediction in N uptake was 
attributed to overpredicted estimates of N release (Fig. 
3), although changes made in the model to reduce N 
release only slightly reduced predicted N uptake. Per-
haps a larger part of the overprediction resulted from 
overestimated growth due to inaccuracies in model as-
sumptions related to phenology and growth of tropical 
maize varieties (Carberry, 1991; Carberry et al., 1989). 
This last contention was supported by the fact that the 
simulated versus observed relationship for grait, and 
aboveground dry matter mirrored that shown for N up-
take in Fig. 8 (data not shown). Notwithstanding these 
overpredictions, the model performed reasonably well in 
that it approximated the relative N availability of the 
different green manure and fertilizer N treatments. 

CONCLUSY.ONS 
The N submodel of Ceres-Maize realistically simu-

lated legume N availability to succeeding maize for most 
of the green manures evaluated in this study, provided 
there was not excessive water movement through the soil 
profile. Predictions of N released during decomposition 
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Fig. 9. Simulated and observed (±t-SE) N uptake by maize for
the no-residue treatment during the 1984-1985 wet season. 

The original model was modified to account for nitrate 
in the subsoil. 

generally reflected observed differences due to quantity 

of organic N incorporated and the C/N ratio of the plant 
material. When rainfall was excessive, the amount of N 
that remained in the profile of these variable charge soils 
was better predicted by modifying the model to allow 
for nitrate retention in the subsoil. The effect of nitrate 
retention on predicting N availability was significant 

enough to merit further work keyed to developing a more 

fundamental approach to its description by the model. 
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