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return, while phosphorus and potassium decline reflected both crop uptake

Keywords: and limited replenishment through balanced fertilization. The results further
Soil Nutrient Depletion ,Intensive suggest that nutrient depletion is not uniform across soil depth; the upper soil
Farming Systems, Soil Fertility ,Nutrient  layer showed faster nutrient loss because of greater root activity, tillage
Loss, Sustainable Agriculture disturbance, and nutrient extraction. Declining organic matter emerged as a

central driver of reduced soil fertility because it affects microbial activity,
aggregate stability, water-holding capacity, and nutrient cycling. The study
highlights that intensive farming without integrated nutrient management
can produce shortterm yield gains but may reduce longterm soil productivity
and farm sustainability. Sustainable solutions require balanced fertilizer
application, crop rotation, tesidue incorporation, compost or manure
addition, cover cropping, and periodic soil testing. Querall, the assessment
shows that soil nutrient depletion is a serious challenge for intensive farming
systems and must be addressed through soil-conserving practices that
maintain productivity while protecting the natural fertility base.
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INTRODUCTION

Intensive farming is severely propping to the pedological health and ecosystems functioning since excessive
use and application of financial, fertilizers, and pesticides resources are being engaged for achieving the goal
of maximizing crop production. (Scotti et al., 2015).An unprecedented spatial decoupling of nutrient cycling
(Jones et al., 2013) has occurred as the result of an ecosystem crisis in nutrient leaching driven by the
widespread use of high yielding varieties and synthetic inputs as nutrients are removed from fields and onto
expanding populations. Overall, the use of industrial nitrogen fertilization, particularly for nitrogen
application, has gone beyond the sustainable levels of soil and aquatic resources quality and management for
N and P applications to crops, and thus has become important in causing widespread soil N-Potent problems,
such as N and P soil imbalances, soil pollution by nitrates, loss of N2O to the atmosphere and aquatic resource
eutrophication (Goulding et al., 2007; Matson et al., 1997; Zhao et al., 2019; Zhu et al., 2017). Moreover,
the overreliance of the use of synthetic chemical inputs can pose harmful impacts on soil physicochemical
and biological properties such as soil acidification, reduction in soil microbial biomass, and sharp declining
of the soil organic matters content, which ultimately lead to soil inherent buffer capacity and structural
integrity reductive effect (Zhao et al., 2019; Yang et al., 202 1; Chittora, 2023). The mining of micro-nutrients
and effects on their role in delivering multi-functional ecosystem services may be under-documented, but also
have potentially serious consequences for longer term agricultural system resilience (Jones et al. 2013).
Furthermore, loss of soil biodiversity, intensified species unique cropping systems and further losses, such as
arbuscular mycorrhizal fungi and soil fauna are further reducing nutrient acquisition and biogeochemical
cycling (George et al., 2020; Matson et al., 1997). All of these changes affect soil multifunctionality and
negatively impact the sustainability of provisioning ecosystem service, a sustainability challenge (George et al.,
2020; Jones et al., 2013). For the 21st century, the challenge faced by agriculture is to achieve greater
productivity while at the same time minimizing the losses of mineral nutrients and ensuring efficient cycling
of biological nutrients in the systems, and most importantly, utilizing more effective strategies, approaches
and integrated management practices for the agriculture that focus on achieving high levels of soil fertility
along with being productive (Matson et al., 1997; Goulding et al., 2007). The ‘balance of activities' that are
needed also imply a shift from traditional ‘silo thinking' on agronomic solutions towards more ‘trans-
disciplinary' and ‘transformative' solutions throughout the entire food value chain (FCVC), from origin -
mineral extraction - to end - consumer wastes (Withers et al., 2019). The overall aim of this project is to obtain
a holistic picture of the effectiveness of various approaches to regenerative farming and at the same time to
ensure sustainable maintenance of the key soil fertility parameters under a more intensive, and therefore
losing, farming system. Specifically, the effect of the substitution of organic amendments for synthetic will be
studied on the biological community of soils, as well as on the calculation of the net balances of nutrients,
along with trying to establish the doses that are most effective, yielding the highest yields in the least negative
environmental impact. The proposed study is relevant in the transition between empirical scale observations
and ecosystem models, as it is key to create productive and sustainable farming systems to ensure food security
for the next generations without overexploiting the pedologic support on which they were built. The use of
biological processes to enhance land use and management is defined as ‘ecological intensification', and forms
part of an investigation to gain an understanding of how ‘ecological intensification' may be able to mitigate
or break the systemic loss of soil critical components from land use and management while maintaining
productivity (Bender et al., 2016, 2018). This inquiry will include the treatment of '5R strategy' (realign,
reduce, recycle, recover, redefine) which is a path that will take the conversation past the use of industrial
chemicals as inputs in ways that are not sustainable (Smith et al., 2015).

METHODOLOGY

Taking soil samples at depth 0-20 cm and 20-40 cm, the spatial heterogeneity is considered and a systematic
grid architecture is used to represent the nutrient status of different farm plots. The spacing of the grid has
been downscaled from 1 ha to 0.5 ha to capture the variability in nutrients, on a more localized scale. Nutrient
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accumulation sites within the top of the soil profile and nutrient depletion sites within the subsoil are
distinguished by taking the soil samples as cores, to the depths of 0-20 cm and 20-40 cm, in each node. Ten
to twenty sub-samples are taken within 5 m of each node point and the samples in each node are combined
to form a master sample for each depth interval to represent the variations in soil on the small scale for later
laboratory analysis (Lawrence et al., 2020).

In a controlled laboratory, the samples are air dried and then sieved through a 2 mm mesh. Mehlich - 3 (1 M
of H3NO4) is used as a test reagent to extract plant available P and K, and quantified by inductively coupled
plasma optical emission spectrometry (BIYOGUE, 2016; Norbert et al., 2017). To measure nitrogen
availability to plants, which is subject to temporal fluctuations, extraction using 1 M KCl is used and then
colourimetric measurement of nitrate and ammonium species are performed (baker, 2017; Yousef et al.,
2023).

The methodology uses empirical concentration data associated with a time-series statistical approach which
allows the quantification of trends in “net nutrient depletion”. We use linear mixed-effects models that are
particularly appropriate for the many factors that characterize multi-year agricultural experiments, most
important of which being the fact that many of the data points are outputs of many experiments with varying
lengths, often unbalanced (Grégoire et al., 1995 and Verbyla et al., 1999). They involve nested random effects
related to the different management histories experienced by individual plots, over-year and over-spatial
correlations of the observations, and the same if correlation related to adjacent plots is specified. Nesting
these reflects the different management history experienced by the individual plots, over-year and over-spatial
correlations among observations, and correlations among neighboring observations, if specified (Verbyla et
al., 1999). In addition, we calculate a net soil nutrient balance (N, P, K) for each year, with inputs consisting
of the cumulative additions of inputs over the years (synthetic fertilizers, organic amendments, additions from
the atmosphere) and losses being the cumulative losses over the years (crop uptake, harvest exports, leaching
losses estimated according to Berlingeri et al., 2021; Goulding et al., 2007; Ludemann et al., 2024). These
measured concentrations are included in the models and, together with the nutrient balance calculation can
be used to determine the minimums and maximums of nutrient application to maximize nutrient uptake by
the crop without causing nutrient mining. Further, the analysis uses diagnostic checks (VIF and/or residual
plots) mainly because of checking the validity or reliability of the longitudinal trend estimations. This holistic
strategy gives a strong statistical foundation for making long-term evaluations of restorative agricultural
practices and is particularly useful in linking empirical field-based data and modeling of ecosystem structures
(Hu et al., 2020; Stein et al., 2007). The quantifiable trends are then used in later analyses to simulate
depletion scenarios to understand the impacts of various climate and management projections and hence,
predict the stability of the agro-economics or if the agro-economics are sustainable or not (Danso et al., 2025;
Singh et al., 2019). Examples of these predictive scenarios include AIC to identify the fewest nutrient flux
scenarios that can make the selected nutrient pathways statistically robust, even when there are high levels of
biological and pedological complexity (Correndo et al., 2021). In addition, forecasted (marginal and
conditional) R2 values are calculated that divide the variance between the model with a specific management
factor and the pure soil health factor. This division is necessary to understand the variance explained by the
site-specific and systemic factors affecting soil health better (Ohm et al., 2017). Pearson correlations and visual
examination of residual distributions also undertaken to verify assumptions of variance homogeneity and
normality that are required to support application of robust inferential modelling (Reimer et al., 2020).

RESULTS

As seen from the results, there is a clear downward decrease in soil fertility with There was little difference in
available N in the no-till and mulch till drill soils, however, no-till and continuous cropping had the lowest
available N (figure 1) indicating possible high rate of depletion by repeated crop removal without
replenishment. Also, intensive farming was associated with the reduction in soil organic matter and increase
in bulk density (Table 1) which means that both chemical and physical properties of soil quality were reduced
with intensive farming. There was a decline in organic matter content of the soils in the range from
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moderately farmed soils to continually planted fields (Norton 2.8% to Wright 1.7%), resulting in lower
catbon input and greater stress for mineralization of soil nutrients.Table 2 indicates that nitrogen,
phosphorus and potassium were the macronutrients that could also be followed as there was a decrease in
come from the farming system for these nutrients. There was uniform deficiency of phosphorus (Fig. 2) and
decreased reserves of potassium in intensively-managed and continuously-cropped soil (Fig. 3). In all the three
nutrients namely N, P, and K continuous cropping significantly reduced by 35.9%, 37.1% and 29.1%,
respectively, compared to moderately farmed soils respectively. Based on the results, a balanced fertilizer
application (Nitrogen balanced) was not achieved with the different intensive systems of crop production.
There was also negative effect on micronutrient status associated with intensive farming practices. It is
interesting to note from Table 3 that generally soils in continuous cropping had the lowest levels of all the
other micronutrients, zinc, iron, manganese and copper. The greatest percentage loss was for zinc, which was
reduced from 1.42 mg kg-1 to 0.82 mg kg-1. The decrease is significant as micronutrient deficiencies have the
potential to impact crop physiological performance in the presence of sufficient major nutrient supplies. The
results in Figure 4 agreed with the intensification gradient as there was a good correlation between loss of
OM and the increase in intensity. Nutrient depletion was related to soil depth. Table 4 indicates that the
surface horizons (particularly 0-15 cm) had the lowest decrease in nutrients. Nitrogen, phosphorus and
potassium deficiency also decreased down the profile in Figure 5 as nutrient mining was primarily in the
shallow (surface) soil, and frequently in the tilled surface soil. These patterns indicate intensive tillage, crop
removal and residue removal had the greatest impact on the top soil. However, the pattern of the depletion
could be accounted for mainly due to management practices. As shown by the results in Table 5, removal of
all manure at planting and high tillage frequency were associated with the highest values of the depletion
index while the removal of all the residue at planting had the lowest values. From this analysis (Figure 6) it
was seen that residue removal and no organic manure were the more powerful individual contributors to
depletion. The organic matter showed a high positive correlation with the nutrient status (Table 6) while a
negative correlation was observed between the nutrient status and the cropping intensity and bulk density.
Last but not least, it is shown in Table 7 that the nutrients recovery was maximum with balanced NPK and
compost. From Figure 7, it is clear that the nitrogen required could be recovered, and this would be the case
not only with nitrogen, but also with phosphorus and potassium. Based on the general findings presented
here, the conclusion is warranted that under intensive farming practices, soil fertility can be reduced, but that
balanced fertilizers, soil residue (and/or compost), and/or some mixture of these can significantly boost soil
fertility if used wisely.

Table 1. Baseline soil physicochemical properties across farming systems.

System Soil pH Organic matter EC (dS m-1) Bulk density (g
(%) cm-3)
Moderate farming 7.2 2.8 0.42 1.28
Intensive farming 6.6 2.1 0.55 1.37
Continuous 6.3 1.7 0.61 1.45
cropping
Table 2. Available macronutrient status under different farming intensities.

System Nitrogen (mg kg-1) Phosphorus (mg kg-1) Potassium (mg kg-1)
Moderate farming 68.4 18.6 196
Intensive farming 52.1 14.3 161

Continuous cropping 43.8 11.7 139

Table 3. Micronutrient availability across the studied soil samples.
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Manganese (mg kg-

System Zinc (mg kg-1) Iron (mg kg-1) ) Copper (mg kg-1)
Moderate farming 1.42 8.7 5.2 0.91
Intensive farming 1.03 7.1 4.4 0.76

Continuous 0.82 6.4 3.9 0.69
cropping

Table 4. Nutrient decline by soil depth under intensive cultivation.

Soil depth Nitrogen decline (%) | Phosphorus decline (%) | Potassium decline (%)
0-15 cm 23.8 20.7 17.9
15-30 cm 18.1 15.3 12.6
30-45 cm 11.4 9.6 8.2

Table 5. Management factors associated with soil nutrient depletion.
Management factor Mean depletion index
No organic manure 0.72
Residue removal 0.68
High tillage frequency 0.61
Low fallow period 0.57
Imbalanced fertilizer use 0.54

Table 6. Correlation of soil and management variables with NPK status.

Variable Correlation with NPK status
Organic matter 0.78
Bulk density .63
Cropping intensity 0.71
Fertilizer balance 0.59
Residue retention 0.66

Table 7. Projected nutrient recovery under improved management options.

Projected N recovery Projected P recovery Projected K recovery
Treatment o o o
(%) (%) (%)
Farmers practice 8.5 5.8 6.9
Balanced NPK 19.6 14.2 15.3
NPK + compost 314 24.7 25.9
NPK + residue retention 27.8 21.5 23.4
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Figure 2. Available phosphorus showed a consistent reduction in intensive systems.
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Figure 3. Potassium reserves were lower in continuously cropped soils.
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Figure 4. Organic matter decreased under higher cropping pressure.
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Figure 6. Absence of organic manure and residue removal were major depletion drivers.
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Figure 7. Integrated nutrient management produced the highest projected recovery.

DISCUSSION

The continued use of intensive production systems is likely to cause irreversible pedological degradation, thus
affecting long term production capabilities for reliable yields and putting global food security at risk (Akanbi
et al.,, 2024).In intensive mineral fertilizations, rich yield is obtained, but sometimes it leads to nutrient
leaching and soil acidification, offering a basic conflict between yield and soil structural health. As has been
shown in our long-term analyses, such dependence on high input systems in production is dangerous and
hinders the pedological basis giving rise to the long-term productivity of agriculture. Our results showed the
counterintuitive effect that, while these intensifications are tending to increase yields, simultaneously critical
soil functions are being lost - leading more and more of these production systems to become vulnerable to
environmental stresses (Bender et al. 2018; Smith et al. 2015). If not controlled, the consequence of such
nutrient mining is high risk of loss of food security over time since the long-term fertility necessary for
continued yield is systematically being reduced (Akanbi et al. 2024; Bender et al. 2016). Efforts to help
navigate this trade-off must be strategies that move to ecological intensification, or aligning biological
processes in land use to reduce the boom-and-bust cycles of soil resource depletion associated with increased
production intensity (Smith et al., 2015). Reading the pulse of this transition, soil organic amendments have
the potential to significantly improve both the biological and physical properties of the soil, in addition to
supplying plantmicroelements and micronutrients—marking a key event specifically in soil restoration. The
use of organic amendments, one part of this transformation, offers significant potential to improve soil
properties including CEC and water holding capacity, as well as provide macro- and micronutrients to plants
(baker, 2017; Yousef et al., 2023). This is a restorative approach that reinforces the "5R strategy": realign the
nutrient use, reduce the nutrient use, recycle, recover the nutrients uses, and redefine how nutrient is used;
these are key requirements for closing the nutrient cycles and reduce the anthropogenic inputs that are
causing the acidification of soils (Smith et al., 2015). Moreover, our model shows that such practices need to
be implemented with some site-specific understanding of the historical management to account for spatial
nutrient heterogeneities, to maximize production while minimizing mining risks (Grégoire et al., 1995; Virk
et al., 2025). This, in turn, would permit thresholds to be set for the applications of these pesticides and thus
achieve a balance between desired crop response and a need for long-term soil protection. Implementing
more ecologically sound practices, such as the need to.re-optimize nutrient availability, could involve initial

885|Page



Bioscience Insights Volume 3, Number 1, 2026

difficulties in recalibrating the systems, and may require newer equipment and management practices;
however, the benefits of improved nutrient use efficiency and ecological stability in agricultural systems, in
the long term, are irreplaceable if they are to be viable based on a nutrient perspective (Goulding et al., 2007).
In conclusion, efforts for sustainable food security require a transformation in the way agriculture is viewed,
with soil health emerging as a dynamic element in the production system rather than a passive component
that simply carries input. This view embraces the fact sustainable yields are directly related to conservation of
the microbial communities, stock of soil carbon and the integrity of the pedosphere that are rarely considered
in conventional high-input models. This enables a sustainable, continued way to ensure agricultural stability
as well as enrichment to future generations without further harming the assets of the vital underpinning of
food systems, pedological stewardship, in the context of strong analytical frameworks that can be used across
many years of observations and research (Bender et al., 2018). Application of site-specific organic amendments
(compost, biochar) helps to reduce soil acidity; to conserve nutrients, and to improve soil microbial activity
hence balance the urgent production requirement with ecosystem service preservation over time (Palma et
al., 2025; Qasim et al., 2026). The adoption of the measures under these practices in a holistic approach to
soil fertility management is a critical step towards reclaiming soils and improving their productivity as well as
supplying the nutritional needs of the ever-increasing world population (Regasa et al., 2025).

CONCLUSION

The assessment reveals that intensive farming system significantly deplete soil nutrients if not careful with the
replacement of the nutrient and soil building activities. This creates a scarcity of nutrients, namely nitrogen,
phosphorus, potassium and organic matter, that is vital for maintaining soil productivity for soil has been
continuously cultivated, is heavily reliant on fertilizer inputs and often suffered from no organic residues
being returned, as well as repeated tillage. There are indications that the loss of nutrients is highly correlated
with the decrease in biological activity and organic C in soil, which impedes the soil’s effective storage or
turnover of nutrients. Intensive farming may allow for greater short-term production capacities but a cyclical
process of the decreasing value of the soil as resources are being extracted and the growing reliance on the
use of more fertilizers to compensate for this reduction in soil health will result in a higher production cost.
One of the more important findings of this paper is that a key obstacle to soil fertility should not be a chemical
fertility problem - it should be a problem of soil sustainability, defined as the interactions among soil
structure, microbial processes, water holding capacity, and the resilience over time of crops. The findings
highlight the importance of frequent soil sampling, balanced nutrient management, crop rotation, legumes,
residue management, composting, and minimizing disturbance from practices. Such practices may restore the
nutrient balance and enhance soil quality as well as provide stable yields to farmers. Thus, the future of
intensive farming lies in reducing the dependence on separate management of inputs to soil fertility
management. Conservation of soil nutrients is fundamental to the profitability of the farms, food security,
environmental quality and agricultural development.
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