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Summary

ALMANAC is a dynamic model for plant

growth, water balance and soil nitrogen dy-
namics that can simulate on a daily basis two or
more competing species. The simulation of
competition for light is based on Beer's law, al-

lowing a di�erent extinction coe�cient (k) for
each species. Light is partitioned between species
based on k-values, leaf area index and plant

heights. Total biomass is simulated with radia-
tion use e�ciency and grain yield with a harvest
index approach, sensitive to water stress. The

model simulates competition for water and nu-
trients based on each species' current rooting
zone and demand by each species. The e�ect of

crop management on the competition issue can
be simulated. The model was evaluated in Dijon
(France) using 4 years of experimental data on
wheat:oat mixtures, di�ering in oat (Avena

sativa L.) densities, the period of oat emergence,
the date of weed suppression by herbicides and

the wheat (Triticum aestivum L.) genotype. Ad-
ditional data on oilseed rape (Brassica napus L.)

and vetch (Vicia sativa L.) competition in spring
wheat were also used. The wheat grain yield was
reasonably simulated with a root mean square

error (RMSE) of 0.10±0.35 t ha)1. Correspond-
ing values for oats were 0.10±0.55 t ha)1. The
competitiveness of oats, oilseed rape and vetch

was correctly simulated. The model appears as a
reasonable tool for estimating damage thresh-
olds in integrated weed control programmes.

Introduction

Optimization of weed control programmes de-
pends on early and reliable prediction of the im-
pact of weeds on crop yield. Numerous empirical

models describe the crop losses (or the expected
yields) as a single function of one or several fac-
tors, including weed density, relative leaf area
and relative time of weed emergence (Cousens,

1985; Cousens et al., 1987; Krop� & Spitters,
1991). These statistical and static regression
models have been intended for practical appli-

cations, such as predicting the damage threshold
for bispeci®c weed:crop combinations in given
locations (Caussanel, 1989). Nevertheless, ex-

trapolation of such models to years and locations
often gives unrealistic results because of the ini-
tial single calibration and the lack of environ-

mental variables. Additional factors important in
weed:crop competition, such as crop density,
crop cultivar and soil fertility (Moss, 1985;
Ampong-Nyarko & de Datta, 1993; Christensen,

1995), are assumed to be constant or not impor-
tant in most of the regression models.

Process-oriented models developed recently

simulate weed competition or more generally
intercropping systems in a wider range of con-
ditions (Krop�, 1988; Caldwell, 1993). On the
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basis of existing crop simulation models, dy-

namic models were developed to simulate com-
petition for light, water and/or nutrients between
a crop and a selected weed at a process level

(Spitters & Aerts, 1983; Graf et al., 1990; Wi-
lkerson et al., 1990; Krop� & Spitters, 1992; Ball
& Sha�er, 1993). Economic aspects of spraying
decisions can rely on plant process modelling

(Dunan et al., 1994). Such models help the in-
terpretation of responses to climate in experi-
mental data. Once validated, these models can

generate new data sets because they are valid for
a wide range of conditions (Assemat, 1990;
Krop� et al., 1993). However, the great number

of parameters and the di�culty in deriving them
from previously published data make validation
a challenge. Therefore, these mechanistic models
are generally not appropriate for current man-

agement. Furthermore, as they were developed
for speci®c crop:weed mixtures, the models may
not be easily adapted to di�erent combinations.

The ALMANAC model (Kiniry et al., 1992)
is a process-orientated simulator of interplant
competition and, in comparison with other dy-

namic competition models, remains of interme-
diate complexity. Using a limited number of
sensitive parameters, it was intended for practi-

cal applications, such as the de®nition of inte-
grated damage thresholds or the evaluation of
weed control programmes on crop yield. More
evaluation on data from detailed competition

experiments is needed before such applications
are feasible. The objective of the current research
was to evaluate the ALMANAC model on var-

ious bispeci®c weed and wheat combinations
using 4 years of detailed data.

Materials and methods

Model overview

The ALMANAC model, like EPIC (Williams

et al., 1989), from which it was derived, simulates
daily crop and weed growth and grain yield using
climatic data and soil and crop management in-

puts. It uses a generic approach for a wide range
of crops and weeds. Water and nutrient move-
ment and dynamics in soil have been described in

detail previously (Williams et al., 1989). The po-
tential biomass, including root fraction, is a
function of intercepted solar radiation and the
radiation use e�ciency (RUE) for the plant

species (Kiniry et al., 1989). Mean RUE for

wheat is 2.8 g MJ)1 m2 (3.5 including roots) be-
fore grain ®lling. Higher values were observed for
C4 grasses and lower for C3 legumes (Gosse et al.,

1986). Economic yield is predicted from the
above-ground biomass using a harvest index (HI)
approach. HI is the dry weight of the seed divided
by the dry weight of the total above-ground plant

at maturity. HI0 is de®ned as the HI value in a
monospeci®c dense stand, without water and ni-
trogen stress. In the model, harvest index is sen-

sitive to water stress but not to nitrogen
de®ciency. In ALMANAC, a module was added
to simulate the competition for light, water and

nutrients using two or more species (maximum 9)
in an intercropping pattern (Kiniry et al., 1992).
A brief summary of model functions is presented
below and a schematic diagram of daily and an-

nual functioning is presented in Fig. 1.

Competition for light

The model simulates light interception by leaf
canopies, using Beer's law (Monsi & Saeki, 1953)

and leaf area index (LAI) of the total canopy,
assuming a random spatial arrangement of leaf
area. The model divides the intercepted light

between the two species using the system of
Spitters & Aerts (1983). The total interception is
calculated with the LAI of each species, weighted
by their light extinction coe�cients (k). At a

given k, the higher the value of k for a species,
the more greatly that species will intercept light
and the more e�ectively that species will compete

for light. The daily incoming solar radiation in-
tercepted by the total leaf canopy (IPAR,
MJ m)2) is:

IPAR � PAR0 � �1ÿexp� ÿ kc � LAIc

ÿkw � LAIw�� �1�

where PAR0 � photosynthetically active solar
radiation above the canopy (MJ m)2), kc; kw �
light extinction coe�cient for crop and weed and

LAIc, LAIw � leaf area index for crop and weed.
The total IPAR is partitioned between the

crop and the weed by a ratio (R) of the LAI of

each species, weighted by k for each species and
by the fraction of light transmitted to half the
height of the plant species, exp()kn LAIHFn):

R � LAIc � kc � exp ÿk1 � LAIHF1� �� �=
LAIw � kw � exp ÿk2 � LAIHF2� �� � �2�
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where k1; k2 � estimated extinction coe�cient of
the combined leaf canopy above half the height

of crop (1) and weed (2) and LAIHF1,
LAIHF2 � values for combined LAI above half
the height of each species.

According to Spitters & Aerts (1983), light at
this height estimates the average illuminance
throughout the leaf canopy of a species. Thus,
taller species and species with greater values for k

are given preference for light interception. Pa-
rameters k1 and k2 are weighted means of the k-
values for both crop and weed, the weights being

determined by the relative species composition of
the LAI above half the height of each species.

The vertical leaf area distribution was assumed
to be uniform. The fraction of IPAR partitioned

to the crop is Rc � R=�R� 1� and Rw � 1ÿ Rc

for the weed. The value of k changes greatly with
the canopy architecture, the planting pattern and

the solar angle (FleÂ net et al., 1996). For plants
with rather erect leaves, such as wheat or grass
weeds, values of 0.6±0.7 are commonly reported
(Kiniry et al., 1989), whereas plants with pre-

dominantly horizontal leaves, such as sun¯ower
(Helianthus annuus L.) or numerous broad-
leaved weeds, have higher values (0.8±0.9). The

maximum plant height (Hmx) of the canopy is
important for simulating the competition for

Fig. 1. Schematic diagram of the ALMANAC model.

A model of wheat:weed interactions 327

Ó 1997 European Weed Research Society, Weed Research 37, 325±341



light. A range of values have been observed for

wheat cultivars (0.6±1.2 m). Daily plant height
(Hi) is estimated with the allometric relationship:

Hi � Hmx �
������������������������������
LAIi=LAImx� �

p
�3�

where LAIi � daily value of leaf area index and
LAImx � potential LAI at a given population
density.

Leaf area index simulation

Accurate simulation of light interception de-
pends on realistic values of LAI for both species.
This requires that the leaf area be sensitive to
population density. Three variables are used in

ALMANAC to simulate maximal LAI (LAImx)
of each species at di�erent population densities
(PPO). First is the LAI at high densities

(LAImx0) without limiting factors, in general,
eight for wheat. The other two variables are data
points (PPO1 and PPO2) used to ®t a sigmoid-

curve function for a zero-to-one factor which
reduces LAImx0 at di�erent population densities.
The following adjustment was suggested for

wheat (Kiniry et al., 1992):

LAImx � LAImx0 � fPPO=�PPO� exp�6:23
ÿ 0:015� PPO��g �4�

Simulation of light competition also requires
accurate description of leaf area production and
decline. The model estimates LAI under non-
stress conditions (LAIpot), up to the point of

maximum LAI for the growing season (LAImx),
by using a function similar to eqn (4). In this
case, two data points (LAP1 and LAP2), ex-

pressing the evolution of LAIpot with time, are
used; the time-course of LAIpot is described as a
function of relative heat units (RHUs). RHUs

are a fraction of PHUs (potential heat units)
from emergence to maturity. The following ad-
justment was suggested for winter wheat

(Debaeke et al., 1996), but more variation is
expected among cereal species and cultivars

LAIpoti � LAImx � fRHUi=�RHUi

� exp�4:79ÿ 20:16�RHUi��g �5�

Natural loss of leaf area late in the season is
described by the input variable RLAD (rate of

leaf area decline), and the decrease in RUE in

later growth stages is simulated similarly with
RBMD (rate of biomass decline). This occurs
after an input fraction (XDLAI) of PHU has

accumulated (Williams et al., 1989).
The e�ect of water stress or nitrogen de®-

ciency on daily leaf expansion was computed for
each species with the equations (Williams et al.,

1989):

LAIi � LAIiÿ1 � DLAI

DLAI � DLAIpot � f1ÿ exp�5
� �LAIiÿ1 ÿ LAImx��g �

�����������
STRi

p
�6�

where STRi � minimum plant stress factor (day
i) ranging from 0 (no growth) to 1 (no limita-

tion).

Competition for water and nutrients

The water balance consists of separate transpi-
ration calculations for each species. Each species
is assumed to use the water it needs if su�cient

water is present in its current rooting zone (de-
®ned by a speci®c rooting shape and a potential
root depth without a root-restricting soil layer,

RDmx). A similar approach is followed for ni-
trogen and phosphorus uptake. A complete de-
scription of these biophysical processes is found

in Williams et al. (1989). A change in a soil re-
source will restrict the growth of a species (®rst
LAI, then biomass) in proportion to the demand
by the species and its ability to extract the re-

source (most limiting factor approach) (Fig. 1).
A dilution curve, which is di�erent for C3 and C4

plants, is used to de®ne the N and P plant con-

tent for maximal growth as a function of PHU.

Temperature requirements

The base temperature for germination and
growth (TB,°C) is important in a multispecies

competition model because the emergence date
and the rate of development early in the season
are critical for simulating interaction of the two
species. TB is assumed to be the same for all

growth stages and all organs. Higher optimum
temperature (TO, °C) values can increase com-
petitiveness later in the season when tempera-

tures are greater. The potential heat units (or
sum of day degrees) from emergence to maturity
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(PHU) control how long a plant species can

compete and how late season stresses can a�ect
seed yield. Adjusted values for TB are 0 °C for
cool-season grasses, winter and spring cereals;

values of T0 are 13 °C for winter cereals and
15 °C for early spring crops.

Date of emergence is determined from simu-
lated values of moisture and temperature in the

uppermost soil layer with three ®xed parameters:
(1) duration of the period from sowing to
emergence in the absence of water constraint

(150 day±degrees for wheat); (2) minimum value
of soil water content to initiate germination in
the sowing layer (15%); and (3) critical value of

soil temperature for germination and emergence
(0 °C). For practical purposes, as the weed
control decision is taken at weed emergence and
because of the di�culty to predict correctly the

emergence date, the simulation starts when the
®rst species has emerged.

Field study to obtain data for model calibration

and evaluation

Results used for model calibration and evalua-
tion come from a 4-year experiment conducted
at the INRA experimental station of Epoisses

near Dijon (east central France) from 1984 to
1987 on a calcareous silty clay soil. A range of
winter and spring wheat genotypes (Triticum
aestivum L.) were grown in association with

di�erent crops used as weeds: spring and winter
oats (Avena sativa L.), spring oilseed rape
(Brassica napus L.) and spring vetch (Vicia sativa

L.). Some results were published in a preliminary
ALMANAC evaluation (Debaeke et al., 1993).

Experiment 1: Incidence of weed density (DX)
and post-emergence control on crop yield (Ka®z,
1989; Caussanel et al., 1993). Six densities (0,
10, 20, 40, 80, 160 plants m)2) of a spring oat cv.

Selma were established with spring wheat cv.
Bastion in alternate rows on 8 March 1984, 8
March 1985 and 14 April 1986. Competition

design was additive and wheat sowing density
was 350 plants m)2. Row width was 15 cm. On
half the experimental plots, oats were removed

by spraying diclofop-methyl (Illoxan CE,
360 g a.i. L)1) at 1080 g a.i. ha)1 at the three-
tiller wheat stage. Application was made using a

Berthoud commercial ®eld sprayer delivering
300 L ha)1 at 300 kPa. Crop and weed dry aerial
biomass were measured four times in the season

on ®ve replicates. At maturity (mid-August),

wheat and oat grain yield were measured on each
plot. The evolution of plant densities was re-
corded during the crop cycle. Wheat and oat

densities at early tillering were kept as the pop-
ulation values for LAImx estimation of each
species, because the plant population remained
stable thereafter.

Experiment 2: Incidence of wheat genotype, weed
density and weed emergence period on crop

yield (Mondragon, 1988; Mondragon et al.,
1989). Three densities (0, 10, 20 plants m)2) of
winter oats cv. Fringante were established on 29

October 1985, together with four winter wheat
genotypes (cv.Capitole, Castan,Fidel andTalent)
sown at 250 plants m)2 in alternate rows. Seven
densities (0, 2.5, 5, 7.5, 10, 12.5, 15 plants m)2) of

a spring oat cv. Selmawere sown on 9March 1987
in each of the four previouswheat genotypes sown
on 24 October 1986. In agreement with GEVES

(1992), the four genotypes di�er in (1) their ability
to produce reproductive tillers (Talent > Fi-
del > Capitole � Castan), (2) their straw height

(Capitole � Fidel > Castan > Talent), (3) their
earliness to reach stem elongation (Cas-
tan > Fidel > Capitole � Talent), (4) maturity

(Castan > Talent > Capitole > Fidel) and (5)
their tolerance to frost (Capitole > Fidel > Ta-
lent > Castan). At maturity (end of July), oat
and wheat yields were assessed on each plot. The

evolution of plant densities was recorded during
the crop cycle as in Experiment 1.

Experiment 3: Incidence of weed species, weed
density and timing of weed control (Caussanel
et al., 1990). Spring wheat (cv. Bastion) was

sown on 9 March 1985 at a density of
350 plants m)2 with spring oat (cv. Selma),
spring oilseed rape (cv. Brutor) and spring vetch
(cv. Sylphie) used as `weeds' in alternate rows

15 cm apart. Weed densities were 0, 20,
40 plants m)2. Oats were suppressed at di�erent
periods by diclofop-methyl at 1080 g a.i. ha)1)

and oilseed rape and vetch by ioxynil plus me-
coprop (Actril M, 150 + 375 g a.i. L)1, Sedagri)
at 375 + 938 g a.i. ha)1 or 2,4-D (U46D, 480 g

a.i. L)1, BASF) at 480 g a.i. ha)1. The broad-
leaved weed control treatments were applied
using a propane-powered hand-held sprayer in

500 L water ha)1 at 250 kPa. Four durations of
weed competition were compared for each
wheat:weed type of infestation: (1) sowing ±
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beginning of tillering; (2) sowing ± mid-tillering;

(3) sowing ± beginning of stem elongation; and
(4) sowing ± maturity.

Climatic conditions

Contrasting spring seasons were encountered:
1984 was relatively dry, 1985 was cold after

sowing and 1986 was very wet, which delayed the
sowing until April. The winter periods in 1985±
86 and 1986±87 were extremely cold. Previous

crops were oats in 1984, wheat in 1985, and peas
(Pisum sativum L.) in 1986 and 1987.

Model input data

Major input data (Fig. 1) include:

1. daily weather data ± global radiation, max-
imum and minimum air temperature, pre-

cipitation, air relative humidity and wind
speed;

2. soil data (by layer) ± texture, bulk density,

organic and mineral nitrogen, percentage of
rough particles, water content at ®eld capacity
and wilting point, and initial water pro®le;

3. crop management and weed emergence ± crop
and weed density, planting and harvest dates,
N fertilizer (rates and dates) and spraying
dates;

4. crop parameters ± a standard ®le, calibrated in
Toulouse for major crops (Cabelguenne et al.,
1990) was used to initiate the calibration.

To account for uncertainties in initial soil con-

ditions, we manipulated soil depth and mineral
N each year to match simulated yields with
measured yields in weed-free plots (D0). Soil

depths were within the range reported on maps.
Initial mineral N values were based on previous
crops and soil depths. Thus, we assumed 0.75 m
depth and 90 kg N ha)1 in 1984 after barley. In

1985, we assumed 0.60 m depth and 40 kg N ha)1

after wheat. In 1986 and 1987, we assumed
1.40 m depth and 100 kg N ha)1 after pea. After

obtaining reasonable simulations of weed-free
plot yields, we tested the simulation of yield de-
pression by weeds.

Model output data

Output data available at a daily step (Fig. 1)
concern biomass, LAI, N uptake and root depth.
The model also predicts yield for both weed and

crop. Soil water and nitrogen are simulated

throughout the pro®le. Total intercepted light,
cumulative water and nitrogen stress from
emergence to harvest are used as indicators for

crop diagnosis. Only biomass and grain yield of
both plants were evaluated in this study.

Root mean square error (RMSE) was used to
evaluate the performance of the model in the

di�erent wheat:weed combinations. For the
evaluation of yield, in an experiment with n ob-
servations, RMSE was de®ned by the following

identity:

RMSE �
�������������������������������������������������������������������
1=n�

Xn

j�1
��Yieldmes ÿYieldsim�2

vuut

Determination of weed and crop parameters

Several parameters are either the same for all
plant species or the same for all C3 species and
for all C4 species. Others are speci®c for a crop

or a weed. Crop parameters were kept identical
for both spring cereals, except plant height and
duration of green leaf area, both slightly greater

for oats. The main parameters were derived from
previous studies on EPIC and ALMANAC
(Cabelguenne et al., 1990; Kiniry et al., 1992)

and summarized in Table 1.

Spring cereals

As no major limiting factor was observed in
1986, this growing season was used to calibrate
the crop and weed response (Experiment 1). The

soil was deep enough and the nitrogen su�-
ciently high to permit a good expression of po-
tential yield by spring wheat (85 dt ha)1). The

emergence conditions were satisfactory with 345
wheat plants m)2 and a rapid emergence. First,
the calibration of wheat parameters was at-

tempted on D0 plots and the initial set of para-
meters adopted for oats and then tested on the
range of densities. The simulation of wheat and
oat grain and shoot biomass at maturity was

satisfactory on the experimented range of oats
density measured at tillering (Fig. 2a and b).
However, at very high density (D5), the wheat

yield was overestimated, in relation with a slight
underestimation of oat yield. Accumulation of
wheat and oat biomass was simulated from stem
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elongation to maturity with reasonable accuracy
(Fig. 3a and b). Oat biomass was underestimated
by the model throughout the growing season for
the highest weed density.

Winter cereals

Genotype characteristics were determined using
breeding catalogues and adjusted in 1986 on D0
plots (Experiment 2) as discussed earlier

(Table 1). The set of genotypic parameters was
comprehensive enough to describe the response
of cultivars competing with winter oats at two

moderate densities (®ve and 10 plants m)2) (Fig.
4a±d). The overall value of RMSE was 0.19 t
ha)1 after calibration of D0 plots.

Model evaluation

Crop and weed production as related to weed
density

Grain yield. Moderate water stress occurred in
1984 that reduced the weed-free measured yield

of wheat to 75 dt ha)1. Emergence was not as
rapid as in 1986 but su�cient for potential yield
(339 plants m)2 on D0 plots). Using the 1986
calibration, simulated yields were similar to

measured yields for both species throughout the
range of oats densities (Fig. 5a).

The year 1985 was cold after sowing, which

led to a delayed and staggered emergence of

wheat (257 plants m)2). In addition, soil nitro-
gen is generally low after a wheat crop (N im-
mobilization by straw) and stem diseases may
have appeared. As a consequence, the observed

grain yield was only 45 dt ha)1. In these condi-
tions, the model simulated wheat more reason-
ably than oats for all densities (Fig. 5b). Oat

grain yield was consistently underestimated by
the model. The pattern of emergence could have
been responsible for these underestimations.

Shoot biomass. Simulated aerial biomass showed
reasonable trends in response to increased oat
densities, but the errors were generally greater

than for grain yield (Fig. 5c and d). The model
frequently underestimated the growth of both
oats and wheat, in particular at high densities.
The simulated and measured harvest index were

compared for wheat (Fig. 6). The model slightly
overestimated the harvest index, mainly for high
densities of oats, which compensated for the

underestimation of the wheat above-ground
biomass (Figs 2b, 5c and d).

Crop production as related to crop

or weed competitive ability

Experiment 2: Winter wheat genotypes x spring

oats interaction. The e�ect of spring oats on
winter wheat yield was simulated in 1987 for four
wheat genotypes (Fig. 7a±d). In the reported ex-

periment, no signi®cant e�ect on wheat yield was
shown by sowing the spring oats at the three-leaf

Table 1. Input parameter values for di�erent crop species and cultivars

Spring
oats

Winter
oats

Spring
wheat Winter wheat

Spring
oilseed
rape

Spring
vetch

Selma Fringante Bastion Capitole Castan Fidel Talent Brutor Sylphie

RUE (g MJ)1 m2) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 2.5 2.5
HI 0.45 0.45 0.45 0.42 0.44 0.45 0.45 0.25 0.55
LAImx0 7.5 7.5 7.5 7.5 7.5 7.5 8.0 5.0 6.0
LAP1 15.05 15.05 15.05 15.04 15.07 15.06 15.05 15.02 20.05
LAP2 50.95 50.95 50.95 50.99 50.99 50.99 50.99 50.95 60.99
XDLAI 0.80 0.80 0.60 0.60 0.60 0.60 0.60 0.65 0.60
PPO1 125.60 125.60 125.60 125.60 125.60 125.60 125.60 10.30 10.40
PPO2 250.95 250.95 250.95 250.95 250.95 250.95 250.95 20.70 20.85
Hmx(m) 1.2 1.2 1.0 1.0 0.9 1.1 0.8 1.3 0.8
k 0.70 0.70 0.65 0.60 0.60 0.70 0.65 0.80 0.65
RDmx (m) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.7 1.2
FRO1 5.001 5.001 5.001 15.001 5.001 10.001 10.001 5.010 5.010
FRO2 25.010 25.010 15.010 25.010 15.010 20.010 20.010 15.100 15.500

RUE, radiation use e�ciency; HI, harvest index (for grain); LAImx0, maximum leaf area index in a dense unstressed crop; LAP1, 2,
parameters for LAI curve (15.05 means that 5% of the maximum LAI is reached at 15% of the cycle); XDLAI, fraction of the cycle
when leaf area index starts declining; PP01, 2, plant population parameters (125.60 means that 60% of the maximum LAI is reached
for 125 plants m)2); Hmx, maximum plant height; k, extinction coe�cient; RDmax, maximum root depth; FRO1, 2, parameters for
frost sensitivity (5.001 means that 0.1% of LAI and biomass are suppressed when the air temperature reaches )5 °C).
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stage of wheat at a range density of 0±16 oat
plants m)2. The variability among replicates
within oat density treatments was responsible for
the absence of measured e�ect. The simulation

indicated a slight e�ect of oat density over the
experimental range, which supports the statistical
conclusions. Low values of RMSE (0.09±

0.17 t ha)1) were observed. The e�ect of the weed
emergence date was correctly described by the

model because more e�ect on yield was simulated
for autumn-sown oats in 1986 (Fig. 4a±d).

Experiment 3: Spring wheat (spring oat:oilseed

rape:vetch interaction.) The e�ects of three dif-
ferent weeds on spring wheat grain yield were
simulated in 1985 for two weed densities (20 and

40 plants m)2). The model reproduced reason-
ably the observed competitiveness ranking: oats

Fig. 2. Simulated and observed responses of spring wheat and spring oats production to increasing densities of oats measured at the
start of wheat tillering (1986). (a) Grain yield (15% moisture) and (b) Above-ground biomass. Wheat (sim); , wheat (obs);

, oats (sim); , oats (obs).
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> oilseed rape > vetch (Fig. 8). The e�ect of
the two weed densities was also correctly pre-
dicted.

Crop production as related to weed suppression

date

Experiment 1: Spring wheat ´ spring oat inter-
action. In the reported experiment, oats were
completely suppressed 5 days after an applica-

tion of diclofop-methyl at wheat tillering. Under

this assumption for simulation, the response of
wheat grain yield to di�erent densities of oats at
tillering was correctly predicted with ALMA-
NAC (Fig. 9). Errors in simulations were

slightly greater at high densities. The ability of
the model to reasonably describe the wheat re-
covery after oat control was suggested by this

comparison.

Experiment 3: Spring wheat ´ spring oilseed

rape interaction. The crop recovery, after the

Fig. 3. Simulated and observed responses of wheat and oats above-ground biomass throughout the 1986 growing season. D0 (wheat
alone); D3 (40 plants m)2); D5 (160 plants m)2). (a) Wheat biomass and (b) Oat biomass (at D1: 10 plants m)2).
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herbicide applications that suppressed oilseed
rape at three di�erent dates in the season, was
reasonably simulated for the ioxynil + meco-
prop mixture (Fig. 10); the model overestimated

the wheat recovery for the later-applied 2,4-D
treatment. Oilseed rape suppression was prob-
ably less rapid and may have been incomplete

after this late 2,4-D application.

Sensitivity analysis

The yield response of spring wheat
(300 plants m)2) competing with spring oats

(30 plants m)2) to systematic 10% variations
(�) of the nine main crop and weed parameters
was analysed using 1986 climatic data (similar to
Experiment 1). RUE and HI, directly related to

biomass accumulation or grain yield, were
known to be the most sensitive crop parameters
in EPIC (Debaeke et al., 1996). The variation in
a wheat parameter generally had a greater e�ect

on wheat yield than variation in the corre-
sponding oats parameter (Fig. 11a and b). LAP2,
which governs the shape of the LAI during stem

elongation, was the most sensitive parameter for
both wheat and oats. Variation in PHU, which
indicates the duration of the weed cycle, had a

strong e�ect on wheat yield, probably because
the time-course of leaf area was parameterized as
a fraction of the cycle. The increase in LAImx,

LAP1 and LAP2 (rate of LAI establishment),
Hmx (crop height), PPO2 (LAI per plant), and k
(light interception) increased the wheat yield
from 2% to 6%.

Fig. 4. Simulated and observed grain yield responses of 4 genotypes of winter wheat competing with 2 densities of winter oats (1986).
(a) cv. Fidel, (b) cv.Talent, (c) cv. Castan and (d) cv.Capitole. h, Simulated; , Fidel (obs); j, Talent (obs); , Castan (obs); ,
Capitole (obs).
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Fig. 5. Simulated and observed responses of spring wheat and spring oats production to increasing densities of oats. Grain yield: (a)
1984, (b) 1985. Above-ground biomass: (c) 1984, (d) 1985. , Wheat (sim); ,Wheat (obs); , Oats (sim); , Oats (obs).

Fig. 6. Comparison of simulated and observed harvest index for spring wheat (1984±86).
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Discussion

The ALMANAC model was developed to ex-
press in terms of crop yield the interplant com-

petition between a crop and one or more weeds
(Kiniry et al., 1992). It uses a limited number of
sensitive parameters, and particularly the crop

parameter table contained in the EPIC plant
growth model, which was widely evaluated for
crop yield prediction (Williams et al., 1989; Ca-

belguenne et al., 1990). The aim of the related
work was to test a wide range of wheat:weed
interactions in simulating the yield and above-

ground biomass of each plant in association. As
weed parameters are not yet determined in the
literature, crop plants, such as oats, oilseed rape
and vetch, were used as `standard weeds' to mi-

mic weed competition. The simulation of crop

yield by the ALMANAC model gave a reason-
able representation of the competition issue in
most of the experiments reported, with a su�-
cient sensitivity to weed density, in relation to

various management strategies, including sowing
date, wheat genotype choice and herbicide ap-
plication. Some results are discussed in relation

to their importance in prediction when making
application decisions.

The simulations of oat:wheat combinations

showed that the yields of the wheat crop were
reasonably predicted, with a root mean square
error from 1.0 to 3.5 dt ha)1, depending on years

and experiments. Errors on wheat yield were
greater in the lowest yielding year (1985) and for
the greatest oat densities (D5). Similar conclu-

Fig. 7. Simulated and observed grain yield responses of 4 genotypes of winter wheat competing with 6 densities of spring oats (1987).
(a) cv. Talent, (b) cv. Fidel, (c) cv. Capitole and (d) cv. Castan. `, Simulated; j, Talent (obs); , Fidel (obs); , Capitole (obs); ,
Castan (obs).
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sions were drawn for oats. One reason could be
the choice of oat density observed at wheat
tillering to estimate the value of LAImx in the

model. Depending on years and initial densities,
the mortality of weed populations from emer-
gence to wheat tillering varied from 6% to 31%,
with the highest rates corresponding to the

highest oat densities (Ka®z, 1989). The under-

Fig. 8. Simulated and observed responses of spring wheat grain
yield at 2 densities (20 and 40 plants m)2) of spring oats, spring
oilseed rape and spring vetch (1985). Weed density; `, 20
plants m)2 (sim); , 20 plants m)2 (obs); , 40 plants m)2

(sim); j, 40 plants m)2 (obs). O, oats; R, rape; V, vetch.

Fig. 9. Simulated and observed responses of spring wheat grain yield to di�erent densities of oats after control with diclofop-methyl
applied at tillering time (1984±86). `, Simulated; , observed 1984; , observed 1985; , observed 1986.

Fig. 10. Simulated and observed responses of spring wheat
grain yield to di�erent densities of seed rape (20 and 40 plants
m)2) after control with ioxynil + mecoprop and 2,4-D (1985).
Rape density: `, 20 plants m)2 (sim); , 20 plants m)2 (obs);
, 40 plants m)2 (sim); j, 40 plants m)2 (obs).
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estimation of e�ective oat populations at high

weed densities could explain the di�erence be-
tween observed and measured yield values for
both wheat and oats (Figs 2a and 5b). Further-

more, in 1985, oat density increased con-
tinuously between wheat emergence and tillering
stage because of low temperatures, which de-
layed and staggered the emergence process. In

these conditions, the de®nition of a single

emergence date was not acceptable because it led
to greater errors using ALMANAC. Although
the simulation of the impact of high weed den-

sities on crop yield loss is unsatisfactory, this is
probably not so important in practice because
weed control is generally justi®ed in such situa-
tions. The model's ability to simulate realistically

Fig. 11. Response of wheat grain yield to 10% variations of the main crop parameters of ALMANAC. (a) Wheat parameters and
(b) oat parameters.
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the impact of low or moderate weed densities is

more useful for post-emergence spraying deci-
sions.

The di�erences in sensitivity of four crops to

the presence of a standard weed (oats) were
shown to be dependent on the year (Lutman
et al., 1994). The experiments reported here
con®rm these results for the wheat:oat competi-

tion. The competitive ability of oilseed rape and
vetch in a spring wheat crop was also correctly
predicted, as was the density e�ect.

With a small number of genetic parameters
(rate of ground cover, ®nal crop height, light
interception as related to leaf angle, growth

duration) ALMANAC described the e�ects of
di�erent wheat genotypes on weed suppression.
Verschwele & Niemann (1993) observed good
correlations between crop cover, leaf area, and

leaf angle and the ability of the wheat crop to
suppress weeds. Christensen (1995) showed that
a model comprising parameters of maximum

canopy height, maximum light interception and
temporal displacement of light interception
provided a good description of the weed sup-

pression ability of spring barley varieties. As
these variables are simulated by the model, AL-
MANAC could guide plant breeders in selecting

new genotypes for low-input management.
With the hypothesis of a complete suppres-

sion of the weed some days after an application
of herbicide, the recovery of wheat after early

weed suppression was reasonably simulated
using ALMANAC. When the herbicide appli-
cation was delayed in time, the model over-

estimated the wheat recovery partly because the
herbicide e�cacy was not complete on fully de-
veloped weeds. ALMANAC could contribute to

a better de®nition of the critical period of weed
control (the period of weed-free maintenance
and the period before weed removal) (Nieto et al.,
1968), provided that the herbicide e�cacy is

correctly represented.
Several hypotheses used in ALMANAC

could restrict its scope of application. Assuming

a regular distribution of weeds within the crop
inter-row, the model ignores the patchiness often
present in natural infestations or the presence of

weeds on the row after mechanical weeding.
Results of computer simulations have shown
that spatial distribution can have a substantial

e�ect on calculated thresholds for weed control
(Thornton et al., 1990). Likewise, in previous
simulations, we simulated a single planting date

of the weeds, causing a single ¯ush of simulated

weed emergence. This was acceptable because
the weed seeds in our experiments were sown at
the same depth and were not dormant. But in

natural weed populations, a wide distribution of
emergence dates is generally observed, because
of the variability of seed depth and seed dor-
mancy. Multispeci®c competition (or the e�ect

of successive ¯ushes of weed emergence) could be
simulated by the model using the same routine as
for bispeci®c mixtures, but this procedure has

not been yet evaluated.
In ALMANAC, when plant-available soil

moisture is less than the potential evapo-tran-

spiration, the ®rst-planted species is able to use
the available water in its current rooting zone.
Then the second-planted species (in the input
®le) is able to use the water left in its current

rooting zone. A similar situation occurs for
nitrogen and phosphorus. Because it is a daily
time step model, the planting order problem

should only a�ect the initiation of stress by, at
most, one day. To reduce the problem of order in
resource uptake, the mean of two di�erent

simulations was taken while alternating the
planting order. However, to improve the model
the hourly step might be chosen for more

realistic calculations.
The model was developed to simulate weeds

over a wide range of environmental conditions
and to account for di�erences in type of leaf

canopy, plant height, rooting depth and popu-
lation density. Its dynamic aspect permits a
survey of factors in¯uencing competition, such

as soil resources, climatic sequence, fertilizer
amount or date of spraying, in relation with crop
and weed stands (genotype, date of emergence,

density). However, more work is required to
thoroughly evaluate the model in di�erent con-
ditions of water and nitrogen availability.

A major application of such a model, once

validated, could be the de®nition of biological
damage thresholds for weed control in selected
weed:crop associations to motivate the spraying

decision in relation to the overall crop manage-
ment (Debaeke, 1995). As these thresholds are
de®ned by statistical di�erences of yield with

weed-free plots, a further determination of the
error associated with the model prediction is
necessary. By its simulation of weed seed pro-

duction at a crop rotation level, ALMANAC
could be connected to a seedbank population
model to simulate long-term yields trends.
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