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ARTICLE INFO ABSTRACT
Keywords: Today, enhancing the sustainability of rubber-based cropping systems is crucial to ensure sufficient production to
Cropping systems meet the growing demand for natural rubber while limiting negative impacts. Inter-row management during the

Immature period
Intercropping
Mono-cropping

Technical management route
Typ-iti method

immature period of rubber is particularly important to establish a viable and productive plantation in the long
term while starting production as soon as possible. Two main inter-row management options exist in smallholder
rubber plantations in Thailand, mono-cropping and intercropping systems. Inter-row management is usually
characterized and assessed based on the choice of the crop while the associated technical operations remain
poorly considered in the literature. We undertook the detailed characterization of inter-row management
including the diversity of technical operations used during the immature period of rubber systems in three
contrasted provinces in Thailand. Semi-directive interviews were conducted on 137 plantations intercropped
with cassava in Buriram, pineapple in Rayong, upland rice in Trang or with rubber grown as a mono-crop in these
three provinces. The ‘Typ-iti’ method, combining multivariate analysis, clustering and association rules was used
to explore the diversity of technical management routes (TMRs). A wide range of inter-row TMRs was observed
in each cropping system. The clusters were distinguished according to several management steps along the TMR,
making them more complex to characterize than with a single management step or an overall gradient of
intensification, especially in cassava and upland rice systems. In the mono-cropping systems, the diversity of
inter-row management concerned the technical operations used to control weeds, and differences were identified
both within and between provinces. No temporal changes in the TMRs were observed either in the same plot for
cassava, upland rice, or in the mono-cropping systems in Rayong, whereas some adjustments over time were
identified in pineapple systems in Rayong, i.e. a reduction in the use of chemical fertilizers and herbicides. In
mono-cropping systems, the number of weeding operations was reduced in Buriram while in Trang, changes in
weeding methods were observed from one year to the next. Among the technical operations identified, those used
for pineapple cultivation were the most intense, although there was considerable variability among pineapple
growers. This study highlights the wide range of technical operations currently used for managing the inter-rows
during the immature period of rubber systems in different contexts in Thailand that may result in varying sus-
tainability performances at plot level. Any evaluation of systems used during the immature period of rubber
should thus include management diversity, with both the choice of the intercrop and associated technical op-
erations, to better understand performance variability.

1. Introduction tropics, particularly in Thailand, where in 2022, rubber plantations
accounted for 3.9 million ha, i.e. 14 % of the total agricultural area
The rubber tree (Hevea brasiliensis) is a major cash crop tree in the (Wang et al., 2022; OAE, 2023). The rapid expansion of rubber
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producing areas in recent decades, in addition to large surface areas
replanted with mono-cropping systems have raised questions about the
sustainability of current rubber systems. Recent studies have highlighted
the long-term negative effects of rubber cropping systems on environ-
mental components including the soil (Panklang et al., 2022), water
resources (Hauser et al., 2015) and biodiversity (Ahrends et al., 2015),
coupled with new economic and social challenges (Hauser et al., 2015;
Tongkaemkaew and Chambon, 2018; Lehoux et al.,, 2019). Today,
designing and promoting more sustainable rubber-based systems is
crucial to ensure sufficient production while limiting negative impacts.

Throughout the lifespan of the rubber tree, the immature period is
rarely included in questions linked to the sustainability of rubber sys-
tems, despite its potential impacts (Bessou et al., 2013; Simon et al.,
2017). During this initial period, which generally lasts 6-7 years,
farmers have two objectives: (1) to establish a viable and productive
plantation in the long term and (2) to start natural rubber production as
soon as possible to obtain an income from natural rubber. Management
practices used in both the rubber rows and the inter-rows are key to
achieving these objectives (Vrignon-Brenas et al., 2019; Burgos and
Ortuoste, 2020). In standard rubber plantations (i.e. a single row of
rubber trees planted at a mean density of 500 trees.ha™!), inter-rows
represent around 75 % of the surface area. Due to the availability of
resources in the inter-rows, especially during the first four years before
closure of the rubber canopy, managing the inter-rows is crucial not only
to ensure the viability and productivity of the plantation but also to
increase the provision of other services (Schroth and Ruf, 2014; Simon
et al., 2024).

When designing sustainable cropping systems, a diagnosis including
characterization followed by an assessment helps identify the strengths
and weaknesses of existing systems (Simon et al., 2017; Perrin et al.,
2023). The three specific aims of characterization are to (1) understand
the range of different management options that result from strategic and
tactical decisions taken by farmers depending in their objectives, per-
ceptions and production context (Cittadini et al., 2008; Therond et al.,
2017); (2) acquire key information for the assessment, since the man-
agement, functioning and performances of a cropping system are
intrinsically linked (Meynard et al., 2001); (3) identify how opportu-
nities for innovation or adaptation have already been grasped by the
farmers. Characterizing cropping systems involves first identifying the
crops and then identifying the ‘technical operations’ (TOs; i.e. the ac-
tions taken or choices made by the farmer concerning the plot for each
and every crop (Akakpo et al., 2021)). According to Wezel et al. (2014),
a cropping system is characterized by five management steps: (1) the
choice of the crop and of the variety, the spatial distribution of the crops,
and crop successions over time; (2) tillage; (3) fertilization; (4) irriga-
tion; and (5) weed, pest and disease management. Also, since technical
operations are linked and are scheduled by farmers in a logical sequence,
their description should include this sequence in what we call a ‘tech-
nical management route’ (TMR) (Renaud-Gentié et al. 2014; Sébillotte
1974).

The use of different cropping systems in the inter-rows of immature
rubber plantations has already been documented, with systems ranging
from mono-cropping with intense control of weeds to diversified rubber-
based cropping, with a wide range of possible crop associations (Simon
et al., 2024). All the systems are usually characterized based on the first
management step, i.e. the choice of the crop and of the variety, the
spatial distribution including the planting density, and crop successions.
Studies of the technical operations linked to the other management steps
are rare in the literature. Yet, a range of different technical operations
can be used for a given crop, in the same or in different plantations, due
to multiple agricultural factors. Firstly, in Thailand, the fact that 90 % of
the total area under rubber is managed by smallholders, may have led to
a wide diversity of TOs, due to structural differences between farms, the
farmers’ objectives and their know-how (Sail and Muhamad, 1994;
Cheyns and Rafflegeau, 2005). Secondly, most rubber plantations in
Thailand are located in three regions (North-East, Central and South) in
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which the socio-historic contexts of rubber development and the
pedo-climatic conditions are contrasted (Fox and Castella, 2013; Gohet
et al., 2015). Finally, the temporal dynamics of the above- and below-
ground biophysical conditions in the same plot linked to the develop-
ment of rubber trees (Pages et al., 1995; Sahuri, 2017) may lead farmers
to adjust their inter-row management over time. Based on these factors,
we assume that designing more sustainable systems for the immature
rubber period first requires in-depth characterization of existing TMRs,
including the possible diversity of technical operations used, for
different crops grown in the inter-rows.

This aim of the present study was to thoroughly understand man-
agement of the inter-rows in immature smallholder rubber plantations
in three contrasted provinces in Thailand. To this end, we tackled the
following questions: 1) How are inter-rows managed during the first four
years of the immature rubber period, considering the whole TMR? 2)
Does the TMR within a single plot change over time? 3) Which inter-row
cropping system requires the most intense and variable technical
operations?

2. Materials and methods
2.1. Case studies and farmers’ selection

2.1.1. Study sites

The present study was conducted in the three main natural rubber
producing regions in Thailand: North-East, Central and Southern, which,
in 2022, represented respectively, 26 %, 10 %, and 58 % of the total
surface area of rubber plantations in the country (OAE, 2023). In each
region, we chose to work in one province. To select these provinces, we
preliminary consulted researchers specializing in rubber-based systems
in Thailand, as well as the government institution overseeing rubber
production in Thailand (Rubber Authority of Thailand). We also took
into account the extent of the area under immature rubber, the
replanting dynamics and the representativeness of the pedo-climatic and
socio-economic contexts in each region. Buriram was selected in the
North-East where, in 2022, rubber plantations covered 48 603 ha, i.e.
5 % of the total agricultural area of the province. Despite the fact
immature plantations represented only 5 % of the total surface area
under rubber, Buriram had seen a marked increase (i.e. 36 %) in its
rubber cultivation area between 2013 and 2022 (OAE, 2014, 2023; L.DD,
2019). Buriram has a mean annual mean temperature of 27.7°C, total
annual rainfall of 1 352 mm and around four dry months (monthly
rainfall < 50 mm) (data averaged from 2013 to 2022 (TMD, 2023)).
Consequently, Buriram can be considered as a marginal rubber culti-
vation area (Gohet et al., 2015). Rayong was selected in the Central
region, where rubber plantations covered 92 277 ha in 2022, i.e. 71 % of
the total agricultural area. In 2022, immature rubber plantations rep-
resented 11 % of the total area under rubber which, between 2013 and
2022, had decreased by 22 % (OAE, 2014, 2023; LDD, 2019). Rayong
has a mean annual temperature of 28.8°C, total annual rainfall of 1
752 mm and around three dry months (TMD, 2023). Trang was selected
in the South where on 2022, rubber plantations covered 190 847 ha, i.e.
43 % of the total agricultural area in the province and immature plan-
tations represented 11 % of the total rubber area. The total area under
rubber decreased by 13 % between 2013 and 2022 (OAE, 2014, 2023;
LDD, 2019). Trang has a mean annual temperature of 28.4°C, total
annual total rainfall of 2 391 mm and around two dry months (TMD,
2023). Unlike Buriram, Rayong and Trang are considered to provide
optimum climate conditions for the growth of rubber trees (Gohet et al.,
2015).

2.1.2. Immature rubber systems

Among systems based on immature rubber, we selected systems with
a single row of rubber trees and a planting pattern of 2-to-3 x 6-to-7 m,
which is a standard planting pattern in Thailand. We focused on two
systems based on their inter-row management: (1) intercropping
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systems and, (2) rubber mono-cropping systems with only weeds (i.e. no
intercropping or cover cropping at any age of the rubber stand). We
selected the most widely used intercropping system in each province
based on information provided by the provincial offices of the Rubber
Authority of Thailand (RAOT). This meant Rubber + Cassava was
selected in Buriram, Rubber + Pineapple was selected in Rayong, and
Rubber + Upland rice was selected in Trang (Fig. 1).
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2.1.3. Farms and plots

We selected farms that had at least one immature rubber plot aged
between one and four years at the time of the interview (September to
December 2022). To be selected, the plot had to have been managed as a
rubber intercropping or mon-cropping system. Concerning the inter-
cropped plots, the intercrop selected in each province had to have been
cultivated at least once since rubber was planted, and one whole

Fig. 1. Photos showing immature rubber-based systems selected. From top-left to bottom-right: Rubber + cassava in Buriram, Rubber + pineapple in Rayong, Rubber

+ upland rice in Trang, and mono-cropping system (Photo credits: C. Simon).
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cultivation cycle had to have been completed. Other intercrops may
have been grown before or after the cultivation cycle concerned. The
selected farms were located in several districts across all three provinces
to better account for the spatial diversity of the technical operations
(Fig. 2). We interviewed 137 farmers who owned the plots, 45 of which
were located in Buriram (Ncassava = 24; Nmono-cropping = 21), 47 plots in
Trang (Nrice = 24; Nimono-cropping = 23), and 45 plots in Rayong (Npineapple
= 24; Nmona-cropping =21).

2.2. Data collection

Data were collected during individual interviews with the people in
charge of the plot management on the selected farms. In most cases, this
was the owner of the farm or another member of the household. As the
immature plantations with Rubber + Pineapple in Rayong were mostly
managed by contractors, the interview was conducted with the farmer or
manager under contract in addition to the owner of the farm whenever
possible. The interviews were mostly face-to-face at the interviewee’s
house. When required, additional information was obtained later by
phone.

In cases where the farmers owned or managed more than one plot

250 500 km

|:| North-Eastregion
|:| Central region
|:| South region
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that met our criteria, we first chose the plot with the oldest rubber trees
to maximize coverage of the initial four-year period and gather the most
information possible regarding the technical operations after tree
planting. We then selected the largest plot possible, and finally the plot
that was easiest to access at the time of the interview. Additionally, in
cases where farmers managed multiple plots, with some under inter-
cropping systems with the selected intercrop and others as mono-
cropping systems, we considered the overall distribution of the sam-
ples between intercropping and mono-cropping systems.

To characterize plot management, we asked for details on all the
technical operations applied to the inter-rows, from the preparation of
the soil for rubber planting until the day of interview, using a list of
possible technical operations drawn up before the interviews (see Sup-
plementary material 1). We used a timeline to guide the interview and to
collect the information provided by the farmers (see Supplementary
material 2). To ensure the quality of the data collected, we checked the
consistency of the information in a visit to the plot following the inter-
view and occasionally examined the packages of products used.

Fig. 2. Location of the plots selected for interviews in Buriram, Rayong and Trang. For each province, the different colored dots represent plots with intercropping
systems while the brown triangles represent plots with mono-cropping systems. (Only plots that were visited after the interview are shown.).
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2.3. Data analysis

The different steps associated with data preparation and data anal-
ysis are summarized in Fig. 3. All statistical analyses were conducted in
R (v. 4.1.3). Statistical significance for all analyses was set at p < 0.05,
highly significant at p < 0.01.

2.3.1. Preparation of the database

From raw data collected during the interviews, we prepared the
database for analysis according to four main steps: (1) segmentation of
timelines in cultivation cycles; (2) raw data processing; (3) variables
aggregation from monthly information; and (4) transformation of vari-
ables into modalities.

Segmentation in cultivation cycles. For each plot, we segmented
the timelines drawn with the farmers into cultivation cycles. For the
intercropping systems, we considered the technical operations applied
to cassava in Buriram, pineapple in Rayong and upland rice in Trang,
with varying cultivation cycle lengths depending on the crop. Cultiva-
tion cycles for cassava and upland rice covered the period from soil
preparation to harvest and included management of crop residues, with
an average duration of nine and six months, respectively. For pineapple,
we defined two cycles, both lasting 17 months. The first one covered the
period from soil preparation to the first harvest (i.e. management of the
plant crop). The second one started after the first harvest and lasted until
the second harvest (i.e. management of the ratoon crop). For mono-

Intercropping systems
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cropping systems, cultivation cycles were based on the technical oper-
ations used in the inter-rows, covering a period of 12 months from the
month in which the rubber trees were planted (between May and August
in 120 out of the 137 plantations).

Only completed cultivation cycles were retained, giving a total of
279 cycles for 137 plots, with n = 39 cycles for cassava in Buriram,
n = 35 for pineapple in Rayong, n = 44 for upland rice in Trang, and
n = 161 for mono-cropping in the three provinces combined. In other
words, between one and four cultivation cycles were associated with
each plot.

Raw data processing. This step included the conversion of certain
data (e.g. nitrogen, phosphorus, and potassium amounts based on the
commercial composition of chemical fertilizers and the quantity
applied), the estimation of some applied product quantities, as well as
the management of missing data. Missing data could concern product
information (e.g. chemical fertilizer composition), the amount of prod-
uct applied or specific details related to other technical operations (e.g.
Distance of planting from the rows of rubber trees). All raw data processing
procedures are summarized in Supplementary Material 3.

Variables aggregated from monthly information. To summarize
the information on the management at the cultivation cycle level, we
aggregated all similar technical operations. Thus, aggregated variables
per cycle corresponded to either the frequency of application (e.g.
number of deep soil tillage operations; number of hand weeding operations)
or the quantities of products applied per hectare (e.g. Total quantity of N

Monocropping systems

Timeline segmentation in cultivation cycles

Rawdata processing*

Variables aggregation from monthly information

Variables transformation into modalities*

Characterization of Technical management routes* (section 2.3.2)

Counting of cultivation cycles with
similar operation

cycle succession

w

@

=z

]

g Characterization of temporal dynamics in the same plot* (section 2.3.3)

s o
a Comparison of weeding operations in the

Comparison of clusters in the cultivation

cultivation cycle succession

Fig. 3. Methodological steps from database preparation (in grey) to data analysis (in black). For each step outlined with a solid frame, the main objective is pre-
sented. The steps relying on statistical tools are marked with a “*”. Each sub-step outlined with a dashed frame, the immature rubber-based systems (i.e. inter-

cropping or mono-cropping systems) involved are specified.
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per ha; Total Herbicide Index). We also calculated synthetic indexes for
chemical weeding and pineapple flower induction. A herbicide index
(HI) was calculated for herbicide and a flowering index (FI) for the plant
growth regulator used to induce flowering (only Ethephon) (Gravesen,
2003; Lechenet et al., 2017). All data calculations are summarized in
Supplementary material 3.

Transformation of variables into modalities. For the intercrop-
ping systems only, we transformed the aggregated variables into mo-
dalities representative of the diversity observed during the interviews.
These modalities were built differently depending on the type of vari-
able. Qualitative and discrete quantitative variables were handled
similarly, by determining relevant modalities according to the histo-
grams of the distribution of observations (’naturally occurring division’,
Husson et al., 2017). Continuous quantitative variables were split into
four equal modalities based on the median and quartiles. We also
considered the potential effects of modalities in further statistical ana-
lyses: (1) rare modalities contribute more to inertia; (2) variables with
many modalities contribute excessively to the inertia; (3) a large ma-
jority of variables with only two modalities might bias the clustering
(Chavent, 2015; Husson et al., 2017). We did not keep variables for
which at least 80 % of the TMRs used the same technical operation
because, in this case, the variables did not distinguish between situations
(Renaud-Gentié et al. 2014). In addition, when two or more variables
provided similar information after modality transformation, we reduced
the number of variables. These choices were made on a case-by-case
basis, considering the overall variability across cultivation cycles and
the need to retain either variables with the highest level of detail or
those encompassed more information.

2.3.2. Characterization of the technical management routes

Intercrops in diversified systems characterized using the Typ-iti
method. The "Typ-iti ” analytical method (Renaud-Gentié et al. 2014;
Akakpo et al., 2021) was used to study management diversity in the
three intercropping systems, with one analysis per system. This method
computes a typology of TMRs by considering the specific associations of
technical operations and is based on three statistical tools: a multiple
correspondence analysis (MCA), an ascending hierarchical classification
(AHQ), and a data-mining analysis to generate association rules between
technical operations (Renaud-Gentié et al. 2014).

MCA was performed to summarize the relationship between in-
dividuals (i.e. between TMRs) and the modalities of the variables
selected (i.e. the technical operations), with the FactoMineR R package
(Le et al. 2008). A qualitative supplementary variable was added to
describe the TMR number in the temporal succession in the same plot.
Only the MCA dimensions with inertia greater than 1/number of vari-
ables were retained (Husson et al., 2017).

Next, AHC was performed to create clusters of TMRs using the Ward
method. The number of clusters was determined according to the clus-
tering dendrogram and consolidated using the Elbow method. The AHC
identified the variables that contributed significantly to clustering, i.e.
“discriminating variables” according to chi2 correlation tests (p < 0.05).
We also identified specific modalities for each cluster, i.e. ‘discriminating
technical operations’, linked to discriminating variables. A TO was
considered to be discriminating when 1) it was present in the TMRs of
more than 50 % of the cluster, or 2) if at least 50 % of all TMRs that
included this TO were present in the cluster.

We performed a data-mining analysis based on association rules,
defined as a succession of ‘common technical operations’, i.e. shared by a
predefined minimum of TMRs in the same cluster. This data-mining
analysis allowed us to identify additional technical operations that
could complete the description of TMRs in a cluster but not revealed by
the previous MCA and AHC analyses, since they were not specific to a
cluster. According to (Renaud-Gentié et al. 2014; Akakpo et al., 2021),
we used the following parameters: the minimum support Sm, found by
calculating the ratio of the number of TMRs in the smallest cluster to the
total number of TMRs for a given cropping system, the adjusted support
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Sa equal to O (i.e. at least 50 % of TMRs in the cluster should comply
with the rule), and the confident C equal to 1. The analysis was per-
formed with the R arules package (Hahsler et al., 2023). For each cluster,
the rules with the highest number of common technical operations, i.e.
the longest rules, were retained, with a minimum of one rule and a
maximum of four rules (Renaud-Gentié et al. 2014). The length of
longest rules retained together with the total number of rules indicated
the homogeneity between TMRs in a given cluster.

Finally, TMRs were characterized for each cluster according to
descriptive technical operations, corresponding to discriminating technical
operations resulting from the AHC step, together with common technical
operations resulting from the data-mining step.

Inter-row in mono-cropping systems characterized using mixed
linear models. Only a few technical operations linked to weed control
were used in the inter-rows in mono-cropping systems. We selected six
variables to characterize the TMRs in mono-cropping systems: Total
number of weeding operations, Number of weeding methods, Number of
weeding operations using a plow, Number of weeding operations using a
knife, grass cutter or mower, Number of chemical weeding operations, and
the associated Herbicide Index (HI) (Burgos and Ortuoste, 2020). For
each variable and each province, we assessed management diversity
separately by counting the number of TMRs that used each modality. We
then compared mean values of the variables between provinces using
mixed linear models with the R Ime4 package (Bates et al., 2015). Plot
was used as a random effect to check for the possible dependency of
successive TMRs over time in the same plot. The normality of the re-
siduals and the homoscedasticity of the variance residuals were also
checked. When we observed a significant effect (p < 0.05), Tukey HSD
multiple comparison of means (post-hoc test) was implemented using
the R emmeans package (Lenth, 2024).

2.3.3. Characterization of temporal dynamics in the same plot

We selected only plots that had undergone at least two complete
cultivation cycles (intercropping systems: Neassava=11, Npineapple=10,
Nupland rice=8; mono-cropping systems: Npuriram=13, NRayong:17,
Nrrang=19). For intercropping systems, we reported the succession of
TMRs over time, using the previously attributed clusters, and considered
possible changes in clusters between TMRs in the same plot. For mono-
cropping systems, we recorded the total number of weeding operations
and the methods used for each TMR and studied possible changes in the
same plot over time. We compared the average number of total weeding
operations in the different TMRs in the temporal succession using mixed
linear models, as described in 2.3.2.

2.3.4. Comparison of the intensity and variability of technical operations

We selected five variables common to all the cropping systems
studied: Total quantity of N per ha, Total quantity of P per ha, Total quantity
of K per ha, Herbicide Index, and Number of tillage operations (i.e. sum of
all the technical operations carried out using a tractor during a culti-
vation cycle that may include soil preparation, weeding using a plow,
and in the case of intercrops, planting and harvesting).

Depending on the cropping system studied, the average length of a
cultivation cycle varies: six months for upland rice, nine for cassava, 12
for the inter-rows in mono-cropping systems and 17 months for pine-
apple. To compare variables using the same duration, we chose the
longest cultivation cycle as a reference, i.e. 17 months, and estimated
the equivalence for the different crops. In this way, in real field condi-
tions, 17 months corresponds to a complete cycle in pineapple, to 1.5
cycles for the inter-rows in mono-cropping systems over 17 months, to
1.5 cycles for cassava over 13 months plus four months that remain
uncultivated between the two cycles, and two complete cycles over six
months for upland rice plus around five months that remain unculti-
vated between the two cycles. It should be noted that we did not include
any technical operations between two successive cultivation cycles in
cassava and upland rice systems, because most of the farmers did not
conduct technical operations in their plot during this period.
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We compared the mean values of each variable between the four
cropping systems using mixed linear models with the Ime function in the
R nlme package. In the models, we indicated the difference in variance
between cropping systems, due to the heteroscedasticity of the variance
residuals (Pinheiro et al., 2023). Plot was used as a random effect to
account for the possible dependency of successive TMRs over time in the
same plot. The normality of the residuals was checked. When a signifi-
cant effect (p < 0.05) was observed, Tukey HSD multiple comparison of
means (post-hoc test) was used, with the R emmeans package (Lenth,
2024). The mixed linear models also allowed us to estimate the standard
error (SE) for each cropping system, which we then used to explore
variability in the same cropping system. It should be noted that
mono-cropping systems were not included in the mixed linear models on
fertilization variables since no fertilizer was applied to the inter-rows in
these systems.

3. Results
3.1. Inter-row management in intercropping and mono-cropping systems

3.1.1. Cassava in Buriram

From the 28 variables originally calculated from raw data on the 39
TMRs used for cassava (see Supplementary material 4), 15 variables
were selected for the analysis, divided into four management steps: Soil
preparation and planting (four variables), Fertilization (6), Weed con-
trol (4) and Management of crop residues (1) (Table 1). Five dimensions
were selected for the MCA, explaining 58 % of the total inertia (see
Supplementary materials 5 A and B). The AHC step resulted in five
clusters, that explained 76 % of the total variability after consolidation
with Kmeans (see Supplementary material 5 C). Overall, 13 out of 15
variables contributed highly significantly to the clustering (p < 0.01);
the three first discriminating variables were Number of applications of
chemical fertilizer, HI and Number of chemical weeding operations (see
Supplementary material 5D). Number of applications of organic fertilizer
and Number of applications of hormones or micronutrients were the only
variables that did not significantly contribute to clustering. Each cluster
was distinguished from the others according to six discriminating
technical operations. The last step of data-mining analysis resulted in a
total of 30,528 rules. After specific attribution of rules to the five clus-
ters, the clusters were unequally homogeneous: the number of rules
varied from five to 1 375, and the longest rules varied from four to 10
common technical operations (see Supplementary material 5E). After
combining the three analysis steps, the diversity of cassava TMRs was
characterized by all 15 variables retained, with from six to 11 descrip-
tive technical operations, depending on the cluster (Fig. 4).

TMRs in Cluster 1 (C1), were primarily characterized by the lack of

Table 1
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chemical or organic fertilizer, but also by reduced soil preparation
before planting cassava, with only one or two preparations of the surface
soil, and moderate occupation of the inter-rows, i.e. three to four rows of
cassava planted at a distance of 2-2.5 m from the rows of rubber trees.
After cassava was harvested, some cassava stems were kept for the
following cultivation cycle while the residues of the other cassava plants
were left in the plot, either on the surface of the soil between the rubber
trees or incorporated into the soil in the inter-rows.

Cluster 2 (C2) could be considered as more intensive in terms of
occupation of the inter-rows than the other clusters, with three to four
rows of cassava planted close (at a distance of 1-1.5 m) to the rubber
rows. In this cluster, weeding only consisted of applying moderate doses
of herbicide once during the cassava crop cycle (1.4 < HI < 3). TMRs in
C2 were also characterized by reduced soil preparation before cassava
was planted, with only one or two preparations of the surface soil, and a
few applications of chemical fertilizers.

Cluster 3 (C3) was characterized by the very high frequency of ap-
plications of chemical fertilizer, which included a very large quantity of
K (50-70 kg.hal) as well as a large quantity of P (5-7 kg.ha™). Most of
the TMRs in this cluster were also associated with intensive weed con-
trol, with four weeding operations including one hand weeding during
the cassava crop cycle. Finally, C3 was characterized by reduced soil
preparation before cassava was planted, with only one or two prepara-
tions of the surface soil, and by moderate occupation of the inter-rows,
with three to four rows of cassava planted at a distance of from 2 to
2.5 m from the rows of rubber trees.

Cluster 4 (C4) differed from the other clusters by intensive soil
preparation before cassava was planted, with three to four preparations
including both deep and surface soil. The cluster was also characterized
by a low amount of P (1.5-5 kg.ha!) applied and by the combination of
hand and chemical weeding using small amounts of herbicide (0 < HI <
1.4). Like C1, after harvest, some cassava stems were kept for the
following cassava cycle while the other cassava residues were left on the
surface of the soil in the plot.

Cluster 5 (C5, n = 7) were firstly characterized by a reduced soil
preparation before cassava was planted, with only one or two prepara-
tions of the surface soil, and reduced occupation of the inter-rows, with
only one to two rows of cassava planted as a distance of from 3 to 3.5 m
from the rows of rubber trees. This cluster also differed from the others
by the very high frequency of applications of chemical fertilizer, but
containing only a small amount of K (5-20 kg.ha!), and no chemical
weed control.

3.1.2. Pineapple in Rayong
Among the 33 variables originally calculated from raw data on the 35
TMRs on pineapple (see Supplementary material 6), 17 variables were

Technical operations (i.e. Variables and associated modalities) selected to perform the multiple correspondence analysis (MCA) on cassava management in inter-

cropping systems in Buriram.

Management step Variable code Variables Modality 1 Modality 2 Modality 3 Modality 4
Soil preparation SP Total number of soil preparations [1; 2] [3; 4]
and planting Deep_SP Number of deep soil preparations 0 [1; 3]

Distance Planting distance from row of rubber trees (m) [3; 3.5] [2; 3[ [1; 2[
Nb_row Number of rows planted [1; 2] [3; 4]

Fertilization Chemf Number of applications of chemical fertilizer 0 1 [2; 4]
N_tot N (kg.ha’l) [0; 8] 18; 201 120; 33] 133; 60]
P_tot P (kgha 1) [0; 1.5] 11.5; 51 15; 71 17; 21]
K_tot K (kgha™)) [0; 5] 15; 20] 120; 50] 150; 1501
Orgf Number of applications of organic fertilizer 0 [1; 5]
Horm Number of applications of hormones or micronutrients 0 [1; 3]

Weed control Weed Total number of weeding operations [0; 1] 2 3 4
Herb Number of chemical weeding operations 0 1 2 3
HI Herbicide Index 0 10; 1.4] 11.4; 3] 13; 11]
Handw Number of hand weeding operations 0 1 [2; 3]

Management of crop residues Residue Management of crop residues Left Exported

in the plot
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Fig. 4. Description of the clusters based on the diversity of technical management routes (TMRs) used for cassava in intercropping systems in Buriram. On the left,
variables and modalities correspond to the technical operations (TOs) selected to perform the Typ-iti method (see details in Table 1). On the right, the five clusters
retained are presented. In the upper part, each cluster is described based on the number of TMRs involved, the number of descriptive TOs, the total number of
association rules, and the number of longest rules retained (between one and four) with the number of TOs in each rule. In the lower part, each cluster is char-
acterized by its descriptive TOs, including discriminating TOs from ascending hierarchical classification (boxes outlined in bold) and common TOs from data mining
(identified by colored dots). In the case of TOs common to a given cluster, one color is attributed to one associated rule, with one to three different rules, depending

on the cluster.

selected, divided into five management steps: Soil preparation and
planting (six variables), Fertilization (5), Weed control (3), Flower in-
duction (2) and Harvest (1) (Table 2). Five dimensions were selected for
the MCA that explained 51 % of total inertia (Supplementary material
7 A and B). AHC resulted in four clusters that explained 69 % of total
variability after consolidation with Kmeans (Supplementary material
7 C).In all, 13 out of the 17 variables contributed highly significantly to
clustering (p < 0.01); the four first discriminating variables were the
Number of soil preparations, Number of deep soil preparations, Number of
applications of Ethephon and Pineapple crown cut off at harvest
(Supplementary material 7D). Depending on the cluster, three to 11

Table 2

technical operations discriminated between them. The last step of data-
mining analysis resulted in a total of 9 025 rules. After specific attri-
bution of rules to the clusters, the clusters were unequally homogeneous,
with a number of rules varying from 23 to 385 and the longest rules
varying from four to eight common technical operations
(Supplementary material 7E). After combining the three analysis steps,
pineapple TMRs were characterized according to 15 out of the 17 var-
iables, with seven to 13 descriptive technical operations depending on
the cluster (Fig. 5).

Cluster 1 (P1) was primarily characterized by the production of
pineapple for industry meaning farmers can sell the fruits without their

Technical operations (i.e. Variables and associated modalities) selected to perform the multiple correspondence analysis on pineapple management in intercropping

systems in Rayong.

Management step Variable code Variables Modality 1 Modality 2 Modality 3 Modality 4 Modality 5
Soil preparation SP Total number of soil preparations 0 1 2 3 Non app
and planting Deep_SP Number of deep soil preparations 0 1 2 Non app
Distance Planting distance from row of rubber trees (m) 11; 1.4] [0.6; 1]
Nb_row Number of rows planted [8; 9] 10
Material Planting material Crowns Suckers
RT age Rubber trees age at planting (month) 16; 14] [0; 6] Before RT Non app
planting
Fertilization Chemf Number of applications of chemical fertilizer [2; 3] 4 5 6 [7; 9]
N_tot N (kg.ha 1) [22; 70] 170; 1501 1150; 250] 1250; 410]
P_tot P (kgha™ 1) [0; 4] 14; 19] 119; 30] 130; 80]
K tot K (kg.ha™) [3; 55] 155; 136] 1136; 2601 1260; 6561
Micront Number of applications of micronutrients 0 1 2 3 [4; 6]
Weed control Herb Number of chemical weeding operations [0; 1] 2 [3; 4]
HTI Herbicide Index [0; 3] 13; 4] 14; 5] 15; 12]
Handw Number of hand weeding operations 0 [1; 4]
Flowering Flower Number of applications of Ethephon 1 [2; 3]
induction FTI Flowering Index [8; 24] 124; 371 137; 58] 158; 100]
Harvest Crown Pineapple crown cut off No Yes
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Fig. 5. Description of the clusters based on the diversity of technical management routes (TMRs) used for pineapple in intercropping systems in Rayong. On the left,
variables and modalities correspond to the technical operations (TOs) selected to perform the Typ-iti method (see details in Table 1). On the right, the four clusters
retained are presented. In the upper part, each cluster is described based on the number of TMRs involved, the number of descriptive TOs, the total number of
association rules, and the number of longest rules retained (between one and four) with the number of TOs in each rule. In the lower part, each cluster is char-
acterized by its descriptive TOs, including discriminating TOs from ascending hierarchical classification (boxes outlined in bold) and common TOs from data mining
(identified by colored dots). In the case of TOs common to a given cluster, one color is attributed to one associated rule, with one to three different rules, depending

on the cluster.

crowns since the pineapple fruits are processed. After harvest, the fruit
crowns were cut and used as planting material in other plots. This cluster
was consequently intensive in terms of occupation of the inter-rows
thanks to easy access to planting material, with 10 rows of pineapple
planted close to the rows of rubber trees (at a maximum distance of 1 m).
P1 was also intensive in terms of soil preparation, with three soil
preparations including two deep soil tillages before planting. Cluster 1
was also characterized by very high use of chemical fertilizer, the
highest average amount of N (250-410 kg.ha’l), P (30-80 kg.ha'l) and K
(260-656 kg.ha!) being applied. Finally, these TMRs were mostly
associated with intensive flower induction, in both the frequency and
the dose applied (58 < FI < 100).

Like P1, Cluster 2 (P2) was primarily characterized by the production
of pineapple for industry. Consequently, the fruit crowns were cut after
harvesting for use as planting material in other plots and so possible
intensive occupation of the inter-rows, i.e., 10 rows of pineapple planted
in the inter-rows. Nevertheless, TMRs in P2 differed from TMRs in P1
through moderate soil preparation, with two soil preparations including
one deep tillage before planting. P2 also involved the highest average
use of herbicide for weed control, with a HI between 5 and 12, but was
moderate concerning the flower induction, usually involving only one
application.

Cluster 3 (P3) was an atypical cluster because it comprised only

TMRs used after the first harvest (i.e. the TMRs applied to the ratoon
crop). Since pineapple plants were kept for a second harvest, there was
no soil preparation or planting during these TMRs (soil preparation and
planting variables were considered Non-applicable). This cluster also
differed from the others in the use of chemicals, with comparatively very
low amounts of P and K applied as fertilizer, and reduced use of herbi-
cide, with at the most one application along the TMR and in the low dose
applied (0 < HI < 3). Regarding induction of flowering and harvest
variables, the TMRs in P3 were quite similar to those in P2, generally
including only one induction of flowering and fruit crowns cut after
harvest.

Cluster 4 (P4) was primarily characterized by pineapples sold in
markets for fresh consumption, meaning the fruits are sold with their
crown. Since these crowns were not available for planting, the farmers
generally used plant suckers, which are less accessible than crowns. P4
was classified as moderate in terms of occupation of the inter-rows, with
8-9 rows of pineapple mainly grown from suckers, planted further away
(at least 1.2 m) from the rows of rubber trees. This cluster also mainly
corresponded to TMRs with few flower inductions (one flower induc-
tion; 0 < FI < 24). It should be noted that no technical operations linked
to fertilization and weed control appeared as a key descriptor in this
cluster. P4
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3.1.3. Upland rice in Trang

Out of the 28 variables originally calculated from raw data on the 44
TMRs used for upland rice (see Supplementary material 8), 14 variables
were selected, divided into five management steps: Soil preparation and
planting (three variables), Fertilization (4), Weed control (3), Harvest
(3), and Pest control (1) (Table 3). Five dimensions were selected for the
MCA that explained 58 % of the total inertia (Supplementary material
9 A and B). AHC resulted in six clusters that explained 59 % of the total
variability after consolidation with Kmeans (Supplementary material
9 C). All in all, nine out of the 17 variables contributed highly signifi-
cantly to clustering (p < 0.01), the amount of N, P and K applied being
the three first discriminating variables. In addition, three other variables
(i.e. Period between harvest and removal of residues, Management of crop
residues and Number of soil preparations) contributed significantly to
clustering (0.01 < p < 0.05) (Supplementary material 9D). The method
of harvesting upland rice was the only variable that did not significantly
contribute to clustering. Depending on the cluster, four to seven vari-
ables discriminated between them. The last step of mining association
rules resulted in a total of 51,248 rules in the upland rice TMRs before
specific attribution to the four clusters. The clusters varied in homoge-
neity, the number of rules varying from 72 to 750 and the longest rules
varying from six to 10 common technical operations depending on the
cluster concerned (Supplementary material 9E). After combining the
three analysis steps, upland rice TMRs were characterized by all 14
variables selected, with nine to 11 descriptive technical operations
depending on the cluster (Fig. 6).

Cluster 1 (UR1) was primarily characterized by a very large quantity
of P and of N applied, but with no K applied via chemical fertilization. In
UR1, upland rice was generally planted close (0-0.8 m) to the rows of
rubber trees with no soil preparation beforehand. Finally, the rice plants
were removed one to three months after the rice grains were harvested,
the plant residues being left in the plot.

Cluster 2 (UR2) was firstly characterized by a reduced occupation of
the inter-rows, with rice planted both by hand and by machine at least
1 m from the rows of rubber trees. UR2 also differed from the others in
the large number of interventions on intercropped rice, with at least two
applications of fertilizer and two hand weeding operations. Despite the
frequent applications of fertilizer, the TMRs in UR2 were characterized
by the low doses of N and P applied (respectively, 0-7 kg.ha and
0-2 kg.ha!). After the rice was harvested by hand, the plant residues
were generally left in the plot.

TMRs in Cluster 3 (UR3) were firstly characterized by frequent ap-
plications of chemical fertilizer, with the largest average amounts of N
(21-50 kg.ha), P (6-13 kg.ha!) and K (8-56 kg.ha™!) applied. UR3 was
also characterized by the large number of manual interventions for
planting, weed control and harvesting operations.

Table 3
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Cluster 4 (UR4) was firstly described by frequent applications of
chemical fertilizer but using rather small quantities of N (7-14 kg.ha’l),
P(2-4 kg.ha’l) and K (0-8 kg.ha'l). In this cluster, after at least one soil
preparation, upland rice was usually planted near the rows of rubber
trees (at a maximum distance of 0.8 m) using a combination of hand and
machine planting. Weeds were mainly controlled by cutting, especially
between the rubber trees and rows of the upland rice. After the rice was
harvested by hand, plant residues were generally cut and left in the plot.

TMRs in Cluster 5 (UR5) were firstly characterized by the minimum
use of chemical inputs for fertilization, weed control and pest control.
After rice was planted (only by machine), chemical fertilizers were
applied once only, using only a small amount of N (0-7 kg.ha!) and no
K. Rice was usually harvested by hand, the plants were removed just
after harvesting, and the residues taken out of the plot.

Cluster 6 (UR6) was primarily distinguished by the use of chemical
products to control rice pests. However, no herbicide was used and
weeds were mainly controlled by cutting between the rows of rubber
trees and the rows of upland rice. In URS6, after at least one soil prepa-
ration, upland rice was usually planted by machine at a distance of
1-1.25m from the rows of rubber trees. Chemical fertilizers were
generally applied once, and contained a very large quantity of N
(21-50 kg.hal), a large quantity of P (4-6 kg.ha') and a moderate
quantity of K (0-8 kg.ha™!).

3.1.4. Mono-cropping systems in the three provinces

In Buriram, 41 out of the 43 TMRs were primarily characterized by at
least one weeding operation (Fig. 7A). Only two TMRs involved no
weeding operations. In the 41 TMRs, the number of weeding operations
ranged from one and six, with two operations in 13 TMRs and three in 17
TMRs. In Buriram, plowing was almost the only weeding method, with
40 out of 41 TMRs including at least one plowing operation and 36 of
TMRs characterized by plowing alone. Mowing and chemical methods
were rarely used, but when they were then alone (one TMR with only
two mowing operations) or combined with plowing (two TMRs
combining plowing and mowing or plowing and chemicals).

In Rayong, 39 out of the 51 TMRs were primarily characterized by at
least one weeding operation (Fig. 7B). Twelve TMRs included no weed
control at all. In the 39 TMRs, the number of total weeding operations
varied between one and four, with one operation in 13 TMRs and two in
18 TMRs. In this province, plowing and mowing methods were used to
the same extent, with 17 TMRs including at least one plowing operation
and 14 TMRs including at least one mowing operation. Chemical
method was used to a lesser extent, applied in 10 TMRs. In these TMRs,
the HI was between 1.4 and 11.9. However, a single method was used in
almost all the TMRs. Only two TMRs combined plowing with mowing or
applications of herbicides.

Technical operations (i.e. Variables and associated modalities) selected to perform the multiple correspondence analysis on upland rice management in intercropping

systems in Trang.

Management step Variable code Variables Modality 1 Modality 2 Modality 3 Modality 4
Soil preparation Sp Total number of soil preparations 0 [1; 3]
and planting Distance Planting distance from row of rubber trees (m) 10.8; 1.25] [0; 0.8]
Planting Planting method Hand Hand & Machine
Machine
Fertilization Fert Total number of applications of fertilizer [0; 1] [2; 3]
N_tot N (kg.ha ) [0; 7] 17; 141 114; 21] 121; 50]
P tot P (kgha ') [0; 2] 12; 4] 14; 6] 16; 13]
K_tot K (kgha™) 0 10; 81 18; 561
Weed control Herb Number of chemical weeding operations 0 [1; 2]
Handw Number of hand weeding operations 0 1 [2; 3]
Grass Number of weding operations using a grass cutter 0 [1; 2]
Pest control Pest Number of pest control operations 0 [1; 2]
Harvest and Harv Harvesting method Hand Hand &
Management of crop residues Machine
Residue Management of crop residues Left Exported
in the plot
Remov Period between harvest and removal of residues (month) 13; 6] 10; 3] 0




C. Simon et al.

European Journal of Agronomy 170 (2025) 127774

"UR1" Cluster "UR2" Cluster "UR3" Cluster "UR4" Cluster "UR5" Cluster "UR6" Cluster
4 TMRs 9 TMRs 11 TMRs 7 TMRs 9 TMRs 4 TMRs
9 descriptive TOs || 10 descriptive TOs || 10 descriptive TOs || 12 descriptive TOs || 10 descriptive TOs || 11 descriptive TOs
72 rules 342 rules 129 rules 118 rules 156 rules 750 rules
1 longest with 8 TOs|4 longest with 8 TOs|[2 longest with 7 TOs| 4 longest with 6 TOs|[2 longest with 7 TOs||l longest with 10 TO:
‘ Modality 1 ‘ Modality 2 ‘ Modality 3 ‘ Modality 4 ‘ 1 2 ‘ 3 ‘ 4 11213 ‘ 4 1 2 ‘ 3 ‘ 4 1 2 ‘ 3 ‘ 4 1 213 ‘ 4 1 ‘ 2 ‘ 3 ‘ 4
sp 0 [1:3] [ e [ ] ®
Soil
preparation |Distance 10.8; 1.25] [0;0.8] [ ) o ®
and planting
. Hand & .
Planting Hand Machine Machine 4 (] [ [ )
Fert [0; 1] [2;3] K e [ ([ ]
N_tot [0; 7] 17; 14] 114;21] 121; 50] e 4 [
Fertilization
P_tot [0; 2] 12; 4] 14; 6] 16;13] [ ] [ )
K_tot 0 10: 8] 18: 56] [ ] (] e 4 [ ]
Herb 0 [1;2] e {
Weed control [Handw 0 1 [2; 3]
Grass 0 [1:2] ( e e [ J
Pest control [Pest 0 [1;2] ® [ ) [ " e e [ J
Hand &
Harv Hand only Machine F * ( J e
Harvest |Residue Left in the plo Export [ ) k + (] {
Remov 13; 6] 10; 3] 0 [ ) ‘ ‘ e

D Discriminating TO (p < 0.05)

@1 ® Common TO (> 50% of TMR in cluster)

Fig. 6. Description of the clusters based on the diversity of technical management routes (TMRs) used for upland rice in intercropping systems in Trang. On the left,
variables and modalities correspond to the technical operations (TOs) selected to perform the Typ-iti method (see details in Table 1). On the right, the six clusters
retained are presented. In the upper part, each cluster is described based on the number of TMRs involved, the number of descriptive TOs, the total number of
association rules, and the number of longest rules retained (between one and four) with the number of TOs in each rule. In the lower part, each cluster is char-
acterized by its descriptive TOs, including discriminating TOs from ascending hierarchical classification (boxes outlined in bold) and common TOs from data mining
(identified by colored dots). In the case of TOs common to a given cluster, one color is attributed to one associated rule, with one to three different rules, depending

on the cluster.

In Trang, 59 out of the 67 TMRs were primarily characterized by at
least one weeding operation (Fig. 7C). Only eight TMRs included no
weed control at all. In the 59 TMRs, the number of total weeding op-
erations varied from one to five, with one operation in 26 TMRs and two
operations in 13 TMRs. In this province, the most common weeding
method was mowing, with 31 TMRs including at least one mowing
operation and 26 TMRs using this method alone. Plowing was the second
most common method, and 21 TMRs included at least one plowing
operation. Chemical weeding was the least used method, but was
nevertheless applied at least once in 13 TMRs. In these TMRs, the HI
varied between 1.2 and 8.8. A single method was used in almost all the
TMRs. A combination of two weeding methods was observed in only six
TMRs; three TMRs combined mowing and the use of chemicals, two
TMRs combined plowing and mowing, and one combined plowing and
chemicals.

3.2. Temporal dynamics of inter-row management in the same plot

In intercropping systems in Buriram, 11 farmers cultivated cassava
for several years, the majority used two successive cassava cycles. No
temporal effect was observed for this intercrop, with 10 out of 11
farmers using the same TMR in successive cassava cycles (Fig. 8). For
upland rice, six out of the eight farmers we interviewed had imple-
mented three successive upland rice cycles in their plantation. Like for
cassava, we observed no temporal changes in upland rice management,
with seven out of eight farmers using the same TMR throughout suc-
cessive cycles of upland rice in Rubber + Upland rice systems in Trang.
However, in most cases, the pineapple TMR changed over time. Of the
10 farmers interviewed that had harvested pineapple twice in their plot,
nine farmers changed their management between the first and the sec-
ond harvest, all converging to P3 for the second TMR.

Concerning the mono-cropping systems, the total number of weeding

11

operations decreased significantly over the first four years in Buriram,
with around three operations in year 1 but only one or two in year 4
(Fig. 8). The same weeding method (i.e. plowing) was used during this
period in 11 out of 13 plots in Buriram. In Rayong and Trang, we
observed no significant changes in the total number of weeding opera-
tions over time but farmers were likely to change their weeding methods
from one year to another, especially in Trang where 10 out of 19 farmers
alternated between plowing, mowing and the use of chemical
herbicides.

3.3. Intensity and variability of technical operations in the inter-rows in
the different cropping systems

Concerning fertilization, significantly higher quantities were applied
to pineapple than to the other intercrops, especially of N and K (Fig. 9A
and C). The amount of N applied in pineapple systems averaged 169 kg.
ha! over 17 months (Standard Error = 19.2), i.e. around five times more
than in cassava systems (29.9 kg.ha’l, SE = 5.2) and upland rice systems
(32.9 kg.ha! month™, SE = 5.3). Similarly, the amount of K applied in
pineapple systems averaged 177 kg.ha™! over 17 months (SE = 27.1), i.e.
around 8.5 times more than in upland rice (20.8 kg.ha'l, SE = 9.29) and
four times more than in cassava systems (45.3 kg.ha"l, SE = 9.1). No
significant difference in the doses of N, P and K was observed between
cassava and upland rice. The amounts of N and K in the chemical fer-
tilizers applied varied more in pineapple systems than in cassava and
upland rice systems. Consequently, some pineapple clusters, especially
P3 and P4, received similar or even smaller quantities of chemical fer-
tilizer than cassava and upland rice clusters. For example, quantities of K
averaged 69 kg.hal and 79 kg.ha! in respectively P4 and P3 versus
137 kg.ha! in G3 (Fig. 9 C).

Regarding herbicides, we observed significantly higher HI in pine-
apple over 17 months (4.60) than in the other crops, particularly
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compared to upland rice (1.01) and in the inter-rows of mono-cropping
systems (1.09) (Fig. 9D). However, HI was similarly variable in the four
systems studied, with standard errors (SE) ranging from 0.35 in pine-
apple systems to 0.66 in the inter-rows in mono-cropping systems.

12

Finally, the number of tillage operations was significantly higher in
cassava, with around five tillage operations over 17 months, versus one
in pineapple, two in the inter-rows of mono-cropping systems, and be-
tween three and four in upland rice (Fig. 9E). No significant difference
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was observed between pineapple and the inter-rows in mono-cropping
systems. The variability of the number of tillage operations was
similar in the four systems studied, with SE varying from 0.22 for the
inter-rows in mono-cropping systems to 0.40 in pineapple systems.

4. Discussion

4.1. A diversity of technical management routes was found in all four
cropping systems studied

Our study highlighted a wide diversity of technical management
routes (TMRs) for a given inter-row system, from originally 39 TMRs for
cassava in Buriram, 35 TMRs for pineapple in Rayong, 44 TMRs for
upland rice in Trang, and 161 TMRs for mono-cropping in the three
provinces. While the diversity of inter-row management in perennial
mono-cropping systems has already been demonstrated (e.g. Chen et al.,
2022; Renaud-Gentié et al. 2014 in vineyard systems; Mettauer et al.,
2021 in oil palm systems), to our knowledge, this study is the first to
thoroughly characterize the diversity of management in diversified
perennial systems. Our results differ from those of Koussihouedé et al.
(2020) who identified a single technical management system for a given
crop choice in the inter-rows in intercropping immature oil palm sys-
tems in Benin.

In the three intercropping systems studied here, we were able to
structure the diversity into four to six clusters depending on the inter-
crop. Each cluster was discriminated by four out of the five management
steps described by Wezel et al. (2014), i.e. crop spatial distribution,

tillage, fertilization and weed, disease and pest management, but also by
specific technical operations linked to the harvest and removal of the
intercrop. In our study, irrigation did not appear as an explanatory
management step because the majority of farmers do not irrigate their
intercrops. In pineapple systems, the clusters linked to the TMRs applied
between the soil preparation and the first pineapple harvest (i.e. P1, P2
and P4) were closely linked to the two different marketing channels for
pineapple mentioned in our interviews: industry with fruit processing
(P1 and P2) versus fresh fruit market (P4). In P1 and P2, the production
of pineapple for industrial processing means the fruit crown can be cut
off after harvesting and used as planting material. In P4, since pineapple
produced for the fresh fruit market must be sold with their crowns, only
plant suckers can be used as planting material. Consequently, we
observed lower pineapple planting density in P4 than in P1 and P2, due
to the reduced availability of planting material. Likewise, according to
the farmers we interviewed, the pineapple varieties used for fresh con-
sumption require smaller quantities of Ethephon to induce flowering,
resulting in a lower flowering index (FI) in P4. The clusters of cassava
and upland rice systems were more difficult to interpret, as we could not
identify an overall gradient of intensification in the TMRs but rather
differences in specific technical operations. For example, the TMRs
linked to C5 in cassava systems could be described as being more
extensive in terms of soil preparation, planting density and chemical
weeding compared to the other TMRs, but more intensive in terms of the
frequency of application of chemical fertilizer. These results are in line
with those of other studies that highlight a diversity of TMRs more
complex to understand than a simple gradient of intensification in
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annual and perennial cropping systems (Le Bellec et al, 2011;
Renaud-Gentié et al. 2014; Akakpo et al., 2021).

Despite the structuring of the diversity of TMRs into clusters, it is
important to note that a certain degree of heterogeneity was neverthe-
less observed between TMRs in the same cluster in several clusters
whatever the intercrop. Also, some clusters have to be interpreted with
caution because of their small size, for example UR1 and UR6 for upland
rice and C4 for cassava.

In mono-cropping systems, diverse inter-row management was
observed within provinces in the frequency of weeding operations and in
the methods used. This diversity was also observed between provinces.
Weed control in Buriram was significantly more frequent than in Rayong
(p = 0.03) and tended to be more frequent than in Trang (see Supple-
mentary material 10). Regarding methods of weeding, plowing was
almost the only method used in Buriram, whereas mowing and chemical
methods were more used in Rayong and Trang. These differences could
be linked to the differences in the topography of the three provinces. All
the plots selected in Buriram were flat, hence facilitating the use of
tractors for plowing while some of the plots in Rayong and Trang were
on slopes. Moreover, most of the farmers in Buriram owned agricultural
machinery (including tractors), to cultivate other crops such as cassava,
paddy rice or sugarcane, which was not always the case in Rayong and
Trang. Since the choice of crop in the intercropping systems differed
from one province to another, we were unable to perform an analysis
between provinces, despite some evidence of possible variability of
management between the different regions (Chambon et al., 2014,
2018).

4.2. Depending on the cropping system, management was not always
adjusted over the first four years

Some progressive adjustments of the TMRs over the first four years of
the immature period might have been expected (Merot and Wery, 2017),
with a global reduction in the intensity of the technical operations
following the reduction in availability of natural resources in the
inter-rows due to the growth of the rubber trees. This would be expected
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to lead to a reduction in planting density, in the quantity of fertilizers
used, and to a reduction in the frequency of weeding in intercropping
systems and mostly a reduced weeding frequency in mono-cropping
systems. Surprisingly, we observed no such temporal changes in the
management in either the cassava systems in Buriram or the upland rice
systems in Trang. The stability of TMRs over time might be explained by
the fact that resources are not particularly limiting in the inter-rows
during these early years of rubber tree development, thus allowing
farmers to repeat the same management operations several times. Nor
did we observe any changes associated with variations in climate con-
ditions (e.g. annual rainfall) or in economic conditions (e.g. the cost of
inputs) between years. According to Jacobsen (1994), a farmer becomes
experienced and may develop a certain routine in the management of
annual crops, since the decisions made to manage these crops are
cyclical and recurrent. In other words, once farmers have developed a
TMR that meets their production objectives, they may use the same TMR
until the end of inter-row cultivation.

However, we did observe some significant temporal changes in the
management of pineapple in Rayong, where farmers generally reduced
the number of interventions in their second TMR. The absence of soil
preparation or planting operations after the first harvest was expected,
since the same pineapple plant can be used for several harvests. Simi-
larly, the reduction in the use of herbicides appears logical given the
increase in shade linked to the development of both rubber trees and
pineapple plants. However, it is noteworthy that the reduction in the
amount of fertilizer applied during the second pineapple cycle meant the
applications may do not satisfy all the plant’s requirements, especially in
K (Obiefuna et al., 1987; Leon and Kellon, 2012).

Concerning the mono-cropping systems, the results we observed
differed with the province. In Buriram, the frequency of weeding in the
inter-rows decreased significantly after three years, with no change in
the weeding methods (i.e. plowing). In Rayong and Trang, the weeding
frequency remained similar in the first four years, but some farmers
alternated between plowing, mowing and applying chemical herbicides
from year to year, especially in Trang. Among farmers who used
different methods, the main reason given was the level of weed pressure
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in the plot, which varied from year to year depending on annual rainfall.
Consequently, chemical herbicides were used when the weed pressure
was considered high, while other methods were used when the weed
pressure level was lower or during the dry season (Burgos and Ortuoste,
2020).

We were unable monitor for some plots the whole four-year period of
the study. Indeed, we originally selected plots between one and four
years old to ensure we could conduct enough interviews per province,
but that would result in some incomplete timelines. For example, only
two out of the 24 plots selected for cassava systems were four years old,
eight plots were three years old, six were two years old and eight were
only one year old. This methodological choice also limited possible
analysis of the diversity of land use strategies over the whole four-year
period. However, data collected during the interviews indicated that
while some farmers maximized the use of available resources by culti-
vating intercrops continuously over the four-year period, other farmers
either started to plant intercrops crops only one or two years after
planting rubber to limit competition on very young trees, or stopped
cultivating the inter-rows one to two years after planting rubber.

4.3. Pineapple systems were the most intense, but also the most variable

Comparing the four cropping systems showed that pineapple systems
were the most intense in terms of chemical inputs used for fertilization
and weed control. This difference in intensity could be primarily linked
to crop requirements (see Supplementary material 11 - Rice Department,
2012; DOAE, 2017; Horticultural Research Institute, DOA, 2017; FCRI
and DOA, 2020). In addition, pineapple cropping systems could be
managed by another farmer under contract (the case of 12 out of the 24
plots in our study), in contrast to other intercropping systems that are
managed by the owner or a member of the owner’s household
(Manarungsan and Suwanjindar, 1992). More intense management is
thus hypothesized in pineapple systems managed under contract, since
the objectives of the contracting farmers may focus on optimizing
intercrop productivity rather than on the growth of immature rubber
trees (Siju et al., 2012).

Concerning the other technical operations, the pineapple cultivation
cycle (17 months) is longer than that of upland rice (six months) and
cassava (nine months). This means less frequent tillage for pineapple
than for the other two intercrops, leading to an overall lower rate of soil
tillage. Moreover, in the pineapple system, the soil cover was almost
permanently complete during the four-year study period, in contrast to
the other intercropping systems. Consequently, while the operational
costs of chemical inputs and the environmental impacts associated with
their use are likely to be higher in pineapple systems, the risks of soil
compaction and erosion may be lower.

Our results revealed high variability of technical operations for a
given cropping system, particularly operations concerning fertilization
in the pineapple intercrop system, where variability between pineapple
clusters outweighed the differences in intensity between pineapple and
the other intercrops. This variability may be useful for adaptations
aimed at achieving more sustainable cropping systems, given the current
dependence on external inputs.

Our study focused on technical operations used for the main crop
grown in the inter-rows. Considering the whole crop sequence over the
four-year period, including the technical operations used for weed
control or to manage additional crops grown between two successive
cycles of cassava or upland rice, would make it possible to judge the real
intensity of inter-row management more accurately. For example, even
if negligible compared to the other more conventional systems, very
short rotations were sometimes observed in a few plots such as cassava-
watermelon-cassava in Buriram, upland rice-vegetables-upland rice in
Trang).
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4.4. Advantages and limitations of the methodology used

Some general advantages and limitations of the methodology used
were identified from data collection to the analyses. The first limitation
concerned the time required for the interviews (from one to three hours
per interview), meaning we were only able to conduct a (1) a limited
number of interviews and, (2) the risk of having less accurate data
during the interview was higher. The time spent on the interviews may
also limit their future replicability. Secondly, data collection concerned
the technical operations applied ever since rubber was planted. The
quality of the information consequently depended on the reliability of
the farmers’ memories and the age of the plot selected, in some cases,
some technical operations had been undertaken four years before the
interview. The use of a timeline together with an initial list of possible
technical operations helped jog the farmers’ memory of the chronolog-
ical order of the technical operations. Thirdly, we used the Typ-iti
method to characterize the TMRs in intercropping systems. This
method, which has already been used for annual (Akakpo et al., 2021)
and perennial cropping systems (Renaud-Gentié et al. 2014), proved
relevant to characterize the diversity of TMRs in a given cropping system
due to the complementarity of the statistical tools. Nevertheless, it has
limitations similar to other typology methods. According to Alvarez
etal. (2018), the decisions made in typology for data collection, variable
selection, data reduction and clustering techniques can have a signifi-
cant impact on the results. For example, we rejected technical opera-
tions that were rarely used for a given intercrop, i.e. when less than 20 %
of the TMRs used the operation concerned (e.g. irrigation, crop associ-
ations such as upland rice and banana) leading to underestimation of the
diversity of TMRs in real field conditions. Moreover, the numbers of
variables and modalities chosen within each variable for a given crop
may bias the level of homogeneity within clusters. While upland rice
clusters appeared to be more homogeneous than pineapple clusters in
terms of the total number of rules and the maximum length of the rules
(Supplementary materials 7E and 9E), it is difficult to conclude greater
diversity in pineapple TMRs due to the difference in the number of
variables (17 for pineapple versus 14 for upland rice) and in the number
of modalities per variable (11 variables with at least three modalities for
pineapple versus only six for upland rice).

4.5. Perspectives of the study

We identified four main promising perspectives of the present study
that partially address the knowledge gaps in the characterization of
systems based on immature rubber trees (Simon et al., 2024). Firstly, our
study focused on the most widely adopted immature rubber-based sys-
tems in smallholder contexts in Thailand (i.e. mono-cropping systems
and intercropping systems, with annual or medium-term crops
(Langenberger et al., 2017)). These dominant systems have so far been
poorly studied, creating a need for knowledge production in order to
better understand their management. In parallel, it would be of interest
to explore management practices or rubber-based cropping systems that
are considered innovative (e.g. upland rice — cover crop rotation
observed in Trang). To this end, an on-farm innovation tracking
approach might be implemented, with (1) the identification of small-
holder farmers developing alternative technical operations or systems
and (2) their description (Salembier et al., 2015; Blanchard et al., 2017).
On-farm innovation tracking could be complementary to our study,
shifting the focus from global considerations and representativeness to
particularities and uniqueness (Périnelle et al., 2021).

Secondly, we highlighted diversity of TMRs for the same inter-row
crop in the same province, faced with similar production, climatic and
economic conditions (Yvoz et al., 2020; Akakpo et al., 2021). This di-
versity could be linked to the variety of economic, environmental and
sociocultural objectives of the different farmers (Kallas et al., 2010;
Aouadi et al., 2015). All the farmers who adopted intercropping in
immature rubber plantations chose to grow an intercrop to increase
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their income, but while some chose to maximize the yield to be obtained
from the intercrop, others preferred to reduce their operating costs and
the labor time required. This management diversity could also be linked
to the external and internal context of the farm, including economic
factors (e.g. household income, investment capacity), biophysical fac-
tors (e.g. soil type, topography) and social factors (e.g. age of the farmer,
previous experience) (Blazy et al., 2009; Aouadi et al., 2015; Fanchone
et al., 2020). Studying the plot, farm and household level determinants
of the intensity of management of the three intercrops in different
provinces would be an interesting way to identify general versus crop
choice-dependent drivers and constraints.

Thirdly, we studied the possible temporal changes in inter-row
management during the first stage of the immature period, disregard-
ing the management operations applied after the first four years. Even
though the drastic reduction in light intensity, nutrients, and water re-
sources limits opportunities for diversification and the growth of weeds,
rubber trees are still unproductive during the second stage of the
immature period and maintenance operations are still required to secure
the long-term viability of the plantation. Nor did we explore possible
spatial changes at the plot scale by including technical operations
applied in the rows of rubber trees themselves. Considering the spati-
alization of technical operations and the relationships between the
management of the inter-rows and that of the rows of rubber trees would
lead to a better understanding of the farmer’s overall strategy at the plot
level and enable the assessment of the real performances of the plan-
tations (Simon et al., 2024). Three different management relationships
might exist: (1) similar management (e.g. intensive applications of fer-
tilizer to both rows and inter-rows); (2) adaptive management (e.g. the
amount of fertilizer applied to the rows of rubber depends on the
amounts already applied to the inter-rows) or; (3) independent man-
agement (e.g. the quantity of fertilizer applied to the rows is indepen-
dent of the quantity already applied to the inter-rows). Such spatial
analysis does not exist yet for immature rubber systems. In immature oil
palm intercropping systems, Koussihouedé et al. (2020) highlighted
adaptation of the intercrop planting density in Benin, while Nchanji
et al. (2016) concluded that management strategies of intercrops in
Cameroon did not take into consideration the interactions with oil
palms.

Fourthly, our results concerning the intensity and variability of
technical operations in the different cropping systems highlighted the
importance of considering the crop choice together with the TMR in the
characterization of immature rubber plantations. Our results also call for
the inclusion of crop choice and technical operations in the assessment
of current immature rubber systems, since a diversity of technical
management routes may lead to variability in performances (Mouron
et al., 2006; Yvoz et al., 2020). In this perspective, characterization by
clustering is an appropriate way to select interesting cases for assess-
ment (Renaud-Gentié et al. 2014). The assessment should cover multiple
performances linked to all the dimensions of sustainability in order to
better identify the trade-offs between a given management strategy at
plot scale and the associated performances (Rapidel et al., 2015; Simon
et al., 2024).

5. Conclusion

In this study, we characterized the inter-row management of 137
immature rubber plantations and showed that technical management
routes varied greatly in all four cropping systems. In the three inter-
cropping systems studied, this diversity was structured into clusters,
which are more complex to describe than a single management step (e.g.
fertilization or weed control) or a general intensification gradient.
Concerning mono-cropping systems, the diversity of inter-row man-
agement was based on the technical operations linked to weed control,
with differences observed both within and between provinces.
Depending on the cropping system, the management strategy was not
always adjusted over the first years of the immature period despite
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changing biophysical conditions in the plot due to the growth of the
rubber trees. In the systems in which the management strategy did
change over time, this took the form of either a reduction in the intensity
of the technical operations (i.e. pineapple in Rayong and mono-cropping
in Buriram) or alternating these operations from one year to another (i.e.
mono-cropping in Trang). Pineapple systems appeared to be the most
intensive in terms of chemical inputs used for fertilization and weed
control, while cassava systems were the most intensive in terms of
tillage, but with high variability of technical operations for a given crop.
The different levels of both management intensity between cropping
systems and management variability for a given cropping system in
immature rubber plantations highlight the importance of considering
both crop choices and technical operations applied on each. From a
broader perspective, this approach appears to be important for all
diversified cropping systems, as it better encompasses the link between
system diversity and related performances.
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