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Abstract

Nitrogen (N) is the most applied nutrient by the coffee farmers, followed by potassium (K), and
phosphorous (P), without application of other important macronutrients like calcium (Ca), boron (B)
and zinc (Zn). The study conducted in Colombia, in the Central-west coffee region during 2018 to
2024, evaluated the response of coffee (cv. Castillo®) with two different nutritional management
practices (NPs) on productivity, nitrogen use efficiency (NUE), carbon footprint (CFP) and soil health.
The NPs evaluated were NP1: Ammonium-nitrate based NPK with 15% less nitrogen containing the
most important nutrients to produce coffee in acid soils (181 kg N, 53 kg P20, 171 kg K20, 78 kg CaO,
18 kg MgO, 27 kg S-1.6 kg B,0.4 kg Zn, 0.1 kg Mn), and NP 2: Urea based NPK blend, representing
common farmer practice (210 kg N, 70 kg P20s, 204 kg K2O; 22 kg MgO and 22 kg S, without CaO).
Both treatments were amended with dolomitic lime to increase base saturation (>60%) and soil pH
(>5.0). After six years trial no significant differences on coffee yield were observed (2.55 and 2.50 t ha-
1 of green coffee beans for NP 1 and 2, respectively), but significant differences occurred on NUE with
45% and 35% for NP 1 and 2, respectively, as well as for CFP, with significant differences during 2019,
2020 and 2023. Soil health indicators estimated by Solvita ® test including soil respiration and
microbial biomass were significantly influenced by NP, soil depth and sampling time (wet season-
May and dry season- September ), but other soil fertility parameters were less affected by soil
moisture variation, with higher contents of Ca, Mg, S, B in the soil profile and lower soil acidity for
NP 1 as compared to NP 2.

Keywords: nitrogen; carbon footprint; nitrogen use efficiency; soil health

1. Introduction

Colombia, as the world's third largest coffee producer, stands out for the high quality of its mild
Arabicas, which constitute a fundamental economic basis for about 550,000 rural families [1].
However, in recent years there has been a decline in the productivity of the coffee sector, mainly due
to climate variability and change; as well as various agronomic limitations, including the aging of
coffee plantations, pressure and rust diseases caused by the fungus Hemileia vastatrix Berk & Broome,
low levels of fertilization, and soil acidity [1,2]. In response to these challenges, the adoption of
efficient nutrient management practices, particularly those related to the use of nitrogen (N), emerge
as a key strategy to increase yields and reduce negative environmental impacts [3]. N plays a vital
role in coffee tree nutrition and is considered one of the main limiting factors for growth and
productivity [4,5]. However, inefficient management of N poses significant risks, such as losses from
ammonia volatilization (NHs) and nitrate leaching (NOs), as well as the emission of greenhouse gases
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such as nitrous oxide (N,O) that compromise both environmental sustainability and economic
viability [6,7].

Intensification of coffee production systems has been characterized by high planting densities
and minimal shade coverage, followed by an increase in nutrient demand [8,9]. To meet this demand
and optimize productivity, it is required to apply high volumes of fertilizers per hectare ranging
between 1.100 and 1.300 kg ha! yr, to meet N needs between 250 and 300 kg N ha-!. Conventional
fertilization practices in Colombia are based on single nutrient fertilizers or physical blends of urea,
ammonium-diphosphate (DAP) and muriate of potash (MOP), and in some cases magnesium sulfate
(MgSOs). These fertilizer blends usually have N-P20s-K20 concentrations that vary between 26-4-22
to 23-4-20-3(MgO)-4(S). Although these sources are promoted for their economic accessibility and
effectiveness in meeting the basic nutritional requirement of crops, high doses of ammonium from
these sources are associated with significant drawbacks such as soil acidification [5,10], the
inadequate provision of essential micronutrients [11], and substantial losses due to NHs volatilization
resulting from urea hydrolysis, which can range from 15% to 40% of N applied in the coffee-growing
regions of Colombia [10,12].

Ammonia volatilization losses are significantly increased when urea is applied, due to the
localized increase in soil pH in the application area during urea hydrolysis. This process consumes
H* ions, raising the pH even in acidic soils to levels favoring the conversion of NH,* to gaseous NH;
[13]. In contrast, ammonium nitrate is not hydrolyzed and does not generate similar abrupt pH
changes and, therefore, its application results in lower volatilization losses, usually less than 5% of
applied N [14-16]. Fenilli et al. [16], showed that the volatilization of ammonia from urea can be up
to seven times greater than that observed with ammonium-based fertilizers, and that under common
field conditions it can exceed 40% of total mineral N applied.

Ammonium nitrate-based fertilizer is positioned as a superior alternative to traditional sources
such as urea, not only because of its agronomic efficiency, but also because of its environmental
advantages [13,17,18]. Ammonium nitrate-based nitrogen fertilizers provide an ideal balance
between the nitric and ammoniacal forms of N, thus improving growth and nutrient absorption and
physiological responses like higher photosynthesis rates, nitrogen assimilation, and maintenance of
the cation-anion balance [5,19,20]. In addition, ammonium nitrate prevents the accumulation of
potentially phytotoxic NHs* and mitigates imbalances in essential nutrients such as K*, Ca?, and Mg
[5] since NHs* competes for absorption with other cations and additionally displaces the bases from
the exchange sites on soil particles, increasing the risk of leaching [21] and soil and rhizosphere
acidification [5,22]. A crucial consideration in fertilizer management is the incorporation of potassium
chloride (KCI) from MOP into NPK blends. This practice introduces high CI! rates at macro nutrient
level which interferes with the absorption of nitrates and other anions (504>, HPOs*, HBOs"), harming
the quality of coffee [23]. The anionic competition between chloride and NOs reduces absorption and
assimilation of NOs by the plant and markedly decreases NUE [24].

Another contrasting aspect in coffee production in Colombia is that the average application of
fertilizers at the country level is less than 500 kg ha'year!, equivalent to one third of the
recommended levels [3,25]. This deficiency not only limits the productive potential of coffee
plantations but also leads to the deterioration of natural soil fertility, such as a reduction in available
nitrogen, reduction of exchangeable bases and micronutrients, as well as increasing soil acidity
[18,22], which at the end means reduction of soil health.

The greenhouse emissions (GHG) due to human activities have led to an 1.1°C increase in the
global average temperature between 2011 and 2020 compared to the pre-industrial era from 1850 to
1900 [26]. In the Colombian coffee zone an increase in mean air temperature of 1.2°C, approx.
0.3°C/decade has been reported from 1970 to 2017 [27], as well as significant changes in minimum
and maximum air temperatures from 1960 to 2012 [28], increasing the risk of diseases like coffee leaf
rust generated by the fungi Hemileia vastatrix that reduced the coffee production in Colombia by 31%
during 2008-2011 epidemic and in Central America by 16% in 2013 compared with 2011-12 [29].
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At global scale, approximately 75% of GHG emissions are attributed to the energy, industry,
transport and construction sectors, while 25% originated from agriculture and land use change,
underscoring the urgency of addressing agricultural emissions [30]. Coffee production has been
challenged by climate change, Bunn et al. [31] warns that the area suitable for coffee cultivation will
be reduced by 50% in 2050 climate change scenarios. This could lead to the reduction of coffee
cultivation or the exploration of new areas for planting, potentially affecting conservation areas,
which in turn could manifest itself in environmental conflicts. To counteract this impact, various
practices are proposed that include the use of improved varieties adapted to variable climate
conditions, use of conservation strategies for native forests and agricultural soils as well as
appropriate resource management, including crop nutrition and management strategies that
promote soil health [32-35]. The production and use of mineral fertilizers, especially nitrogenous
fertilizers, contributes by approximately 5% of greenhouse gas (GHG) emissions of the agricultural
sector, due to fossil fuel consumption and the release of nitrous oxide and carbon dioxide in
manufacturing processes, as well as direct emissions through the formation of N20 during
nitrification and denitrification and indirect field emissions from ammonia volatilization and
leaching losses [36,37].

Regenerative Agriculture (RA) has emerged as a new approach that attempts to support more
sustainable crop production systems. In this direction and based on a scientific publications review,
Shreefel et al. [35] defined RA as: “an a approach to farming that uses soil conservation as the entry
point to regenerate and contribute to multiple provisioning, regulating ecosystems and supporting
ecosystem services, with the objective that this will enhance not only the environment, but also the
social and economic dimensions of sustainable food production”. The objective of this research was
evaluation of the influence of two nutrient management practices in coffee on several indicators
associated with the RA approach including nitrogen use efficiency (NUE), carbon footprint (CFP),
and soil health.

2. Results
2.1. Influence of Two Nutrient Management Practices on Productivity and NUE

Coffee productivity was influenced by the type of pruning and the productive years after
pruning, so in January 2018 a pruning known as skeletonization was carried out, which consisted of
cutting the tree to a height of 1.8 m and all the lateral branches to 20 cm length. The first and second
harvests (2019 and 2020) presented yields higher than 2.0 t of green coffee beans ha' yr! without
being statistically different between treatments (Table 1). In January 2020, pruning of the trees was
carried out again, using a stem trimming at a height of 0.3 m. This pruning, being more drastic, had
a different productive behavior than pruning by skeletonization. The first harvest after stem
trimming in 2022 was very low for both treatments, with less than 1.0 t of green coffee beans ha! yr-!
(Table 1). Productivity increased to levels above 2.0 t of green coffee beans ha yr'in subsequent
years, reaching average values throughout the production cycle of 2.50 and 2.55 t of green coffee
beans ha! yr'in NP 2 and NP 1 respectively, without significant differences between NPs, indicating
that reduced N application rate with NP 1 did not reduce productivity (Table 1).

NUE calculations resulted in significant differences between years after pruning and between
treatments, NP 1 with 15% less N applied resulted in the highest NUE values with a mean NUE of
45% compared to NP 2 with an average value of 35% (Table 1). The NUE showed a direct relationship
with productivity in both treatments. The N content of coffee leaves during the observation period
was within the normal level for coffee which ranges from 2.4% to 3.0% [4], indicating that N rate in
both treatments was not a limiting factor for productivity.

Between both treatments, no significant differences could be detected in the nitrogen content of
coffee cherries as well as in the absorption of N per ton of coffee (Table 2). Therefore, differences in
NUE between the treatments are attributable to differences in the doses of mineral N applied, and
not to differences in N uptake or productivity, indicating higher efficiency of N uptake by NP 1.

). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202510.2211.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 October 2025 d0i:10.20944/preprints202510.2211.v1

4 of 21

Table 1. Yield, NUE and N content in leaves and soil for two nutrient management practices in coffee during 6
years of trial.

Year Yield (t hat) NUE (%) N content in Total N content in
leaves (%) soil (%)
NP1 NP2 NP1 NP2 NP1 NP 2 NP1 NP2
2019 2.65 2.40 47.0b 37.0a -- - - --
2020 2.38 2.06 49.0b 27.0a 2.79 2.95 0.45 0.44
2021 - - -- - -- - - -
2022 0.47 0.63 7.0a 8.0a 2.56 2.43 - --
2023 227 2.31 44.0b 36.0a 2.67 2.73 0.48 0.45
2024 5.17 5.12 86.0b 68.0a - -- -- -
Mean 2.55 2.50 45.0B 35.0A 2.68 2.70 0.46 0.44
Years - - - -
Treatments ns ** ns ns

*NP 1: Ammonium-Nitrate based compound NPK; NP 2: Urea based NPK blend. Different letters indicate
significant differences, using Fischer test, ** a <0.01, * & <0.05, ns: no significant difference. Small letters indicate

differences during the years, and capitol letter indicate between six years averages.

Table 2. Nitrogen content and uptake in coffee cherries and beans for two nutrient management practices for

2023 harvest year.
Treatment N content in the coffee cherries N uptake per t of green
(%) coffee bean

kg t!
NP1 1.85 38.3
NP 2 1.77 36.7
Mean 1.81 37.5

p-value 0.2615n 0.2574ns

*NP 1: Ammonium-Nitrate base NPK; NP 2: Urea base blend NPK. ns: no significant difference according to
Fischer test, ** a <0.01, * o <0.05.

2.2. Influence of Two Nutrient Management Practices on the Carbon Footprint

The calculated farmgate product carbon footprint (PCF) of green coffee showed significant
differences between the NPs (Figure 1). In three out of four years the PCF differed between treatments
with statistically lower PCF for NP 1 than for NP 2 with average values of 700, 900 and 780 kg CO2
eqv. t1 of green coffee in NP 1 and 800, 1300 and 930 kg COzeqv. t! of green coffee in NP 2 for the years
2019, 2020 and 2023, respectively.

In 2022, the PCF was the highest across the years of observation with values of 3900 and 3760 kg
COzeqv. t! green coffee for the NP 1 and NP 2, respectively, due to low yield of the first harvest after
stem trimming.

© 2025 by the author(s). Distributed under a Creative Comm CC BY license.
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Figure 1. Product carbon footprint for two mineral nutrition programs from factory to farm gate for four years
(NP 1: Ammonium-Nitrate based compound NPK; NP 2: Urea based NPK blend). Different letters denote
statistical differences between treatments LSD-Fisher (a 0.05). Statistical Analysis was done per year

independently.

2.3. Influence of Nutrient Management Practices on Soil Health Indicators

Six years after starting the trial, the nutritional programs showed differences in soil health
parameters, such as organic carbon, soil respiration, microbial biomass, potentially mineralizable
nitrogen and total nitrogen. Soil sampling was carried out during the rainy season in May 2024. NP
1 results in higher values for all five variables as compared to NP 2 (Table 3). Significant differences
between NPs were also detected along the soil profile at three different sampling depths shown in
Table 3 with significant decrease at deeper layers throughout the soil profile, with mean values for
C.org of 5.33 % and 4.49%; for soil respiration of 55.00 and 33.17 mg.kg, and potentially mineralizable
N of 34.3 and 20.5 kg. ha! for NP 1 and NP 2, respectively.

Table 3. Soil health indicators measured six years after treatment application, soil sampling during the rainy

season (May 2024).
Treatment Soil Corg Soil Microbial P.Nmin¥ Total N
depth respiration biomass
cm % mg kg kg ha! %
NP1 6.28¢ 82.50cd 1845.0cd 51.50cd 0.59d
0-10
NP2 5.18a 60.00bc 1350.0bc 37.50bcd 0.48b
Mean 5.73C 71.25C 1.597.5C 50.50C 0.54C
NP1 5.43b 59.75bc 1344.5bc 37.50bcd 0.51bc
10-20
NP2 4.43a 20.00a 470.0a 12.25ab 0.40a
Mean 4.93B 39.90B 907.0B 24.9B 0.45B
NP1 4.28b 22.75ab 530.5ab 14.0ab 0.3%
20-30
NP2 3.88a 19.50a 459.0a 11.75a 0.35a

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Mean 4.08A 21.10A 494.0A 12.9A 0.37A
NP1 Mean 5.33B 55.00B 1240.0B 34.33B 0.49B
NP 2 4.49A 33.17A 759.67A 20.50A 0.41A

*Different letters denote statistically significant differences according to Tukey's test with a= 0.05; *p-value < 0.05;
**p-value <0.01; p-value <0.001. #“NP 1: Ammonium-Nitrate based compound NPK; NP 2: Urea base NPK blend.
¥ Potentially mineralizable nitrogen. Small letters indicate differences between treatments in each soil layer and
capitol letter indicate between soil depth layers.

The analysis of selected soil health indicators from the second soil sampling period during the dry
season in September 2024 showed no statistical differences between treatments (Table 4). Sampling
during the dry season resulted in higher average values of each of the five soil health parameters
compared to the results from the rainy season for both treatments. However, similar tendency along
the soil profile with decreasing values at deeper layers was found. No difference was shown between
NPs on C.org, soil respiration, microbial biomass, nitrogen potentially mineralizable and total N, but
significant differences between soil depths were shown in all those variables (Table 4).

Table 4. Soil health indicators six years after treatment application, results from soil sampling during the dry
season (September 2024).

Treatment Depth Corg Soil Microbial P. Nmin¥ Total N
respiration biomass
cm % mg kg1 %
NP 1 6.48cd 87.0bc 1944.0bc 54.5bc 0.60cd
0-10
NP 2 6.93d 100.0c 2230.0c 61.75¢ 0.64d
Mean 6.70C 93.5B 2087.0B 58.12B 0.62C
NP1 5.93bc 82.25bc 1839.5bc 51.7bc 0.55bc
10-20
NP 2 6.28cd 100.0c 2230.0c 63.0c 0.59cd
Mean 6.10B 91.25B 2034.7B 57.3B 0.57B
NP1 5.35ab 52.50ab 1185.0ab 32.75ab 0.49ab
2030
NP2 4.88a 26.75a 618.8a 16.5a 0.45a
Mean 5.11A 39.62A 901.9A 24.6A 0.47A
NP1 Mean 5.92A 7392 A 1656.1A 46.33 A 0.55 A
NP2 6.03 A 7528 A 1692.8 A 47.08 A 0.56 A

*Different letters denote statistically significant differences according to Tukey's test with an a = 0.05; *p-value <
0.05; **p-value < 0.01; p-value < 0.001. #*NPs 1: Ammonium-Nitrate base NPK; NPs 2: Urea base blend NPK. ¥
Potential mineralizable nitrogen. Small letters indicate differences between treatments in each soil layer and
capitol letter indicate between soil depth layers.
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Treatments application in 2024 were done: first on January 9 (dry season*Figure Fl), second June Commented [M1]: Figures 2 and 3 need to be cited
5 (wet season-Figure 4) after first soil-health sampling and third on September 4 (dry season-Figure

. ) . i before figure 4. Please revise and make sure that
4) before second soil-health sampling. Also, the treatments applications during 2018 to 2023 were

split into 3 applications during the year. numerical order of figures’ citations is correct in whole

Nutrient management practices also influenced soil nutrient concentrations significantly after
six years of treatment within soil depth at both sampling dates (Table 5, Figures 2 and 3). Nutrients
like K, Ca, P and B show significant differences between NPs at both sampling dates. K was
significantly higher in NP 2 as compared to NP 1 during both sampling dates in wet and dry season
(Figure 2 E and F), mainly because NP 2 does not include soluble calcium, therefore K was the

manuscript.

dominant exchangeable cation in the soil in NP2, while Ca concentration was significantly higher in
NP 1 because this treatment included a soluble Ca application (Figure 3 and B), equilibrating the
exchange cations in the soil. A similar observation was made for B in NP 1 as compared to NP 2
during both sampling periods (Figure 3 G and H).

Table 5. Pr >F-values from the statistical output (ANOVA 5%) for influence of two nutrient management

practices in coffee on soil fertility parameters in the soil profile six years after treatment application.

Season/So pH Al K Ca Mg P B S

il Cmole.kg! mg.kg!

parameter Wet season- May 2024

NPs 0.2087 0.8855  <0.0001*  0.0053* 0.054 0.0049*  <0.0001* 0.2516

*

Soil <0.0001* <0.0001* <0.0001** <0.0001* <0.0001* <0.0001*  0.9337  0.0050

depths * * * * * *
Dry season-Sep 2024

NPs 0.0018*  0.0024*  <0.0001** 0.0127*  0.0623 0.0029*  <0.0001* 0.1407

*
Soil 0.1942 0.0646 0.0029* 0.0812 0.2250 0.0001**  0.2267 0.0582
depths

*NPs: Nutrient management practices. Tukey's test with an alpha = 0.05; *p-value < 0.05; **p-value < 0.01; p-value
<0.001.

The higher concentration of nutrients on the soil profile in the second sampling period (dry
season) as compared to the first one (wet season) can be explained with a fertilizer application
between the sampling dates, which has contributed to significant increases of soil nutrient
concentrations mainly in the first 0-20 cm (Figures 2 and 3).

Soil acidity parameters expressed by pH and exchangeable Al were not significantly different
between treatments in the first sampling during raining season but were significantly different
between treatments in the second sampling during the dry season (Figure 2, Table 5). Soil pH
significantly increases through the soil profile in NP 1 versus NP 2 after treatment application, while
the Al ex, significantly increases in NP 2 across the soil profile in respect to NP 1( Figure 2D) and
respect to the values measured in May during the wet season (Figure 2C).

© 2025 by the author(s). Distributed under a Creative Comm CC BY license.
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Figure 2. Changes in soil fertility parameters after six years of application of two different nutrient management
practices in coffee in three depths along the soil profile. A. Soil pH during raining season, B. Soil pH during the
dry season, C. Exchangeable aluminum during rainy season, D. Exchangeable aluminum during dry season, E.
Potassium during rainy season, F. Potassium during dry season, G. Sulfur during rainy season, H. Sulfur during

dry season. NP 1: Ammonium-Nitrate based compound NPK; NP 2: Urea based NPK blend.
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Figure 3. Changes in soil fertility parameters after six years of application of two different nutrient management

practices in coffee in three depths along the soil profile. A. Calcium during rainy season, B. Calcium during the

dry season, C. Magnesium during rainy season, D. Magnesium during dry season, E. Phosphorus during rainy

season, F. Phosphorus during dry season, G. Boron during rainy season, H. Boron during dry season. *NP 1:
Ammonium-Nitrate based compound NPK; NP 2: Urea based NPK blend.

Soil porous space filled with water (WFP) at 40 cm, during 2024, shows the soil water content
variation during the year and defines well two dry seasons between January to April and August to
October and two wet seasons between April to July and October-November (Figure 4). During the
dry seasons, soil moisture level ranges between wilting point and field capacity, whereas it is at or
above field capacity during wet seasons.
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Figure 4. Soil porous space filled with water (WFP) at 40 cm depth changes during 2024. Rainy season May and
dry season September. Dotted lines: Water content at field capacity (F.C) of the soil 55% and at wilting point
(W.P) 28% at 40 cm depth.

2.4. Correlation Between Soil Health Indicators

For the soil conditions of the current research project (Andisols -Typic Melanudands), total
nitrogen content and C.org were positively correlated (p<0.001) with soil respiration and potentially
mineralizable nitrogen (Figure 5), with Pearson correlation coefficients ( r ) of 0.84 for the total N with
potentially mineralizable nitrogen and soil respiration (Figure 5A and C) and, 0.81 and 0.82 for the
C.org with potentially mineralizable nitrogen and soil respiration respectively (Figures 5 B and D).

In the case of soil nutrient concentrations, significant (p<0.001) and positive correlation were
observed between soil respiration with P (r=0.65), Mg (r=0.52), and Ca (r=0.51) in the soil (Figures 6 A,
C and D), whereas potassium showed lower correlation with soil respiration with r=0.42 (Figure 6 B).
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Figure 5. Correlation between: A. Total nitrogen with potentially mineralizable nitrogen, B. Soil organic carbon
with potentially mineralizable nitrogen, C. Total nitrogen with soil respiration, and D. Soil organic carbon with
soil respiration.
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Figure 6. Correlation between: A. Soil phosphorous content with soil respiration, B. soil exchangeable potassium
content with soil respiration, C. soil exchangeable magnesium with soil respiration and, D. soil exchangeable

calcium with soil respiration.

3. Discussion

Different factors can influence NUE of cropping systems including genotype, physiological as
well as soil fertility factors [38]. From the fertilizer perspective, NUE is also affected by several factors
such as soil fertility factors, metabolic pathway of the crop, climate, chemical form of the fertilizer
used (e.g. urea, NHs", NOs), mycorrhiza availability, N rates, crop yield and others. Fertilizer
management practices such as selection of fertilizer source, rate, method and timing of application of
nutrients should be optimized based on soil, plant, and climatic factors to reduce nutrient losses due
to leaching, denitrification, ammonia volatilization, runoff and fixation [38]. In this research it was
possible to demonstrate that NUE in coffee changes across years because yield levels are influenced
mainly by pruning practice, and also by nutrient management practices. With a nutritional program
based on N sources with low potential for ammonia volatilization, balanced with other
macronutrients such as K* Ca? and Mg?* and micronutrients, combined with a reduced N rate of 15%
(NP 1) it was possible to achieve the same yield as in the conventional management system alongside
a significant increase in NUE of green coffee (Table 1).

Nitrogen Use Efficiency (NUE) is not exclusively a function of nitrogen dose and source, but also
of the synchronization between nitrogen availability and plant demand, which varies throughout the
crop’s life cycle (in coffee, from year to year). This synchronization becomes effective only when
nitrogen is supplied in adequate balance with other essential nutrients. The yield potential of high-
performing crops is largely determined by the efficiency of nitrogen interactions with other nutrients
[39]. Furthermore, efficient nitrogen uptake, translocation, and assimilation into productive biomass
depends on a sufficient and balanced supply of both macro and micronutrients [40].

The interpretation of NUE is crop-specific, different crops have different NUE optimum ranges.
For example, in cereals NUE is calculated based on grain N removal which contributes by about 75%
to total N uptake into the plant. Thus, the target NUE as an indicator for good fertilizer management
is between 75 and 90% of applied N. In coffee, NUE is calculated based on N removal by coffee
cherries, which contributes by a much lower percentage to total N uptake into the crop. This is typical
for perennials which store a huge part of nutrients in leaves and branches. Important amounts of N

Distributed under a Creative Com CC BY license.
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in coffee plantation are stored in the shoot biomass with 59% of the total N applied, followed by the
roots with 12.4% ﬂ42ﬂ. Nitrogen uptake by the shoot biomass was not considered in the NUE

Commented [M2]: Reference 41 needs to be cited before
calculation, because one of the aims of this research was to use an NUE indicator that could be easily

scalable at famer level, without involvement of highly heterogenic information associated to the
variation between coffee production systems and environmental conditions.

The carbon footprint, known as the amount of greenhouse gas (GHG) emissions generated
throughout the life cycle of a product from production to final disposal, is a key indicator in the

42. Please revise and make sure that numerical order of

ref citations is correct in whole manuscript.

assessment of environmental sustainability. In the case of coffee production to farm gate, Van et al.
[44] estimated an average product carbon footprint (PCF) of 8.3 kg CO,-eq-kg™ of parchment coffee,
with values across individual farms ranging from 3.3 to 18.8 kg CO,-eq-kg. The average PCF values
in different production systems ranged from 6.2 kg CO,-eq-kg™! in commercial polycultures to 10.8
kg COz-eq-kg™ in shaded monocultures. Published PCF estimates for coffee show a large variation
globally, ranging from 0.4 to 20.1 kg CO,-eq-kg™, depending on the methodology used, system
boundaries, and production practices [25,45]. Some studies calculate the PCF choosing as a functional
unit green coffee, while others use parchment coffee or coffee cherries [45]. In all cases fertilizer
production and applications are considered as the highest contributor in coffee production with the
system boundary set to farmgate. In the current research the PCF was significantly different between
the two nutrient management practices under investigation as well as between years. In this research
PCF was highly dependent of the crop productivity. In 2022, PCF for both NPs was almost four times
higher compared to 2019, 2020 and 2023, due to low yield in the year after severe pruning. In that
year, the NPs showed no significant effect on PCF, while for the other three years in this study, PCF
of NP 1 was significantly lower than that of NP 2 due to higher yield and lower N input (Figure 1).
Not all types of fertilizers used globally produce the same GHG emissions per unit of N. Gao and
Cabrera [37] did a global analysis and revealed that urea and urea ammonium nitrate have some of
the worst emissions performance because their decomposition in soil releases CO2 in addition to N2O.

Gao and Cabrera [37] indicate that a global emission reduction from factory to farm-gate can be
achieved by replacing urea, and urea-based fertilizers with AN, with a maximum mitigation potential
of this fertilizer substitution combined with other interventions (258 Mt COzeqv yr! in 2050, 95%
confidence interval 210-360 Mt COzeqv yr). In this study, an N input reduction of 15% combined with
a balanced nutritional program in long term coffee trial the farm gate PCF was reduced by a 6-year
average of 8.3%. PCF reduction associated with N form is also dependent on the impact of N form on
the crop yield. Vargas et al [46], reports that after 8 years trial and a mean N application rate of 400
kg. ha! resulted in an average coffee yield of 2.93 t. ha'! for AN and 2.66 t. ha! for urea with a PCF
reduction of 16% for AN compared to the urea.

Soil respiration methods based on lab incubation like Solvita CO2-Burst test, are an indirect
measure for microbial activity by quantifying the CO: produced from re-wetted soil during the
incubation period [47,48]. This is an indicator of soil microbial activity that can be used as a rapid
biological soil quality indicator and it is highly related to soil fertility [49,50]. The estimated microbial
activity is related to microbes that are presumed to mineralize the labile C fraction first, followed by
more stable fractions [51]. Labile C measurements are sensitive to changes in management practices
(e.g. tillage, cover crops, rotation), environmental conditions (e.g. soil texture, landscape), and crop
productivity (e.g. above ground biomass) [52-55]. Fontaine et al [54], demonstrates that the addition
of fresh organic materials stimulates microbial respiration, and that fresh C deposits protect bury
recalcitrant soil organic carbon below the deposits of fresh C, making important the short-term
storage of carbon in vulnerable compartments (plant biomass, surfaces soil organic carbon). Coffee
production systems have the capacity to produce an important amount of fresh biomass and
accumulate it in upper soil layers that maintain a high level of soil respiration. Hergoualc'h et al [56]
found in a 7 years old coffee plantations in Costa Rica under full sunshine growing conditions in
Andosols 30.3 t.ha'! of dry biomass representing 14.1 t of C.ha", partitioned in 18.0 t.ha' (8.5 t C.ha)
in aboveground biomass, and 12 t ha! (5.6 t C.ha"!) in coarse roots, total fine roots and litter.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In this research, soil microbial activity based on availability of labile C sensitivity was influenced
by soil moisture and long-term nutritional programs. Soil respiration and related variables were
lower from soil samples taken during the rainy season and significantly different between nutritional
practices (Table 3). In the dry season soil respiration and related variables were higher and not
different between nutrient management practices. In the rainy season (April-June) the volumetric
moisture content was above field capacity during several consecutive days, with a water-filled pore
space (WFPS) up to 60% (Figure 4), while during the dry season (July — September), the volumetric
moisture was below field capacity without reaching the wilting point with a WEPS between 50% to
28% (Figure 4). This indicates that soil respiration and other related parameters were affected by the
reduction of available soil oxygen during the rainy season. Under such conditions NP 1 was able to
keep the soil respiration at a higher level compared to NP 2. In this study, increased soil respiration
is directly linked to significantly higher N content in NP 1 compared to NP 2, which is also explained
by the direct correlation between total N and C.org (Figure 5). In this direction Zou et al. [57], analyzed
various biotic and abiotic factors influencing soil respiration, and found that clay content, soluble
nitrogen and the abundance and a-diversity of bacteria were the primary contributors to soil
respiration.

During dry season, the balance between soil moisture and oxygen sufficient to motivate
microbial activity in the soil independent of the nutritional programs. Additionally, total N content
was higher and not significantly different between NPs, motivating higher soil respiration for both
treatments. Soil respiration is highly influenced by soil moisture and tends to increase when the soil
moisture increases to certain limit defined by WFPS. The ideal soil moisture content is near field
capacity or approximately 60% of WEPS [58]. When WEPS is higher than 80%, soil respiration reduces
to a minimum level, and most micro-organisms begin to use nitrate (NO=) as alternative oxygen
source for respiration [59].

Mac Bean et al. [51] analyzing several response trials in maize across eight Corn Belt states in the
United States, found soil respiration decrease in four of the five trials that showed response to N
fertilization. While added N fertilizer increases the labile pool of N, changes in soil pH and other soil
and plant growth factors likely altered the soil microbial environment [57,60]. During the dry season
soil pH decreased and Al*eh increased in our study throughout the soil profile in NP 2, probably
linked with the higher NHs* content supplied in the nutritional program and lack of soluble Ca?*
application of this program. This increase in soil acidification did not reduce soil respiration or other
biological parameters compared to NP 1. A positive correlation between exchangeable bases, mainly
Ca? and Mg* as well as P indicated that soil fertility is an important contributor to soil respiration
and that these fertility parameters are key indicators of soil health in highly organic and acid tropical
soils like the Andosols. Hu et al. [55], found positive correlation between soil pH with microbial
biomass carbon and b-glucosidase activity analyzing soils from eight sites in Northeastern Colorado.

Six years after treatment application, during both sampling times in wet and dry season, NP 1
consistently increased some soil fertility parameters like S, Ca, Mg, P and B throughout the soil
profile. (Table 5, Figures 2 and 3). This indicates that proper nutrient management practices
including macro and micronutrient application in low fertility soils significantly increase soil fertility.
Nutrients including NO=, Ca, and B are directly linked with root growth activation and stress
resistance in coffee [5,11,61]. De Castro-Lopes et al [62], working in the Cerrado soils of Brazil (Typic
Dystrophic Red), demonstrated that P fertilization in tropical acid soils is an important practice to
improve crop yield and to maintain or even increase the soil organic carbon, reporting a positive
correlation between P content and soil respiration.

4. Materials and Methods
4.1. Location

A six years trial (2018-2024) was conducted in a coffee farm located in the Central-West region
of Colombia in Chinchind, Caldas, located at 4°56'43.0 "N 75°36'49.0 "W and 1.400 m of elevation,

). Distributed under a Creative Commons CC BY license.
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with a 2014 to 2024 average of 19.9°C of mean air temperature, 16.0°C and 26.6°C min and max mean
air temperature 77.3% of relative humidity and 2.290 mm rainfall (National Coffee Research Center-
Meteorological Network, El Jazmin weather station).

The dominant soil type in the study has been classified as Andisols -Typic Melanudands order
in accordance with the USDA-Soil Taxonomy [63]. The soil is characterized by good physical
conditions and low natural fertility, i.e. soil pH of 4.67, 10.56% of soil organic matter, 8.44 mg.kg'of
P, with 0.24, 0.93 and 0.24 Cmolckg! of K, Ca and Mg respectively, and soil particle distribution of
54% sand, 29% silt and 17% clay. The pH was determined in water (1:1), organic matter by Walkley—
Black, P by Bray-II, and the exchangeable fraction of K, Mg, and Ca with 1 N ammonium acetate
extraction (1 N NH4C2H30z, pH 7.0). The cations in the extracts were detected using an ICP (Perkin
Elmer, Optima 8000, Shelton, CT, USA), and soil texture analysis was performed using the
Sedimentation-Bouyoucos method.

The trial was established in a coffee plantation (C. arabica L. var. Castillo®) planted in 2012, with
an initial plant density of 6666 plants per hectare (1.0 m x 1.5 m planting distance). In January 2018,
prior to treatment application, the plantation was renewed through structural pruning, consisting of
cutting lateral branches at 20 cm from the main stem and topping the plant at 1.8 m height. Following
three years of regrowth and two productive harvests, a second renewal pruning was carried out in
January 2021 by cutting the stem at 30 cm above the ground. At that time, the planting density was
adjusted to 10,000 plants per hectare.

4.2. Treatment Description

Previous studies have reported that balanced supply of NO;~ and NH4* enhances nutrient
uptake, crop productivity, and tolerance to abiotic stress [5]. Calcium is considered the third most
important macronutrient in coffee, following nitrogen and potassium [58], and its combined
application with boron has shown to improve both coffee productivity and soil fertility [11].
Synergistic interaction between calcium and potassium has also been associated with increased yields
and enhanced water use efficiency in coffee cultivation [64]. Finally, ammonium nitrate-based
nitrogen fertilizers have shown to produce significantly lower NH; volatilization losses compared to
urea or ammonium-only fertilizers [10,12,13,15,18].

Based on previous scientific evidence, the trial set-up of this research project had the aim to test
the hypothesis that a balanced nutritional program with on average 15% less nitrogen applied
throughout the years of the study compared to a conventional program will increase coffee
sustainability indicators (CFP, NUE and soil health parameters) without compromising the
productivity. Based on this hypothesis, two mineral fertilization practices (NPs) were evaluated: NP
1, the ammonium nitrate-based compound NPK based on chemical NPK blends using ammonium
nitrate and calcium nitrate with micronutrients (B, Zn and Mn) supplying less nitrogen than NP 2
and, NP 2 representing the conventional fertilizer recommendation which is a physical urea NPK
blend described in this research as a urea based NPK blend with DAP, MOP and MgSOs (Table 6).
This research project was set up using a completely randomized experimental design with four
replications, with a total area of 1880 m? and plot area of 67 m? with 67 plants per experimental unit.

Three years after trial initiation, after the second rejuvenation (stem trimming) in 2021, the soil
acidity was corrected according to Favarin et al. [4] to achieve a base saturation of 70% in each
individual plot. The soil conditions before liming were pHuwater 4.8 and Al**exc 1.8 Cmolc.kg, and base
saturation 54%. The mean applied rate of dolomite lime (34.5% CaO, 16.4% MgO and 90% of
neutralization capacity) was 0.70 t ha for the NP 2 plots and 0.76 t. ha'! for the NP 1, those lime
requirements were not significantly different between treatments.

© 2025 by the author(s). Distributed under a Creative Comm CC BY license.
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MS Word format, not an image.
Treatment ~ Year kgha' Nitrogen Forms Nutrientes Applied
NH-N  NOyN  NeUric N POs KO _ CaO _ MgO s B 2 Mn
% kg ha! yr!
2018 558 49 51 o 70 87 44 43 7 4 0.6 0.07 0
2019 1111 46 54 0 174 61 170 52 20 26 1.01 0.43 0
2020 1423 42 58 0 228 66 195 95 23 29 1.6 0.57 )
NP1 2021 760 49 51 o 141 43 54 52 8 40 0.645 0.06 0.06
2022 1370 45 55 0 214 42 242 68 24 32 2.15 0.53 0.13
2023 1410 40 60 0 2m 36 202 104 20 27 2375 046 01
2024 1560 44 56 0 234 38 252 130 21 29 2.75 0.47 0.12
Mean 1170 45 55 0 181 53 171 78 18 27 1.6 0.4 0.1
2018 466 85 15 0 2 o 124 0 1 2 007 003 0
2019 1076 3 0 97 179 36 188 ) 2 7 0 0 0
2020 1180 9 0 91 269 61 280 0 0 0 0 0 0
NP2 o sso 21 ) 79 174 92 43 0 0 o 0 0 [
202 1080 1 0 89 257 69 252 0 27 2 0 0 0
203 1206 11 0 89 257 69 252 0 27 2 0 0 0
2024 1210 9 0 91 294 69 282 0 27 2 o 0 0
Mean 984 21 2 7 210 70 204 0 2 20 0 0 0

A water balance was estimated daily using the methodology described by Ramirez et al. [65] for
coffee. Undisturbed soil samples were collected to measure required soil physical parameters
required: Volumetric moisture content at field capacity and at wilting point was at 0.385 and 0.1940
cm?® cm?, respectively, bulk density was 0.79 g cm3, and porosity 69.5%.

4.3. Variables Evaluated

Productivity for each of the treatments was yearly evaluated as the sum of all the coffee harvests
during the respective year. The distribution of the coffee harvest in the study area is distributed by
70% to 80% in the second half of the year, mainly between September to November, and the
remaining 20% to 30% between April and June.

To calculate the extraction of N by the harvested coffee cherries, a representative sample of 500
g of coffee cherries per treatment was taken when the coffee cherries reached maturity - BBCH 88
[66]. The samples were oven dried at 60 °C for 24 h and sent to the laboratory for total N analysis
using the Dumas elemental analysis method. Subsequently, the amount of N required per ton of
green coffee was calculated, using a conversion factor of 4.8 kg of cherry coffee to produce 1 kg of
dry parchment coffee, and a yield of 80% in threshing [67]. Nitrogen use efficiency (NUE) was
calculated as the ratio between total N uptake by the coffee cherries divided by the total mineral N
applied expressed in percentage [68]. Leaves samples per treatment and replications were collected
during 2020, 2022 and 2023, and soil samples in 2020 and 2023, with the aim to monitor the influence
of nutritional programs on N status in the plant and soil.

The carbon footprint (CFP) from factory to farm gate was calculated using Cool Farm Tool -CFT
(Cool Farm Alliance). This tool is widely used by food chain companies to calculate a CFP of a product
( https://app.coolfarmtool.org/), which calculates annual greenhouse gas emissions in CO:
equivalents (COz<qv) considering: 1) crop yield; 2) the form of production, origin and sources of
fertilizers that contribute to CO2 and N2O emissions; 3) soil texture, carbon, and pH; (4) pesticide
production; 5) use of energy sources; 6) methane emissions from wastewater generated during coffee
pulping and fermentation and 7) soil based emissions following the protocol suggested by the IPPC
intergovernmental panel [44]. The CFP for this trial was estimated yearly per replication during the
harvest years of 2019, 2020, 2022 and 2023. During 2018 and 2021 no harvest was registered because
these were years of vegetative growth after pruning.

In 2024, six years after treatment implementation, soil samples were collected during raining
season (May) and dry season (September). Samples were collected per treatment and replication,
sampling seven randomly selected points per treatment in three different depths 0-10, 10-20 and 20-
30 cm. 500 g of soil per treatment, replication and depth were analyzed for soil fertility parameters
using methods described above. For soil respiration analysis, 40 g of soil dried at 35°C was sieved to
2 mmparticle size and placed into 50-mL plastic beakers containing a Whatman No 2 filter paper

). Distributed under a Creative Commons CC BY license.
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covering four 6.35 mm holes in the base, and wetted to 50% water-filled pore space. The wetted
samples were placed into 8-oz jars with lids accompanied by a Solvita gel paddle (Solvita, Mount,
ME, USA). The samples were placed in the incubator at 25°C for 24 h. After incubation time the
paddles were removed and placed in the Solvita ® digital reader for analysis of CO2 concentration
[48]. Microbial biomass and potential N min were determined from the results of soil incubation by
functions adjusted by Yara UK laboratory following the approaches proposed by Haney at al [69,70].

4.4. Data Analysis

Statistical analysis was performed using the Statgraphics Centurion version 14 V (Statgraphics
Technologies, Inc., The Plains, VA, USA), and InfoStat version 2012 software packages [71]. An
analysis of variance ANOVA was calculated in accordance with the trial design. To ensure the
validity of the results, the data were subjected to evaluations of normality and homogeneity of
variance and the comparison between means was performance using Fisher's LSD test with 5%
significance.

5. Conclusions

After six years field trial, a balanced nutritional program based on 55%NOs-N and 45%NH4-N,
in balance with P, S, K, with soluble Ca and Mg, and micronutrients, supplying 15% less N input
compared to the most common program used by coffee farmers based on urea-based NPK blend
without soluble Ca and micronutrients was able to increase significantly NUE and soil health
indicators and to reduce CFP from factory to farm gate without any reduction on productivity, N
content in plant tissues and reduction in the total soil N.

Soil moisture changes during dry-wet season influenced soil respiration, and microbial biomass,
as well as soil nutrient contents when the WFPS moves between FC and WP. Total nitrogen and soil
organic carbon correlated positively with soil respiration and potentially mineralizable nitrogen, and
soil respiration was positively correlated with some soil fertility parameters, mainly P, Mg and Ca
concentration.
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Abbreviations

The following abbreviations are used in this manuscript:

FC Soil volumetric moisture at field capacity
wp Soil volumetric moisture at wilting point
P.Nmin Potentially mineralizable nitrogen

NUE Nitrogen use efficiency

PCF Product carbon footprint
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