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Nitrogen (N) fertilization in coffee agroforestry system requires proper management to
increase N use efficiency (NUE) and minimize N losses. This study investigated the impact of
different fertilization management on N losses, N uptake, and N storage in a coffee-based
agroforestry system. The study was conducted using three types of fertilizer (organic,
inorganic, and mixture of organic-inorganic) with three doses (low, medium, and high), and
a control treatment (no fertilization), with 3 replications. Soil leachate was collected using
lysimeter at 50 cm depth (below coffee root zone) and gas emissions were collected monthly
using chamber for 4 months. Soil sample at 0-20 cm depth and leaf sample were also
collected. The variables included NH+" and NOs™ concentration in the leachate and soil, soil
N total, N uptake, N emission, N use efficiency (NUE) and partial N balance. Results showed
no significant differences in N leaching or plant N uptake across treatments. However, the
mixed fertilizer with high dose treatment significantly increased soil N availability while
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reducing N:O emissions and improving the overall N balance. This suggests that a high dose
mixed fertilizer application can enhance N utilization in coffee-based agroforestry systems,
potentially improving productivity while minimizing environmental impacts.

1. INTRODUCTION

Coffee is a leading commodity developed in Indonesia, especially in the East Java region, which has suitable
topographic and climatic conditions for coffee cultivation (Oktasari, 2014). The amount of coffee production in East
Java was 45,914 tons in 2021 and 45,812 tons in 2022 (Supriyati, 2023). Coffee cultivation is generally carried out
using an agroforestry system where coffee is planted under the shade tree (i.e., pine, mahogany, etc.). Agroforestry that
focuses on coffee plants provides various benefits, such as soil and water conservation, supporting biodiversity,
increasing soil nutrients, and controlling pests and diseases (Supriadi & Pranowo, 2015; Kurniawan et al., 2024).
Coffee plants require sufficient nutrients to support their growth and production, especially nitrogen. Nitrogen is the
main nutrient required by coffee plants, with nitrate and ammonium being the most important inorganic sources for N
uptake (Santos et al., 2017). Nitrogen availability has a pivotal role for coffee plants in their vegetative growth
because it can stimulate flowering (Sitinjak er al., 2022).

However, the effect of fertilization management on N balance has not been studied further in the coffee
agroforestry system at UB Forest. Fertilization management in Coffee-Pine agroforestry systems within Universitas
Brawijaya (UB) Educational Forest affects production yields as reported by Sudharta er al. (2022), that coffee
production can be increased by management in the form of additional nitrogen fertilizer because there is limited N in
coffee agroforestry system plots that are not applied fertilizer treatment. Fertilization management in coffee
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agroforestry systems also shows larger N pools in the system compared to coffee agroforestry systems without
fertilization management (Tully ef al., 2013). Finding appropriate fertilizer management is essential for enhancing
nutrient availability as a part of ecosystem services. Bruno er al. (2015) stated that determining the proper fertilizer
dose can improve N availability due to enhancing N recoveries and decrease N losses, compared to the highest dose of
N fertilizer. Further, the current research showed that fertilizer type and dose in coffee agroforestry systems impact on
soil N concentration and N uptake. Such as finding by Kurniawan et a/. (2021) shows that application of N fertilizer
increased N availability in soil.

Managing coffee under agroforestry management based on N requirements could be beneficial for improving
potential and actual yield. Kim & Isaac (2022) stated that agroforestry systems show complex N dynamics, where N
inputs from fertilization and organic matter have a relationship with N losses through erosion, runoff, leaching, and
gas emissions. Nutrients input (i.e., fertilization or other organic matter inputs, bulk precipitation) and output (i.e.,
leaching, emission, harvest export) can help determine nutrient requirements and management for coffee cultivation.
Informing the current nutrient status through nutrient balance can be useful for determining appropriate fertilization
management, helping to avoid imbalanced practices that may negatively affect nutrient balance (Gezie et al., 2024;
Rawal et al., 2022). Therefore, this study was conducted to analyze the impact of fertilizer management on soil N
available, N losses (i.e., leaching, emission), and N uptake in coffee agroforestry systems. Different fertilizer types and
doses are assumed to have varying effects on N balance components, N losses (leaching and emissions), soil N content
(total and available N), N uptake, and N use efficiency in the UB Forest coffee agroforestry system.

2. MATERIALS AND METHODS
2.1. Research Location

The research was conducted from February to June 2024 at the UB Forest located in Sumberwangi Hamlet,
Tawangargo Village, Karangploso District, Malang Regency (Figure 1). The mineralization process of releasing N
from inorganic fertilizer could take up weeks up to 4 months, the same for the decomposition of organic matter input
(Chen et al., 2014). Therefore, we conducted a four-month study coinciding with the vegetative phase or seed
formation of coffee plants, beginning at the end of the rainy season to assess the dissolution of applied fertilizers in the
soil. The average rainfall during the research was 162.2 mm/month and average air temperature 24.6 °C (BMKG,
2024). The research site is an upland area with a mean elevation of 1,122 m and soil type is Inceptisol (Kurniawan et
al., 2019; Putri, 2019). Based on analysis results, the soil texture of the research site is classified as silty clay.

2.2. Research Method

The research was conducted using a Randomized Block Design, including 10 treatments and 3 replications. The
allocation of treatments to plots within each block is determined randomly, typically using a random number generator
or a physical randomization method like drawing lots (Akib, 2014). The replications provide a larger dataset, which
enhances the statistical power of the analysis. This allows for more accurate estimates of the effects being studied
(Akib, 2014). The control treatment was no fertilization, and the other 9 consisted of combination of fertilizer types
(organic, inorganic, mixed organic-inorganic) and doses (low, medium, and high), as summarized in Table 1. The
organic fertilizer was chicken manure containing 1.49% N, 2.91% P,0s, 2.57% K,O (Nugroho et al., 2023). The
inorganic fertilizers included Urea, SP-36 (36% P20s), and KCI (60% K20) fertilizers, and mixed fertilizer consisted of
50% organic and 50% inorganic fertilizers. The low dose (D1) referred to nutrient loss from coffee bean harvest,
medium dose (D2) referred to farmer, and high dose (D3) was based on the recommendation from Indonesian Coffee
and Cacao Research Institute. The dose category was based on the N content in each fertilizer (Rowe et al., 2022).

2.3. Soil Sampling

Soil samples were collected before fertilizer application and four months after fertilizer application on coffee plants.
Soil samples were taken in the rooting area of coffee plants according to the effective depth of coffee rooting 50 cm
deep (Figure 2a). Sampling is done within 50 cm radius since it shows the result of nutritional management added to
coffee plant (Schmidt ef al., 2022). Analysis of soil sample observation parameters included N-Total by Kjeldahl
method, soil ammonium by phenate method, and soil nitrate by brucine method (BPSI, 2023).
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Figure 2. Illustration for: (a) Soil sampling, (b) Lysimeter, and (c) Gas sampling
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2.4. Nitrogen Leaching Measurement

Nitrogen loss through leaching was measured by collecting soil solution samples using lysimeter. The lysimeter was
made from pipe with a diameter of 15 cm and a height of 10 cm. The lysimeter was placed at a depth of 50 cm and a
hose was attached to connect it with container (Figure 2b). Soil solution was collected once per month for a period of
four months of observation. Analysis of observational parameters of soil solution samples including ammonium content
using the indophenol blue method and nitrate concentration using the UV method. The results of the ammonium and
nitrate concentration measurements were then used to calculate N leaching (NL) to assume the leached N in the area
within UB Forest using the equation (1) by Naik ez al. (2021):

NL = 2222 x 1072 (1)

where NC is N content in leachate (mg/L), LS is lysimeter surface area (m?), and WV is water volume in the lysimeter (L).

2.5. Nitrogen Emission Measurement

Gas emission samples were taken using a chamber. The gas chamber size is 25 cm x 25 cm x 15 cm and placed flat
about 10 cm in the ground with 50 cm distance from the coffee trunk (Figure 2c¢). Gas emission sampling was
conducted once per month during the four-month observation period. N-O gas measurements were carried out using
the gas chromatography method. The gas measurement results were then used to measure the flux F (mg.m 2.min"') in
order to predict the N loss from emission using the following equation (Shang et al. (2016).

F:Exﬂxix&x@ (2)

at " ve "o T T 7 Ach
where dc is gas concentration (ppm), dt is measurement duration (h), M is gas molecular weight (kg), Vo is gas
molecular volume (m®), P is actual pressure (kPa), Py is standard pressure (kPa), 7 is standard gas temperature (273

K), T is actual temperature (K), Vch is chamber volume (m?), and Ach is chamber surface area (m?).

2.6. Nitrogen Uptake Measurement

Biomass sampling included litter, pruning residue, weeding residue, and coffee yield. Samples were taken at five
points around the coffee plant using a 50 cm x 50 cm frame and then composited. Coffee plant biomass samples were
taken before fertilizer application and four months after fertilizer application on coffee plants. Biomass samples were
then used for N uptake analysis using the Kjeldahl method. Biomass sampling was followed by the measurement of
coffee tree diameter at breast height (DBH) at around 120 cm above ground. The dry weigh of coffee tree biomass
(DW) was calculated according to Suprayogo et al. (2020) as the following.

DW = 0.281 x DBH?9% 3)

The biomass and nitrogen content in plant NCp (%) were then used to calculate the N uptake (NUp) as the following:

NUp = () x DW (@)

100

2.7. Calculation of Nitrogen Use Efficiency

Nitrogen use efficiency (NUE) was used to determine the efficiency of each fertilization management. NUE was
measured using the data from plant N uptake. NUE was calculated according to Moll et al. (1982), as the following:

Nf—Nc
Ns

NUE = ( ) x 100 )

where Nfand Nc is respectively N uptake (kg/ha) with fertilizer and control, Ns is N content in the fertilizer (kg/ha).

2.8. Calculation of Nitrogen Balance

Nitrogen balance was calculated by subtracting the amount of nitrogen lost from the soil through outputs and changes
in storage from the amount of nitrogen added to the soil through inputs. N inputs comes from fertilization, irrigation,
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biological N fixation, soil N mineralization, atmospherical N deposition, crop seeds, and non-symbiotic N fixation,
while the outputs by volatilization, crop grain N removal, denitrification, emission, leaching, runoff, and N loss during
plant senescence (Sainju, 2019). Nitrogen balance (Nb) was calculated as the following (Sainju, 2017):

Nb=X-Y-2Z (6)

where X is N inputs (kg/ha), Y is N outputs (kg/ha), and Z is changes in soil total N (kg/ha). In this calculation, the
amount of fertilizer applied are recognized as N input, meanwhile the N output is derived from N leaching, N
emission, and N uptake. The changes in soil total N is the subtraction of soil total N after and before fertilization.

2.9. Data Analysis

The data that has been obtained is tested for normality of data distribution using the Shapiro-Wilk Test. Data that have
been spread normally are then analyzed for diversity with Analysis of Variance (ANOVA) at the 5% level. The
analysis was continued with the Duncan Multiple Range Test (DMRT) test to analyze differences between treatments.
The relationship among different parameters was examined using principal component analysis (PCA).

3. RESULTS AND DISCUSSION
3.1. Nitrogen Leaching

Different fertilization management did not have significant effect on NH4+" and NOs™ leaching during four months after
fertilization (Figure 3), which is thought to be due to the soil texture. Similar result by Kurniawan ez al. (2018) also
show that soil texture is the main factor that regulates the loss of nutrients due to leaching. This study was conducted
in UB Forest which had Inceptisol soil type with clay loam texture, causing the ability to retain soil moisture and
nutrient. Silt and clay textured soil has the ability to regulate N leaching by reducing the number of soil macropores,
increasing water retention, therefore it could ensure water availability and N supply in soil for plant growth (Zhang et
al., 2017). Reduced leaching rate will affect the N availability, N content will be available within the crop root-zone
and can be taken up by the plant (Lu ef a/., 2021). We propose that N loss was not occurred due to leaching. However,
the N-O emission contribute more to the N loss.

3.2. Nitrogen Emission

Our findings show that N>O emission are significantly affected by fertilization management (Figure 4). Mixed
fertilizer with high dose has 37.62% lower N>O emission compared to organic fertilizer treatment with low dose
(OD1) which is the highest emission in this study. This value indicates that fertilizer management (MD?3) is able to
withstand emissions compared to other fertilizer management. The combination use of organic and chemical fertilizers
can reduce N2O emissions compared to the use of chemical fertilizers alone (Yu ef /., 2023). Changes in fertilization
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Figure 3. Total Ammonium (a) and Nitrate (b) Leaching (Note: Written codes are combinations of fertilizer type and dose. Treatment Factors:
Fertilizer type (O: Organic, A: Inorganic, M: 50% organic+50% inorganic), and Fertilizer dose (D1: Low, D2: Medium, D3: High).
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Figure 4. Gas emission as N2O (Note: The data are significantly different based on DMRT. Codes are combinations of fertilizer type (O:
Organic, A: Inorganic, M: 50% organic+50% inorganic), and dose (D1: Low, D2: Medium, D3: High).

management has an important effect on N.O emissions. Wang et al. (2021) stated that fertilizers affect the mass of
N:O emissions mainly due to the different amounts of NHa" and NOs™ contained in them. Higher amounts of NH4" and
NO;™ from fertilization enhance N>O emissions as it is derived from the nitrification, denitrification, and dissimilatory
nitrate reduction to ammonium (Yu ef al., 2023). Applying organic fertilizer along with inorganic fertilizer in the
management could help mitigate N loss. This is due to the organic fertilizer characteristics that can releasing organic
acid, helps to prevent nutrient volatilization (Yang et al., 2020). Applying organic matter into the soil also decrease N
loss by enhancing the N availability and transform the soil characteristic in order to improve nutrient retention (Liu et
al., 2021). Therefore, it support our findings that mixed fertilizer with high dose could withstand emission better.

3.3. Soil N Total

Nitrogen pool in the soil (total N, NH4", and NOs") were significantly affected by fertilization management. The
highest total N was found in the mixed fertilizer treatment with medium dose (MD2) (Figure 5). The soil N total is
higher by 37.75% than the lowest value in organic fertilizer treatment with high dose (OD3). The use of inorganic
fertilizers mixed with organic fertilizers affects the total N content in the soil. Total N in the soil comes from the
mineralization of organic matter, so the addition of organic fertilizers together with inorganic fertilizers, especially
with N content, can increase the total N content in the soil (Syamsiyah et al., 2023).

Soil N Total (g/100 g)

K OoD1 OD2 OD3 AD1 AD2 AD3 MD1 MD2 MD3
Fertilization Management

Figure 5. Soil N Total (Note: The data are significantly different based on DMRT. Codes are combinations of fertilizer type (O: Organic, A:
Inorganic, M: 50% organic+50% inorganic), and dose (D1: Low, D2: Medium, D3: High).
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Figure 6. Soil N in form: (a) Ammonium, and (b) Nitrate (Note: The data are significantly different based on DMRT. Codes are combinations
of fertilizer type (O: Organic, A: Inorganic, M: 50% organic+50% inorganic), and dose (D1: Low, D2: Medium, D3: High).

3.4. Soil N Availability

The ammonium and nitrate contents in the soil are directly proportional, a decrease in ammonium levels in the soil is
followed by an increase in nitrate levels due to the change in the form of ammonium to nitrate through the nitrification
process (Maulinda et al., 2017). It is aligned with our findings that the lowest ammonium value was found in the
mixed fertilizer treatment with medium dose (MD2), where the treatment also had the highest nitrate content (Figure
6). The MD2 nitrate value is higher by 59.21% than the lowest value in inorganic fertilizer treatment with medium
dose (AD2). The application of mixed chemical and organic fertilizers affects the available N in the soil. Chemical
fertilizers combined with organic fertilizers can effectively increase the available N content (Bachtiar ef al., 2020).

3.5. Nitrogen Uptake

The generative phase of coffee plants typically occurs from January to April (Unigarro ef al., 2023). This further
support our result that there is no significant difference between fertilizer management towards N uptake (Figure 7)
because this study was conducted during the generative phase. Adequate N supply during the vegetative stage
enhances biomass production, photosynthetic efficiency, and overall plant health, which are essential for subsequent
stages of growth and yield (Bote ef al., 2018). Nitrogen (N) uptake is influenced by the available N content in the soil.
Balanced fertilization management aimed to meet the specific nutrient requirements of the plants, is essential for
optimizing N uptake (Yuniarti ez al., 2019).

140
120

100

-]
=]

N Uptake (kg/ha)
(=2}
(=]

40

20

oD1 oD2 OD3  AD1 AD2  AD3 MD1 MD2  MD3
Fertilization Management

Figure 7. Nitrogen Uptake (Note: Written codes are combinations of fertilizer type and dose. Treatment Factors: Fertilizer type (O: Organic, A:
Inorganic, M: 50% organic+50% inorganic), and Fertilizer dose (D1: Low, D2: Medium, D3: High).
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Figure 8. Nitrogen Use Efficiency (Note: Written codes are combinations of fertilizer type and dose. Treatment Factors: Fertilizer type (O:
Organic, A: Inorganic, M: 50% organic+50% inorganic), and Fertilizer dose (D1: Low, D2: Medium, D3: High).

3.6. Nitrogen Use Efficiency

Fertilization management shows no different impact towards the Nitrogen Use Efficiency (NUE) (Figure 8). N
fertilization only contributes less than 25% of N for coffee plants, which can occur because coffee plants have
absorbed available N from fertilization residues in previous years (Bruno ef al., 2020). It is also thought there is no
significant impact in the result because the coffee agroforestry system has previously gone through fertilization and
are going through the generative stage. Considering there is previous fertilization in the plot, the coffee plant already
imbued with N resulting in lower NUE during the generative stage (Cannavo ef al., 2013). Given that the coffee were
undergoing their generative phase at the time of the study, available N was retained in the soil until the vegetative
phase. N is crucial during coffee vegetative growth stage, so it is important to provide significant portion of N supply
in the soil (Salamanca-Jimenez et al., 2017).

3.7. Nitrogen Balance

There is a significant impact on fertilization management towards N balance, indicate the importance of fertilization to
enhancing the nutrient availability. The highest value of N balance was shown on the inorganic fertilizer treatment
with the highest dose (AD3), but not significantly different compared to organic and mixed fertilizer application at
highest dose (OD3 and MD?3) (Table 2). Our findings show that substituting half of the inorganic fertilizer dose with
organic fertilizer results in an equivalent nutrient balance, providing more environmental-friendly management.
Organic fertilizer release N in a slow and gradual manner compared to inorganic fertilizer, thus reducing the rate of N
loss and increasing the available N (Igbal ez al., 2019). The value of N balance could be used to determine the coffee N

Table 2. Nitrogen balance at different fertilizer management

Fertilizer N N Outputs (kg/ha)
Code - _ - . N Balance
Input (kg/ha) NH.* Leaching NOs™ Leaching N0 Emission N Uptake
OoD1 161 6.53+1.76 3.09+£1.02 9.01+£0.11 35.48 +11.01 48.50 £36.99 b
OoD2 180.5 15.31 +3.84 2.87 +0.59 8.76 + 0.43 85.67 + 31.03 125.95+10.80 b
OoD3 345 6.91 + 2.56 1.41£0.55 8.86 + 0.86 94.83 +37.17 231.86 +30.92 a
AD1 161 491 +2.36 1.85+0.73 11.65+0.84 48.68 + 12.31 48.51+28.49b
AD2 180.5 8.54 + 4.06 2.36 £0.99 9.83+0.19 79.63 + 16.96 112.98 +8.68 b
AD3 345 16.97 £ 2.39 4.66 +£1.16 10.40 £ 1.06 79.97 + 26.50 244.14 +18.78 a
MD1 161 11.63 +2.80 2.58+0.71 10.43+1.94 109.15 +46.10 79.53+15.38b
MD2 180.5 9.54 +0.99 1.53+0.51 14.05 +0.84 92.72 + 33.21 46.27 £42.28 b
MD3 345 7.55 + 2.47 1.44 +0.70 11.63+1.92 60.35 +16.13 226.65 + 31.96 a

Note: Means + Standard Error of Difference (n=3), following different letters indicate significant difference based on DMRT at 5% level
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N requirement to achieve optimal N supply. High N balance shows high excess of N remains in the soil, so it does not
necessarily require numerous amount of N fertilizer applied for the next crop season (Quemada et al., 2016). Another
study shows that inorganic fertilizer contain high amount of available N, therefore it shows better impact on the coffee
growth compared to application of organic manure to coffee plant (Chemura, 2014).

3.8. Relationship between Each Parameter

The PCA analysis show that there are different levels of sensitivity and significance between the parameters analysed
in this study (Figure 9). We found that leaching were the most sensitive parameters, followed by N Balance and NUE.
The result imply that leaching, N Balance, and NUE are sensitive to changes of fertilization management in coffee-
based agroforestry systems. Furthermore, NH4* and NOs™ total leaching are closely correlated, revealed the importance
of appropriate fertilizer management to suppress leaching rate. N input from fertilizer continuously promote higher N
leaching over time (Wang et al., 2019). Applying inorganic N fertilizer lead to higher leaching loss compared to
organic fertilizer (Fan et al., 2017). Applying organic fertilizer enhance soil characteristics that controlling N leaching
in the systems. Organic fertilizer has the ability to increase water retention and capacity by improving the soil quality,
therefore organic input could reduce N leaching rate (Wei et al., 2021). Moreover, we found that the increase of N
uptake will also be followed by NUE. Increase of N uptake means that the majority of available N are used by plant,
indicate the high efficiency of nitrogen used by plant. Similar result was reported by Salim ez al. (2020), that NUE
closely correlated to the utilization of N by the plant. N uptake also affected the overall N balance in the soil, as seen
on the PCA results. N uptake is a component of N output that is used to determine nitrogen balance, therefore changes
in nitrogen uptake can affect N balance (Sainju, 2017). Coffee plants require nitrogen for growth and metabolic
processes, the uptake of N from the soil inevitably leads to a decrease in soil N availability, thus altering the N balance
(Rocha et al., 2023).
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Figure 9. PCA Result

Nitrogen volatilization is one of the important factor that affect nitrogen storage in the soil. The PCA results show
that N2O emission negatively correlated with soil N total, indicating that total nitrogen in the soil mainly affected by
N:20 emission rates. Nitrification and denitrification of N in the soil are the main biological processes that release N-O
gas into the atmosphere (Recio ef al., 2020). N input from fertilizer also has an impact on N>O emission. As stated by
Gu et al. (2020), application of N fertilizer will be followed by N-O emission caused by the available N in the soil
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from fertilizer input. In addition, both N>O emission and soil N total are influenced by soil texture. We assume clay
loam texture in the study plot affect the availability of N in the soil and emission. Result finding by Lang ef al. (2021),
shows that silt and clay loam textured soil resulting in lower N2O emission compared to sandy soil because it has
higher ability to conserve N in the soil which lower the nitrification rate that emitted N2O. Our findings aligned with
various study result in coffee-based agroforestry system, where N loss occurred by leaching and N2O emission with N
input from organic amendments and inorganic fertilizers (Kim & Isaac, 2022).

4. CONCLUSION

The results of this study show that fertilization management only had a significant effect on soil N content, emitted
N:20 gas, and N balance. The not significantly different results on leaching, N uptake, and NUE could be due to the
climatic condition during the study. Input of organic matter become the determining factor in measuring the amount of
N loss in the soil. Mixed fertilizer treatment with high dose (MD3) show the lowest result of emission, with high NUE
and N availability, thus making it potential to apply in coffee-based agroforestry and could be recommended for
farmers. This study only occurs for short period of time, hence it would be better to do long-term study to further asses
the impact of fertilization and the N balance in coffee-based agroforestry system.
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