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A B S T R A C T   

This study investigates spatial-temporal trends in N2O emissions from coffee production systems in Costa Rica 
with a focus on the effects of nitrogen fertilisation, topography and soil type. This is done by combining (i) multi- 
year continuous dynamic chamber measurements from sites with different fertilisation levels, (ii) static chamber 
measurements taken along a typical sloping coffee field and (iii) measurements from a laboratory incubation 
experiment with nutrient addition to different soil types. In the field and in the laboratory, additions included 
standard NPK fertiliser, ammonium nitrate (NH4NO3) as well as potassium nitrate (KNO3). Soils in a laboratory 
experiment were incubated under both drained and flooded conditions. Continuous measurements from auto-
matic chambers show that annual N2O fluxes were dominated by bursts over few weeks following N-fertilisation 
with peak emissions up to 60 g N-N2O ha− 1 day− 1. A two-month slope experiment with static chambers after 
KNO3-fertilisation with 90 kg N ha− 1 showed N2O significant differences between the highest daily emission 
rates from the top and the bottom of the slope (134 ± 20 g N-N2O ha− 1 and 336 ± 104 g N-N2O ha− 1, 
respectively) which can be explained by NO3

- transport downhill and flooded conditions favouring denitrification 
at the bottom of the slope. Incubation experiments indicate that denitrification is the main process controlling 
N2O emissions but also that nitrification can result in low N2O emission rates under drained conditions. It can be 
concluded that the reported N2O emissions from the coffee agroforestry systems are generally low, but may be 
underestimated, as both poorly drained depressions functioning as N2O hotspots as well as temporal N2O bursts 
need to be taken into account.   

1. Introduction 

Nitrous oxide (N2O) is a greenhouse gas (GHG) with a global 
warming potential almost 300 times stronger than carbon dioxide (CO2) 
and contributes also to ozone depletion in the stratosphere (Myhre et al., 
2013). Currently, the anthropogenic emissions of N2O increase is mainly 
due to expansion of agricultural areas and the increase in the application 
of commercial nitrogenous fertiliser (Reay et al., 2012). Agricultural 
N2O emissions account for 58% of the total human-induced emissions 
and N2O emissions are estimated to increase with 35–60% by 2030 

(relative to 1990) (Capa et al., 2015; Hergoualc’H et al., 2008; Reay 
et al., 2012; Smith et al., 2007). The N2O emission rates are not only 
impacted by the amount of applied fertiliser and the timing and fre-
quency of application, but are also influenced by precipitation, soil 
water content and local hydrology, soil temperatures, and nutrient 
availability (Liengaard et al., 2013; Zhou et al., 2016; Wang et al., 2021). 

Coffee represents 7.5% of the worldwide crop production and is 
among the world’s most valuable export commodities (FAO, 2018). 
Coffee is also the most intensively traded tropical agricultural com-
modity and is commercially cultivated in more than 50 countries in sub- 
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and tropical areas (Capa et al., 2015). In Costa Rica, coffee (Coffea 
arabica) production is one of the main drivers of economic and social 
development. Historically, coffee production has played a major role in 
the development of the country, and today coffee cultivating plantations 
cover an area of more than 90,000 ha, employ more than 50,000 fam-
ilies, encompass 145 mills, 55 roasters and 60 exporters and represent a 
total of 8% of the Costa Rican workforce (Danse and Wolters, 2014). The 
agricultural sector accounts for 37% of Costa Rica’s total GHG emissions 
with the coffee sector being responsible for approximately 10% of the 
country’s total GHG emissions. Roughly 25% of the GHG emissions from 
the agricultural sector is due to the use of synthetic fertilisers which lead 
to emissions of N2O (Hergoualc’H et al., 2008). Coffee is cultivated in 
Costa Rica at altitudes ranging from 600 to 1600 m above sea level (m.a. 
s.l.) as a monoculture as well as in agroforestry systems with 
nitrogen-fixing shade trees (Hergoualc’h et al., 2012). Costa Rica is 
among the countries with the highest usage of synthetic N-fertiliser in 
agriculture with an average application level of 264 kg N ha− 1 yr− 1 

generally ranging between 150 and 350 kg N ha− 1 yr− 1 (Hergoualc’H 
et al., 2008). 

This study is the first to focus on both spatial and high-resolution 
temporal trends in N2O emissions and a seasonal N2O budget for a 
tropical agricultural system. This includes temporal variations (hot 
moments), variations along slopes (including intra-plot variability and 
hot spots) and contrasts between different soil types. The study also 
discusses strategies to reduce the use of fertiliser as well as to minimize 
the cost of fertilisers for farmers and to clarify environmental impact 
from the use of fertilisers across a toposequence. This includes for our 
study an integration of three scales: 1) process understanding on plot 
levels assuming 2) spatial scaling of N2O emission on a field scale taking 
into account water movement and 3) regional scaling of N2O emissions 
taking into account different soil types relevant for Costa Rica. The work 
is based on the following key research question: what are the key drivers 
controlling temporal and spatial trends in N2O emissions linked to fer-
tilisation, topography, soil types, and hydrology in Costa Rican coffee 
production? It is hypothesized that current estimates of annual N2O 
emissions from fertilised coffee fields are biased due to (1) lack of N2O 
burst measurements associated with fertilisation during and after pre-
cipitation events and (2) lack of measurements in hotspot areas for high 
N2O emissions typically in depressions and other less well-drained parts 
of the fields. 

2. Materials and methods 

2.1. Study sites 

Continuous N2O and CO2 flux measurements as well as N2O and CO2 
flux campaigns in five plots along a slope were conducted in the “Coffee- 
Flux” experimental platform (Gómez-Delgado et al., 2011), located in a 
coffee farm on the fertile slope of the Turrialba Volcano known as 
Aquiares Estate Coffee (AEC). This site is further referred to as study site 
I AEC with an altitude of 1000 m.a.s.l. and a tropical humid climate 
where heavy precipitation rates occur even in the drier months. 

Mean annual precipitation rate and mean annual air temperature 
(2009 – 2018) were 2820 mm and 19.5 ºC with January to April being 
the driest months. The dominating soil type in study site I AEC is clas-
sified as an Andisol (Chevallier et al., 2019). 

Study site I consisted of three separate fields (Fig. 1): Field A (the 
control) without any N fertilisation since 2012, and was exclusively 
fertilised with a total of 600 kg langbeinite (K2Mg2(SO4)3) ha− 1 y− 1, 
such that it received similar amounts of K and Mg as the N-fertilized 
plots. Mean annual yield in field A was 15.3 tons of fresh fruit ha− 1 

(equivalent to 2.55 tons of green beans). Field B was fertilised three 
times annually with a total of 230 kg N ha− 1 y− 1, under the form of 
granular fertiliser added by hand to the base of the coffee trees. 
Ammonium nitrate (NH4NO3) was applied after harvest (February), 
while a formula containing inorganic nitrogen (N), potassium (K), 
magnesium (Mg) and boron (B) (‘formula completa’) was applied at the 
beginning of fruit development (May) and at the beginning of the har-
vest season (September). Mean annual yield in field B was 16.8 tons fruit 
ha− 1 (2.8 kg green beans ha− 1). Field C received the fertilisation that is 
practiced in the farm, which is very similar to what was applied on field 
B. Field C is located on a short but relatively steep slope elevating from 
1049 to 1039 m.a.s.l. Along this slope, five plots were arranged equi-
distantly with a distance of 25–30 m with plot I located at the top of the 
slope, plot III located at the middle of the slope and plot V located at the 
bottom of the slope (Fig. 1). 

2.2. Continuous N2O and CO2 flux measurements 

Continuous measurements took place in study site I, fields A and B, 
from 01.04.2016 to 10.10.2018. Data of precipitation and air 

Fig. 1. (a) Map of Costa Rica with study sites 
marked: I -V. (b) Section of study site I in 
Aquiares Estate Coffee, AEC, showing the 
placement of the automatic measurement 
chambers (white squares) and location of soil 
sampling (black dots) in the control plot, field A 
and in the N-fertilised plot, field B and the static 
chambers (white squares), coffee plants (open 
circles), and location of soil sampling (black 
dots) in field C. Note that fields A and B are 
both located at the slope top (c) Cross section of 
field C illustrating the location of plot I – V 
along the slope, with plot I located at the top of 
the slope, plot III located at the middle of the 
slope, and plot V located at the bottom of the 
slope.   
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temperature were obtained from the nearby weather station managed by 
the collaborative platform “Coffee-Flux” registered as “CR-AqC” in 
FLUXNET and located near plot I at the top of the slope in field C. 
Continuous N2O and CO2 fluxes were measured in the control plot, field 
A, and in the N-fertilised plot, field B, using an automated measurement 
system including six steel chambers, a pump and tubing system and a 
N2O and CO2 gas analyser. 

Three replicate chambers were installed in each of the fields A and B. 
Chamber lids were made of plexiglass sealed with rubber to ensure air 
tightness when closed. The lids opened and closed automatically in a 
slightly upward, quasi horizontal sliding motion (Duthoit et al., 2020). 
Chambers were placed 7.5 cm into the ground to ensure imperviousness. 
The chambers had a volume varying from 0.7 to 0.9 m3 and an area of 
0.35 m2, covering most of one quarter of the Voronoi space occupied by 
an individual coffee bush (Defrenet et al., 2016). A full cycle of mea-
surements was six hours, spending one hour per chamber and alter-
nating between the control plot A and the N-fertilised plot B. A system of 
air valves diverted the air from the different chambers. After changing to 
a new chamber, the chamber was open for the first 15 min to purge the 
system and assure that the pumped air was in equilibrium with ambient 
air. Subsequently, the chamber closed, and for the next 45 min N2O and 
CO2 concentrations in the chamber were monitored and used to calcu-
late a flux based on non-linear curve fitting. 

An Innova Photoacoustic Gas Monitor 1312i (INNOVA 1312, 
LumaSense Technology Inc., Denmark) continuously measured N2O and 
CO2 concentrations at 90 s intervals Liengaard et al. (2013)). The 
INNOVA was calibrated from the factory and validated between mea-
surements to reach atmospheric levels. Measurement drift and gas in-
terferences (CO2 and H2O(g) on N2O measurements) were taken into 
account in the INNOVA software and validated based on absolute gas 
concentration measurements using gas standards. Soil water content and 
soil temperature at three different depths (5, 15 and 30 cm) as well as 
chamber temperature were measured simultaneously with CS616 Water 
Content Reflectometers and thermocouples, respectively. Data were 
stored in a Campbell Scientific CR1000 Datalogger. The soil water 
content and temperature sensors were connected to the datalogger by 
means of two Campbell Scientific AM16/32B Relay Multiplexers. 

A Campbell Scientific SDM-CD16AC channel relay controller con-
nected to the datalogger controlled the opening and closing of the lids at 
specific times, and a second one controlled the airflow to and from the 
chambers through a system of electronically operated valves. The 
closure efficiency of the operating chambers was successfully validated 
through tests of stable N2O and CO2 concentrations after injecting 
known concentrations of N2O and CO2 while chambers were completely 
sealed off. Consistency in in-situ CO2 concentration measurements 
during N2O bursts further helped to ensure a high closure efficiency 
during measurement campaigns. 

Measurements of N2O fluxes during the full measurement period 
(with the exception April to November 2017 and March and April 2018) 
were subsequently used to calculate a mean annual N2O fluxes for 
ambient and N-fertilised plots, respectively. Fluxes were integrated over 
time and mean values were calculated per month to avoid biased results 
due to data gaps. 

2.3. N2O and CO2 fluxes along a slope 

Twenty-five static chambers were distributed over five plots along a 
slope in field (C) (Fig. 1). The chambers were made of PVC and including 
a sealed non-transparent lid with a gas septum to create a gastight 
chamber. Chambers were left open except during measurements. The 
chamber volume was 0.68 l covering an area of 77 cm2 and placed three 
centimetres into the soil. Five gas samples were collected at regular 
intervals from each chamber within 45 min after the chambers had been 
closed. This was repeated in 11 campaigns made between 8AM and 8PM. 
The samples of 12 ml were taken with a syringe and immediately 
transferred to 6 ml pre-evacuated glass vials (Flat Bottom Soda Vials, 

Labco, United Kingdom), and later analysed for CO2 and N2O in a gas 
chromatograph with an electron capture detector (SRI 310 C) and ac-
cording to Ekeberg et al. (2004). Fluxes were finally calculated based on 
the linear change in gas concentrations over time (Ambus et al., 1993). 

2.4. Soil sampling and analyses 

Soil samples were taken with an Edelman auger Ø7 20 cm within a 
meter from both the automatic chambers and the static chambers at 10, 
15, 20, 30, and 40 cm depth in fields A and B and at 10 cm depth in field 
C. Sampling dates covered the periods just before and after fertilisation 
events: soil samples in fields A and B were taken in the following time 
periods: 12–05–2016 to 27–07–2016, 17–02–2017 to 05–03–2017, 
13–02–2018 to 08–03–2018 and 24–08–2018 to 11–09–2018. Soil 
samples from field C were taken from 28 to 08–2018 to 11–09–2018. 

Soil parameters including bulk density (g cm− 3), total content of N 
(%), total organic C content (%), pH, Cation Exchange Capacity (CEC) 
(cmol kg− 1), base saturation (BS, %) and nutrients including Ca, Mg, K, 
and Na (cmol kg− 1) from fields (A) and (B) were determined on soil 
samples collected on 29–03–2016. Bulk density was determined on soil 
cores collected with 100-cm− 3 volumetric cylinders and dried at 105 ◦C. 
Soil samples were dried at 40 ◦C, homogenised, sieved (2 mm) and 
analysed for total C and N by total combustion using an automatic 
analyser Thermo Finnigan FlashEA 1112 (Waltham, Massachusetts, 
USA). Soil pH was measured in water after air drying and sieving the 
sample (2 mm). Measurements were done in a 1:2.5 ml ratio, using a 
potentiometer. CEC was determined by extraction with 1 M ammonium 
acetate solution at a pH of 7.0. Exchangeable cations Ca, Mg, K and Na 
were analysed with 1 M ammonium acetate. 

For inorganic nitrogen measurements in the soil samples, 10 g of 
fresh soil was mixed with 100 ml 1 M KCl, shaken for one hour and 
centrifuged at 28 rounds per second for 15 min. Supernatants were 
filtered through paper filters, then again through filters of 0.45 µm pore 
size. For fields (A) and (B), soil NO3

- and NH4
+ concentrations were 

measured by titration with MgO and reduction of NO3
- to NH4

+ with 
Devarda’s alloy. Average concentrations of NO3

- and NH4
+ in the soil 

were calculated from six replicates per sampling round and per depth 
interval. The NO3

- to NH4
+ concentrations were finally calculated as mg N 

per kg dry soil. The detection limit was calculated to be 0.6 mg N kg− 1. 
The NO3

- concentrations of the soil samples from field C were measured 
using ion chromatography (Metrohm, Herisau Switzerland). 

Volumetric soil moisture (in % v/v) from each plot along the slope 
(field C) was determined by using a ML2X Theta Probe coupled to an 
HH2 Moisture Meter (Delta-T Devices, Cambridge, UK). 

2.5. Regional study sites and incubation experiment 

In order to determine spatial variations in production of N2O and 
CO2 at a regional scale, soil samples were collected from five different 
coffee farms located on well drained soils in central Costa Rica during 
the period 01–09.11.2018 (Fig. 1; Table 1). 

Five soil cores of 8 × 8 cm from soil surface to the depth of eight 
centimetres were collected from each of the five study sites I to V. The 25 
soil cores were collected close to the trunk of coffee trees, however, still 
at a distance so that the root system was not unnecessarily disturbed. 
The moisture level in the soil cores were kept constant and the soil was 
kept cool until laboratory work was conducted. Each soil core was 
divided into four smaller soil cores by using PVC pipes with a diameter 
of 2.8 cm, a height of 7 cm, a surface area of 6.16 cm2 and a volume of 
43.12 cm3. Each of the smaller soil cores received a different treatment: 
i) drainage and no fertiliser (the control), ii) drainage and application of 
NH4NO3, iii) drainage and application of KNO3, and finally iv) water 
saturation with application of KNO3. The intention behind implement-
ing drained and water saturated treatments was to illustrate varying 
topography and variation from dry and rainy seasons. The applied 
amount of fertiliser in the form of NH4NO3 or KNO3 was equivalent to 
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40 kg N ha− 1 and 90 kg N ha− 1 respectively. Following fertilisation, 
20 ml of water was added to each of the drained samples whereas the 
water saturated samples were added water to the edge of the soil core to 
ensure saturation. The soil cores were then incubated for a period of 7 
days at 20 ºC. N2O and CO2 gas fluxes were estimated at days one (the 

day of treatment), three, and seven as follows: The incubation chambers 
were sealed during 1 h. Four gas samples of 6 ml were taken from each 
incubation chamber over the course of 1 h, with 20 min intervals. The 
gas samples were analysed for N2O and CO2 in a gas chromatograph with 
an electron capture detector (SRI 310 C). Fluxes were calculated from 

Table 1 
Study site characteristics. All study sites are planted with Coffea arabica var. Caturra or var. Catuai.  

Study 
site 

Location Elevation (m 
ASL) 

Precip. rate (mm 
yr¡1) 

Avg. an. air temp. 
(ºC) 

Soil type (USDA 
ST) 

N-fertiliser (kg ha¡1 

yr¡1) 

I AEC Aquiares Estate Coffee, Turrialba, 
Cartago 

800–1300 3000 19.5 Andisol 250 

(09◦56′19′′N, 83◦43′46′′W) 
II FLH Finca La Hilda, Poás, Alajuela 1400 2500 20 Andisol Unknown 

(10◦05′31.9′′N, 84◦13′57.7′′W)  
III FC Finca Canuela, Naranjo, Alajuela 1300 2500 20 Andisol Unknown 

(10◦08′46.5′′N, 84◦24′45.4′′W)  
IV TEC Tarrazú Estate Coffee, Tarrazú, San 

José 
1400–1900 1500 18.5 Ultisol 425–450 

(09◦39′30.6′′N, 84◦02′42.6′′W) 
V CAT CATIE, Turrialba, Cartago 660 3200 23.5 Inceptisol 300 

(09◦53′44′′N, 83◦40′7′′W)  

Fig. 2. (a) and (b) N2O fluxes (g ha− 1 d− 1) and 
CO2 fluxes (kg ha− 1 d− 1) from the control plot 
(grey lines) and the N-fertilised plot (black 
lines) in study site I. Arrows mark the days of 
fertilisation, types of N-fertiliser are noted 
above. (c) soil water concentrations of NO3

- (mg 
N kg− 1) from the control plot (triangles) and the 
N-fertilised plot (squares) in study site I, at the 
depth intervals 0–10, 0–15, 10–20, 15–30 and 
20–40 centimetres below soil surface. (e) air 
and soil temperature (ºC) shown with line and 
markers, respectively (f) daily precipitation 
(mm) shown with a line measured in field (C) 
and soil water content shown as bars (vol%). 
Soil gas fluxes, soil temperatures and soil water 
content were measured continuously during the 
full measurement period with the exception 
April to November 2017 and March and April 
2018.   
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the regression slope. At the end of incubation, soil samples were ana-
lysed for soil water content, soil organic C content, soil water NO3

- 

concentrations, and soil water pH. Soil water content was determined by 
the difference in weight before and after 24 h of drying at 105 ºC. The 
soil organic C content was found by using a CS 500-analyzer heated to 
1350 ºC and calibrated to carbon-standards where after the soil organic 
C content was determined using an infrared detector after burning the 
soil. Soil water pH was measured in a mix of 10 g soil with 25 ml of 
distilled water at room temperature and after shaking for 50 min and 
centrifuging for five minutes until the soil had settled. The supernatants 
were filtered and soil NO3

- concentrations were analysed using ion 
chromatography (Metrohm, Herisau Switzerland). 

The measured gas concentrations of N2O and CO2 in ppm were 
converted to μmol m− 3 by using the ideal gas law as presented by 
Jørgensen and Elberling (2012). Daily flux rates (µg N-N2O m− 2 d− 1 for 
the in situ measurements, µg N-N2O g− 1 d− 1 for the incubated soil 
samples) were then calculated from the slope of a linear regression 
model. 

2.6. Statistical analyses 

One-way analysis of variance (ANOVA) and the Student’s t test were 
used to determine statistically significant differences. Relationships 
between various variables were determined by Pearson’s correlation 
coefficients (r) using a two-tailed test. The level of significance was 0.05. 

3. Results 

3.1. In-situ continuous measurements (AEC site) 

3.1.1. Climate 
Throughout the entire measurement period, the highest precipitation 

rates were measured in January and July. Annual precipitation rates 
were 2191 mm in 2016, 2069 mm in 2017 and 3014 mm in 2018 
(Fig. 2). The highest air temperatures were measured from April to June 
and from August to October and the lowest temperatures (◦C) were 

measured from December to March. No significant (p > 0.05) variations 
were seen in monthly temperatures ranging from 18.0 ± 0.2 to 20.7 ±
0.1 ◦C nor the annual average air temperatures between 2016 (19.5 
± 0.4 ◦C), 2017 (19.3 ± 0.3 ◦C), and 2018 (19.4 ± 0.4 ◦C) (Fig. 2). 

3.1.2. Soil water content and soil temperature 
Soil water content varied between 43.0 ± 0.4 and 77.0 ± 0.5% by 

volume (2016–2018) with no significant (p > 0.05) differences between 
treatments. Soil water content noticeably increased after heavy rainfall 
(Fig. 2). Monthly average soil temperatures ranged from 19.7 ± 0.7 ◦C 
to 23.7 ± 0.1 ◦C from 2016–2018. The highest soil temperatures were 
observed in May and June 2016 and the lowest soil temperatures in 
January and February 2017 (Fig. 2). 

3.1.3. Soil characteristics 
Soil characteristics are summarized in Table 2. Soil pH was slightly 

acidic in all depths while all other parameters decreased with depth as 
expected. No significant (p > 0.05) differences in CEC, Mg or Na were 
found between the N-fertilised plot and the control plot. The content of K 
differed significantly between the two plots. The N and C contents in the 
N-fertilised plot were similar to the control plots found and in both cases 
decreasing with depth. The C:N ratio varied between 10.6 and 11.9 in 
the control plot whereas the C:N ratio in the N-fertilised plot varied from 
11.4 at the depth of 10 cm to 12.9 at the depth of 40 cm. 

3.1.4. Soil water concentrations of NO3
- and NH4

+

Soil water concentrations of NO3
- and NH4

+ in the N-fertilised plot 
varied from 0 ± 0.01–45.4 ± 11 mg N kg − 1 and from 0 ± 0.01–16.41 
± 5.49 mg N kg− 1 soil, respectively. Soil water concentrations of NO3

- 

and NH4
+ in the control plot varied from 0.11 ± 0.13–19.63 

± 9.63 mg N kg− 1 and from 0 ± 0.01–7.4 ± 0.6 mg N kg− 1, respec-
tively. Significant (p < 0.05) differences in the concentrations of both 
NO3

- and NH4
+ were observed between the four measurement periods in 

all depth intervals. The highest concentrations of NO3
- were measured 

after the May 2016 fertilisation with ‘formula completa’ whereas the 
lowest concentrations were measured after the February 2017 

Table 2 
Chemical soil characteristics from the control plot, field A, and the N-fertilised plot, field B, in study site I measured in 2016.  
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fertilisation with NH4NO3. The highest concentrations of NH4
+ were 

measured after the January 2018 fertilisation with NH4NO3 in the 
plantation, and the lowest concentrations of NH4

+ were measured after 
the February 2017 fertilisation with NH4NO3 (Fig. 2). The concentra-
tions of NO3

- and NH4
+ measured after fertilisation were significantly 

(p < 0.05) higher than before fertilisation in the N-fertilised plot and the 
highest concentrations were measured in the first ten centimeters below 
soil surface. 

3.1.5. Soil N2O and CO2 fluxes 
Daily N2O fluxes from the control plot were low varying from − 6.8 

± 1.0–6.4 ± 1.1 g N-N2O ha− 1 d− 1 whereas fluxes from the N-fertilised 
plot were significantly (p < 0.05) higher varying between − 1.0 ± 1.4 
and 70.0 ± 9.6 g N-N2O ha− 1 d− 1. A sharp increase in N2O fluxes can be 
seen after fertilisation events. However, the increase varied significantly 
(p < 0.05) between fertilisation events. The highest fluxes were 
observed following the August 2016 fertilisation with ‘formula completa’ 
(70.0 ± 9.6 g N-N2O ha− 1 d− 1) and the February 2017 fertilisation with 
NH4NO3 (28.9 ± 4.3 g N-N2O ha− 1 d− 1). The lowest emission rates were 
seen after the January 2018 fertilisation with NH4NO3. N2O emissions 
remained high up to 20 days after fertilisation and reached a stable mean 
level 40–48 days after fertilisation. Short bursts of N2O fluxes were also 
seen when soil water increased suddenly in one case directly due to a 
heavy precipitation events (Fig. 2). Other less intense rain events did not 
result in a N2O burst, which could be due to the absence of available 
nitrate in the soil or that the remained well aerated despite of the rain. 

Daily CO2 fluxes from the N-fertilised plot and the control plot 
ranged from 31.5 ± 4.0 to 94.4 ± 8.1 C-CO2 kg ha− 1 d− 1 and from 31.4 
± 2.4–101.2 ± 3.6 C-CO2 kg ha− 1 d− 1, respectively, and were not 
significantly different from each other (Fig. 2). There was no significant 
correlation between the CO2 fluxes and N2O fluxes. Also, increased N2O 
fluxes in the N-fertilised plot coincided with increased soil water con-
centrations of NO3

- (Fig. 3). 

3.2. In-situ measurements along a slope 

3.2.1. Soil water content 
The highest soil water content was found in plot V at the bottom of 

the slope varying from 117.4 ± 3.2–126.9 ± 8.2% by weight, whereas 
the lowest soil water content was found in plot II at the upper part of the 
slope varying from 61.7 ± 1.8–94.0 ± 1.4% by weight. No significant 
variations were seen between the soil water content from plots I to IV, 
whereas the soil water content in plot V was significantly (p < 0.05) 
higher (Fig. 4). 

3.2.2. Soil water NO3
- concentrations 

Three days before fertilisation the soil water concentrations of NO3
- 

in plots I - IV varied between 2.5 ± 0.5 and 10.9 ± 0.9 mg N kg− 1 

whereas the concentrations measured in plot V at the bottom of the slope 
were significantly (p < 0.05) higher, 22.3 ± 3.3 mg N kg− 1. The soil 
water NO3

- concentrations increased after fertilisation in all five plots 
peaking between 18 and 32 days after fertilisation with maximum 
concentrations ranging from 76.4 ± 15.2–111.1 ± 9.9 mg N kg− 1 

within all five plots. Significant (p < 0.05) variations in the concentra-
tions of soil water NO3

- were measured within the entire measurement 
period concurrently with increases and decreases in soil water content 
(Fig. 4). At the end of the measurement period 40 days subsequent 
fertilisation, the concentrations of NO3

- in the soil water ranged from 
42.7 ± 12.2–85.8 ± 6.5 mg N kg− 1 with the highest concentrations 
found in plot III at the middle of the slope and the lowest found in plot 
IV, respectively. 

3.2.3. Soil gas fluxes 
N2O fluxes measured before fertilisation ranged from 10.0 

± 2.5–65.8 ± 19.6 g N-N2O ha− 1 d− 1 within the five plots along the 
slope. The lowest flux rates were measured in plot I at the top of the 

slope and plot II located at the upper part of the slope whereas the 
highest flux rate was measured in plot V at the bottom of the slope. 
Increasing N2O flux rates were seen immediately after fertilisation in 
each plot. The highest flux was measured in plot V 11 days after fertil-
isation (336.1 ± 104.1 g N ha− 1 d− 1) (Fig. 4). The increasing flux rates 
occurred in parallel with increases in soil water content due to numerous 
consecutive days with precipitation (Fig. 4). In plot I at the top of the 
slope and in plot III at the middle of the slope decreasing flux rates were 
measured five days after fertilisation, whereas decreases in flux rates 
measured in plot II at the upper part of the slope and in plots IV and V at 
the slope bottom did not occur until 11 days after fertilisation. Unex-
pected, nitrate levels remained high at plot II in contrast to plot I. Total 
N2O emission from plots I and II at the top of the slope ranged from 2.9 
± 0.1–3.7 ± 0.1 kg N-N2O ha− 1, and increased significantly to 7.3 ± 0.9 
and 7.6 ± 1.2 kg N-N2O ha− 1 at plots III and IV, respectively. The total 
N2O emission from plot V at the slope bottom, 9.6 ± 1.2 kg N-N2O ha− 1, 
was significantly higher (p < 0.05) than the emissions from the other 
plots (Fig. 5). 

Four days prior to fertilisation the CO2 emission rates for all five plots 
were ranging between 49.2 ± 6.3 and 64.2 ± 3.13 kg C-CO2 ha− 1 d− 1. 
Following fertilisation, the flux rates increased for all five plots ranging 
from 69.8 ± 5.9–95.2 ± 5.0 kg C-CO2 ha− 1 d− 1 until a sudden decrease 
was seen over a period of 30 days. By the end of the measurement 
period, the CO2 fluxes reached a level of 48.3 ± 6.2–81.8 ± 11.1 kg C- 
CO2 ha− 1 d− 1. The emission rate in plot IV was significantly (p < 0.05) 
higher compared to the emission rates in the four other plots (Fig. 4). 

3.3. Variations in soil gas fluxes from various coffee production systems 

3.3.1. Soil water NO3
- concentrations 

The soil water concentrations of NO3
- ranged from 36.4 ± 7.3–124.9 

± 4.7 mg N kg− 1 within the five different study sites in the central Costa 
Rica (Table 3). Soil pH was found to be near-neutral to acidic among all 
study sites ranging from 4.8 ± 0.1–6.8 ± 0.1 with the lowest pH value 
measured on an Ultisol in study site (IV) TEC and the highest pH value 
measured on an Inceptisol in study site V. Distinct variations were found 
in the soil C content within all study sites varying from 2.4 ± 0.4–12.4 
± 0.7%. No significant (p > 0.05) variations in the soil water content 
were measured between study sites II an V, which were ranging from 
21.8 ± 0.6–27.2 ± 2.6 vol%. The soil water content measured in study 

Fig. 3. Specification of soil water concentrations of NO3
- and NH4

+ (mg N kg− 1) 
in the root zone at the depth of 0 – 20 cm and N2O fluxes (g ha− 1 d− 1) from the 
control plot (field A) and the N-fertilised plot (field B) in study site (I) AEC in 
relation to the February 2017 fertilisation with NH4NO3. Day of fertilisation 
marked with an arrow and marked as a zero on the x-axis. 
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site I were on the contrary approximately twice as high measured to be 
53.5 ± 3.4 vol% (Table 3). 

3.3.2. Soil type specific N2O release over time 
In general, low rates of released N2O were found in the soil samples 

from the five different study sites on the same day as the fertiliser 
treatment was applied (Fig. 6). The highest rates were measured from 
the control sample from study site I, 0.014 ± 0.004 µg N per g dry 
weight (gdw− 1) d− 1, and the undrained sample treated with KNO3 from 
study site IV (0.018 ± 0.002 µg N gdw− 1 d− 1). Distinct low releases 
were measured from study site III and V, and no releases were measured 
based on three treatment types in study site II. The N2O release rates 
measured on day three after sampling had increased and for all treat-
ments and study sites, the release rates of N2O were approximately twice 
as high as the previously measured (Fig. 6). Highest N2O release rates 
were generally measured from soil samples treated with NH4NO3 and 

from undrained soils treated with KNO3 ranging from 0.005 
± 0.002–0.045 ± 0.003 µg N gdw− 1 d− 1 and from 0.001 ± 0.00–0.030 
± 0.010 µg N gdw− 1 d− 1, respectively. Seven days after the first mea-
surements the N2O release rates had again increased ranging from 
0.005 ± 0.001–1.761 ± 0.236 µg N gdw− 1 d− 1 except for particularly 
the release rates from study site IV where decreasing rates were found 
during all treatments except from the undrained soil treated with KNO3 
(Fig. 6). 

The total of released N2O over all three measurement days varied 
widely and significantly between study sites as well as within study sites 
between treatments (Table 4). The treatment showing the highest total 
releases of N2O was KNO3 under undrained conditions, while study site I 
had the highest total release of N2O among all sites, regardless of 
treatment. 

4. Discussion 

4.1. Continuous N2O measurements and N budget 

The difference between emitted N2O from the control plot and the N- 
fertilised plot highlights the “N-fertiliser-induced” N2O emission 
(Fig. 2a). The average annual N2O emissions from the control plot and 
the N-fertilised plot were 0.2 kg N ha− 1 and 3.1 kg N ha− 1, respectively. 
Such differences in annual N2O emissions should be considered in the 
light of an overall N budget despite the fact that such budgets often and 
also in our case are incomplete. 

Based on all known input and output of N compounds, a simplified 
nitrogen (N) budget is introduced. N inputs include N2 by biological 
nitrogen fixation (BNF), wet NO3

- deposition via precipitation, dry NH4
+

deposition by dust, plant litter, and applied fertiliser. N outputs include 
yield loss, N2O and N2 loss to the atmosphere, NO3

- leaching, and NH3 
volatilization due to applied N-fertiliser. The annual sum of fertiliser- 
induced N2O emission based on measurements from 12 months (April 
2016 to March 2017) were used as an estimate of annual N2O output. 
The N input via fertiliser rated 230 kg N-fertiliser per hectare distributed 
over three fertilisation events in May 2016, August 2016, and February 
2017. The annual N losses from coffee harvest were 79 and 83 kg N ha− 1 

from fields A and B. Exported wood from coffee pruning adds another 
40 kg N ha− 1 y− 1 (Charbonnier et al., 2017; Cambou et al., 2021). The 
plots included in this study did not include shade trees, but nearby plots 
were shaded with Erythrina poeppigiana, a popular nitrogen-fixing shade 
tree in the country. Annual N turnover from Erythrina poeppigiana 
pruned twice annually was estimated by Russo and Budowski (1986) to 
be 228 kg N ha− 1 based on 280 trees per hectare. In a fertilised plot, 
about 15% of this N (34 kg N ha− 1) is expected to come from biological 

Fig. 4. (a) and (b) N2O fluxes (g N ha− 1 d− 1) and CO2 fluxes (kg C ha− 1 d− 1) 
from plots I to V along the slope. (c) soil water concentrations of NO3

- (mg N 
kg− 1) at depth 0–10 cm from plots I to V. (d) daily precipitation rates (mm) 
measured in field) and soil water content (vol%) from plots I to V. Plot I is 
located at the top of the slope and plot V at the bottom of the slope. Plots II - IV 
are located equidistantly between the plots at the top and at the bottom of the 
slope. The day of fertilisation is marked as a zero on the x-axis and shown with 
an arrow. 

Fig. 5. Total N2O emissions (kg N ha− 1) from plots I to V within field C from 
the day of fertilisation to 39 days after fertilisation. Letters above the bars 
indicate significant differences between plots (p < 0.05). 
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nitrogen fixation (Cannavo et al., 2013) but this can be up to 50% in the 
control plot (estimates from 15N natural abundance, unpublished data), 
or 114 kg N ha− 1. In the N-fertilised plot in field B additionally 230 kg N 
ha− 1 yr− 1 were applied through N-fertiliser as either ‘formula completa’ 
or NH4NO3. Inputs from NO3

- wet deposition, and NH4
+ dry deposition 

were unknown. Unknown outputs in the N-budget include N2 emission 
from denitrification, ammonia (NH3) volatilization, and NO3

- leaching 
(Table 5). A study by Harmand et al. (2007) estimated NO3

- leaching at 
26.9 kg N ha− 1 y− 1 in a fertilised coffee plantation on an Acrisol in Costa 
Rica. However, with nitrate concentrations of the water leaving the 

aquifer of Aquiares at 3.3 mg N L− 1 (unpublished data) and a stream 
flow of 2046 mm (Gómez-Delgado et al., 2009), nitrate losses at this site 
are potentially much higher. In conclusion, the N budget represented is 
incomplete but highlights the minor fraction of N actually leaving the 
ecosystem as N2O as well as the potential of nitrate leaving the 
ecosystem, which has implications for the both the N2O emissions, N 
uptake by coffee plants as well as contamination of runoff and 
groundwater. 

Based on a yearly application of 230 kg N and a yearly N2O emission 
rate of 3.1 kg N, 1.3% of the applied N-fertiliser is released as N2O. 
Studies of Veldkamp and Keller (1997) from Costa Rican banana plan-
tations likewise show 2.9% of applied N to be lost as N2O in an Andisol 
and 1.9% in an Inceptisol. The minor fraction of N-fertiliser being 
emitted as N2O highlights the need to further constrain other fractions of 
the N budget. 

During the full measurement period, varying N2O fluxes were seen in 
relation to the three annual fertilisation events where different types of 
N-fertilisers were applied. The highest fluxes were measured subsequent 
fertilisation with ‘formula completa’ in relation to the August 2016 
fertilisation with daily flux rates up to 70.0 ± 9.6 g N-N2O ha− 1 d− 1 

which is approximately twice the size of the highest flux rate seen in 
relation to the February 2017 fertilisation with ammonium nitrate 
(NH4NO3), 28.9 ± 4.3 g N-N2O ha− 1 d− 1. In accordance with Weitz 
et al. (2001) and Hergoualc’H et al. (2008), fertiliser type can be a 
decisive parameter affecting the microbial processes controlling the soil 
N2O emissions. In order to reduce the use of N-fertiliser in agriculture 
with perennial crops several studies with alternative types of N-fertil-
iser, have been carried out. In the studies of Zhu et al. (2015), urea 
combined with urease and nitrification inhibitors were applied in a 
Chinese banana plantation causing a decrease in the total annual N2O 
emissions of more than 50% without affecting the annual yields. The 
results presented in the study of Sakata et al. (2015) likewise show that 
N2O emissions from three different oil palm plantations fertilised with 
150 kg N ha− 1 yr− 1 were reduced with up to 31% and 48% in the wet 
and dry season alike using coated urea. Yamamoto et al. (2014) 
observed a 26% decrease in the N2O emissions from a tea plantation in 
Japan due to the simultaneous application of lime and N-fertiliser. In 
accordance with Hansen et al. (2014), significant reductions in N2O 
emissions from highly N-fertilised soils can be obtained by liming. 
Furthermore, it is stated by Lestari et al. (2016) that concurrent appli-
cation of lime and N-fertiliser can raise the plant uptake of N and thereby 
reduce the N2O emissions. As a low soil pH value is one of the drivers 
leading to an increase in N2O emissions (also noted across our study 
sites, Table 3), applying lime combined with N-fertiliser to the moderate 
acidic Andisol at the study site could potentially be a way of reducing the 
N2O emissions. 

Soil N2O emissions are not exclusively impacted by the type and 
amount of applied fertiliser but also seasonal and spatial dynamics of 
soil temperature and soil moisture effects (Liengaard et al., 2013; Zhou 
et al., 2016; Peralta et al., 2016). Due to the tropical climate, only minor 
variations were noted in soil temperatures during the measurement 
period. However, according to Yan et al. (2008) even minor variations in 

Table 3 
Chemical soil characteristics from the five different study sites located in the central Costa Rica.  

Fig. 6. N2O release (µg N gdw− 1 d− 1) from the soil cores from five study sites I - 
V and four treatments (NH4NO3, KNO3 under drained and undrained conditions 
and a control). N2O release measured on the first day (a), three (b) and seven 
(c) days subsequent treatment. Note varying scales. 
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soil temperatures can affect N2O emissions linked to the 
temperature-dependence of microbial activity; which agrees with the 
fact that denitrification is particularly sensitive to increasing soil tem-
peratures (Butterbach-Bahl et al., 2013). This has been observed in other 
tropical systems (Yamamoto et al., 2014; Han et al., 2013). Relatively 
high soil temperatures can stimulate a turnover of nitrate (NO3

- ) and 
ammonium (NH4

+) pools and contribute to increasing N2O emissions. In 
accordance with Zhu et al. (2015), higher N2O emissions were observed 
during the warmer months than during the colder months indicating 
that the warmer temperatures might facilitate the prevalence and ac-
tivities of N2O-producing microbes, i.e. nitrifying and/or denitrifying 
microorganisms depending on the water content and oxygen 
availability. 

In relation to fertilisation events during the measurement period 
from 2016 to 2018, high soil N2O fluxes were observed in periods with 
high soil water content but also drier periods as long NO3

- and NH4
+ were 

available in soil water (Fig. 2). Since the soil moisture content was lower 
during the drier periods, the denitrification process was probably rela-
tively inactive during this period which amongst other factors can 
explain the lower N2O emission rates. However, N2O emissions were still 
observed in the drier periods and considered to be a result of nitrification 
of NH4

+ present in the aerobic soil. At the end of the drier period in March 
2017, increasing N2O fluxes were observed as a consequence of sudden 
and heavy precipitation. Likewise, sudden and heavy precipitation on 
well-drained soils can cause anaerobic conditions of short duration 
which increases denitrification rates and may result in short-lived high 
N2O flux rates. Based on a study undertaken in a Chinese rubber plan-
tation, Werner et al. (2006) state that short-term changes in N2O emis-
sions from tropical soils closely follow changes in soil moisture. Such 
‘hot moments’ for N2O emissions requires special attention on how to 
measure and how to scale integrated N2O emissions over time. 

4.2. Landscape slope controls of soil water NO3
- concentrations and soil 

N2O emissions 

Increasing soil water concentrations of NO3
- and N2O emission rates 

were seen immediately after fertilisation in plot I at the top of the slope 
to plot III at the middle of the slope, whereas increasing soil water 
concentrations of NO3

- and N2O emission rates were delayed further 
down the slope. As it takes time for the N-fertiliser to seep into the soil 
and to be transported down-slope after the precipitation events a delay 
in increasing soil NO3

- concentrations and the resultant N2O emissions 
was expected. Approximately a week after fertilisation, the highest 
fluxes were consistently observed at the lower part of the slope, which is 
aligned with the destination of NO3

- transport along the slope as well as 
corresponding high levels of NO3

- and the highest soil water content 
promoting denitrification. Given that the area is belonging to a highly 
pervious watershed where 67% of rainfall is driven through the aquifer 
(Gómez-Delgado et al., 2011), it is likely that the end destination of NO3

- 

is the aquifer first, then the streamflow. 
During the full measurement period, a general pattern indicated a 

relation between soil water content, NO3
- availability and emitted N2O. 

Decreasing N2O emissions from plots I to IV were seen concurrently with 
decreasing soil water content whereas an increase in emitted N2O from 
plot V at the bottom of the slope was seen despite the decreasing soil 
water content. A similar pattern is presented in the studies of Vilain et al. 
(2010) and Ashiq et al. (2021) in which the highest N2O emissions were 
generally seen at the end of the slope where high soil water content 
appeared. This implies that the relation between topography and hy-
drological processes plays an essential role to the extent of soil N2O 
emissions as concluded from other very different ecosystems (e.g. Per-
alta et al., 2016). However, the correlation between available soil water 
concentrations of NO3

- and emitted N2O is on the contrary not as evident 
in the plots located in the central part of the slope, which indicates that 
emitted N2O was affected by other factors than available NO3

- . The total 
N2O emission from plot V at the bottom of the slope was more than three 
times higher than the total emissions from plots I and II. Taking into 
account the effect of topography on N2O emissions reported here, the 
emitted N2O from fields A and B is not representative for the total 
emitted N2O along the entire slope. 

4.3. N2O fluxes from various coffee production systems 

Undrained conditions increased N2O emission rates from incubated 
soil samples from the five coffee production systems in the central 
highland in Costa Rica. This is supported by the studies of Hansen et al. 
(2014) who presented N2O bursts under temporarily flooded agricul-
tural land. On the contrary, the study of Liengaard et al. (2013) on South 
American tropical wetland soil showed higher soil water NO3

- contents 
and resulting N2O emissions in drained soil than in undrained soil, 
indicating potential dynamic shifts between the nitrification and deni-
trification processes. The largest difference in the total release of N2O 

Table 4 
Total release of N2O (µg N gdw− 1) from soil samples from study sites I to V incubated with no amendment (Control) or following amendment with 
NH4NO3, KNO3 under drained conditions, or KNO3 under undrained conditions. NH4NO3 or KNO3 amendments were equivalent to 40 kg N ha− 1 and 
90 kg N ha− 1, respectively.  

Table 5 
Annual N-budget for the control plot (A) and the N-fertilised plot B in study site I. 
Parameters measured in this study are underlined. Other numbers are estimates 
based on other studies. Arrows indicate the way in and out of the ecosystem.    

Control plot - field A N-fertilised plot – field B 

Input  BNF 114 kg N ha− 1 

NO3
- wet deposition 

NH4
+ dry deposition 

BNF 34 kg N ha− 1 

NO3
- wet deposition 

NH4
+ dry deposition 

N-fertiliser 230 kg N ha− 1 

Output → Harvest 79 kg N ha− 1 

Wood export 40 kg N ha− 1 
Harvest 83.1 kg N ha− 1 

Wood export 40 kg N ha− 1 

↑ N2O 0.2 kg N ha− 1 

N2 denitrification 
NH3 volatilisation 

N2O 3.1 kg N ha− 1 

N2 denitrification 
NH3 volatilisation 

↓ NO3
- leaching NO3

- leaching 67 kg N ha− 1  
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between the undrained and drained soil samples were observed for study 
site III treated with KNO3, indicating that the soil in this plantation has a 
high potential for denitrification-induced N2O emissions. The highest 
N2O release from undrained soil samples was found in soil from study 
site I. This can be due to the high content of organic carbon (12.4%) at 
the study site, which in combination with high levels of available NO3

- 

and soil water compared to the four other sites can lead to high releases 
of N2O due to increasing denitrifying activity. 

Study sites I - III are located on moderately acidic Andisols, pH 
ranging from 5.3 ± 0.1–5.9 ± 0.1, whereas study sites IV and V are 
located on a more acidic Ultisol (pH 4.8 ± 0.1) and a near-neutral 
Inceptisol (pH 6.8 ± 0.1). The highest total release of N2O were seen 
from study sites I and III located on Andisols and from study site IV 
located on an acidic Ultisol. Low soil pH favours the formation of N2O 
from denitrification (e.g. Bremner, 1997, Myhre et al., 2013, Van Den 
Heuvel et al., 2011). As the soil pH at study site IV is rather acidic this 
can lead to higher emission rates. Additionally, the soil type is an Ultisol, 
which appears to be more compact and wetter, which can imply that 
local reduced conditions favouring higher denitrification rates may be 
more common compared to the other soil types present in this study. 
Studies of Bouwman et al. (1993) and Ishizuka et al. (2005) showed that 
N2O emissions differed according to soil type with the highest emissions 
rates observed in a rubber plantation and an oil palm plantation located 
on an Ultisol with WFPS of 55.3% and 73.1%, respectively (Ishizuka 
et al., 2005). 

The highest rates of N2O release were observed seven days after 
treatment whereas low rates were observed on the day of treatment and 
three days subsequent to the treatment. On day seven, the highest rates 
were seen based on treatment with KNO3 under undrained conditions 
while on day three elevated rates of released N2O were in general based 
on treatment with NH4NO3 which may be due to nitrification as the 
conditions presumably were aerobic and hence NH4

+ was transformed in 
to NO2

- followed by NO3
- with N2O as a by-product (Butterbach-Bahl 

et al., 2013). 

5. Conclusions and implications 

This study investigates the temporal and spatial controls of N2O 
emissions from coffee production systems in Costa Rica. The following 
main conclusions can be made: 

(I) Continuous field measurements of N2O emissions and the avail-
ability of soil NO3

- and soil water content indicate that N2O emissions 
from the fertilised coffee production system studied at site 1 are related 
to hot moments, driven by the combination of factors, including high 
water content and nitrate concentrations, which can partly be explained 
by the timing of fertilization, the amount and type of fertiliser as well as 
major precipitation events. The majority (80%) of the annual N2O is 
released in short-term hot moments of two to three weeks duration, 
three times annually. This means that an annual N2O budget without 
including these bursts (in total seven to eight weeks) but only including 
the remaining 44 weeks will markedly underestimate the annual N2O 
emission. 

(II) Local hydrology within individual fields is crucial for mobilising 
nitrate along water flow patterns downhill (surface or near-surface flow) 
which can result in potential hotspot areas in depressions or lowlands 
within fields. Such hotspots are characterized by poor drainage condi-
tions, high water contents, high nitrate concentrations derived from 
runoff from the slope which creates environmental conditions favouring 
denitrification and hence high N2O emissions. Site-specific measure-
ments indicated that such hotspots not only resulted in the highest N2O 
emission rates along the slope, but also extended the period of high 
emission rates for several weeks longer than the general well-drained 
slope due to a continuous input of NO3

- from the slope. 
(III) The awareness of N2O bursts associated with fertilisation and 

precipitation events as well as hotspot areas in the least well-drained 
parts of the coffee production systems are not included in current 

annual estimate of N2O emissions from coffee production. This leads to 
our conclusion that N2O emissions from coffee production systems may 
currently be underestimated and should be better constrained by 
quantifications of both N2O hotspots and hot moments. 

(IV) Implications of this work in order to reduce N2O emissions 
remain unclear and clear recommendations should be based on addi-
tional future work. However, based on our current knowledge we 
speculate that improved timing and repeated fertilisation with less 
amount of fertiliser, slow release fertilizer or low-N2O emitting fertil-
izers are expected to both increase N uptake by coffee plants, decrease 
N2O emissions, decrease N flow across sloping fields, reduce NO3

- input 
to N2O hotspots and save plantation owners cost for fertiliser. This may 
also increase labour work associated with fertilizing. 

(V) Variations in N2O production across soil types and coffee man-
agement practices urgently need to be further explored to better 
constrain N2O emissions at the country level. 

Although we considered nitrogen (N) dynamics in coffee plantations 
on a local scale, the results from our study are relevant on a larger scale 
and we can make overall recommendations to minimize N2O emissions, 
summarized as: 

Reduce the application of N or add lesser amounts of N but more 
frequently. Choose the time for fertilisation since fertilisation prior to heavy 
precipitation events increases the loss of N due to denitrification and leaching. 
Be aware that up-hill slopes require and can leach more N than lowland 
areas. 
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