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A B S T R A C T

Soil fertility depletion is a major challenge for annual rainfed cropping systems in the northwestern region of
Cambodia which has recently undergone rapid agrarian changes. On-farm impacts of conventional tillage and
Conservation Agriculture-based practices (CT and CA respectively) of maize cultivation on soil health along with
agronomic and economic performances were compared. The experiment was set up in 2020 comparing CT and CA
with one cover crop (CAS) and CA with a mix of three cover crops (CAM). Soil health was assessed at the end of
the cropping cycle using Biofunctool®. Agronomic performances including cover crops and a cash crop (maize)
along with intermediate consumption were recorded in 2021 and 2022. Selected components of soil health,
agronomic and economic performances were used for multi-criteria analysis. On this Mollisols, SHI was positively
impacted under CA (15% and 6% higher in 2021 and 2022), but with some soil parameters varied from one year
to the next. In 2021, lower plant density (p < 0.05) was recorded under CA, highlighting the need to improve the
efficiency of no-till sowing methods. Intermediate consumption was not significant between the treatments for
both years. Non-significant difference in yields was recorded under the three treatments in both years, but while
both CA systems remained stable, CT dropped by 10% in 2022 with some differences for yield components with a
larger number of grains per column and higher mass of grains under CAS. Gross value added under CA was 12.7%
less than CT in 2021, it surpassed CT by 43% in 2022. Agronomic and economic performances were still unstable
at this early stage of implementation with wide variability across the two cropping seasons emphasizing that with
this soil type, CA induced a significant increase in soil health but did not yet lead to significant increase in
productivity or economic outcomes.
1. Introduction

Over the last two decades, northwestern Cambodia has faced key land
transformations from forest to arable land. The trend mainly began in
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northwestern regions to improve household living standards while
simultaneously meeting the demand for boom crops (mainly maize and
cassava) on regional markets (Kong et al., 2019). First, staple crops and
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cash crops (i.e., peanut, sesame, soybean) were cultivated during the
early stages of forest clearance. Subsequently, when the roads were
rehabilitated and access to markets became easier, smallholder farmers
shifted in to grow maize or cassava for a better cash return (Kong et al.,
2021). The rapid expansion of agricultural land led to key environmental
issues. Nut et al. (2021) highlighted significant soil erosion over a very
short period of time (1.9 million t yr-1 and this process increased by 236%
in 2015 and Bai et al. (2008) estimated that soil was already 43%
degraded at national scale, which could affect at least 25% of the pop-
ulation in Cambodia. In addition to changes in land use, the rapid boom
in cash crops in the region combined with increased soil disturbance due
to continuous tillage-based management led to a progressive decline in
soil fertility as well as in yields and the appearance of visual symptoms of
nutrient deficiencies, such as N and P in crops (Guppy et al., 2017).

Conservation agriculture (CA) was proposed in northwestern
Cambodia as a way of limiting and potentially reversing the loss of soil
fertility, while maintaining yield and profits. CA management practices
are based on three pillars: minimizing soil disturbance, maintaining a
permanent soil cover by planting cover crops in addition to the cash crop,
and diversifying the crops grown in the system to improve both soil
quality and the yield of annual crops (Hobbs et al., 2007). When fully
implemented, CA has already proved to be efficient in improving soil
health in a variety of contexts. CA improves the abundance, diversity and
function of soil biota (Nunes et al., 2020), increases SOC and nitrogen
stocks (Bohoussou et al., 2022), minimizes soil lost through wind and
water erosion (Van Pelt et al., 2017), improves the soil structure and
increases the pool of nutrients (Zhang et al., 2021), enhances soil hy-
draulic properties (Basche and DeLonge, 2019; Eze et al., 2020), in-
creases crop resilience to climate change by increasing organic carbon
stocks (Powlson et al., 2016; Nicoloso and Rice, 2021), and enhances
crop productivity in the case of rainfed agriculture (Pittelkow et al.,
2015). Although CA has positive impacts, a range of challenges can limit
its adaptability to different contexts and hence its rate of adoption varies
by local farmers. In most cases, the reasons given for low adoption rates
emphasize financial issues (Knowler and Bradshaw, 2007; Brown et al.,
2017), farmers' lack of knowledge and lack of technical support (Knowler
and Bradshaw, 2007) along with farmers’ lack of access to new means of
production (no-till planter, seeds of cover crops, etc.). The benefits of
CA-based systems largely derive from the diversity of plants used (i.e.,
main crops and cover crops) and the quantity and quality of biomass
returned to the soil, but the soil and the climatic context can also deeply
affect the performance of CA (Su et al., 2021) and studies with primary
results remain scarce in South East Asian contexts.

The few studies that have been conducted, including those by Hok
et al. (2015), Pheap et al. (2019), and Masson et al. (2022), highlighted
the positive impacts of CA-based cropping systems, i.e. increased SOC
and labile-C pool contents in the top soil, increased water infiltration,
improved soil structure, and reduced incidence of plant-parasitic nema-
todes in the Cambodian context. A recent study also reported a rapid
improvement in soil carbon dynamics under CAmanagement in Mollisols
(Koun et al., 2023). The performance of maize under CA has also been
evaluated in various contexts and many authors reported positive im-
pacts of such practices on maize yield (Rusinamhodzi et al., 2011;
Thierfelder et al., 2015; Jat et al., 2020), where the greatest effects were
observed under long-term CA management (Thierfelder and Mhlanga,
2022). However, agronomic performances need to be contextualized and
other internal and external factors of the farms need to be taken into
account to fully understand the performances of CA cropping systems
(Giller et al., 2009; Mafongoya et al., 2016). In northwestern Cambodia,
the price volatility of the different boom crops and the increase in the
market price of cassava limited the long-term adoption of CA-based
maize cropping systems (Kong et al., 2021). The stable and improved
outputs of CA systems expected in the long run were consequently
reduced. Understanding the performances of short-term implementation
of CA thus also seems critical in a context of rapid changes (Koun et al.,
2023). Despite the numerous reports of the long-term benefits of CA for
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soil health (Rusinamhodzi et al., 2011), studies conducted during the
early stages of CA implementation are still rare, particularly in South-East
Asia where the adoption of CA systems is still in its infancy.

Multicriteria assessment of cropping systems is a key to understand-
ing their sustainability and potential adoption by farmers. This approach
consists of combining the assessment of environmental, economic and
social components and identifying their tradeoffs. Considering
ecological-economic trade-offs is indispensable if biodiversity is to be
integrated into agricultural production, yet these components have rarely
been analysed together (Rosa-Schleich et al., 2019). Multicriteria
assessment frameworks have already been shown to be of interest for CA
and many studies focused on one of the three main pillars of CA, but few
have assessed the multi-criteria performances of the combined pillars of
CA (Adeux et al., 2022). Craheix et al. (2016) showed positive in-
teractions between key elements of CA that enable more sustainable
performances of such systems.

The aim of this study was to find out whether soil health, agronomic
and economic outcomes of maize production would be improved in the
second and third year of transition from CT to CA. We hypothesised that
the three components would be significantly improved in CA compared
to CT in both the second and third year of CA implementation.

2. Materials and methods

2.1. Study site

The experiment was conducted in farmers plots around Reaksmey
Sangha village (12�55059.7"N 102�50038.4"E, 137m� 14 a.s.l.), Rattanak
Mondul district, Battambang province, Cambodia. These areas were
cultivated following forest clearance between 2005 and 2010. The fields
were later converted to annual cropping systems (mostly maize and
cassava). In the study region, most rain usually falls during the monsoon
from May to November. Nonetheless, rainfall is unevenly distributed
across the seasons and average rainfall was 1366 mm per year in the
period 1982 to 2021. The average annual temperature at the study site is
27.7 �C. The soil is known as Kampong Siem in Khmer (White et al.,
1997) or Phaeozem (WRB) (IUSS Working Group WRB, 2022)
comprising 52% of clay, 32% of silt and 16% of sand, mean pH (H2O) is
7.3 (range 6.34–8.03), SOC: 26 g kg�1 and bulk density of 1.06 g cm�3 in
the 0–10 cm soil layer and the fields have average slope of 4.7% (Koun
et al., 2023).

2.1.1. Experimental design
The on-farm experimental design is described in detail in Koun et al.

(2023). Briefly, the experiment was implemented in 2020 and initially
comprised a network of seven farmer's plots, among which six plots that
were studied in both 2021 and 2022 were included in the present study.
Three management practices (hereafter treatments) were tested in a 1-ha
area per plot. The three treatments were randomly distributed in each
plot: (1) CT: conventional tillage-based maize (Zea mays L.); (2) CAS:
maize-based conservation agriculture (CA) with direct seeding of maize
on a standing green cover crop of sunnhemp (Crotalaria juncea L.), and
(3) CAM: maize-based CA with direct seeding of maize on mixed cover
crops consisting of sunnhemp þ pearl millet (Pennisetum glaucum L.) þ
cowpea (Vigna unguiculata L.). The three treatments were implemented
and managed by the farmers themselves, with technical support provided
by the team from the Cambodian Conservation Agriculture Research for
Development Center (CARDEC) from the Department of Agricultural
Land Resources Management (DALRM), General Directorate of Agricul-
ture (GDA).

2.1.2. Management practices
The management practices of each treatment remained the same over

the three consecutive years, from 2020 to 2022. Details of the farm
management calendar are given in Koun et al. (2023). Under CT, the field
was ploughed twice, the first time a few months after the maize was
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harvested in early January and the second time the plot was ploughed to
a depth of 15–20 cm with a six-disc plow before the maize was sown.
Under CAS and CAM, the cover crops were sown using a no-till planter
(Vence Tudo Planter, PA 5000) prior to maize sowing at a rate of 30 kg
ha�1 C. juncea L. in CAS and a mixture of 20 kg ha�1 C. juncea L., 10 kg
ha�1 P. glaucum L. and 25 kg ha�1 V. unguiculata L. in CAM with no
additional input of fertilizer or weeding during the growing period.
Forty-two days after sowing (DSA) in 2021 and 47 days after sowing in
2022, the cover crops were terminated using a roller crimper mounted in
front of the tractor. The average aboveground inputs supplied by the dry
biomass of the cover crops were recorded (Table 1). Weed biomass was
not recorded under CT management.

Maize was sown at the same time in all three treatments using a no-till
planter targeting a plant density at sowing of 80,000 seeds with 60 cm
inter-row spacing. Basal fertilizer was applied below the sowing line in
the form of 100 kg ha�1 of diammonium phosphate (DAP, NPK: 18-46-0)
and 50 kg ha�1 of potassium chloride (KCl, NPK: 0-0-60). An additional
50 kg ha�1 of urea (NPK: 46-0-0) was broadcasted 20 days after sowing
(DAS) and then 35 DAS.

Weeds were controlled by applying glyphosate herbicide (average
1.77 l ha�1 at 480 g l�1) with 2-4-D (0.5 l ha�1 at 720 g l�1) in all plots
and treatments after sowing maize. Weed control during the maize
development stage varied from one plot to another; however, the most
common method was applying mesotrione herbicides 20 DAS of maize.
Emamectin (1.0 l ha�1) was applied to control fall armyworms (Spo-
doptera frugiperda) 15 DAS of maize. Maize ears were harvested at the end
of November and under all treatments, the remaining biomass was left on
the ground in the fields. The average inputs of aboveground dry biomass
from maize were recorded (Table 1).

In 2021, only cover crops were sown before the main crop under CAS
and CAM as in 2020 (Koun et al., 2023). In 2022, due to sufficient rainfall
in late March the farmers decided to sow mungbean (Vigna radiata L.), a
pulse crop grown for its grains, under all the treatments. However,
because its yield was low, the farmers decided not to harvest mungbean
(Table 1), due to the high cost of labor for harvesting and low market
price for mungbean at that time. All the mungbean biomass and grains
were thus left in the fields. Under CT, the mungbean was considered as
green manure, and under CAS and CAM, the cover crops were sown on
top of the mungbean biomass.

2.1.3. Meteorological conditions and management
Annual rainfall in 2021 was 1118 mm and in 2022, it was 1660 mm

(Supplementary Material 1). During the growing period of the cover
crops and the cash crop from May to August 2022, the fields received
better rainfall (about 160 mm per month) which resulted in homogenous
growth of cover crops and maize, whereas in 2021, average rainfall in the
same period was only 110 mm per month. However, from September to
November 2022, the cumulative rainfall was excessive (958 mm) and led
Table 1
Aboveground dry biomass input (mean value� std. error) of cover crops and maize per
operations, CAS-maize under conservation agriculture with Crotalaria juncea (sunnh
(sunnhemp þ cowpea þ pearl millet).

Treament Year Aboveground biomass of mungbean
(t ha�1)

Aboveground biomass of cover
ha�1)

CT 2021 – –

CAS 2021 – 6.74 (�0.13)
CAM 2021 – 6.12 (�0.09)

(Sunnhemp 45.6%; Pearl millet
Cowpea 11.8%) a

CT 2022 1.52 (�0.07) –

CAS 2022 1.55 (�0.10) 5.51 (�0.22)
CAM 2022 1.53 (�0.10) 4.32 (�0.13)

(Sunnhemp 42.9%; Pearl millet
Cowpea 13.9%)

a The percentage between brackets indicates the percentage of biomass produced b
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to excessively saturated soils that remained saturated for a long time
(Supplementary Material 1).
2.2. Data collection

Soil, agronomic and economic performances were assessed in the six
study plots simultaneously in 2021 and 2022.

2.2.1. Soil health assessment
Soil health was assessed in the top 10 cm of soil after harvest. Five

intra replicates per treatment per plot were collected at the end of the
cropping cycle in November. In 2021, all measurements were taken in
one week whereas in 2022, 2.5 weeks were needed to take all the mea-
surements, due to heavy rainfall. The measurements were taken in one
plot after another, while the choice of treatment in each plot during one
field campaign was randomly selected. Then five composites were taken,
mixed before fresh sieving through 5 mm sieve. The sieved soil samples
were weighed 100g for SituResp® and 50g for nutrient analysis. The
same soil samples were taken back to RUA for further assessment of
moisture content, permanganate oxidable organic carbon (POXC)”,
available phosphorous and exchangeable potassium.

To assess soil health, we applied the Biofunctool® approach (Thou-
mazeau et al., 2019a). Briefly, we used soil indicators linked to three soil
functions: carbon transformation, nutrient cycling and soil structure
maintenance. Four indicators were used for the carbon transformation
function: first, we measured the pool of labile carbon with permanganate
oxidizable carbon (POXC)(Weil et al., 2003). Briefly, 2 mL of 0.2 M
KMnO4 solution was agitated with 2.5 g of soil at the Royal University of
Cambodia laboratory in Phnom Penh. Lamina sticks were filled with a
substrate provided by Terra Protecta company, and was used to assess
soil meso fauna activities within 2 weeks of incubation in the field (von
T€orne, 1990). Soil basal respiration (SituResp®) was measured in the
field following the procedure of Thoumazeau et al. (2017) and earth-
worm activity was estimated by quantifying the dry biomass of casts
located within a 25 cm � 25 cm square marked on the soil surface (Cast)
(Thoumazeau et al., 2019a). For nutrient cycling function, mineral ni-
trogen (NO3

� and NH4
þ), 50g of fresh soil (passed through 5 mm sieve)

was placed in a bottle containing 180 ml of 1M KCl solution. The bottle
was then stirred at 200 rpm for 90 min before being filtered to get a clear
solution The filtrate was then used to measure soil available nitrate
(NO3

�-N) and ammonium (NH4
þ-N) (NF-ISO 14256-2, 2000). Available P

were adapted from (FAO, 2021). 5.0g of soil (passed through 0.5 mm
sieve) were added in the extracting solution, filtered and then were used
for measurement with a Spectrophotometer at 882 nm. Exchangeable K
were analysed by extracting 2.50g of soil (passed through 2.0 mm sieve)
with 1M ammonium acetate, filtered and tested directly with a Flame
photometer (Black, 1965). For the structure maintenance function, we
assessed the soil aggregate stability at two different depths (AggSurf, 0–5
year. CT-maize under conventional tillage with no cover crop and two ploughing
emp), and CAM-maize under conservation agriculture with mixed cover crops

crops (t Aboveground biomass of maize
(t ha�1)

Cumulative aboveground biomass
(t ha�1)

4.44 (�0.17) 4.44 (�0.17)
4.34 (�0.14) 11.08 (�0.19)

42.6%;
4.90 (�0.11) 11.01 (�0.15)

4.55 (�0.15) 6.06 (�0.13)
4.27 (�0.11) 11.34 (�0.22)

43.3%;
3.95 (�0.10) 9.80 (�0.19)

y each cover crop species in the total biomass.
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cm) and (AggSoil, 5–10 cm) using themethod proposed by (Herrick et al.,
2001). We then made an evaluation of the soil structure by Visual eval-
uation of soil structure (VESS) (Guimar~aes et al., 2011)).

2.2.2. Agronomic performances
At maturity, agronomic data were collected for each treatment and in

each plot. Five sub-samples were assessed for each treatment. First, in an
area of 9.6 m2 (4 rows of maize with 0.6-m inter-row spacing � 4 m in
length) per sub-sample, we recorded the number of plants, the percent-
age of plants that produced ears, and number of ears per plant. The
aboveground biomass (excluding ears) of the plants was weighed and a
sub-sample was oven dried at 75 �C for 72 h to calculate the dry mass of
the maize residues (t ha�1). The fresh mass of ears was weighed per sub-
sample, after which the fresh mass of the kernels in 10 kg of ears was
recorded. Grain moisture was recorded using a Multiple Moisture Tester
(model PM-390) and grain yield was then calculated at 14% moisture
content. Second, on an adjacent area and using 5 sub-replicates per
treatment, the number of ears in one 2-m long sowing line (1.2 m2) was
recorded to assess the yield components including the number of rows
per ear, the number of grains per row and the mass of grains at 14%
moisture.

2.2.3. Economic performances
All field operations and related expenses were recorded in collabo-

ration with the farmers on each plot and for each treatment. We focused
on (i) intermediate consumption (IC) representing the cost of inputs,
goods and services used throughout the production cycle, such as seeds,
fertilizer, pesticides, ploughing, sowing services, (ii) gross product (GP),
(iii) gross value added (GVA¼ GP - IC), and (iv) labor productivity which
was adapted from Dayet et al. (2024).

Before themaize cycle, IC costs covered the period from the last maize
harvest until termination of the cover crops under CAS and CAM. Costs
under CT only concerned ploughing and weeding. Under CA, this period
involved the cost of cover crop management including the cost of cover
crop seeds, sowing, rolling and termination. In 2022, a mungbean cycle
was added during this period and although it was not harvested, all the
expenses (e.g., seeds, sowing, weed and pest management, and labor)
applied and were recorded for CT and CA. During the maize cycle, the
expenses were divided into sowing, fertilizer, pest and weed manage-
ment, harvest, and transportation. Sowing costs covered the purchase of
maize seeds and sowing service. Costs of fertilizers include all the fer-
tilizers used from basal to top dressing. Pest and weed management costs
include the costs of pesticides used to control both pests and the weeds
that grow during the maize growing period. Harvest and transportation
costs include the cost of contractors who harvest the maize ears and
transport them to local buyers.

Gross product (GP) was calculated by multiplying the yield per ha by
the actual market price of the yield. The farm gate price for grains (that
dried on the plants in the field) varied significantly from US$ 250 t�1 in
2021 to US$ 325 t�1 in 2022. The difference in the farm-gate price be-
tween 2021 and 2022 is due to the decrease in the area under maize in
neighbouring countries (i.e., Laos, Vietnam and Thailand), with a higher
selling price of maize in 2022 than in 2021 and the previous 5 years
(FEWS NET, 2023, World Bank, 2023). Large fluctuations can be
observed from year to year depending on regional demand, bearing in
mind that several commodities (e.g., maize, cassava, cashew nuts, pepper
…) produced in Cambodia are traded to neighbouring countries, espe-
cially Thailand for maize. In addition, the recovery of pig production
after the African swine outbreak in 2022 and of poultry production have
also boosted the demand for feed maize and the increase in the farm gate
price from the end of 2022 and along the first half of 2023 (USDA, 2024).
We then calculated the Gross Value Added (GVA) as the difference be-
tween the GP and the IC. We also measured the labor used for crop
production (family and hired labor), from the beginning to the end of the
crop cycle and quantified the labor productivity calculated as the GVA
man-day�1 of labor required for the crop considering one man-day to be
4

8 h.
2.3. Data analysis

All data were analysed using R software (R Development Core Team,
2008; Version 4.3.1). We first performed descriptive analyses. Few out-
liers were recorded for the soil analysis, they were considered as such
(<5% of the data set per variable) when one maximum among the five
sub-replicates deeply out-ranged the others. For univariate analysis, we
analysed the effects of management practices on the different variables in
the two cropping years. Before implementing the tests, we checked the
normality and homoscedasticity assumptions were valid. For soil health
and agronomic data, we implemented a mixed linear model test, and
integrated the nested design (replicates/intra replicates) as a random
effect. For economic data, ANOVA was used. When a significant effect
was found, we applied a post-hoc test. In the few cases where the pre-
liminary assumptions were not confirmed, we applied a non-parametric
Kruskall-Wallis test.

For soil health analysis, the results were aggregated using principal
component analysis (FactoMineR package (Lê et al., 2008). In the PCA,
weights were assigned to each indicator so as to consider each of the
three soil functions equally (Pheap et al., 2019). The coordinates of in-
dividuals on dimensions with an eigen value > 1 were used to construct
the soil health index according to equation (1) and equation (2) (Obriot
et al., 2016; Thoumazeau et al., 2019b).

Wi¼
Xp

j¼1
λj� fj (1)

SQI¼
Xn

i¼1
Si�Wi (2)

Wi are weighted factors calculated from the relative percentage of
total variability to each principal component of the PCA (fj) and the sum
of squared coordinates on each eigenvector (λj) and Si are the normalized
indicator scores. For the normalization, high scores were assumed to
reflect better soil health for each indicator, with the exception of the soil
structure indicator (VESS) as this soil structure indicator gives a higher
score for not optimal soil conditions (score 5 ¼ very compacted, less
aeration, less aggregation, very few or no root penetration). For VESS, we
used “the lower the better” scoring function Thoumazeau et al. (2019b).
Once the soil health index was calculated, ANOVA followed by Tukey
post-hoc tests were performed on the total scores and scores per soil
function (carbon transformation, nutrient cycling, structure mainte-
nance). The multicriteria analysis was made through radar chat of the
selected components: (1) Economic components—Intermediate con-
sumption, Gross Product, Gross Value Added, Total Labor and Labor
Productivity; (2) Soil health—Carbon Transformation, Structure Main-
tenance and Nutrient Cycling; (3) Agronomic performance—Above-
ground Biomass, and Grain Yield. Values for each selected variable were
normalized between 0 and 1, by: each value subtracted minimum then
divided by maximum subtracted minimum value of the variable. For all
parameters, except Total labor and Intermediate consumption the higher
value was associated with the better performance.
2.4. Soil health

Significant differences in carbon transformation were observed be-
tween conventional tillage-based agriculture (CT) and the different forms
of conservation agriculture (both CA systems) in the two years (Table 2).
The differences applied to basal soil respiration (SituResp®), labile car-
bon (POXC) and cast density. Only the Lamina indicator was not sensitive
to treatments in either year. The values under CTwere significantly lower
than under CAs. CAM often outperformed CT, even though differences in
POXC and Cast were not statistically significant in 2022. POXC and Sit-
uResp® values were generally higher in 2021 than in 2022. Effects on
nutrient cycling impacts were less clear (Table 2), with no significant
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differences in nitrate or available phosphorus between treatments in both
years. However, ammonium levels were significantly higher in 2021 on
CAM soils when compared to CAS. Although non-significant, nitrate
levels were always lower under CAM when compared with CT and CAS.
Exchangeable potassium was significantly higher in CA systems in 2021
and under CAS in 2022 than under CT. Regarding structure maintenance,
VESS was not affected by treatments in either year, but tended to be
higher in 2022 than in 2021 (Table 2). Regardless of the year, the Agg-
Surf under both CA systems was significantly better than under CT.
However, the AggSoil was only significantly different in 2021 with
higher values under CAM as compared to CT. Fig. 1 depicts the results of
the multivariate analysis of the 11 soil health indicators. The two di-
mensions of PCA explained 57% of dataset variability in 2021, which was
relatively higher than in 2022 (43%). In 2021, CT was clearly distin-
guished to both CA systems mainly driven by VESS, AggSurf, soil respi-
ration cast and NH4

þ-N. In 2022, the difference between CT and CA
treatments is less obvious and is driven by AggSurf and AggSoil. The
aggregated soil health index (SHI) shows that, both in 2021 and 2022,
the CA score was significantly higher than CT (Fig. 2). In 2021, higher
values (p < 0.05) of carbon transformation and structure maintenance
functions were recorded under both CA systems when compared with CT.
In 2022, the differences of SHI between both CA systems and CT resulted
from different trends in carbon transformation and structure mainte-
nance, but these two functions were not significantly different from both
CA systems to CT.

2.5. Agronomic performances

Plant density was lower in 2021 than in 2022 (Table 3). In 2021, the
total number of plants per hectare under CT (55,972 plants ha�1) was
21% higher than under CAS and 12% higher than under CAM. In 2022,
the difference between CT (64,340 plants ha�1) and CAS and CAM were
reduced to only 7% and 9%, respectively. Despite different plant den-
sities in the two years, the ability to produce ears in all treatments did not
differ significantly, higher than 90% in all cases. The number of rows per
ear was significantly higher (13.3 rows) under CAS when compared with
CT and CAM. In 2002, the number of rows was higher than 14 in all
treatments and no differences were found between treatments. In 2021,
the number of grains per row was significantly higher under CAS (36.25)
than under CT and CAM. In 2022, fewer grains were recorded under CT
(p < 0.05, 29.67) than under CAS and CAM. In 2021, grain mass differed
in the three treatments with the lowest values under CT, representing an
increase of 29.4% and 45.4% under CAM and CAS, respectively. In 2021,
differences in grain yields among the treatments were not significant
with an average yield of 5.25 tons ha�1. In 2022, there was no significant
difference in 1000-grain mass but total grain yields were higher under
both forms of CA than under CT and increased by 10.9%–14.3% under
CAM and CAS, respectively. This was reflected in lower yields under CT
in 2022 compared to 2021.

2.6. Economic results

The intermediate consumption (IC) and the gross product (GP) did
not differ from one treatment to another. However, IC and GP were much
higher in 2022 than in 2021 due to the increase of fertilizers, seed,
pesticides and services contributing to higher IC along with a higher on-
farm gate price in 2022 (2021 ¼ US$250/ton of grain and 2022 ¼
US$325/ton of grain) that generated higher GP (Table 4).

The main differences in intermediate consumption were linked to the
cover crop period prior to the sowing of maize, with an average contri-
bution to the IC of US$116 ha�1 and US$164.7 ha-1 in 2021 and 2022,
respectively in the two CA systems (Table 4). The other IC component did
not differ significantly under the three treatments. Total IC increased
between 2021 and 2022. The main contributing factor was the cost of the
seeds of the maize hybrid that was used. In 2022, sowing costs were 39%
higher under CT and 20% higher under both CA systems compared to in
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2021. In 2022, mungbean was sown in all the plots and IC under CT was
16.7% higher (p < 0.05) than both CA systems (Table 4). There were no
significant differences in fertilizer costs in all treatments between the two
crop cycles, but the costs in 2022 were 23.6% higher due to the increase
of fertilizer costs in the market. No significant differences in IC between
the treatments were observed for pest control, harvest and transport and
with the exception in 2021 of higher IC of weed management under both
CA systems.

Under CT, the gross value added in 2021was significantly higher than
under CAS but did not differ significantly from that of CAM. both CA
systems and CT exhibited different patterns in 2021 and 2022, with an
increase (þ13%) in gross value added under both CA systems and a
decrease (�24%) under CT.

In both years, despite non-significant effects, labor productivity was
lower in CT compared to both CA systems due to higher labor require-
ment for weed management. Due to the amplitude of the gross value
Fig. 1. Principal component analysis (PCA) of the impact of agricultural practices a
number in both (a) and (b) represents all parameters contributes to PCA of each treatm
operations, CAS-maize under conservation agriculture with C. juncea (sunnhemp) as c
with mixed cover crops (sunnhemp þ cowpea þ pearl millet). Top: graphs of individ
2022 (d).

6

added between years, labor productivity in CT in 2022 decreased by 51%
as compared to 2021, while in both CA systems were stable in both years
was observed in 2022. However, labor productivity under CAS was
slightly increased while in CAM labor productivity was marginally
reduced.
2.7. Multicriteria

Combining the results of a multicriteria assessment, we observed
different patterns in 2021 and 2022 (Fig. 3). In 2021, the patterns of the
different components of the agroecosystem varied. Regarding soil health,
both CA systems outperformed CT, while lower values were recorded for
Gross Product (GP), Gross Values Added (GVA), and labor productivity.
In 2022 and for all criteria, both CA systems shown better values than CT,
and no clear distinction was evident between CAS and CAM.
nd management on soil health in 2021(a) and 2022 (b) cropping cycles. Each
ent. CT-maize under conventional tillage with no cover crop and two ploughing
over crop prior to sowing maize, and CAM-maize under conservation agriculture
ual treatment. Bottom: correlation circle showing all indicators in 2021 (c) and



Fig. 2. Soil health index (SHI) per treatment in 2021 and 2022. CT-maize under conventional tillage with no cover crop and two ploughing operations, CAS-maize
under conservation agriculture with C. juncea (sunnhemp), and CAM-maize under conservation agriculture with mixed cover crops (sunnhemp þ cowpea þ
pearl millet).

Table 3
Agronomic data of cropping cycles in 2021 and 2022 (mean value � std. error (SE)). CT-maize under conventional tillage with no cover crop and two ploughing
operations, CAS-maize under conservation agriculture with Crotalaria juncea (sunnhemp) before maize, and CAM-maize under conservation agriculture with mixed
cover crops (sunnhemp þ cowpea þ pearl millet) before maize.

Treatment Year Agronomic characteristics Ear and grain attributes Production attributes

Plant population Ears produced Row per eara Grain per columna 1000 grain Shoot dry matter Grain Yield

plants ha�1 % number number (g at 14%) tons ha�1 (tons ha�1, at 14%)

CT 2021 59167 (�4576) a 94.6 (�0.6) 12.73 (�0.23) 32.03 (�1.86) ab 193.0 (�6.27) b 4.44 (�0.57) 5.38 (�0.21)
CAS 2021 47017 (�1572) b 94.1 (�1.5) 13.26 (�0.30) 36.25 (�1.16) a 280.6 (�26.28) a 4.45 (�0.31) 5.05 (�0.17)
CAM 2021 52604 (�2795) ab 93.9 (�0.9) 12.83 (�0.26) 30.41 (�1.30) b 249.7 (�22.02) a 4.89 (�0.22) 5.32 (�0.16)

CT 2022 64340 (�2808) 92.3 (�1.8) 14.82 (�0.17) 29.67 (�1.11) 247.7 (�10.0) 4.54 (�0.5) 4.81 (�0.38)
CAS 2022 60035 (�2854) 91.7 (�1.5) 14.47 (�0.27) 31.94 (�1.35) 251.0 (�9.0) 4.26 (�0.37) 5.50 (�0.05)
CAM 2022 58368 (�829) 90.7 (�1.8) 14.15 (�0.20) 32.42 (�0.83) 257.2 (�7.1) 3.95 (�0.36) 5.22 (�0.27)

** Different letters indicate difference among treatments at p < 0.05.
*** Indicators without letters were non-significant difference at p > 0.05.

a non-parametric data analysis in 2021 and 2022. Yield components come from one sowing line 2 m in length; and total yield is from a 9.6 m2 area.
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3. Discussion

3.1. Does conservation agriculture perform better than conventional tillage-
based agriculture after 2–3 years?

This study combined different methods to better understand how
conservation agriculture affects the trade-offs between system compo-
nents and performances. Soil improvement is a key objective of conser-
vation agriculture practices. Under our conditions, some soil parameters
were already sensitive to management practices especially POXC and
SituResp®, as highlighted previously by Koun et al. (2023) in a study on
an earlier crop cycle conducted at the same site. The significant decrease
of the soil disturbance and enhanced carbon inputs resulting from the
provision of both aboveground and belowground biomass through cover
crops have notably enhanced this carbon fraction (POXC), which are
known to be responsive to management practices(Bongiorno et al.,
2019). Earthworm cast density and soil exchangeable potassium were
also higher under CA systems than under CT. These results are in
accordance with those of several studies emphasizing a common trait
under no-till cropping systems with higher abundance of earthworms
under no-till cropping systems (Corsi and Muminjanov, 2019; Stagnari
et al., 2020; C�arceles Rodríguez et al., 2022; Jat et al., 2022). In our
study, this increase in earthworm density, measured only using castings
harvested on the surface of the soil, is a positive sign, given the multi-
functional role of these ecosystem engineers in fragmenting and
7

decomposing organic matter, stabilizing SOC within biogenic structure,
increasing nutrient cycling and water infiltration, among other benefits
(Blouin et al., 2013). Regarding all the other parameters, despite trends,
differences were not significant, nor sensitive to the year the measure-
ments were made. With the exception of AggSoil in 2021, when it came
to parameters where a significant difference was recorded, CAS out-
performed (p < 0.05) CT, along with higher values when compared with
CAM (Table 2). These results regarding CAS and CAM were somewhat
counter-intuitive, as one might expect these indicators to be improved on
the basis of systems built around a wider range of plant diversity (CAM).
In other contexts and for a longer experiment, results showed a more
significant impact on all the Biofunctool® indicators on soil health index
(Pheap et al., 2019; Kulagowski et al., 2021a). One of the hypotheses is
that CA takes more than three years to establish (Prairie et al., 2023).
This may be particularly true in the case of Mollisols which have
intrinsically higher soil carbon content, better soil structure, better
agricultural potential than other types of soil (Liu et al., 2012) and may
thus be less sensitive to a change in practices at the early stage. However,
even in the case of soils with high agronomic potential like Mollisols,
inadequate agricultural management results in degraded soil functions
(Liu et al., 2012). Wang et al. (2023) highlighted for Mollisols loss of soil
function linked to erosion rates and to the position of different land uses
in an agricultural toposequence.

The difference in plant density between CT and CA was mainly due to
difference in seed-to-soil contact underlining the fact that timely sowing
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is critical in these Mollisols to achieve optimal soil moisture to reach an
optimum seed-to-soil contact. Similarly, several studies emphasized that
tillage systems (Blunk et al., 2021) type of press wheel and soil contact
pressure (Braunack et al., 1988), soil moisture and soil aggregation
(Brown et al., 1996) had significant effects on seed-soil contact, maize
establishment and yield. Under warm, dry conditions and on
fine-textured soils, poor emergence performance with shallow planting
was observed, resulting in grain yield losses where seed-soil contact was
less than optimal (Stewart et al., 2021). These authors reported that deep
planting depths provided better emergence uniformity under these con-
ditions. Under CT, the top soil was disrupted and disaggregated by suc-
cessive passages of the plow which ensured better seed-to-soil contact
than under both CA systems. By contrast, under CA systems, when
sowing even in slightly damp soil, the sowing line is smoothed by the
double passage of the discs (double disc for spreading fertilizer and
double disc for sowing) resulting in poor seed-to-soil contact plus voids
remaining around the seeds and the root systems in the early stage of the
maize cycle. No-till sowing under CA systems was not optimal in either
year and led to a reduction in plant density. Improved sowing manage-
ment could help offset the reduction in the plant population. What is
more, the first signs of an improvement of soil structure observed under
CA may further help improve the seed-to-soil contact, thereby enabling
more homogeneous emergence of the maize. However, despite the
reduced number of plants, the yield of the plots under CA was not lower
than under CT. This was detected after the CA systems had only been
implement for 2–3 years and could be linked to compensation for the
reduced plant density together with a potential positive impact of CA on
crop performances. Kulagowski et al. (2021) found that CA consistently
outperformed CT in yield, regardless of plant density. Similarly, Kutu
(2012) reported that CA yielded more than CT under the same condi-
tions. Haarhoff and Swanepoel (2018) noted that CA achieved greater
yields with lower or comparable densities to CT.

On one hand, the economic data showed that intermediate con-
sumption tended to be higher in CA systems than under CT with þ8% (p
< 0.05) andþ2% (ns) in 2021 and 2022, respectively. This reinforces the
need for CA systems to be more productive to offset the higher costs and
to be as efficient as CT systems for farmers.

The early stages in the implementation of CA may result in lower
agronomic performances compared to CT, but with a gradual improve-
ment over time (Brouder and Gomez-Macpherson, 2014). A multicriteria
analysis conducted by Xavier et al. (2020) showed that CA obtained
better scores mainly for yield and labor criteria compared with CT.
Although many authors have emphasized the benefits of CA, adoption by
smallholder farmers could be slow and in some studies, even evaluations
were even negative (Brown et al., 2017). To minimize the negative
impact of the early stages of CA, some actions may be required to support
adaptation and adoption by smallholder farmers including subsidies,
specific extension support, access to new means of production, integra-
tion of a variety of crops into the system and extension policy to support
CA (Brown et al., 2017; Ngwira et al., 2012). To minimize the negative
impact in the early stage of the implementation, appropriate agronomic
management must be carefully considered (Brouder and
Gomez-Macpherson, 2014). In their assessment of early adoption of CA
systems, Ngwira et al. (2013, 2012), showed that most of the systems and
especially the maize-legume (Cajanus cajan L.) system not only benefitted
soil health but also increased crop yield and produced positive economic
returns compared to conventional cultivation of maize. These authors
also mentioned that the total time and labor spent on crop production
were less than using conventional methods. Although the cost of pro-
duction was higher under CA, labor productivity was higher than under
CT.

3.2. How do these systems evolve from one year to another?

Repeated measurements over two years made it possible to identify
changers in the performances of the systems over time. We observed that,



Fig. 3. Multi-criteria assessment of on-farm maize cropping systems in 2021 and 2022. CT-maize under conventional tillage with no cover crop and two ploughing
operations, CAS-maize under conservation agriculture with C. juncea (sunnhemp), and CAM-maize under conservation agriculture with mixed cover crops (sunnhemp
þ cowpea þ pearl millet).
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out of ten soil parameters, five soil parameters (i.e., SituResp®, POXC,
Cast, ExK, AggSurf) differed significantly between treatments in the two
years, while two additional parameters (i.e., NH4

þ, AggSoil) only differed
in 2021. It is often reported that amounts of above- and below-ground
biomass produced and retained in the system are primarily responsible
for the differential effects on soil C (West and Post, 2002; S�a et al., 2013).
In our case, despite more than twice as much cumulative aboveground
dry biomass under both CA systems (cumulative 2021–2022 of 20.2 t DM
ha�1) compared to under CT (cumulative 2021–2022 of 9 t DM ha�1), the
impact on labile-C pool was minimal (þ10% under both CA systems) and
was only significant over two years under CAS. By contrast, higher am-
plitudes were observed for SituResp® with an increase of þ30% in 2021
and þ111% in 2022. These results are in accordance with those obtained
by Koun et al. (2023) who also observed a higher amplitude of change in
SituResp® (þ22%) compared with POXC (þ5%) with the same treat-
ments in 2020. While it is widely reported that increasing the amount of
residues is essential to improve C transformation and increase soil C
storage, interactions between plant residues and soil texture, soil
microclimate (moisture and temperature) and pH ultimately determine
rates of decomposition of plant residues and soil C turnover and storage.
However, the alkalinity of these Mollisols could have a direct effect on
the activity of extracellular enzymes synthesized by soil microbes and
that play a central role in the biogeochemical cycling of nutrients. Turner
(2010) emphasized that under high pH a range of enzymes (i.e., gluco-
sidase, arylsulfatase) has reduced activity with an acidic optimum pH
independent of soil pH. By contrast, other enzymes have an optimum
activity that is consistent with soil pH. These reduced activities of a
certain number of enzymes under this alkaline Mollisols may have a
direct impact on carbon transformation and other soil parameters
(nutrient availability), thereby slowing the potential improvement in SHI
compared to other soil types (Pheap et al., 2019; Kulagowski et al.,
2021). Besides the use of the current indicators that constitutes the SHI of
Biofunctool®, additional soil microbial indicators should be integrated as
they are more sensitive than labile-C, soil's chemical and physical prop-
erties to indicate early changes (Peixoto et al., 2010; Paz-Ferreiro and Fu,
2016). Several studies including those conducted by Mendes et al. (2019,
2021) emphasized the relevance of quantifying the activities of soil en-
zymes (β-glucosidase, cellulase, arylsulfatase and acid phosphatase) to
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characterize the SHI of tropical soils. It will be worth considering this
kind of analysis in further researches in Cambodia to strengthen soil
quality assessment and to elucidate through microbial indicators the rate
of improvement in SHI between alkaline Mollisols and acidic Red Oxisols
(Pheap et al., 2019).Although rarely significant, CAS showed a higher
trend than CAM in three consecutive cropping seasons (2020–2022 Koun
et al. (2023)) and higher POXC values than CAM. The cumulative effect
of CA over continuous implementation for a longer period of time may
lead to more resilient systems that are less sensitive to year-to-year
changes. In the present study, agronomic and economic performances
were still unstable at this stage of implementation with variability across
the two cropping seasons, underlining the fact that, in this type of soil,
intensification of the cropping system through the use of cover crops
under no-till management did not yet produce a significant increase in
productivity or in economic attributes. An implementation of such con-
servation agriculture systems over a longer period may help to exacer-
bate their effects on the performances of the system.

External parameters to the management practices also influenced
these performances. Weather conditions have a key influence on soil and
crops, and the difference in these conditions between 2021 and 2022
were significant. The differences in terms of rainfall distribution and
especially the dry months following maize sowing in 2021 and water
logging of the soil at the end of the maize cycle and just before soil
measurements were taken in 2022 may have influenced the results of soil
functioning and crop performances. The effects of management on soil
functioning were more significant in 2021 under moist conditions after a
long dry period than in 2022 after waterlogging preceding soil mea-
surements. Concerning the crop, the contrary was observed with a sig-
nificant effect of management practices on grain yield in 2022 whereas
only a trend was observed in 2021. Concerning the economic indicators,
key changes in prices were highlighted that were completely indepen-
dent of the agronomic performances of the system. This variability
hampers optimization of the economic performances of CA as prices and
the farmers’ income may affect the choice of management practices.
Those two external factors (weather and prices) thus need to be fully
integrated in the design of systems. A multicriteria monitoring tool
should be made available to integrate these factors and enable farmers to
adopt appropriate practices.
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3.3. Is long-term adoption needed and possible?

We found that after three years CA systems are still in transition, and
their performances is not yet be stable at this early stage. Despite initial
trends especially with respect to soil health, the results of this study lead
to rather variable conclusions. Longer and uninterrupted implementation
of CA may be needed to achieve the results observed on soils in other
long-term experiments in very contrasted contexts (Pheap et al., 2019;
Kulagowski et al., 2021a). Longer studies were also reported to be needed
to identify significant changes in yields under CA (Brouder and
Gomez-Macpherson, 2014). A transition period was also observed in
different compartments in the case of changes in practices, for example,
in the conversion to organic vineyard systems (Merot and Smits, 2024).

In the case of annual cropping systems in conservation agriculture,
repeated and long-term implementation of CA could be challenging in
smallholders’ farms (Pangapanga-Phiri et al., 2024). The performances of
the systems are very sensitive to external factors (weather, prices) that
are beyond the control of the farmers. Also, land use changes in the re-
gion are numerous and very rapid (Lienhard et al., 2020; Pravalprukskul
et al., 2023), which make it complicated to design long-term systems
without key support from technical institutions. This study was con-
ducted in a context of very rapid transitions. Wealthier farmers (i.e. those
with better financial assets and access to more agricultural land) had
already changed land use to fruit tree plantations, mainly mango and
longan (Kong et al., 2021), in an effort to diversify their sources of in-
come and to cope with the price volatility of maize and cassava.

Our analysis did not include social indicators of the performance that
would also be needed to undertake a complete multi-criteria analysis of
the sustainability of the cropping systems. Prior to the study, we were
unable to predict which indicators would be appropriate for this plot
level analysis. However, for future studies, we recommend including the
farmers’ perception of the long-term stability of the implementation of
CA. This would be critical for the long-term impact of CA practices and
seems needed to reach the performance targets of the CA system.

4. Conclusion

The assessment of soil health in two consecutive cropping seasons
showed that conservation agriculture with either single or using mixed
species of cover crops contributed to better soil health compared with
conventional tillage-based management (15% and 6% in 2021 and 2022
respectively). The higher soil health index under CA was primarily due to
soil physical characteristics and to a lesser extent to carbon trans-
formation, while nutrient function was less affected by the change in
practices.

Agronomic analysis of the system in Mollisols revealed that early
implementation of CA resulted in a lower plant population than CT. This
difference in plant density between CT and CA was mainly due to the
difference in seed to soil contact, emphasizing that, in Mollisols, the
timeliness of sowing is critical to work when soil moisture is optimal.
However, even with this difference in plant density, crop growth and
yields were similar in both CA systems and CT. Appropriate-scale
mechanisation to match prevailing soil conditions is an essential
element that may currently be missing at the early stage of imple-
mentation. Moreover, under both CA systems, additional intermediate
consumption due to the cost of cover crops could represent an additional
obstacle for farmers at a stage when the positive impacts of the CA sys-
tems have not yet been achieved. This means that higher yields and
increased profitability are preconditions for wide adaptation and adop-
tion of CA by smallholder farmers. Our economic assessment revealed
that implementation of both CA systems in the region could reduce labor
requirements which is an advantage given the scarcity of labor in most of
the farming systems in Cambodia.

The results of our combined analysis revealed that soil health was
improved while agronomic and economic performances were still un-
stable at this early stage and in Mollisols. A longer-term assessment is
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needed to identify the transition pathways from conventional tillage-
based to CA management but further innovations in agricultural prac-
tices and policies are also required to guarantee the future resilience of
these Mollisols.
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