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a  b  s  t  r  a  c  t

In  banana  cropping  systems,  cover  crops  are  introduced  mainly  to  manage  weeds  and  mitigate  the  use
of herbicides.  But  this  introduction  modifies  the  structure  of  the  field,  its  biophysical  functioning  and
then  farmers’  practices.  We  designed  the  SIMBA-IC  model  to  simulate  nitrogen  and  light  partitioning
and  crop  management,  which  can  differ  across  the  different  zones  of  the  field  (banana  row,  small  and
large inter-rows),  and  to assess  agronomic  and  environmental  performances  of  banana  cover  cropping
systems  under  scenarios  of  different  spatial  arrangement.  We  calibrated  and  validated  the model  using
independent  data  sets  from  a  fertilizer  and  an  intercropping  experiment,  respectively.  Results  showed
that SIMBA-IC  realistically  simulated  the differences  between  treatments  in  terms  of  crop  cycle  dura-
tion  (for  flowering  date,  RMSE  = 2.3  weeks  in  the  calibration  and  validation  steps)  and  biomass  produced
(RMSE  =  0.67  and  0.94  kgDM  ha−1 at flowering  in  calibration  and  validation  steps,  respectively).  We  simu-
lated  different  management  options  related  to  the  four  field  zones  to optimize  fertilization  and  cover  crop
management  and  ensure  a tradeoff  between  agronomic  (banana  yield)  and  environmental  (N leaching

mitigation)  performances.  Simulations  showed  that  yield  was  maximal  and  N  leaching  was  reduced  when
fertilization  was  applied  in the  banana  row.  When  cover  crops  were  mowed  according  to  the  banana  N
stress,  agronomic  and  environmental  performances  were  higher  than when  mowing  was  based  on the
cover  crop  leaf  area  index,  but  the  former  approach  led  to very  frequent  mowing.  Future  studies  should
consider  the impacts  of these  cropping  systems  from  a socio-economic  point  of view  to  assess  their

e  ado
feasibility  and  ability  to  b

. Introduction

There is currently a surge in reintroducing biodiversity in agri-
ultural systems to reduce chemical inputs, suppress pests, and
lose biogeochemical cycles (Altieri, 1999; Tilman et al., 2002).
over crops are a concrete way to reintroduce biodiversity in fields
Teasdale, 1996) and are a frequent option for weed management
Moonen and Barberi, 2008). Cover crops generate different ser-
ices (e.g. mitigate soil erosion, Derpsch et al., 1986; increase soil
arbon and nitrogen and improve microbial activity, Ramos et al.,
010) and they have the potential to decrease chemical control
f weeds and pests. Nevertheless, adding cover crops alters the
unctioning of the system, especially flows of water and nutrients
Celette et al., 2008; Mazzoncini et al., 2011; Singer et al., 2011). If

over crops are introduced, farmers have to adapt their practices of
ertilization, irrigation, and weed management. As different zones
an be defined within a banana field according to the plant they
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 102/02 (Bât. 7, Bur. 13) – 34398 Montpellier Cedex 5, France.
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© 2012 Elsevier B.V. All rights reserved.

hold (banana, cover crop, or none), spatial differentiation of cultural
practices is an interesting option to manage ‘cultivated crop-soil-
cover crop’ interactions. Management of fertilization, irrigation,
or cover crop mowing related to the different zones of the field
can help minimize the competition between cover crop and cul-
tivated crop (Ripoche et al., 2011) and the environmental impacts
(especially nutrient losses). Spatialization of cultural practices is
particularly suitable for row-cultivated plants, e.g. orchards, vine-
yards, palm trees, and bananas.

Export bananas cover nearly one million ha worldwide. Banana
cropping systems remain based on bare soil and thus use large
quantities of herbicides, 3–4 kg ha−1 year−1 of herbicide active
products in the French West Indies (Chabrier, Pers. Com.). Envi-
ronment quality is adversely affected by the frequent applications
of these herbicides and by soil and plant management practices
that may  lead to severe erosion. These risks are magnified in frag-
ile, tropical, insular conditions such as those found in Guadeloupe
and Martinique, where inhabited areas, coral reefs, and rainforests
are close to agro-systems (Bonan and Prime, 2001; Bocquene and

Franco, 2005). In this context, farmers and extensionists require
that the sustainable cropping systems designed allow maintain-
ing a satisfactory level of banana yield and mitigate the use of
pesticides.

dx.doi.org/10.1016/j.eja.2012.04.001
http://www.sciencedirect.com/science/journal/11610301
http://www.elsevier.com/locate/eja
mailto:aude.ripoche@cirad.fr
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ations (fertilization, cover cropping, mowing, restitution of banana
and cover crop residues). For N resources, the partitioning allows
representing the banana N uptake variations in relation to soil
exploration by banana roots. The cover crop is assumed to explore
2 A. Ripoche et al. / Europ

Models are increasingly used to assist the design of innova-
ive cropping systems (Wery and Langeveld, 2010). Models are
seful tools to explore innovative assemblages of cultural prac-
ices and to optimize particular ones (Dorel et al., 2008; Tixier
t al., 2008, 2011). Most crop models consider nitrogen in a field
hrough a single compartment (Parton and Rasmussen, 1994) or
hrough horizontal layers (Brisson et al., 2003). More complex

odels include a vertical two-dimension or a three-dimension rep-
esentation of water and nitrogen flows over the fields (Doltra
nd Munoz, 2010). There are very few models linking the func-
ioning of different zones with farmers’ practices differentiated
etween zones and that remain tractable to calibration and vali-
ation. Horizontal zones are relevant units of simulation because
hey correspond to the level at which farmers manage their fields.

In this paper, we describe and validate a zone model called
IMBA-IC that simulates banana and cover crop growth, and their
nteraction in exploitation of nitrogen (N) resources according to
our contrasted horizontal zones. We  assume that modeling the
our zones within the field allows representing and testing differ-
nt spatial field managements, and assessing their agronomic and
nvironmental performances. This model aims at helping design
f cover cropping systems in terms of both environmental (reduc-
ng N leaching) and productive (yield) criteria. Here, we  explored
ow the spatial organization of practices (fertilization, cover crop
nd crop residue management) can optimize the performances of
ropping systems. The model was built by assembling existing and
ew modules, both specifically designed for banana cropping sys-
ems, with an emphasis on biologically meaningful parameters. The

odel was calibrated and validated using two distinct datasets,
 fertilization experiment and an intercropping experiment. We
ropose an application of the model to evaluate the banana yield
nd nitrogen losses for scenarios of cover crop management and
ertilization differentiated between zones.

. Materials and methods

.1. Field data

Two independent data sets from Martinique (experimental sta-
ion of Rivière Lézarde, French West Indies) were used to calibrate
nd validate the SIMBA-IC model: a fertilizer experiment and an
ntercropping experiment. The fertilizer experiment was  carried
ut in a field called Pavé (14◦39′32′′N–60◦59′33′′W)  during 2005
nd 2006. The intercropping experiment was carried out in a field
alled Ponterre (14◦39′44′′N–60◦59′57′′W)  during 2006–2008. The
etails of sampling are presented in Table 1. Temperature, rainfall,
vapo-transpiration (ETP), and solar radiation (Rg) were recorded
n the fields by a Campbell ScientificTM meteorological station
Sheperd, UK) beside the plot at one meter above the ground.

.1.1. Fertilizer experiment
In this two-year experiment, four nitrogen fertilization treat-

ents were tested with four replicates; ten banana crops were
bserved in each unit plot. Four contrasted levels of nitrogen fer-
ilizer were tested: 30 (F0), 170 (F1), 300 (F2), and 440 kgN ha−1

F4). At planting, in vitro plantlets received as starter fertiliza-
ion 6 kgN ha−1 and 30 kgP ha−1. After two weeks, all treatments
eceived N fertilizer and the same amount of P and K fertilizer
150 kgP ha−1 year−1 and 600 kgK ha−1 year−1) split in monthly
pplications to ensure a non limited nutrition in P and K. Amounts
nd week of application of N in the different treatments are detailed

n Table 2. Banana crop residues were spread all over the surface of
he field. Basal girth of banana pseudo-stems, leaf length, and leaf
idth were measured monthly until flowering. Bunches were har-

ested and weighed. A relationship between basal girth and fresh
ronomy 41 (2012) 81– 91

biomass was  previously established (Achard, Pers. Com.), and the
fresh biomass was estimated according the following equation:

FBiom = a × BasalGirth + b

where a = 2.07 and b = −73.79 before flowering, and a = 3.28 and
b = −109.52 at flowering.

2.1.2. Intercropping experiment
In this three-year experiment, three treatments were tested

with five replicates. Twenty banana crops were observed in each
unit plot. A common P and K fertilizer program ensured non limited
nutrition in P and K: 150 kgP ha−1 year−1 and 600 kgK ha−1 year−1

split in monthly applications. The tested treatments included two
intercropping treatments with cover crops (Brachiaria decumbens,
BD, and Cynodon dactylon, CD), and a bare soil treatment (BS).
The cover crops were sown all over the field 1 December 2005.
Schedules of fertilizer applications and mowing, and amounts of N
applied are presented in Table 2. Cover crop residues were left in
their area of growing after mowing whereas banana residues were
moved into the small inter-row at harvest. Basal girth of banana
pseudo-stems, leaf length, and leaf width were measured monthly
until flowering. Fresh biomass was  estimated from the same equa-
tion as for the fertilizer experiment. Bunches were harvested and
measured. Fresh cover crop biomass was  measured by cutting the
cover at soil level into two parcels per plot of 0.5 m × 0.5 m, before
and after mowing during two cropping cycles (week 1, 9, 30, 34 and
54). Dry biomass was estimated on the basis of dry matter content
of a 100 g fresh aliquot of the two samples cut in each unit plot.

2.2. Model description

2.2.1. Model structure
SIMBA-IC was  developed using STELLA® (software environment

from High Performance System®, Lebanon, NH). SIMBA-IC was
designed to take into account the different zones that can be defined
within a field (Fig. 1) and therefore their different N dynamics
according to the management operated on each zone: fertilizer
application, cover crop management, banana growth. This model
simulates banana and cover crop growth and N dynamics in soil at
weekly steps; its general structure is represented in Fig. 2. The dif-
ferent modules used to build SIMBA-IC were built at weekly steps.
This corresponds to the precision that farmers use to manage their
fields and is sufficient for cropping systems design. The light avail-
able for the cover crop was  calculated taking the shading effect of
banana into account for each of the four zones. In each of the four
zones defined in SIMBA-IC, it is possible to carry out distinct oper-
Fig. 1. Description of the different zones in a banana field, with BR, SIR, IA, and LIR
corresponding to banana row, small inter-row, intermediate area, and large inter-
row, respectively.
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Table  1
Data sets used for calibration and validation of SIMBA-IC.

Field Treatment Number of crop cycles observed Number of data samplings Uses

Pavé

F0 (30 kgN ha−1) 2 12 Calibration
F1  (170 kgN ha−1) 2 13 Calibration
F2  (300 kgN ha−1) 2 13 Calibration
F3  (440 kgN ha−1) 2 11 Calibration

Ponterre
Bare  soil (BS) 3 11 Validation
Cover  cropped with Brachiaria decumbens (BD) 3 11 Validation
Cover  cropped with Cynodon dactylon (CD) 3 11 Validation

Table 2
Fertilization schedules for fertilizer and intercropping experiments. In the intercropping experiment, the three treatments received the same quantity of fertilizer.

Week of mowing Week of fertilizer application Amount of N mineral (kgN ha−1)

Pavé (fertilizer experiment) – 0 3
After week = 2, every 4 weeks F0 = 1.2 F2 = 8.1 F2 = 15 F3 = 21.9

Ponterre (intercropping
experiment) 1–9–18–30–34–44–54–67–76–95–115

0 17
4–7  27
From week 10 to 34, every 4 weeks 34
From week 41 to 95, every 4 weeks 27

Table 3
Description of the parameters used in the SIMBA-IC model.

Parameters Unit Description Value Source

aban; bban – Parameters of banana biomass
production as a function of
PARin,t

−0.2211; 25.525 Adapted from Nyombi et al. (2009)

acc;  bcc – Parameters of cover crop
biomass production as a
function of PARiccn,t

accBd = −5E−5; bccBd = 0.01 accCd = −9.29E−5; bccCd = 8.18E−3 Tixier et al. (2011)

k  – Extinction coefficient of
banana crop

0.7 Nyombi et al. (2009)

kcc  – Extinction coefficient of cover
crop

kccBd = kccCd = 0.5 Tixier et al. (2011)

ksen  LAI w−1 Senescence rate before/after
flowering

0.013; 0.025 Observed in Pavé experiment

ksumin – Minimal allocation rate at floral
initiation to sucker for the
first/following cropping cycles

0/0.1 Calibrated in Pavé experiment

ksumax – Maximal allocation rate at
flowering to sucker for the
first/following cropping cycles

0.25/0.35 Calibrated in Pavé experiment

LAImaxi m2 m−2 Leaf area index for maximal
photosynthetically active
radiation intercepted by
banana in zone ‘i’

LAImaxsir = 2; LAImaxia = 3; LAImaxlir = 5 Tixier (pers. comm.)

nstress  kg ha−1 Minimal amount of mineral
nitrogen available for banana
crop

38 Calibrated in Pavé experiment

p  – Proportion of PAR intercepted 0.456 Monteith (1972), Tixier et al. (2011)
Pintmaxi – Proportion of maximal PAR

intercepted by banana in zone
‘i’

Pintmaxsir = 0.7; Pintmaxia = 0.7; Pintmaxlir = 0.6 Tixier (pers. comm.)

pzi % Percentage of the field
attributed to the zone ‘i’

pzbr = 20; pzsir = 20; pzia = 20; pzlir = 40 Observed in Pavé experiment

pzbr = 23; pzsir = 10; pzia = 19; pzlir = 48 Observed in Ponterre experiment
pl  % Percentage of leaves 34 Pavé
pn  % Percentage of nitrogen in

tissues
pnBd = 1.65; pnCd = 1.06 Tixier et al., 2011

SF  IF m2 Foliar surface for floral
initiation (1st crop
cycle/following ones)

12/15 Adapted from Jannoyer (1995)

sla m2 kg−1 Massic surface 7.4 Observed in Pavé experiment
sub  m2 plant−1 Surface of a banana crop Pavé: 5.05

Ponterre: 5.435
SUMT IFF ◦C Sum of degree-days between

floral initiation and flowering
(1st crop cycle/following ones)

600/800 Observed in Pavé experiment

SUMT FH ◦C Sum of degree-days between
flowering and harvest (1st crop
cycle/following ones)

950/1000 Observed in Pavé experiment

With i, the zone considered in the model; BR = banana row, SIR = small inter-row, IA = intermediate area, LIR = large inter-row. Bd = Brachiaria decumbens, Cd = Cynodon
dactylon.
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Table 4
Description of the variables simulated by the SIMBA-IC model.

Variables Unit Description

Inhibn,t – Inhibition coefficient of the sucker by the “main” banana during crop cycle ‘n’ at step ‘t’
Kstresst – Banana N stress at step ‘t’
Kstresscci,t – Cover crop N stress in zone ‘i’ at step ‘t’
Ksun,t – Allocation coefficient for bunch biomass
Kvegn,t – Allocation coefficient for vegetative biomass
Pinti,t % Percentage of PAR intercepted by banana crop in zone ‘i’ at step ‘t’
Rli,t % Percentage of soil explored by banana root length
�biomn,t kgDM plant−1 Biomass newly formed during crop cycle ‘n’ at step ‘t’
�biomvegn,t kgDM plant−1 Vegetative biomass newly formed during crop cycle ‘n’ at step ‘t’
�biombunn,t kgDM plant−1 Bunch biomass newly formed during crop cycle ‘n’ at step ‘t’
�biomsun,t kgDM plant−1 Sucker biomass newly formed during crop cycle ‘n’ at step ‘t’
Biomvegn,t kgDM plant−1 Vegetative biomass during crop cycle ‘n’ at step ‘t’
Biombunn,t kgDM plant−1 Bunch biomass during crop cycle ‘n’ at step ‘t’
Fi,t kgN ha−1 Mineral N fertilized at step ‘t’
�LAIn,t m2 m−2 LAI newly formed during crop cycle ‘n’ at step ‘t’
LAIt m2 m−2 Total banana leaf area index at step ‘t’
LAIn,t m2 m−2 Banana leaf area index during crop cycle ‘n’ at step ‘t’
LAIcci,t m2 m−2 Cover crop leaf area index in zone ‘i’ at step ‘t’
Li,t kgN ha−1 Mineral N leached in zone ‘i’ at step ‘t’
Ncci,t kgN ha−1 Mineral N cover crop demand in zone ‘i’ at step ‘t’
Nmini,t kgN ha−1 Soil mineral N in zone ‘i’ at step ‘t’
Nminbani,t kgN ha−1 Soil mineral N available for banana crop in zone ‘i’ at step ‘t’
Ntotbant kgN ha−1 Soil mineral N available for banana crop at step ‘t’
PARit J m−2 Photosynthetically active radiation intercepted at step ‘t’
PARin,t J m−2 Photosynthetically active radiation intercepted by banana during crop cycle ‘n’ at step ‘t’
PARicci,t J m−2 Photosynthetically active radiation intercepted by cover crop at step ‘t’
Rbani,t kgN ha−1 Mineralized N from banana residues in zone ‘i’ at step ‘t’
Rcci,t kgN ha−1 Mineralized N from cover crop residues in zone ‘i’ at step ‘t’
Rgt J m−2 Total radiation at step ‘t’
Si,t kgN ha−1 Mineralized N from soil organic matter in zone ‘i’ at step ‘t’
Ubani,t kgN ha−1 Mineral N uptake by banana in zone ‘i’ at step ‘t’

ineral
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ith t the time step of the model in weeks, n the cropping cycle, and i the zone con

xclusively soil in the zone in which it is growing, as was observed
nd simulated for vineyard cropping systems (Celette et al., 2008,
010). All parameters and variables are described in Tables 3 and 4.

.2.2. Banana growth module
The algorithms to simulate banana growth were adapted from

ixier et al. (2008).  The main equations are presented in Table 5. The

anana phenology is driven by growth variables and temperature.
loral initiation is simulated when the total foliar surface pro-
uced since planting exceeds a threshold (Jannoyer, 1995); then,
oral initiation-flowering interval and flowering-harvest interval

ig. 2. General structure of the SIMBA-IC model. The white arrow represents climate input
nputs related to practices (e.g., fertilization or mowing activation) and outputs of nitroge
rrow represents the shading effect of banana on cover crop.
 N uptake by cover crop in zone ‘i’ at step ‘t’

d in the model.

are driven by degree-days (base temperature = 14 ◦C, Ganry, 1980).
The biomass produced is calculated according to the radiation
intercepted by banana (Eq. (1)) and its conversion into biomass,
according to a parabolic relationship (Eq. (2)). From floral initiation
until flowering, we  assumed that the biomass newly produced was
allocated to vegetative and reproductive biomass (Biomvegn,t and
Biombunn,t, respectively). A part of reproductive biomass was  also

allocated to the sucker (Biomsun,t; see Eqs. (3) to (8))  according to
the coefficient Kvegn,t, which varies from 1 to 0 between floral ini-
tiation and flowering. At flowering, we  assumed that the biomass
produced was exclusively allocated to reproductive biomass and

s (radiation, temperature, rainfall and evapo-transpiration); black arrows represent
n or biomass; gray arrows represent nitrogen flows within the system; the hatched
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Table  5
List of SIMBA-growth and SIMBA-N modules; all parameters and variables are described in Tables 2 and 3.

Equation
Growth module (adapted from Tixier et al., 2008)
PARin,t = p · Rgt · (1 − exp(−k· LAIn,t )) − PARin−1,t (1)
�biomn,t = (aban · PARi2n,t + bban · PARin,t ) · Inhibn,t · Kstresst + �biomsun−1,t (2)
�biomvegn,t = Kveg · �biomn,t (3)
�biombunn,t = (1 − Kvegn,t ) · (1 − Ksun,t ) · �biomn,t (4)
�biomsun,t = (1 − Kvegn,t ) · Ksun,t · �biomn,t (5)
Biomvegn,t = Biomvegn,t−1 + �biomvegn,t (6)
Biombunn,t = Biombunn,t−1 + �biombunn,t (7)
Biomsun,t = Biomsun,t−1 + �biomsun,t (8)
�LAIn,t = (�biomvegn,t · pl · sla)/sub (9)
LAIn,t = LAIn,t−1 + �LAIn,t − LAIn,t−1 · ksen (10)

LAIt =
5∑

n=1

LAIn,t (11)

Cover  crop module (adapted from Tixier et al., 2011)
Pinti,t = Pintmaxi/LAImaxi · LAIt (12)
PARicci,t = (p · Rgt − PARit · Pinti,t ) · (1 − exp(−kcc· LAIcci,t )) (13)
�biomcci,t = (acc · PARicc2

i,t
+ bcc · PARicci,t ) · Kstresscci,t (14)

Biomcci,t = Biomcci,t−1 + �biomcci,t (15)
Ncci,t = �biomcci,t · pzi · pn · 10000 (16) a

Kstresscci,t = If (Ncci,t = 0) Then (1) Else (Ncci,t/Ucci,t ) (17)
N  module (adapted from Dorel et al., 2008)
Nmini,t = Fi,t + Si,t + Rcci,t + Rbani,t − Li,t − Ubani,t − Ucci,t (18)
Nminbani,t = Nmini,t · Rli,t (19)

Ntotbant =
4∑

i=1

Nminbani,t (20)

Kstresst = If (Ntotbant < nstress) Then (Ntotbant/nstress) Else (1) (21)

With t the time step of the model in weeks, n the cropping cycle, and i the zone considered in the model.
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a The unit of this constant = m2.

herefore allocated to bunch and sucker. The coefficient Ksun,t rep-
esents the biomass allocation to sucker between floral initiation
nd flowering and varies from Ksumin to Ksumax. We  assumed that
riority was given to bunch during the first cropping cycle, and
he values of Ksumin to Ksumax were therefore lower than for the
ollowing cropping cycles (Table 3). This module also includes the
nhibition of sucker by mother banana, which varies according to
anana N stress and phenological stage. The inhibition coefficient
nhibn,t varies from 0 to 0.5 between floral initiation and harvest
ccording to the N stress applied on banana. We  assumed that if
he nstress parameter was severe (Tables 4 and 5) and lower than
.5, the inhibition was total (Inhibn,t = 0). At harvest, as the mother
lant is cut, Inhibn,t no longer has an effect on sucker biomass
Inhibn,t = 1; see Table 5, Eq. (2)). Leaf area index (LAI) is calculated
ith the biomass newly produced at every time step and is reduced

y senescence (Eqs. (9) to (11)). Two senescence rates were con-
idered (before and after flowering) according to measured data
unpublished data).

.2.3. Cover crop growth module
Equations describing cover crop growth were adapted from

ixier et al. (2011).  In each zone, radiation intercepted by cover crop
as calculated as a proportion of the banana LAI (Eq. (12), Table 5).

he maximal value of PAR intercepted by banana and banana LAI
iffered between zones (Table 3). The cover crop biomass was
alculated according to a radiation interception equation and its
onversion into biomass according to a parabolic relationship (Eqs.
13) to (15)). The N stress coefficient applied to cover crop was
efined in relation to the cover crop N demand and the available
ineral N in the considered zone (Eqs. (16) and (17)).
.2.4. Nitrogen balance module
Nitrogen balance module was adapted from Dorel et al.

2008) and Raphael et al. (2012);  it simulates for each zone the
mineral N dynamics in soil based on inputs (fertilization, soil
organic matter, banana and cover crop residues mineralization) and
outputs (crop uptakes, leaching; Eq. (18), Table 5). The mineral N
available for banana in each zone depends on the banana roots’
exploration (Eq. (19)). The higher the distance from the banana
row, the lower the ability for banana roots to uptake N (Fig. 3).
The total N available for banana is the sum of the N available
in all zones (Eq. (20)). Banana and cover crop residues are pro-
duced according to harvest and mowing dynamics and are thus
mineralized according to their time after return to soil, with the
same equation as in Dorel et al. (2008).  As for cover crops, N
stress coefficient applied to banana is calculated using the ratio
Fig. 3. Percentage of soil exploration by banana roots related to the LAI of banana
crop related to the zone considered in the field: large inter- row (- - -), intermediate
area (– – –), small inter-row (—). For the banana row, the percentage is maximal
whatever the banana LAI.
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.3. Statistical analysis and modeling procedures

.3.1. Model calibration
Most parameters were calibrated using literature values (Dorel

t al., 2008; Tixier et al., 2008, 2011). nstress, ksumin, and ksumax

ere estimated using an iterative procedure in order to mini-
ize the root mean square error (RMSE) of the banana vegetative

iomass over the four treatments of the fertilizer experiment
Table 1 and Section 2.1.1).

.3.2. Model evaluation
SIMBA-IC was evaluated with data from the intercropping

xperiment carried out over three crop cycles in 2006–2008
Table 1 and Section 2.1.2). We  compared the observed and pre-
icted value of banana and cover crop vegetative biomass and
alculated the RMSE. We  also evaluated the model relative to the
owering date and banana vegetative biomass at flowering, which

s an accurate yield indicator (Nyombi et al., 2009).

.4. Cropping system design

Simulations were carried out over three banana crop cycles,
sing the climate inputs (solar radiation, evapotranspiration, air
emperature and rainfall) of Rivière Lézarde (14◦N, 60◦W),  which
s representative of the growing condition of central Martinique,
rom 2008 to 2010.

.4.1. Fertilization efficiency: effects of the amount and the zone
f application

Simulations were carried out over three banana crop cycles to
ssess the efficiency of fertilization according to the zone of appli-
ation and the amount of fertilizer. In this simulation study, the
anana field was maintained on bare soil. The fertilizer amount
aried between 0 and 450 kgN ha−1 with a 5 kgN ha−1 step. Fer-
ilization occurred every month. Banana residues were left in the
mall inter-row at harvest. The evolution of banana yield, flower-
ng date, and biomass at flowering as well as the N leached at field
cale were analyzed for the three crop cycles simulated on the four
ones considered in the model.

.4.2. Efficiency of the layout of cover crop residues
In these simulations, the cover crop tested was Brachiaria

ecumbens, parameterized with parameter values from Tixier et al.
2011), sown at the beginning of the simulation (as banana plants)
n the small and large inter-row as well as in the transition zone.

owing was activated two ways: related to the cover crop LAI
mowing activated when LAI > 5) or related to the banana nitrogen
tress (mowing activated when banana stress was lower than 0.5).
fter mowing, residues were left in the zone of cover crop growth,
r concentrated in the small inter-row, the large inter-row, or the
ransition zone. Banana residues after harvest were applied in the
mall inter-row. Three contrasted levels of fertilization were tested:
50, 300, and 450 kgN ha−1 year−1. Fertilization was applied every
onth. The evolution of banana yield, flowering date, and biomass

t flowering for the three crop cycles simulated were analyzed on
he four zones considered in the model, as the amount of N leached.

. Results

.1. Model calibration

The iterative procedure allowed determining the nstress param-

ter at 38 kgN ha−1, ksumin at 0 then 0.1, and ksumax at 0.25
hen 0.35 for the first and following cycles, respectively. The
omparisons between observed and predicted dynamics of veg-
tative biomass of banana were satisfactory for both crop cycles
ronomy 41 (2012) 81– 91

studied (Fig. 4). The observed and predicted values of biomass
at flowering showed satisfactory results, with a low value of
RMSE (RMSE = 0.67 kgDM plant−1, Fig. 5a). As for observed val-
ues, the simulated biomass of the first cropping cycle remained
lower than that of the second cropping cycle for all treatments
(7.0 ± 0.5 kgDM plant−1 vs. 9.6 ± 0.1 kgDM plant−1 on average,
respectively). The comparison between observed and predicted
date of flowering also showed that the dynamics of vegetative
biomass were well simulated (RMSE = 2.3 weeks, Fig. 5b) except
for F0, for which the flowering of the second cropping cycle was
simulated with 5 weeks of delay.

3.2. Model evaluation

Fig. 6 presents comparisons between observed and predicted
values of vegetative banana and cover crop biomass in the case
of the intercropping experiment. Observed and predicted values of
vegetative banana biomass at flowering and date of flowering were
compared (Fig. 6a and b). The model slightly underestimated the
biomass at flowering but predictions were satisfactory (bias = −0.62
and RMSE = 0.94 kgDM plant−1; Fig. 6a). The difference between
the first and the following crop cycles in terms of vegetative
biomass produced was well simulated (6.5 ± 0.4 kgDM plant−1 vs.
9.6 ± 0.2 and 11.4 ± 0.03 kgDM plant−1 for the first, second, and
third cropping cycles, respectively). Dates of flowering were accu-
rately simulated (RMSE = 2.3 weeks; Fig. 6b). Nevertheless, the
flowering of the second and third cropping cycles of CD treatments
was simulated four weeks earlier. Comparison between observed
and predicted values of cover crop biomass showed that the model
was able to simulate the variations in cover crop biomass produc-
tion due to mowing (Fig. 6c) despite a trend in underestimation
(bias = −0.07 and −0.25 tDM ha−1 for CD and BD treatments, respec-
tively). No treatment effect was observed between treatments.

3.3. Cropping system design

3.3.1. Fertilization efficiency
Simulation results showed that fertilization was  more efficient

in terms of agronomic performances when applied in the banana
row (Figs. 7 and 8). For all zones, the higher the fertilization
level, the earlier the flowering dates. The highest differences were
observed when fertilization was applied under banana row, as
flowering date occurred 43, 61, and 78 weeks earlier when fertiliza-
tion was 450 kgN ha−1 year−1 than when fertilization was null. For
the first banana crop cycle and the highest fertilization amount,
flowering date occurred on average 11, 17, and 24 weeks ear-
lier when fertilization was applied under banana row than when
fertilization was applied in small inter-row, transition zone, and
large inter-row, respectively (Fig. 7). When fertilization was applied
under banana row, flowering date remained relatively stable above
300 kgN ha−1 year−1 of fertilization for the three crop cycles.

Fertilization under banana row was also more efficient in terms
of yield and N leached. Lower performances were observed when
fertilization occurred in the large inter-row (Fig. 8). For fertiliza-
tion between 70 and 300 kgN ha−1 year−1, the annual average N
leached was  always lower when fertilization was applied under
banana row than in the other zones of the field. The higher
the level of fertilizer applied, the higher the differences between
treatments in terms of N leaching (up to 146 ± 3 kgN ha−1 year−1

vs. 221 ± 29 kgN ha−1 year−1 of N leached with fertilization of

70 and 300 kgN ha−1 year−1, respectively). With fertilization of
70–300 kgN ha−1 year−1, yields varied from 10 to 20, 19, 18, and
17 tDM ha−1 year−1 when fertilizer was  applied under banana row,
transition zone, small or large inter-row, respectively.
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.3.2. Efficiency of layout of the cover crop residues
For fertilization of 150 and 300 kgN ha−1 year−1, yields and

 leaching were similar when mowing was based on banana
itrogen stress whatever the zone where cover crop residues
ere left (average yield = 9.8 and 13.7 kgDM ha−1 year−1, and aver-

ge N leaching = 81.6 and 137.0 kgN ha−1 year−1 for fertilization
f 150 and 300 kgN ha−1 year−1, respectively; Fig. 9). In contrast,
hen mowing was based on cover crop LAI, applying cover crop

esidues in intermediate area and small inter-row was  more effi-
ient than in the large inter-row or in the cover crop growth
one. For fertilization of 450 kgN ha−1 year−1 and the two  ways

f mowing, yields were higher when residues were left in small
nter-row and intermediate area (19.3 kgDM ha−1 year−1 on aver-
ge) whereas N leaching was 30 kgN ha−1 year−1 higher than when
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cropping systems over two  successive crop cycles under four levels of fertilization

residues were left in large inter-row or in the zone of cover crop
growth (Fig. 9). N losses by leaching tended to be higher when
mowing was  based on banana N stress than on cover crop LAI
(from 2.3 to 24.8 kgN ha−1 year−1 on average); the highest dif-
ferences were observed for the lowest level of fertilization (i.e.,
150 kgN ha−1 year−1).

In terms of management, the number of mowings (over the
simulated period) was  always higher when mowing was  based on
banana N stress rather than on cover crop LAI (data not shown).
In both cases, the higher the amount of fertilization, the lower
the frequency of mowings during the three banana crop cycles

(every 5–10 weeks and 13–17 weeks on average for fertilization
of 150–450 kgN ha−1 year−1, when mowing was based on banana
N stress and cover crop LAI, respectively). When mowing was based
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n cover crop LAI, the number of mowings varied between the
ifferent field zones. Mowing frequency was higher in the zone
here residues were left after mowing, particularly when residues
ere left in the large inter-row (up to 9 mowings of difference) and

imilar in the other zones for all levels of fertilization. In the case
esidues were left in the zone where cover crop grew, the num-
er of mowings was similar in all zones (around 15, 8, and 6 for a
ertilization of 150, 300, and 400 kgN ha−1 year−1, respectively).

. Discussion

.1. Model calibration and validation

The results of the “nstress” parameter calibration were close to
hose of Godefroy and Dormoy (1983,  40 kgN ha−1). Differences in
he crop cycle duration between the treatments (different levels
f fertilization in calibration and presence of cover crops in the
alidation) were correctly simulated. The standard deviation cal-
ulated from experimental data was close to the error of the model
2.2 vs. 2.3 weeks). The highest difference observed in F0 (5 weeks
ate), could be due to an overestimation of the N stress applied to

anana between the harvest of the first cropping cycle and the floral

nitiation during the second cropping cycle.
The validation procedure showed that despite the N stress

verestimation, simulation results were consistent with field
s at flowering (kgDM plant−1), (b) date of flowering, and (c) cover crop biomass in
) as cover crop or on bare soil (�). The dotted line shows the 1:1 line. WAP  = weeks

observations. The difference between simulations and observations
in the CD treatment could be explained by an allelopathic effect
of Cynodon dactylon on banana growth. This effect was not consid-
ered for experimentation as no study was available that considered
this effect on banana. Nevertheless, allelopathy of C. dactylon was
already observed in different situations; it can inhibit growth of
other crops like pecan trees, cotton, or corn (Smith et al., 2001;
Vasilakoglou et al., 2005). As this effect is not taken into account
in the model, it may  overestimate the biomass produced and the
growth rate during the crop growth cycle. The allelopathic effect
could also explain the early date of flowering in simulations and
the difference of biomass at flowering (lower in the simulations).
Nevertheless, despite the trend in underestimating the biomass at
flowering, the difference between observed and predicted value
remained low (<10% of the biomass on average, all treatments
taken together). The partitioning of light and nitrogen resources in
SIMBA-IC allowed us to simulate the overall functioning of the field
as close as possible to the one observed in experiments. Comparison
between observed and simulated mineral N stock in soil for fertil-
izer experiments showed that the model was able to reproduce the
difference observed between treatments. Considering the function-

ing under banana row, the dynamics was well simulated despite
a trend to overestimate the N stock during the second crop cycle
(RMSE = 24 kgN ha−1). Given the results of the simulations carried
out to calibrate and evaluate the model, SIMBA-IC can be considered



A. Ripoche et al. / Europ. J. Agronomy 41 (2012) 81– 91 89

20

40

60

80

100

120

140

160

180

0 50 10 0 15 0 20 0 25 0 300 35 0 40 0 45 0

1
st

  crop cy cle 

2
nd

 crop cycle 

3
rd

 crop  cy cle 

Amount of ferti lization (kgN.ha
-1

.year
-1

)

W
e

e
k

 o
f 

fl
o

w
e

ri
n

g
 (

W
A

P
) 

Fig. 7. Dynamics of the flowering date of banana related to fertilization amount
( −1 −1

a
a

a
a

4

m
d
e
c
t
m
v
e
T

F
r
o
,
3

N
 l

e
a
c
h

e
d

 (
k
g

N
.h

a
-1

.y
e
a
r-1

) 

F = 450  

F = 300  

F = 150  

40

80

120

160

200

240

280

4 8 12 16 20

Yield (t DM.ha
-1

.year
-1

) 

Fig. 9. Relationship between banana yield (tDM ha−1 year−1) and N leached
(kgN ha−1 year−1) related to the N fertilization applied (F, in kgN ha−1 year−1) and
the zone where cover crop residues were left after mowing: intermediate area (♦),
small inter-row (�), large inter-row (�), and growth zone (i.e., all zones except
kgN ha year ) and the zone of application (banana row: , intermediate
rea: , small inter-row: , and large inter-row: ). WAP  = weeks
fter planting.

ccurate and realistic enough to simulate banana cropping systems
nd to explore a range of cropping systems.

.2. Resource partitioning

Nutrient and light partitioning in cover cropping systems are a
ain issue in realistically reproducing the interactions between the

ifferent crops in the system. In SIMBA-IC, light partitioning is semi-
mpirical; the influence of banana shading on suckers or on cover
rops in the different field zones was based on the LAI. This allowed
aking into account the dynamics of light partitioning between the
other banana, suckers, and cover crops. In the case of banana,
egetation strata are well differentiated and there is an asymmetric
ffect on light partitioning, i.e. banana crops are above cover crops.
hus, we did not have to take into account the possible shading of
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the cover crop on the cultivated crop, as in other cropping systems,
e.g. wheat/maize or pea/barley (Corre-Hellou et al., 2009; Knorzer
et al., 2011). This approach is in line with other modeling studies
on intercropping systems based on tall, for example intercropped
vineyards (Celette et al., 2010).

The zoning of the cover crop and N dynamics allowed repre-
senting spatialized management of the field. The N mineralization
was adapted from Dorel et al. (2008) and Raphael et al. (2012),
developed for banana cropping systems in the same climate and
soil context. Nevertheless, determining the relationships between
the different soil layers could improve our understanding of the
interactions between banana and cover crop roots, as in the DSSAT
model (Jones et al., 2003; Cabrera et al., 2007). Adding the N2 fix-
ation could also improve the model in cases of intercropping with
legume plants. Corre-Hellou et al. (2009) added a relationship in the
STICS intercrop model (Brisson et al., 2004) between N2 fixation and
crop growth rate to simulate pea/barley cropping systems. In our
case, this modification requires new experimental data on legume
cover crop, especially on the effect of the N available and the rate
of atmospheric N fixation. Furthermore, it could be of interest to go
further into the mechanisms of competition for resources between
banana and cover crop. Such studies could include interaction at
the level of roots systems.

4.3. Cropping system design

Managing plurispecific cropping systems is a major issue for
research and farmers. Modeling is a powerful tool to explore a
large range of cropping systems; in the case of banana inter-
cropped systems, the model allowed exploring their layout to
optimize nutrient resources and cover crop management. Sev-
eral authors have used models to explore different management
options considering fertilization, crop sowing date, or intercrop
management (Nesme et al., 2006; Launay et al., 2009; Ripoche
et al., 2011). Van der Laan et al. (2011) showed that for sugarcane,

the Canegro-N model allowed optimal fertilization management
to be determined based on inorganic N level or a delay of fertil-
ization between crop growth cycles accounting for the remaining
inorganic N. The results of the fertilization optimization based
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n amount and zone of application showed that a large leeway
xists (between 100 and 300 kgN ha−1 year−1) to propose banana
ropping systems that satisfy environmental and agronomic per-
ormances. Simulations based on different levels of fertilization
nd two possible managements of cover crop growth (mowing
ctivation based on cover crop LAI or banana nitrogen stress) sug-
est also that a management can be found to achieve satisfactory
gronomic and environmental performances by applying cover
rop residues in small inter-row or intermediate area even at low
evel of fertilization. The yields simulated at 300 kgN ha−1 year−1

re slightly higher than observed in Martinique (Agreste, 2011)
here the level of fertilization currently used by farmers is close to

his. The model, however, predicts that when mowing is based on
anana N stress, farmers need to mow  the cover crop very often,
ometimes every five weeks. Such practices are not acceptable
y farmers, especially because of their economic cost. In con-
rast, mowing based on cover crop LAI tended to let the cover
rop compete strongly with banana. Nevertheless, this competi-
ion may  be partially compensated by the application of residues
n appropriate zones (small inter-row or intermediate area) or by

 higher fertilization (e.g. 300 kgN ha−1 year−1) as banana bene-
ts from nitrogen resources and grows faster. Banana N stress
nd cover crop LAI were chosen as indicators for mowing, but
hey are not currently used by farmers. For N stress, such prac-
ices could be supported by the use of plant measures, such as
PAD chlorophyll meters. Further work has to be done to deter-
ine an easy-to-use indicator on field for cover crop management

s cover crop height or a percentage of soil cover. These results
mply that farmer’s practices between these two cover crop man-
gement strategies should induce nitrogen stress for banana, and
onsequently an acceptance of a minimum yield loss. The model is
urrently being used in interaction with extension services to help
esign intercropping systems. Yet, more simulations are needed
o explore flexibility in fertilization and cover crop management.

 more adaptive management, i.e., flexible rules for fertilization
nd cover crop mowing according to the needs of banana crop
ver the crop cycle, could help limit N losses and competition for
utrients with cover crop. This type of work has been done for
ineyard intercropping systems (Ripoche et al., 2011), in which a
ule was created for users to choose between mowing or inter-
rop destruction according to grapevine water status. The water
tatus was checked every two weeks to react rapidly and avoid
ompromising grapevine performances. Nevertheless, this could
mply more constraints for farmers, as observed in our simu-
ations when mowing was based on banana N stress. In future
tudies, this economic issue should be included as an evaluation
riterion.

. Conclusion

The SIMBA-IC model, with the representation of the differ-
nt zones of a banana field, allows designing banana cover
ropping systems taking into account differences in resource
ynamics (light, nitrogen). The model validation showed that
IMBA-IC realistically simulates the impact of cover crop
r fertilization on the performances of the cropping systems (agro-
omic: yield, environmental: leaching). Future research should

ocus on the relationships between the growth of crops and their
anagement as well as on technical constraints related to the latter

labor, time required for cover crop management). Their implemen-
ation in the model could then help to assess the socio-economic

erformances of these cropping systems. Considering the design
f innovative cropping systems, future works should consider the
hallenging issue of cropping systems based on a mixture of cover
rop species.
ronomy 41 (2012) 81– 91
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