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Abstract. The availability of nutrients in the soil is crucial for the growth
and yield of potato plants. However, Andisol soil, which dominates the Karo
Regency, is characterized by low nutrient availability and high phosphate
retention, resulting in nutrient stress for plants. This study was conducted in
Karo Regency at various elevations and slope gradients based on Land Unit
Map. Soil analysis was carried out at the PT Socfindo Soil Laboratory, and
microbial analysis was conducted at the Soil Biology Laboratory, Faculty of
Agriculture, and Microbiology Laboratory, University of North Sumatra.
Soil sampling used observational method on potato cultivation areas from
February 2023 to February 2024. Observed cropping systems included:
monoculture, monoculture with mulch, intercropping, and crop rotation. The
research employed a descriptive-analytical method and data were analyzed
using one-way ANOVA followed by a DMRT test at a 5% significance
level. The results showed that crop rotation systems significantly improved
soil physical and chemical properties, microbial populations, and potato
yields, especially in Land Unit Map 1. At elevations above 1300 meters with
84.03% soil moisture and 82.77% air humidity, the highest potato yield
reached 24.67 tons/ha, with nitrogen-fixing microbe populations at 51.67
cells/gram.

1 Introduction

Potato (Solanum tuberosum L.) is a valuable horticultural crop that significantly contributes
to food security and enhances the livelihoods of farmers in upland regions. In Indonesia,
especially in Karo Regency, North Sumatra, potato farming is widespread owing to the
region’s suitable agroecological environment, characterized by Andisol soils and a cool
climate. Andisols, which are derived from volcanic materials, are known for their high
organic matter content and excellent physical properties, such as water retention and porosity.
However, they are often characterized by low available phosphorus due to high phosphate
fixation and moderate to low availability of essential macronutrients like nitrogen and
potassium [1]. These chemical limitations can result in nutrient stress that restricts potato
growth and yield, particularly under intensive cultivation systems.
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Cropping systems have a significant impact on maintaining soil quality. Practices like
crop rotation, intercropping, and the use of organic mulches help promote nutrient turnover,
reduce the incidence of plant diseases, and boost the activity of beneficial soil microbes.
Moreover, the use of beneficial microbes—specifically nitrogen-fixing and phosphate-
solubilizing bacteria—has gained attention as a sustainable alternative to improve nutrient
availability and crop performance, especially in soils with inherent fertility constraints [2].
Despite their potential, research on how different cropping systems interact with microbial
populations and soil properties in Andisol environments remains limited. Therefore, this
study aims to evaluate the physical and chemical characteristics of soils under different potato
cropping patterns and to assess their influence on microbial populations and potato yields in
Merek District, Karo Regency.

2 Materials and methods

This research was conducted in Merek District, Karo Regency, North Sumatra, from
February 2023 to February 2024. The study sites were selected based on varying altitudes
and slope gradients, as identified in the Land Unit Map. Observations and soil sampling were
carried out in potato cultivation areas applying different cropping systems, including
monoculture, monoculture with mulch, intercropping, and crop rotation.

Soil samples were collected using an observational survey method. Each soil sample was
taken from a depth of 0-20 cm at three replications per site. The physical and chemical
characteristics of the soil were analyzed at the PT Socfindo Soil Laboratory, focusing on
parameters such as pH, organic matter content, total nitrogen, phosphorus (P), potassium (K),
cation exchange capacity (CEC), and base saturation (BS). Microbial analysis was conducted
at the Soil Biology Laboratory, Faculty of Agriculture, and the Microbiology Laboratory,
University of North Sumatra. The analysis focused on quantifying nitrogen-fixing microbial
populations using the plate count method on N-free media.

Climate data, including rainfall, temperature, relative humidity, wind speed, and sunshine
duration, were collected from the nearest meteorological station and verified during field
observations. The research used a descriptive-analytical design. Quantitative data were
analyzed using one-way analysis of variance (ANOVA), followed by Duncan’s Multiple
Range Test (DMRT) at a 5% significance level to determine the effect of cropping systems
on soil characteristics, microbial populations, and potato yield.

3 Result and discussion

3.1. Result

Table 1 shows that the soil pH at the three locations is slightly acidic, ranging from 4.86 to
5.02. Soils at lower elevations (<1200 masl) have a pH of 4.97, which is slightly higher than
those at elevations above 1300 masl, where the pH is 4.86.

Table 1. Chemical soil characteristics based on elevation.

Elevation Organic\;. I N| C/N |Available P|Available K | P2 CEC
vation 1q.i1 pH| Matter | . val vat Saturation
(masl) (%) (%) | Ratio | (mg/kg) (%) (%) (me/100 g)

<1200 | 497 | 10,172 [0,6093| 9,7 | 190,534 | 0,0703 76409 | 25,9805

1200-1300| 5,02 8,172 10,3703 | 12,8 96,7488 0,0819 8,63 21,94

> 1300 486 | 5,637 |0,2847| 11,5 | 1349527 0,0774 11,23 32,81
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Note: Soil samples were collected from three elevation ranges: < 1200 masl (Replication 1), 1200-1300
masl (Replication 2), and > 1300 masl (Replication 3), in Andisol soil under potato cropping
systems.

The lowest pH value (4.86) is observed at elevations above 1300 meters above sea level
(masl), indicating more acidic conditions at higher altitudes. The organic matter content in
the soil decreases with increasing elevation. At elevations below 1200 meters above sea level
(masl), the organic matter content is 10.172%, which is higher than the 5.637% found at
elevations above 1300 masl. The total nitrogen content in the soil shows significant variation.
At elevations below 1200 masl, total nitrogen is 0.6093%, while at elevations above 1300
masl, it is lower at 0.2847%. Phosphorus availability in the soil shows significant variation.
At elevations below 1200 meters above sea level (masl), phosphorus availability is very high
(190.534 mg/kg), while at 1200—1300 masl, it decreases to 96.7488 mg/kg.

The correlation matrix (Table 2) showed several statistically significant relationships
among soil chemical properties at different elevations in the study area. Soil pH showed a
significant positive correlation with organic matter (OM) (r = 0.72, *), a moderate positive
correlation with total nitrogen (r = 0.45), and a weak positive relationship with base saturation
(BS) (r=0.18). Organic matter exhibited a very strong positive correlation with total nitrogen
(r=10.94, ***) as well as with base saturation (r = 0.81, **).

Table 2. Correlation matrix of soil chemical properties at different elevations.

pH 1

OM (%) 0,72" 1
N Total (%) | 045 | 094 1

CN 022 | -052 0,52 1

P(mgke) | 020 | 053 078" | -1,00" 1

K (%) 018 | -055 | 0,797 | 1,007 | -1,00" 1

BS (%) 018 | 081" | 096" | 092" | 093" | 093™ 1

Note: OM= Organic Matter, BS= Base Saturation, * = significant at a = 0.05, ** = significant
at a = 0.01, *** = highly significant at a = 0.001 and Blank cells indicate symmetry
(the matrix is symmetrical).

Total nitrogen had a strong positive correlation with phosphorus (r = 0.78, **), and a very
strong correlation with BS (r = 0.96, ***). Conversely, the C/N ratio showed significant
negative correlations with total nitrogen (r = -0.52), phosphorus (r =-1.00, ***), and BS (r =
-0.92, **¥)_ but a perfect positive correlation with potassium (r = 1.00, ***). The negative
correlation between potassium and total nitrogen (r = -0.79**) may indicate competition or
antagonistic interactions between nutrients in the soil.

Phosphorus and potassium exhibited a perfect negative correlation (r = -1.00, ***),
suggesting a strong antagonistic interaction. Nevertheless, both P and K showed strong
positive relationships with BS (r = 0.93, ***). In general, BS was positively correlated with
most soil nutrients, particularly total nitrogen, phosphorus, potassium, and organic matter.
Figure 1 shows variations in climate parameters based on elevation. As elevation increases
from below 1200 masl (Replication 1), to 1200—1300 masl (Replication 2), and above 1300
masl (Replication 3), the average air temperature decreases from approximately 25°C to
19°C. Rainfall is highest at lower and mid elevations (<1200 masl and 1200—1300 masl),
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with both recording about 140 mm/month, while rainfall drops significantly at elevations >1.
300 masl to approximately 90 mm/month.
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Fig. 1. Climate data based on altitude.

Relative humidity increases slightly from 76% at low elevations to 85% at mid and high
elevations. Wind speed remains relatively stable across all elevation ranges, ranging from
10—12 km/h. Sunshine duration increases with altitude, from approximately 5 hours/day at
low elevation to over 6 hours/day at higher elevation.

Based on Table 3 presents the population of nitrogen-fixing microorganisms in potato
(Solanum tuberosum L.) cultivated under different cropping patterns. Crop rotation
demonstrated the highest total microbial count (155) and mean population (51.67), followed
by intercropping (mean = 23.00), monoculture (mean = 17.33), and monoculture with mulch
(mean = 16.67).

Table 3. Population of nitrogen-fixing microorganisms in potato (Solanum tuberosum L.) under
different cropping patterns.

Replications
Cropping Patterns Total Mean
1 2 3
Crop Rotation 49 70 ® 36 155,00 51,67
Monoculture 12 ® 19 @ 21 @ 17,33 17,33
Intercropping 16 @ 25 @ 28 @ 23,00 23,00
Monoculture with Mulch 11 ® 30 9@ 16,67 16,67
Note: @ = high, © = moderate, ® = low nitrogen-fixing microbial population based on

indicator symbols.

Replication-wise, microbial populations under crop rotation were rated as high (@
and © ), whereas all replications under monoculture and intercropping were rated low
(@), except for one moderate value () in monoculture with mulch.
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Table 4 presents the population of phosphate-solubilizing microorganisms (PSMs) in
potato (Solanum tuberosum L.). The population of phosphate-solubilizing microorganisms
(PSMs) varied across different cropping patterns (Table 4). Crop rotation recorded the
highest total population (mean = 51.67), followed by intercropping (mean = 23.00).
Monoculture and monoculture with mulch showed the lowest populations, with mean values
of 17.33 and 16.67, respectively.

Table 4. Population of phosphate-solubilizing microorganisms in potato (Solanum tuberosum L.)
under different cropping patterns.

https://doi.org/10.1051/bioconf/202518601018

Replications
Cropping Patterns Total Mean
1 2 3
Crop Rotation 7 @® 11 12,5 155,00 51,67
Monoculture 6 ® 1@ 6 ® 17,33 17,33
Intercropping 10 14,5 10,5 23,00 23,00
Monoculture with Mulch 3@ 21 ® 20 ® 16,67 16,67
Note: ® = High, © = Moderate, ® = Low nitrogen-fixing microbial population based on

indicator symbols.

The indicator symbols suggest that crop rotation consistently supported moderate to high
PSM populations across replicates, whereas monoculture patterns were associated with low
PSM levels.

Figure 2 illustrates the population dynamics of nitrogen-fixing microorganisms in potato
(Solanum tuberosum L.) fields under different cropping patterns and altitudinal gradients.
Among all treatments, crop rotation consistently supported the highest microbial populations
across all altitudes, especially at 1200-1300 m (Rep 2), reaching approximately 70
CFU/gram. In contrast, monoculture systems exhibited the lowest populations, particularly
at altitudes below 1200 m (Rep 1), with values near 10 CFU/gram.
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Fig. 2. Population of nitrogen-fixing microorganisms in potato (Solanum tuberosum L.).

Figure 3 shows a tendency for increased potato yield (tons/ha) in line with the rise in
microbial populations across different cropping systems. Notably, microbial populations in
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intercropping and monoculture with mulch systems remained relatively stable across
altitudes, though at moderate to low levels. Microbial counts in intercropping peaked slightly
at >1300 m (Rep 3), suggesting a possible benefit of higher elevation on microbial stability
in diversified systems.
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Fig. 3. Microbial population and potato yield by cropping pattern.

The linear regression analysis presented in the scatter plot illustrates a positive correlation
between the population of nitrogen-fixing microorganisms and potato yield under different
cropping systems. The regression equation derived from the trendline is:

Y =0.1942x + 15.225
with a coefficient of determination of R* = 0.6576.

This coefficient indicates that approximately 65.76% of the variation in potato production
can be explained by the variation in microbial population. The remaining 34.24% may be
attributed to other agronomic, environmental, or management factors not accounted for in
this model. To interpret the strength of the relationship, the Pearson correlation coefficient
(r) can be approximated as the square root of R 0,6576, r = V0.6576 ~ 0.81. This value
signifies a strong positive correlation, suggesting that higher populations of nitrogen-fixing
microorganisms are associated with increased potato yields. Such a relationship reinforces
the role of beneficial soil microbiota in enhancing crop productivity, particularly under
biologically diverse and ecologically balanced cropping systems like crop rotation and
intercropping. The results imply that promoting microbial diversity through improved
cropping patterns may serve as a sustainable strategy to boost yield and maintain soil health
in potato cultivation.

3.2. Discussion

Soil pH plays a fundamental role in regulating the availability of nutrients, particularly
phosphorus and calcium, which tend to become less available in strongly acidic conditions.
The addition of organic materials, such as compost or mulch, further affects microbial
activity based on their C/N ratios and decomposition rates [3]. Organic matter with high C/N
ratios often causes microbes to immobilize available soil nitrogen to break down carbon,
leading to competition for nitrogen between microorganisms and plants. These processes can
reduce nitrogen availability, particularly for nitrogen-fixing microbes. Moreover, mulching
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modifies the microenvironment by increasing soil moisture and temperature, which can shift
microbial community composition and activity.

Organic matter is essential for enhancing soil structure, particularly by aiding in the
development and stability of soil aggregates. These microaggregates are closely linked to the
persistence and stabilization of soil organic matter, underscoring the importance of
microbial-driven processes in soil health. The survival and activity of introduced
microorganisms in soil depend on multiple factors, including the availability of organic
substrates, competition with indigenous microbial communities, and environmental
conditions such as moisture and pH [4].

The availability of key nutrients such as phosphorus, potassium, and nitrogen is essential
for plant growth, as it affects root development, flowering processes, and overall yield.
Phosphorus availability showed notable variation across elevations and was negatively
correlated with soil pH. At lower pH, phosphate tends to bind with iron and aluminum,
whereas at higher pH, it forms insoluble compounds with calcium, reducing its
bioavailability. The effects of pH on phosphate availability have been long studied, and it is
widely accepted that maximum phosphate availability occurs near neutral pH. However, this
may vary depending on soil type and phosphate-binding capacity [5]. This suggests that both
acidic and alkaline conditions limit phosphorus uptake by plants. Similarly, potassium
availability followed a comparable, albeit less pronounced, pattern. Despite its weaker
variation, potassium remains essential in regulating osmotic balance and enzyme activation
in plants.

Cation exchange capacity (CEC) and base saturation (BS), which are fundamental
indicators of soil fertility, also varied with elevation. The highest CEC value (32.81 me/100g)
was recorded at elevations above 1300 masl, indicating a stronger nutrient-holding capacity
in highland soils [6]. BS was also higher at these elevations (11.23%) compared to lower
areas (7.64%), suggesting greater base cation availability in the upper regions. These trends
point to enhanced nutrient retention and exchange capacity in highland soils.

Organic matter plays a key role in regulating soil nutrient dynamics. Its strong association
with total nitrogen highlights its function as a primary nitrogen source. Additionally, organic
matter improves soil physical properties and cation exchange capacity (CEC), which supports
microbial activity and promotes nutrient retention. However, the carbon-to-nitrogen (C/N)
ratio also influences nutrient cycling. A high C/N ratio was negatively correlated with
nitrogen, phosphorus, and BS, implying slower mineralization and possible nitrogen
immobilization by microbes [7]. Interestingly, potassium showed a perfect correlation with
C/N, suggesting either limited dependence on microbial decomposition or influence from
specific geochemical factors at certain elevations.

An antagonistic relationship between phosphorus and potassium (r = —1.00%) was
observed, which may reflect nutrient competition or imbalanced inputs. However, both
nutrients exhibited strong associations with BS, highlighting their shared role in maintaining
soil fertility. As reported by [8], phosphorus and potassium availability in Andisols is closely
tied to soil mineralogy and organic matter dynamics. Additionally, nutrient interactions—
whether synergistic or antagonistic—directly affect nutrient use efficiency and plant
performance.

Variation in elevation influences temperature and rainfall, which in turn affects potato
growth and yield. Microclimatic factors such as temperature, soil moisture, and solar
radiation play a significant role in plant development in highland areas [1]. Cropping patterns
have a profound effect on the abundance of nitrogen-fixing microorganisms in the soil.
Rotational systems tend to support higher microbial populations due to improved rhizosphere
diversity and greater substrate availability, which foster favorable conditions for microbial
growth. In contrast, continuous monoculture often results in diminished microbial
communities, largely due to limited root diversity and less biologically active soils. Over
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time, this can compromise soil fertility and reduce the natural capacity for nitrogen cycling,
increasing dependence on synthetic fertilizers [9].

The moderate microbial counts observed in monoculture with mulch suggest that organic
mulching can partially buffer the negative effects of monoculture. According to [10], organic
mulch improves microbial biomass by enhancing soil moisture and organic matter content,
which indirectly supports microbial colonization and nitrogen cycling. Interestingly,
intercropping, although more diverse than monoculture, still resulted in relatively low
microbial counts in this study.

The results indicate that cropping pattern significantly influences the population of
phosphate-solubilizing microorganisms (PSMs), with crop rotation and intercropping
enhancing microbial abundance compared to monoculture systems. This trend is consistent
with findings by [11], who reported that diversified cropping systems increase root exudates
and soil organic substrates, which stimulate beneficial microbial communities, including
PSMs. Crop rotation likely improves microbial diversity by altering rhizosphere conditions,
enabling microbial niches and promoting nutrient cycling [12].

Monoculture farming commonly limits microbial diversity by imposing repetitive
cropping cycles and depleting essential soil nutrientsThe low PSM counts under monoculture
with mulch suggest that while mulch may regulate moisture and temperature, it may not
suffice in stimulating PSM growth without plant diversity or rotation to maintain organic
matter quality and root activity. The results clearly demonstrate that both cropping pattern
and altitude significantly influence nitrogen-fixing microbial populations in potato
cultivation. Crop rotation, especially at mid-elevation (1200-1300 m), supports optimal
microbial activity, likely due to the combination of improved soil structure, nutrient cycling,
and microclimatic conditions favorable to diazotrophic bacteria [13]. The decline in
microbial populations at lower altitudes (<1200 m) may be attributed to higher temperatures
and reduced soil moisture, which are known to suppress microbial activity. Conversely,
higher elevations (>1300 m), while cooler, may reduce microbial metabolic rates or be
limited by reduced root biomass, explaining the moderate values observed.

The positive correlation between nitrogen-fixing microbial populations and potato yield
emphasizes the crucial role of beneficial soil microbiota in crop productivity. The relatively
strong R? value (0.6576) suggests that microbial abundance is a significant predictor of yield
in this context. This aligns with findings by [14], which highlight the contribution of
diazotrophic and phosphate-solubilizing bacteria in improving nutrient availability and plant
growth, especially in systems with enhanced organic inputs and diverse cropping patterns. In
cropping systems such as crop rotation, higher microbial activity likely improves nitrogen
fixation and phosphorus availability, resulting in more efficient nutrient uptake and better
root development [15].
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