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Abstract
Conservation agriculture is seen as a potential solution to modern farming challenges. This paper elucidates its immediate 
impact by investigating the short-term dynamics of soil health, including the biological constituents, following the imple-
mentation of conservation agriculture. We hypothesised that implementing conservation agriculture would lead to changes 
in soil health. However, these changes will vary across the physical, chemical, and biological properties of the soil, given that 
each of these components is likely differently influenced by conservation agriculture. The study site was a multi-year trial 
in Ottosdal (South Africa) with different crop production systems, including maize monoculture, conservation agriculture 
(rotation of maize, sunflower, and cover crops), and an uncultivated grassland, which served as a natural reference system. 
Appropriate statistical methods were used to analyse soil health parameters and their interactions from samples collected 
during the three consecutive summer growing seasons. The study revealed significant soil health dynamics between the 
cultivated and uncultivated systems. Total available P, organic matter content, and microbial biomass were key indicators 
of soil health over the 3 years. Crop sequence influenced these dynamics, while a shift from abiotic to biotic factors was 
observed as primary system differentiators. Notably, crop rotation and soil structure significantly influenced soil microbial 
communities. These findings provide valuable insights into the interactions between soils and biota and the resulting effects 
on soil health dynamics. However, further research is required to fully elucidate the mechanisms involved and optimise 
sustainable farming practices for diverse environmental contexts.

Keywords Sustainable agriculture · Microbial community structure · Nematode-based indices · Ecosystem functioning

1 Introduction

Soil health is fundamental to sustainable food production by 
promoting both productivity and environmental health (Büne-
mann et al. 2018; Lehmann et al. 2020). With the escalating 
global population and increasingly evident consequences of 
climate change, the need to enhance soil health is becom-
ing more pressing. Doing so will strengthen the resilience of 
crop production systems against climatic phenomena and help 
maintain economic viability in the agricultural sector (Piñeiro 
et al. 2020). Conservation agriculture (CA) and regenerative 

agriculture (RA) are emerging as promising approaches to 
address this need by integrating a system of principles and 
practices aimed at restoring soil health and reversing the 
destructive consequences of conventional tillage-based agri-
culture (McLennon et al. 2021; Smith et al. 2021). Conser-
vation agriculture principles include minimum soil distur-
bance, increasing crop diversity (including cash crop rotation 
with cover crops), and building soil armour (permanent soil 
organic cover), while RA adds the emphasis on maintaining 
living roots and incorporating livestock grazing (Khangura 
et al. 2023). Since there was no livestock integration in this 
trial, CA is the most appropriate term relevant to this work.

Monitoring soil health in agricultural systems enables 
farmers to evaluate a system’s advancement and guide 
its ongoing management (Haney et al. 2018; Moebius-
Clune et al. 2017). This is generally achieved by assessing 
selected parameters representing the physical, chemical, 
and biological components of soil health (Moebius-
Clune et al. 2017). However, due to the cost and expertise 
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required, most soil health assessment frameworks place 
only limited focus on the biological component (Büne-
mann et al. 2018; Lehmann et al. 2020). This, even though 
soil biology, which includes microorganisms, nematodes, 
protozoa, and microarthropods, plays a critical role in 
delivering ecosystem functions such as nutrient cycling, 
carbon (C) regulation, water regulation, and pest and dis-
ease management (Creamer et al. 2022). Furthermore, 
the different components of soil health and their indi-
cators present varying sensitivity and responses to soil 
and crop management practices (Lehmann et al. 2020; 
Van Es and Karlen 2019). For example, Van Es and Kar-
len (2019) evaluated 15 soil health indicators from three 
long-term trials in North Carolina (USA) and showed that 
biological indicators were more sensitive to differenti-
ate between long-term management practices. For this 
reason, our approach sought to augment the standard soil 
health measurements with a more comprehensive assess-
ment of bioindicators.

This endeavour is in line with previous efforts where 
soil health dynamics were investigated following multiple 
years after the implementation of CA, typically in long-
term research trials (Martin and Sprunger Christine 2022; 
Swanepoel and Tshuma 2017; Thierfelder et al. 2013). Yet 
our perspective adds a novel and necessary dimension. We 
posit that short-term temporal dynamics in soil health (or 
the lack thereof) can prove important for understanding 
the initial stages of transitioning to RA. This can provide 
immediate feedback on the effect of CA implementation, 
enabling farmers to make informed decisions and adapt 
the practices as required. This is especially relevant con-
sidering that the local environmental context is increas-
ingly recognised as an important factor influencing the 
success of CA systems (Newton et al. 2020). Furthermore, 
studying soil health in the short term can reveal early indi-
cators of problems that might not be visible until much 
later (e.g. nutrient deficiencies or pest infestations).

Considering this knowledge gap, our interest was in 
evaluating whether short-term changes in soil health can 
be evidenced following the implementation of CA. We 
hypothesised that the implementation of CA would have 
differential impacts on soil health, manifesting as vari-
ations in its physical, chemical, and biological proper-
ties. This is based on the understanding that each of these 
components might be uniquely and intricately affected 
by CA. To investigate this hypothesis, we monitored 
soil health dynamics including additional bioindicators 
of microbial and nematode functional analyses across 
three consecutive summer growing seasons following the 
implementation of a CA trial in the North-West Province 
of South Africa.

2  Material and Methods

2.1  Site Description

The research trial (26°49′19.10″S, 26°0′50.50″E) was located 
near Ottosdal, a small town in the central region of the North-
West Province (South Africa). Situated at an elevation of 
1510 m, the area experiences a semi-arid climate with a mean 
annual evaporation rate ranging from 2400 to 2600 mm. The 
region receives an average annual rainfall of 400 to 600 mm, 
primarily during the hot summer months from October to 
March. The farm features a loamy sand soil composition, 
which typically comprises 80% sand, 11% silt, and 9% clay, 
with an organic matter content of no more than 0.9%.

2.2  Trial Design

The research trial is part of a Conservation Agriculture 
Farmer Innovation Program (CA FIP), initiated by the 
Maize Trust in 2013. This program’s aim is to research 
and develop appropriate CA systems in the summer grain 
cropping area of South Africa. A fundamental aspect of 
this is on-farm experimentation, which evaluates the per-
formance of practices and systems under realistic farm-
ing conditions. Consequently, the trial designs are shaped 
considering the farmer’s objectives, such as promoting soil 
health, along with the logistical and environmental context 
of the farm (Smith et al. 2021).

For the 7 years preceding the trial, maize was cultivated 
using no-tillage methods. The only exception was the most 
recent year (summer of 2017/18) during which sunflower was 
planted under no-tillage. The trial continued for four consecu-
tive years, with the first year (2018/19) planted in January 
2019 (supplementary Table a). The three remaining years 
were planted in November 2019, December 2020, and Janu-
ary 2022. Sufficient rainfall prior to planting is critical for 
proper seed germination and establishment. Consequently, 
different planting dates resulted from varying rainfall patterns 
and wet conditions at the beginning of the summer periods.

The trial consisted of two main systems, namely (a) 
maize monoculture and (b) CA (rotation of maize, sun-
flower, and cover crops). These systems were part of a 
randomised block design (supplementary Table a), and 
the soil for both systems was managed under no-tillage 
principles where no soil disturbance took place other 
than that caused by the no-tillage planter. Information on 
additional management practices (i.e. cultivar use, plant-
ing design, and fertilisation) is provided in Table 1. Due 
to the nature of FIP trials, fertilisation varied between 
seasons based on the experience of the farmer and recom-
mendations of agronomists. No nematicides or fungicides 
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were applied. Herbicides (including glyphosate, meso-
trione, s-metolachlor and triazine) were used to control 
weeds, while lambda-cyhalothrin was used at planting 
for the control of cutworms in maize and sunflower. An 
uncultivated grassland, located directly adjacent to the 
trial area, was included as a reference system. This pris-
tine grassland, devoid of any soil and crop production 
management history, served as a natural reference system. 
Three replicates were integrated per system. However, a 
replicate per block for each of the crops in rotation (CA 
system) was included, facilitating the evaluation of the 
sequential effects of crop rotation over time.

2.3  Sampling

The first planting season (2018/19) was not sampled, as 
this would have reflected the effect of only part of a season. 
Sampling therefore commenced during the second planting 

season (2019/2020), approximately 100 days after planting. 
The first, second, and third sampling intervals occurred in 
February 2020, March 2021, and April 2022, respectively.

A composite soil sample (consisting of 10 sub-samples) 
was collected per replicate per crop. For the cultivated sys-
tems, these included five in-row and five between-row sam-
ples, randomly selected within a 5-m radius of a geolocated 
point recorded during the first sampling interval. For the 
uncultivated system, 10 randomly located sub-samples were 
collected per replicate within a 5-m radius of a geolocated 
point.

For each sub-sample, the top 20 cm of soil was taken with 
a soil auger, and the contents of the auger were emptied into 
a 20-L bucket. Upon completion, the bucket content con-
taining all 10 sub-samples was homogenised. Next, 500-ml 
aliquots of the homogenised soil samples, one for nematode 
and one for abiotic analyses, were transferred to plastic bags 
and stored at room temperature in cooler boxes. A 200-ml 

Table 1  Management practices per year associated with systems of maize monoculture, conservation agriculture, and uncultivated grassland. 
The top dress was applied 4 weeks after planting. Abbreviations: nitrogen (N), phosphorus (P), and potassium (K)

*Agri-Life 12: 44% cowpeas (Vigna unguiculata), 20% sunhemp (Crotalaria juncea), 12% pearl millet (Pennisetum glaucum), 8% forage sor-
ghum (Sorghum bicolor), 8% Japanese millet (Echinochloa esculenta), 4% Niger (Guizotia abyssinica), and 4% dolichos (Lablab purpureus)
*Mixture: 37% forage sorghum, 37% cowpeas, 11% dolichos, 7% sunhemp, 4% pearl millet, and 4% radishes (Raphanus sativus)

System 2018/2019 2019/2020 2020/2021 2021/2022

Monoculture: maize 
(Zea mays)

Cultivar DKC 78-79BR DKC 7276 PAN 5R-785 BR DKC 86-65BR
Plant density 50 cm rows

40 000 plants per  ha1
50 cm rows
40 000 plants per  ha1

50 cm rows
40 000 plants per  ha1

50 cm rows
40 000 plants per  ha1

Fertilisation (kg  ha−1) At planting:
31 N + 18 P
Top dress:
51 N

At planting:
18 P + 31 N
Top dress:
51 N

At planting:
37 N + 18 P + 13 K
Top dress:
56 N

At planting:
37 N + 20 P + 15 K
Top dress:
56 N

Conservation agricul-
ture: maize

Cultivar DKC 78-79BR DKC 7276 PAN 5R-785 BR DKC 86-65BR
Plant density 50 cm rows

40 000 plants per  ha1
50 cm rows
40 000 plants per  ha1

50 cm rows
40 000 plants per  ha1

50 cm rows
40 000 plants per  ha1

Fertilisation (kg  ha−1) At planting:
31 N + 18 P
Top dress:
51 N

At planting:
31 N + 18 P
Top dress:
51 N

At planting:
37 N + 18 P + 13 K
Top dress:
56 N

At planting:
37 N + 20 P + 15 K
Top dress:
56 N

Conservation agri-
culture: sunflower 
(Helianthus annuus)

Cultivar Agsun 8251 PAN 7102 CLP Agsun 5106 PAN 7102 CLP
Plant density 90 cm rows

40 000 plants per  ha1
90 cm rows
40 000 plants per  ha1

90 cm rows
40 000 plants per  ha1

90 cm rows
40 000 plants per  ha1

Fertilisation (kg  ha−1) At planting:
31 N + 18 P
Top dress:
51 N

At planting:
31 N + 18 P
Top dress:
20 N

At planting:
31 N + 16 P
Top dress:
39 N

At planting:
31 N + 16 P + 10 K
Top dress:
39 N

Conservation agricul-
ture: cover crop

Cultivar Agri-Life 12 (Agri-
col)*

Agri-Life 12 (Agri-
col)*

Agri-Life 12 (Agri-
col)*

Mixture*

Plant density 30 cm rows
25 kg seed per  ha1

30 cm rows
25 kg seed per  ha1

30 cm rows
25 kg seed per  ha1

30 cm rows
25 kg seed per  ha1

Fertilisation (kg  ha−1) At planting:
24 N + 13 P
Top dress:
Zero

At planting:
24 N + 13 P
Top dress:
Zero

At planting:
35 N + 13 P
Top dress:
Zero

At planting:
35 N + 13 P
Top dress:
Zero

Uncultivated Grassland N/A N/A N/A N/A
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aliquot was also collected for phospholipid fatty acid (PLFA) 
analysis and stored at −20 °C. On the same day of sampling, 
all the samples were transported to North-West University 
(Potchefstroom, South Africa) for further processing. Nema-
tode samples were stored for a maximum of 1 week at 6 °C 
until further processing. For abiotic properties and PLFA 
analysis, samples were sent to the Soil Health Support Cen-
tre (Klapmuts, South Africa).

2.4  Analysis of Abiotic Parameters of Soil Health

Multiple physico-chemical parameters were analysed, namely 
total available nitrogen (N) and phosphorus (P), C/N ratio, 
pH, soil structure, and soil texture. Total available N (mg 
 kg−1) was determined following Haney et al. (2018) and 
quantified using a Lachat 8000 flow injection analyser (H3A 
extraction of inorganic N) and Teledyne-Tekmar Torch C:N 
analyser (water extraction of organic N). Similarly, the total 
available P (mg  kg−1) was measured using a Lachat 8000 
flow injection analyser (H3A extraction of inorganic  PO4-P) 
and a Thermo Scientific ICP-OES (H3A extraction of P). 
The C/N ratio was calculated as the ratio of water-extractable 
organic C and N (mg  kg−1) (Haney et al. 2018). Soil pH was 
measured in a 1:1 water extract (Patriquin et al. 1993) using 
a Hanna (HI9813-6) pH metre. Finally, soil structure was 
measured using the volumetric aggregate stability test (%) of 
Solvita (2017), while soil texture was determined using Cor-
nell’s rapid soil texture analysis (Schindelbeck et al. 2016).

2.5  Analysis of Biotic Parameters of Soil Health

Biotic parameters included nematode-based indices of soil 
ecosystem status, signature lipid biomarkers of microbial 
communities, and soil respiration. Furthermore, and in line 
with Moebius-Clune et al. (2017), organic matter content 
and active C were also determined as biological endpoints.

Nematodes were extracted from soil using the decanting 
and sieving followed by sugar flotation methods (Marais et al. 
2017). Next, extracted nematodes were fixed in 4% formal-
dehyde using the hot/cold fixation method (Van Bezooijen 
2006). Finally, nematodes were counted and identified using 
a Peter’s 1-ml capacity counting slide (Marais et al. 2017) 
on a Nikon Eclipse 50i compound microscope. Using the 
Nematode Indicator Joint Analysis (NINJA) online tool (Sier-
iebriennikov et al. 2014), selected nematode-based indices of 
soil ecosystem status were calculated and included the matu-
rity, enrichment, structure, and channel indices (Ferris et al. 
2001). The maturity index is a measure of environmental dis-
turbance with values ranging from 1 to 5. Lower and higher 
values indicate more disturbed and healthier soil ecosystems, 
respectively (Du Preez et al. 2022). The enrichment index is 
used to infer food availability and nutrient enrichment, while 
the structure index is a measure of food web connectance. 

Both these indices range from 0 to 100 with higher values 
indicating greater enrichment and structure, respectively. 
Finally, the channel index indicates the predominant decom-
position pathway of organic matter with lower (<50) and 
higher (>50) values indicating bacterial and fungal domi-
nated decomposition, respectively (Du Preez et al. 2022).

The method of Buyer and Sasser (2012) was used for 
PLFA analysis. Briefly, lipid classes were separated by solid 
phase extraction, transesterified to fatty acid methyl esters 
(FAMEs), and then analysed by capillary gas chromatogra-
phy with flame ionisation detection. FAMEs were identi-
fied using the MIDI PLFAD1 calibration mix and naming 
table (Buyer and Sasser 2012). To assess microbial com-
munity structure, characteristic fatty acids were classified 
into structural groups. Shifts in microbial community struc-
ture can be observed by changes in the proportions of the 
microbial structural groups. Normal saturated fatty acids 
(Nsats) are applied as a general microbial biomarker; mid-
chain branched saturated fatty acids (MBsats) are indica-
tive of actinomycetes, terminally branched saturated fatty 
acids (TBsats) of gram-positive bacteria, monounsaturated 
fatty acids (Monos) of gram-negative bacteria, and polyun-
saturated fatty acids (Polys) of fungi (Willers et al. 2015). 
Biomass was measured in ng  g−1.

Soil respiration  (CO2-C mg  kg−1), an indication of micro-
bial activity, was measured using rewetted air-dried soil after 
24 h of incubation with a MiniCube  CO2 analyser (Haney 
et al. 2018). Organic matter content (%), in turn, was meas-
ured using the loss on ignition method (Donkin 1991), while 
active C (mg  kg−1), a measure of the fraction of C readily 
available as a food source to soil organisms, was assessed 
following the permanganate-oxidizable carbon (POXC) 
method (Schindelbeck et al. 2016).

2.6  Statistical Analysis

The crop sequences (as part of the CA system), maize 
monoculture system, and uncultivated system were com-
pared through two-way permutational multivariate analy-
ses of variance (Permanova). Data were log-transformed 
and normalised before rendering a Euclidean distance-
based matrix. This method is appropriate when working 
with non-normally distributed data (Shaphiro-Wilks, 
5% significance) and small sample sizes as in this study 
(Anderson et al. 2008). Abiotic (i.e. total available P, total 
available N, C to N ratio, pH, soil structure, and silt, sand, 
and clay contents) and biotic (i.e. maturity, enrichment, 
structure, and channel indices, PLFAs: total fungi, micro-
bial, bacteria (gram +/−) and Actinomycetes biomasses, 
soil respiration, organic matter, and active C content) 
variables were evaluated from each system. The factor 
“year” (three levels: year 1, year 2, and year 3; fixed) 
and the factor “crop sequence” (five levels: monoculture 
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maize (maize mono), sunflower followed by cover crop 
(sunflower-cover), cover crop followed by maize (cover 
crop-maize), maize followed by sunflower (maize-sun-
flower), and uncultivated grassland; fixed) were tested 
for interactions in a main design, followed by pairwise 
comparisons (5% significance).

In the presence of significant interactions, each year was 
evaluated individually through principal component analysis 
(PCA), and their variables correlated with principal compo-
nents 1 and 2, to reveal the greater contributors to the differ-
ences among the systems. Next, only the main variables (r > 
0.70, r < −0.70; PC1 and PC2) were evaluated individually 
through pairwise comparisons in search of significant dif-
ferences. Variables were also related to each other through 
regression analyses. Correlations regarded as high (i.e. r > 
0.55, r < −0.55) were further investigated for significant 
levels (p < 0.05) to provide insights into causation effects.

3  Results

3.1  Temporal Patterns and Variable Differentiation 
Between Systems

Significant differences (Table 2) were observed between 
crop sequences and the uncultivated system within the 
three study years when considering all the measured vari-
ables. Furthermore, a trend emerged indicating differen-
tiation among crop sequences over time, evidenced by an 
increase in the dispersion of the data (Fig. 1). Generally, 
the main variables driving this differentiation were not the 
same in all three years, except for total available P (mg 
 kg−1), organic matter content (%), and abundance of PLFA 
groups (indicative of microbial community structure) 
(Fig. 1; supplementary Tables b and c). Total available 
P was always significantly higher in the cultivated crops, 
while the organic matter content and microbial biomass 
presented the opposite pattern (Figs. 2, 3, and 4). Most 
of the main variables were significantly correlated with 
each other.

3.2  Year‑by‑Year Analysis of Main Abiotic and Biotic 
Variables

In year 1 (Fig. 1 a and b; supplementary Table c), total 
available P and N (mg  kg−1), soil structure (%), silt (%) (PC1), 
and sand (%) (PC2) were the main variables contributing to 
the explained variance when only considering the abiotic 
variables. In turn, PLFAs (total bacteria biomass (ng  g−1) 
as the strongest variable), organic matter (%) (PC1), and 
the enrichment index (PC2) were the main biotic variables. 
Sand and clay content were significantly higher in the 

maize-sunflower sequence compared to the uncultivated 
system, while organic matter was significantly higher in 
the uncultivated system compared to all the other systems 
(Fig. 2). In year 2 (Fig. 1 d and e; supplementary Table c), 
again, total available P and N were the main abiotic variables, 
followed by silt and pH (PC1), clay (%), and sand (PC2). The 
main biotic variables were the PLFAs (total bacteria as the 
strongest variable), organic matter content, and soil respiration 
 (CO2-C mg  kg−1) (PC1), followed by the structure and 
maturity indices (PC2). The maturity index was significantly 
higher in the cover crop-maize sequence compared to the 
sunflower-cover crop sequence (Fig. 3). In year 3 (Fig. 1 

Table 2  Multivariate pairwise comparisons between crop sequences 
within each year

Bold values indicate a significant difference (p < 0.05)

t p

Year 1
 Sunflower-cover crop vs maize mono 0.8032 0.5925
 Sunflower-cover crop vs cover crop-maize 1.1050 0.3281
 Sunflower-cover crop vs maize-sunflower 0.8550 0.5667
 Sunflower-cover crop vs uncultivated 3.4178 0.0057
 Maize mono vs cover crop-maize 1.1355 0.3113
 Maize mono vs maize-sunflower 0.7357 0.6555
 Maize mono vs uncultivated 3.1739 0.0067
 Cover crop-maize vs maize-sunflower 1.1285 0.3207
 Cover crop-maize vs uncultivated 2.6683 0.0120
 Maize-sunflower vs uncultivated 3.7791 0.0053
Year 2
 Sunflower-cover crop vs maize mono 0.7742 0.6244
 Sunflower-cover crop vs cover crop-maize 1.3758 0.1786
 Sunflower-cover crop vs maize-sunflower 0.8546 0.5501
 Sunflower-cover crop vs uncultivated 3.2734 0.0068
 Maize mono vs cover crop-maize 1.0051 0.4287
 Maize mono vs maize-sunflower 0.6278 0.7635
 Maize mono vs uncultivated 2.3261 0.0221
 Cover crop-maize vs maize-sunflower 0.9948 0.4174
 Cover crop-maize vs uncultivated 2.5864 0.0142
 Maize-sunflower vs uncultivated 3.1395 0.0099
Year 3
 Sunflower-cover crop vs maize mono 1.0587 0.3649
 Sunflower-cover crop vs cover crop-maize 1.6969 0.0742
 Sunflower-cover crop vs maize-sunflower 0.7352 0.6784
 Sunflower-cover crop vs uncultivated 2.3627 0.0199
 Maize mono vs cover crop-maize 1.2083 0.2645
 Maize mono vs maize-sunflower 0.9508 0.4601
 Maize mono vs uncultivated 2.4154 0.0228
 Cover crop-maize vs maize-sunflower 1.4046 0.1576
 Cover crop-maize vs uncultivated 2.8346 0.0088
 Maize-sunflower vs uncultivated 2.1760 0.0332
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g and h; supplementary Table c), sand and soil structure 
were the main abiotic variables (PC1), followed by total 
available P, silt, and clay (PC2). As for the biotic variables, 
PLFAs (actinomycetes biomass as the strongest variable), 
organic matter, and soil respiration (PC1) were followed 
by the structure, maturity, and channel indices (PC2). The 
structure index was significantly higher in the cover crop-
maize sequence and the uncultivated system and lower in the 
sunflower-cover crop sequence. The channel index, in turn, 
was significantly lower in the uncultivated system (Fig. 4). It 

is important to highlight that from year 1 to year 3, there was 
a shift in the primary contributors to variation, transitioning 
from non-living (abiotic) to living (biotic) factors.

3.3  Evolving Interplay Between Abiotic and Biotic 
Variables

Finally, significant correlations (which may imply cau-
sation effects) were observed within and between biotic 
and abiotic variables (supplementary Table  d). These 

Fig. 1  Principal component analysis ordination of the crop sequences 
in years 1 (a–c), 2 (d–f), and 3 (g–i), illustrating the abiotic, biotic, 
and all variables, respectively. Vectors represent the main variables (r 
> 0.70, r < −0,70; PC1 and PC2) responsible for the distribution of 

data (see supplementary Table c). The strongest contributing variable 
of a group (e.g. PLFAs) in which all variables are correlated is shown 
between parentheses. Abbreviations: nitrogen (N), phosphorus (P), 
phospholipid fatty acids (PLFAs)
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relationships generally changed from year to year. For 
example, in year 1, total available N was negatively corre-
lated and soil structure positively correlated with PLFAs. 
Soil structure was also positively correlated with the matu-
rity index, organic matter, soil respiration, and total avail-
able N and P. In year 2, pH was positively correlated with 
PLFAs, while total available N was negatively correlated 
with the maturity and structure indices. A positive correla-
tion was evidenced between the enrichment index, PLFAs, 
organic matter, and soil respiration in year 3. Nonetheless, 
some relationships were more consistent, including the 

positive correlations evidenced between organic matter, 
silt, and PLFAs.

4  Discussion

In this study, an uncultivated (natural) grassland was used 
as an undisturbed reference, which is anchored in the con-
cept that CA is a “nature-based solution.” Following this 
perspective of CA, management practices are implemented 
to promote ecosystem functioning (Kooijman et al. 2021; 

Fig. 2  Comparisons of the main variables (mean values ± sd) (a–e) 
that significantly differ among the crop sequences in year 1. Differ-
ent letters above bars indicate significant differences (p < 0.05) while 

grey and green bars represent abiotic and biotic variables, respec-
tively. Abbreviations: phosphorus (P)
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Miralles-Wilhelm and Iseman 2021). Therefore, such a ref-
erence system can serve as a baseline, offering insights not 
only into attainable standards of ecosystem functioning, 
but also as a model for studying the intricacies of the local 
undisturbed ecosystem.

Given the contrast between the undisturbed and cultivated 
systems and the significance of primary indicators such as 
total available P, organic matter, and PLFAs across the three 
study years, our findings shed light on the potential of these 
indicators to inform soil health dynamics in both the agricul-
tural and environmental contexts of our study. The signifi-
cantly higher levels of total available P (and total available 
N in years 1 and 2) in the cultivated systems are expected 
due to the use of inorganic fertilisers (Chen et al. 2014; Shen 
et al. 2011). Still, nutrient accumulation in the topsoil lay-
ers may also be linked to the build-up of plant residues in 
minimal tillage systems (Duncan et al. 2019). This indicates 
that the historical practice of minimum tillage at the study 
site likely had a positive effect on soil fertility (Berner et al. 
2008). However, it is also plausible that deeper soil layers 
had lower nutrient availability (Lynch et al. 2012), which 
presents a problem in drier periods when roots seek out 
water and nutrients from deeper soil layers. For this reason, 

it is critical to protect the upper layers of soil through per-
manent soil cover with organic material (Thierfelder et al. 
2018; Zribi et al. 2015), or as it is commonly known among 
farmers, building “soil armour.” This will help protect the 
soil from direct exposure to sunlight and reduce evaporation 
and moisture loss (Zribi et al. 2015).

Conversely, in the uncultivated system, the higher levels 
of organic matter appear to be a consequence of no man-
agement history. Conventional agriculture practices (e.g. 
tillage and use of agrochemicals) have been found to reduce 
organic matter content, primarily through physical and 
chemical disturbances (Man et al. 2021). However, rebuild-
ing soil organic matter in agricultural settings is challeng-
ing, and the suggested mechanisms are often contradictory 
(Averill and Waring 2018; Giller et al. 2021). A key factor 
to consider is the local environmental context of the study 
site. Given the soils’ high sand and low clay content (see 
Appendix), the C storage potential of the soils is limited 
(Giller et al. 2021). Since this study evidenced minimal 
temporal variation in organic matter, any improvement in 
organic matter is likely to require multiple growing sea-
sons. Additional practices that can be implemented to help 
build organic matter content include planting cover crops 

Fig. 3  Comparisons of the main variables (mean values ± sd) (a–d) 
that significantly differ among the crop sequences in year 2. Differ-
ent letters above bars indicate significant differences (p < 0.05) while 

grey and green bars represent abiotic and biotic variables, respec-
tively. Abbreviations: phosphorus (P)
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in rotation with cash crops and the integration of livestock 
through managed grazing (Khangura et al. 2023; Thierfelder 
et al. 2018). Cover crops add to above and belowground 
plant biomass, promote root exudation, and reduce soil ero-
sion, thereby promoting organic matter (and C) increases 
(Adetunji et al. 2020; Strickland et al. 2019). Also, Strick-
land et al. (2019) found that cover crops and the resulting 
root exudation in arable fields increased microbial biomass 
and bioavailable C by 64% and 37%, respectively. Further-
more, the integration of managed grazing aids in utilising 
some of the cover crops, while the remaining material is 
trampled and forms a soil cover. The urine and manure 

from livestock also provide additional nutrients to the soil 
(Hewins et al. 2018; Sekaran et al. 2021).

A closer examination of the crop sequences revealed that 
their differentiation was not static but changed from year to 
year. This finding supports the complexity and interdepend-
ency of soil physical, chemical, and biological properties 
(Bünemann et al. 2018; Creamer et al. 2022). By the third 
year, the PCAs showed less distinct clustering among systems, 
while the primary contributors to variation had transitioned 
from abiotic to biotic factors. While the PLFAs mainly dif-
ferentiated between the cultivated and uncultivated systems, it 
was the maturity, structure, and channel indices that accounted 

Fig. 4  Comparisons of the main variables (mean values ± sd) (a–e) 
that significantly differ among the crop sequences in year 3. Differ-
ent letters above bars indicate significant differences (p < 0.05) while 

grey and green bars represent abiotic and biotic variables, respec-
tively. Abbreviations: phosphorus (P)
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for variation between different crop sequences. These indices 
presented a strong, positive correlation with the cover crop-
maize sequence. Higher values in maturity and structure 
indicate greater ecosystem health and food web connectance, 
respectively, while the channel index suggests a shift towards 
increased fungal decomposition (Du Preez et al. 2022; Fer-
ris et al. 2001). The benefits of these results include greater 
nutrient cycling due to the flow of resources between trophic 
levels and the breakdown of recalcitrant organic matter by 
fungal communities (Creamer et al. 2022). Additionally, it 
offers potential regulation of pests by omnivore and preda-
tor nematodes associated with mature ecosystems (Topalović 
and Geisen 2023). Therefore, the sequence of planting cover 
crops followed by maize presents the potential for promoting 
soil ecosystem health and functionality. Supporting this view, 
a study by Shackelford et al. (2019) reviewed data from ten 
meta-analyses and found that planting cover crops led to a 9% 
increase in organic matter and a 41% increase in microbial bio-
mass. Despite these promising results, the authors highlighted 
gaps in our understanding of the impact of cover crops (and 
crop sequence) on soil ecosystem functioning and the interplay 
between biotic and abiotic properties.

This study’s findings on the correlation between PLFAs 
and soil characteristics, such as organic matter and soil tex-
ture, underscore the intricate relationship between soil prop-
erties and microbial communities. Under agricultural man-
agement, increases in organic C can be linked to increased 
microbial biomass and fungal abundance (Chen et al. 2020; 
García-Orenes et al. 2013). A recent study by Chen et al. 
(2020) utilised a meta-analysis approach of global studies 
on conservation tillage practices and concluded that soil 
fungal and bacterial biomass is improved under conserva-
tion tillage. Therefore, less intensively managed soils show 
enhanced organic C content and microbial biomass and activ-
ity (García-Orenes et al. 2013). It follows that uncultivated 
ecosystems without the disturbance of agricultural practices 
will differ from cultivated systems in terms of microbial com-
munity structure, also expecting a more stable community 
in a less disturbed system. Soil texture has also been shown 
to correlate with fungal and bacterial biomass due to better 
protection of organic matter in finer soils (Chen et al. 2020). 
Furthermore, total bacterial biomass was the strongest con-
tributing variable of the PLFAs in the principal component 
analysis conducted for years 1 and 2. This can be attributed 
to the tendency of bacteria to be more abundant in soils that 
are physically disturbed since tillage breaks the hyphae of 
fungi (García-Orenes et al. 2013). In addition, bacteria tend 
to dominate where organic matter is decomposed at a higher 
rate while fungi dominate in soil with higher contents of 
recalcitrant organic matter. The latter is indicative of more 
sustainable agricultural systems (Xu et al. 2020).

The dynamic nature of the studied systems was further 
evidenced by the shifting relationships within and between 

abiotic and biotic variables over a temporal scale. In the first 
year, there was a negative correlation between total available 
N and total microbial biomass as well as those PLFAs indica-
tive of the different community structure groups (bacteria, 
fungi, actinomycetes) and organic matter (%). Previous studies 
have shown that N fertilisation could reduce microbial bio-
mass in many ecosystems (Treseder 2008; Wang et al. 2018). 
In turn, the positive correlation between soil structure and var-
ious soil health indicators points to the role that soil organic 
matter plays in soil stabilisation, which in turn influenced 
nutrient cycling (Zhou et al. 2020). Soil pH is another key 
factor influencing soil ecosystems (An et al. 2021; Kitagami 
et al. 2020). A significant positive correlation between PLFAs 
and pH was observed in year 2 with lower pH values meas-
ured for all sites compared to year 1 and year 3. According 
to Joergensen and Wichern (2008), fungal and gram-positive 
PLFAs may increase as pH decreases. We did not make the 
same observation in the current study, even though there was 
a general trend of lower total bacterial biomass observed in 
all crop rotations during year 2. In year 3, the actinomycete 
biomass was the strongest contributing variable to PLFAs 
and was associated with soil respiration and organic matter. 
Actinomycetes are capable of decomposing more complex 
polymers in soils and have been associated with increased 
organic C content in agricultural soils (Xu et al. 2020).

5  Conclusion

Our study presents compelling insights into the interplay 
between agricultural practices and soil health dynamics, for 
example, the impact of crop sequence under conservation 
agriculture. Especially the inclusion of cover crops followed 
by maize (cover crop-maize sequence) showed potential for 
promoting soil health. This was indicated by higher ecosys-
tem maturity, food web connectivity, and enhanced fungal 
decomposition, which lead to enhanced nutrient cycling 
and potential pest regulation. Furthermore, the interaction 
between abiotic and biotic factors, for example the correla-
tion between soil texture and microbial community struc-
ture, emphasises the importance of environmental condi-
tions and supports the need for context-specific soil health 
assessments. Therefore, our hypothesis is accepted owing to 
the evidenced changes in soil health under conservation agri-
culture also considering the unique and dynamic responses 
of soil physical, chemical, and biological properties. In sum-
mary, our findings underscore the potential of nature-based 
solutions, such as conservation agriculture, in promoting soil 
health and ecosystem functioning. The mechanistic insights 
derived from our study contribute to the broader understand-
ing of soil health and its role in sustainable food production. 
However, we recognise that further research is needed to 
elaborate on the involved mechanisms.
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