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Preface to “Climate Change and Environmental
Sustainability-Volume 5”

The Earth’s climate is changing; the global average temperature is estimated to already be about
1.1 °C above pre-industrial levels. Indeed, we are now living in conditions of a climate emergency.
Climate change leads to many adverse events, such as extreme heat, flooding, bushfire, drought, and
many other associated economic and social consequences. Further warming is projected to occur in
the coming decades, and climate-induced impacts may exceed the capacity of society to cope and
adaptive in a 1.5 °C or 2 °C world. Therefore, urgent actions should be taken to address climate

change and avoid irreversible environmental damages.

Climate change is interrelated with many other challenges such as urbanisation, population
increase and economic growth. For instance, cities are now the main settlements of human being
and are major sources of greenhouse gas emissions that are key contributors to climate change.
Moreover, rapid and unregulated urbanisation in some contexts further causes urban problems such
as environmental pollution, traffic congestion, urban flooding and heat island intensification. In the
absence of well-designed measures, increasing urbanisation trends in the next two-three decades are
likely to further aggravate such problems. Overall, climate change and many other challenges have

deteriorated the sustainable development of the world.

The framework also calls for the support and engagement of all societal stakeholders. To
support the achievement and implementation of the framework, this book focuses on climate
change and environmental sustainability by covering four key aspects, including climate change
mitigation and adaptation, sustainable urban—rural planning and design, decarbonisation of the built
environment in addition to climate-related governance and challenges. Climate change mitigation
and adaptation covers topics of greenhouse gas emissions and measurement, climate-related disasters
and reduction, risk and vulnerability assessment and visualisation, impacts of climate change
on health and well-being, ecosystem services and carbon sequestration, sustainable transport
and climate change mitigation and adaptation, sustainable building and construction, industry
decarbonisation and economic growth, renewable and clean energy potential and implementation

in addition to environmental, economic and social benefits of climate change mitigation.

Sustainable urban-rural planning and design deals with questions of climate change and
regional economic development, territorial spatial planning and carbon neutrality, urban overheating
mitigation and adaptation, water-sensitive urban design, smart development for urban habitats,
sustainable land use and planning, low-carbon cities and communities, wind-sensitive urban
planning and design, nature-based solutions, urban morphology and environmental performance in
addition to innovative technologies, models, methods and tools for spatial planning. Decarbonisation
of the built environment addresses issues of climate-related impacts on the built environment,
the health and well-being of occupants, demands on energy, materials and water, assessment
methods, systems and tools, sustainable energy, materials and water systems, energy-efficient design
technologies and appliances, smart technology and sustainable operation, the uptake and integration
of clean energy, innovative materials for carbon reduction and environmental regulation, building
demolition and material recycling and reusing in addition to sustainable building retrofitting and
assessment. Climate-related governance and challenges concerns problems of targets, pathways
and roadmaps towards carbon neutrality, pathways for climate resilience and future sustainability,

challenges, opportunities and solutions for climate resilience, the development and challenges

xi



climate change governance coalitions (networks), co-benefits and synergies between adaptation
and mitigation measures, conflicts and trade-offs between adaptation and mitigation measures,
mapping, accounting and trading carbon emissions, governance models, policies, regulations and
programs, financing urban climate change mitigation, education, policy and advocacy of climate
change mitigation and adaptation in addition to the impacts and lessons of COVID-19 and similar
crises.

Overall, this book aims to introduce innovative systems, ideas, pathways, solutions, strategies,
technologies, pilot cases and exemplars that are relevant to measuring and assessing the impact
of climate change, mitigation and adaptation strategies and techniques in addition to public
participation and governance. The outcomes of this book are expected to support decision makers
and stakeholders to address climate change and promote environmental sustainability. Lastly, this
book aims to provide support for the implementation of the United Nations Sustainable Development
Goals and carbon neutrality in efforts aimed at achieving a more resilient, liveable and sustainable
future.

This volume of Climate Change and Environmental Sustainability covers topics on greenhouse
gas emissions, climatic impacts, climate models and prediction, and analytical methods. Issues
related to two major greenhouse gas emissions, namely of carbon dioxide and methane, particularly
in wetlands and agriculture sector, and radiative energy flux variations along with cloudiness are
explored in this volume. Further, climate change impacts such as rainfall, heavy lake-effect snowfall,
extreme temperature, impacts on grassland phenology, impacts on wind and wave energy, and heat
island effects are explored. A major focus of this volume is on climate models that are of significance
to projection and to visualise future climate pathways and possible impacts and vulnerabilities.
Such models are widely used by scientists and for the generation of mitigation and adaptation
scenarios. However, dealing with uncertainties has always been a critical issue in climate modelling.
Therefore, methods are explored for improving climate projection accuracy through addressing the
stochastic properties of the distributions of climate variables, addressing variational problems with
unknown weights, and improving grid resolution in climatic models. Results reported in this book
are conducive to a better understanding of global warming mechanisms, climate-induced impacts,
and forecasting models. We expect the book to benefit decision makers, practitioners, and researchers
in different fields and contribute to climate change adaptation and mitigation.

Prof. Bao-Jie He acknowledges Project NO. 2021CDJQY-004, supported by the Fundamental
Research Funds for the Central Universities. We appreciate the assistance from Mr. Lifeng Xiong, Mr.
Wei Wang, Ms. Xueke Chen, and Ms. Anxian Chen at the School of Architecture and Urban Planning,
Chonggqing University, China.

Bao-Jie He, Ayyoob Sharifi, Chi Feng, and Jun Yang
Editors
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Abstract: Agriculture is one of the main sources of greenhouse gas (GHG) emissions and has great
potential for mitigating climate change. The aim of this study is to analyze the amount, dynamics of
changes, and structure of GHG emissions from agriculture in the EU in the years 2005-2018. The
research based on data about GHG collected by the European Environment Agency. The structure of
GHG emissions in 2018 in the EU is as follows: enteric fermentation (45%), agricultural soils (37.8%),
manure management (14.7%), liming (1.4%), urea application (1%), and field burning of agricultural
residues (0.1%). Comparing 2018 with the base year, 2005, emissions from the agricultural sector
decreased by about 2%, which is less than the assumed 10% reduction of GHG emissions in the
non-emissions trading system (non-ETS) sector. The ambitious goals set by the EU for 2030 assume a
30% reduction in the non-ETS sector. This will require a significant reduction in GHG emissions from
agriculture. Based on the analysis of the GHG emission structure and available reduction techniques,
it was calculated that in this period, it should be possible to reduce emissions from agriculture by
about 15%.

Keywords: greenhouse gases; agriculture; climate change; mitigation

1. Introduction

The phenomenon of the natural greenhouse effect is positive for living conditions on
the Earth. Thanks to this, the temperature of Earth surface is increased by 20-34 °C. Without
the greenhouse effect, the average temperature of the Earth would be around —19 °C [1].
Gases that absorb radiation in the range emitted by the Earth’s surface cause the greenhouse
effect and are called greenhouse gases (GHGs). The main GHGs are water vapor (H,O),
carbon dioxide (CO,), methane (CHy), nitrous oxide (N,O), ozone (O3) [2]. Measurements
carried out in recent decades have shown that the level of radiation escaping into space is
getting smaller; so, the heat is accumulated on the Earth, and energy balance is disturbed.
Therefore, it is observed the intensification of the greenhouse effect (global warming),
which is caused by the growing concentration of greenhouse gases in the atmosphere [3-5].

The main anthropogenic GHG, carbon dioxide, is responsible for about 81% of global
GHG emissions in the European Union (EU) (according to data for 2018); the next are
methane and nitrous oxide, accounting for 10% and 6%, respectively [6]. Relatively high
shares of methane and nitrous oxide in GHG emission, despite their low concentration in
the atmosphere, are connected to global warming potential, which compares the ability
of 1 kg of each gas to capture heat over a 100-year perspective. Methane has 21-36 times
greater potential than CO,, and nitrous oxide 265-310 times greater than CO; [7,8]. Another
important parameter is the remaining time of gases in the atmosphere. Carbon dioxide
does not break down easily and remains in the atmosphere for several centuries; nitrous
oxide remains for about 121 years; and for methane, it is about 12 years [8,9].

The methane emission from agriculture is about 54% of total emissions of this gas in
the EU, and for N,O, it is nearly 79% [6]. Therefore, despite the relatively small share of the
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agricultural sector in the EU’s global GHG emissions of around 10%, agriculture has great
potential and is an important link in the strategy of reducing greenhouse gas emissions
and mitigating climate change.

The intensification of the greenhouse effect and climate changes, for which the conse-
quence is a necessity of GHG reduction, are currently some of the key issues in the EU’s
environmental policy. One of the goals of the EU 2020 climate and energy package is to
reduce greenhouse gas emissions by 20% compared with 1990 levels [10]. In sectors not
covered by the emissions trading system (non-ETS sectors), reduction targets have been
set individually for each member state [11]. On the other hand, according to the EU 2030
climate and energy framework, greenhouse gas emissions are to be reduced by at least 40%
compared with those in 1990. In sectors covered by the emissions trading system, emission
reductions of 43% compared with those in 2005 are assumed, and in non-ETS sectors, by
30%. The land use, land-use change, and forestry sector (LULUCF) were included in the
UE 2030 climate and energy framework [12]. Moreover, at the EU meeting in December
2020, the target of GHG reduction was increased to at least 55% by 2030.

Considering the ambitious GHG reduction targets set by the EU, mainly those for 2030,
their implementation requires comprehensive knowledge about the amount of emissions
and their structure from each non-ETS area. Additionally, knowledge about the status
of implementation of the GHG reduction levels in each EU country may be helpful and
constitute a significant contribution to the planning of mitigation strategies. It will make it
easier to take the necessary initiatives: defining the measures, changing legal regulations,
etc. To realize such a high reduction level of GHG emissions, it will be necessary to act in
each of the emission areas, including agriculture.

The aim of the study is to analyze the amount, dynamics of changes, and the structure
of GHG emissions from agriculture in the EU in the years 2005-2018.

2. Materials and Methods

The study analyses the period from 2005 to 2018. The research is based on data about
GHG collected by the European Environment Agency [13]. These annual data are reported
by each EU state, which is obligatory under the United Nations Framework Convention on
Climate Change (UNFCCC). These emissions are reported according to classification and
in the Common Reporting Format (CRF) for five main categories: 1. Energy; 2. Industrial
processes and product use; 3. Agriculture; 4. Land use, land use change and forestry
(LULUCE); and 5. Waste. They are calculated according to the methodology published
by the Intergovernmental Panel on Climate Change [14]. These guidelines allow for the
estimation of emissions at various levels of detail, depending on the availability of national
methods as well as emission parameters and indicators.

The analyses based on GHG emission data, expressed in CO, equivalent, without
the LULUCEF sector, and emissions from international aviation and international maritime
transport. The research covers all EU countries, including the United Kingdom (EU-28).

GHG EU'’s emissions were reviewed in total from agriculture and individually for
each member state. The dynamics of emission changes was calculated, assuming that the
base year 1990 in the case of total GHG emissions and the base year 2005 in the case of
GHG emissions from agriculture.

The structure of GHG emissions from the agriculture sector was studied for EU and
individual member states. These are the included structures: enteric fermentation, manure
management, agricultural soils, field burning of agricultural residues, liming, and urea
application. For each agricultural source, the dynamics of changes in GHG emissions was
calculated, assuming the base year of 2005. The trends in GHG emissions from individual
sources in agriculture in the period 2005-2018 were also analyzed.
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3. Results and Discussion
3.1. GHG Emissions in the EU

In the analyzed period (1990-2018), GHG emissions, compared with the base year
1990, showed a downward trend. However, between 1990 and 2004, GHG emissions in
the EU fluctuated. There were both periodic increases and decreases in emissions. Since
2005, GHG emissions have been characterized by a constant downward trend. The largest
decreases (over 10%) were observed over the last ten years (Figure 1). In 2018, the total GHG
emission without the LULUCF sector was 4225.97 Tg CO; eq. (CO;—81.4%, CH3—10.3%,
N»O—5.6%) and was lower by 25.2% compared with that in 1990. With the LULUCEF sector,
the level of reduction was 26.8%. Considering the dynamics of GHG emissions in the
analyzed period, it can be projected that the 20% GHG emission reduction will be achieved.

6000
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3000

Share (%)

2000
1000

Emission (Tg CO, eq.)

0

mm without LULUCF s with LULUCF e agriculture =@ share of agriculture

Figure 1. Total greenhouse gas (GHG) emissions and agricultural GHG emissions in the EU for
1990-2018.

The values of GHG emissions in the EU countries in 2018 are presented in Figure 2.

1,000,000 1 3
o
wn
900,000 {
800,000
o 700,000 -
[}
QS 600,000 - I
o 3G 8
[-1:] < o Oo_
U 500,000 - SR
~— < g
c
.2 200,000
[7]
K]
€ 300,000 -
(19}
200,000 -
100,000 -

0 4

DEUK FR IT PL ES NL CZ BE RO GRAT PTHU IE BG FI SE DK SK HR LT EE SI LV LU CY MT

Figure 2. GHG emissions in the EU countries in 2018. Explanation: DE—Germany, UK—United
Kingdom, FR—France, IT—Italy, PL—Poland, ES—Spain, NL—The Netherlands, CZ—Czech Re-
public, BE—Belgium, RO—Romania, GR—Greece, AT—Austria, PT—Portugal, HU—Hungary, [E—
Ireland, BG—Bulgaria, FI—Finland, SE—Sweden, DK—Denmark, SK—Slovakia, HR—Croatia, LT—
Lithuania, EE—Estonia, SI—Slovenia, LV—Latvia, LU—Luxembourg, CY—Cyprus, MT—Malta.

From the analysis of the changes of GHG emissions in the EU countries, both decreases
and increases were observed. The greatest reductions in GHG emissions, compared with
those in 1990, were recorded in countries with a relatively small share in the total GHG
emissions in the EU. These were Lithuania (—57.8%), Latvia (—55.5%), Romania (—53.2%),
and Estonia (—50.4%). Probably, this is related to the economic changes taking place in
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these countries. In the countries with the highest share of GHG emissions in the EU, the
reductions were, respectively, as follows: Germany (—31%), United Kingdom (—41.8%),
France (—18.9%), Italy (—17.2%), and Poland (—13.1%) (Figure 3). The GHG emissions
were higher in Cyprus (+55.0%), Spain (+15.5%), Portugal (+15.0%), Ireland (+9.9%), and
Austria (+0.6%). Apart from Spain, countries in this group have a small share in the total
EU’s GHG emissions, which practically does not affect the total emission.
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Figure 3. Total GHG emission in selected countries in 1990-2018.

3.2. Agricultural GHG Emission in the EU

One of the sources of GHG emissions is agriculture. Its average share in total GHG
emissions (without LULUCF) in the EU in 2005-2018 was 9.3%. The share of this sector
in total GHG emissions in the EU has increased from 8.4% in 2005 to 10.3% in 2018
(Figure 1). Changes in GHG emissions from agriculture are not in line with the trend in
total GHG emissions in the EU. The agricultural GHG emissions showed a downward
trend in the years 2005-2012, whereas since 2013, GHG emissions increased slightly from
427.6 Tg CO; eq. up to 440.8 Tg CO; eq. in 2017. Compared with the previous year, only in
2018, it was recorded a slight decrease in emissions by 1.3%. The analysis of the dynamics
of emission changes in relation to the base year 2005 generally showed a decrease in GHG
emissions in 2006-2018. In 2018, GHG emissions from agriculture in the EU amounted to
435.3 Tg CO; eq. (CO-2.6%, CH4-53.7%, N,O-43.7%) and were lower by 1.2% compared
with those in 2005.

Almost 60% of the GHG emissions from agriculture in the EU come from France,
Germany, the United Kingdom, Spain, and Poland. Meanwhile, the countries with the low-
est agricultural GHG emissions—Luxembourg, Cyprus, and Malta—were responsible for
0.3% of total EU GHG emissions. The share of agriculture in total GHG emissions differed
in each country. It was the largest in Ireland (32.7%), Denmark (22.9%), Latvia (22.3%),
and Lithuania (21.1%), and the lowest in Malta (3%), Cyprus (5.7%), Slovakia (6.3%),
Luxembourg (6.5%), and the Czech Republic (6.7%) (Figure 4).

Based on the analysis of changes in GHG emissions from agriculture in the years
2005-2018, it was noticed that there was a generally downward trend in France. The
situation was opposite in Romania and Spain. Meanwhile, in Ireland and the Netherlands,
emissions decreased until about 2011 and then emissions increased. In other countries,
the emission was characterized by high variability without a clear upward or downward
slope (Figure 5).
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Figure 5. GHG emissions from agriculture in selected countries in 2005-2018.

3.3. State of Reduction of Agricultural GHG Emissions in the EU

The assumed reduction targets of GHG emissions from agriculture in the EU are
related to 2005 (base year). The achievements of these targets in the EU countries are
presented in Table 1.
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Table 1. Agricultural greenhouse gases (GHG) emission changes in EU countries in 2005-2018.

Aeri Changes in Agricultural ~ GHG Emission Limits in Red.uct.lon (?f GHG
gricultural GHG GHG Emissions for 2020 Compared with Emissions in 2030
Country Emission in 2018 o pG | Compared with 2005
(Gg CO; eq.) 20050—2018 2005 I-‘I) Levels GHG Levels
(%) (%) o
(%)
FR 74,774.04 -33 —14 -37
DE 63,564.89 -1.0 —14 —38
UK 40,837.00 —5.6 —16 -37
ES 39,643.76 -3.2 -10 —-26
PL 33,117.07 7.9 14 -7
IT 30,186.58 —5.8 —13 -33
IE 19,953.07 6.5 -20 -30
RO 19,854.03 —6.1 19 -2
NL 18,234.55 —0.6 —10 —36
DK 11,041.26 —2.0 —20 —39
BE 9960.88 —3.8 —15 —-35
Cz 8606.50 5.1 9 —14
GR 7781.50 —13.1 —4 —16
AT 7224.35 3.3 —16 —36
HU 7145.64 16.5 10 -7
PT 6798.76 1.6 1 —17
SE 6790.17 —3.6 —17 —40
FI 6562.49 0.3 —16 -39
BG 6415.69 241 20 0
LT 4280.66 3.3 15 -9
SK 2745.29 45 13 —-12
HR 2720.30 —-17.5 - -7
LV 2609.40 12.3 17 —6
SI 1721.71 —-0.6 4 —15
EE 1437.79 20.4 11 —13
LU 690.44 9.8 -20 —40
CY 499.40 —6.3 -5 —24
MT —13.7 5 —19

Explanation: red color—EU countries that have not yet reached the 2020 GHG limit in 2018; green color—EU countries that have reached
the 2020 GHG limit in 2018. Source: [12,14].

According to decision 406/2009/EC of the European Parliament and of the Council
of 23 April 2009 on the effort of Member States to reduce their greenhouse gas emissions
to meet the Community’s greenhouse gas emission reduction commitments up to 2020,
Member States have set GHG emission limits for 2020 compared with 2005 in non-ETS
sectors, which include agriculture. Depending on the size of the country, the structure of
agriculture, and the assumed changes in this sector, some of them are to reduce emissions,
and some may increase them within the assumed limit. Comparing the assumed GHG
limits for 2020 with the GHG emissions for 2018, 11 of the EU Member States meet the
GHG emission limits (green color in Table 1). These are mainly countries with a small share
in the EU GHG emissions, accessed to EU after 2004. The countries, which have not yet
reached the GHG limits for 2020 (red color in Table 1) are mainly old EU Member States,
and among them, the countries with the highest share in GHG emissions from agriculture
in the EU.

Comparing the agricultural GHG emissions in the EU in 2005 and 2018, there was a 2%
reduction in emissions during this time. This is lower than the limit for the non-ETS sector,
which is 10% (base year 2005). It should be noted that the assumed 2020 GHG emission
limits apply to all non-ETS sectors together, not only agriculture. On the other hand, the
GHG reduction limit for 2030 is much higher and, for non-ETS sector, assumed 30%. It
seems that to achieve this goal, it may be necessary to reach a significant reduction in each
area of the non-ETS sector.
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Studying the GHG limits established for 2030, it may be concluded that three coun-
tries should not have problems with reaching these limits: Malta, Greece, and Croa-
tia. Other countries should take decisive steps to implement measures to reduce GHG
emissions (Table 1).

3.4. GHG Emissions from Main Agricultural Sources

According to the IPCC methodology [14], the main sources of GHG emissions from
agriculture are enteric fermentation (CH,), manure management (CHy, N»O), agricultural
soils (NO), field burning of agricultural residues (CH4, N,O), liming (CO;), and urea
application (CO;). The structure of GHG emissions in 2018 in the EU is shown in Figure 6.
The largest sources were enteric fermentation (45%) and agricultural soils (37.8%), the
emissions of which are mainly related to the use of natural and mineral fertilizers. Com-
pared with the analysis conducted by Syp [15] for GHG emissions in the EU in 2014 in the
agricultural sector, the shares of the two main emission sources were 45% agricultural soils
and 38% enteric fermentation.

1.4% G 1.0%

\

0.1%

= enteric fermentation = manure management
= agricultural soils field burning of agricultural residues
= liming = urea application

Figure 6. GHG emissions from agricultural sources in the EU in 2018.

Based on an analysis of GHG emissions from agricultural sources for 2005-2018 in
the EU, a downward trend was recorded in emissions from enteric fermentation, manure
management, field burning of agricultural residues, and liming. Only the emissions from
urea application increased. For agricultural soils, emissions decreased until 2009, after
which an upward trend was observed (Figure 7).
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Figure 7. GHG emissions from agricultural sources in the EU in 2005-2018.
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3.4.1. Enteric Fermentation

In 2018, GHG emissions from enteric fermentation in the EU amounted to 194 Tg CO; eq.
(CH4-100%). Analyzing the share of GHG emissions from enteric fermentation in 2018 in
EU countries, it was noticed that over 40% of EU GHG emissions from enteric fermentation
came from three countries: France, Germany, and the United Kingdom with shares of 17.7%,
12.9%, and 10.9%, respectively. Luxembourg, Cyprus, and Malta had the lowest emissions
from enteric fermentation (Figure 8). The GHG emissions from enteric fermentation are
related primarily to the amount of livestock production, resulting from the size, geographic
location, and policies of the country. This has a significant impact on the share of enteric
fermentation in the total GHG emissions from agriculture. In eight countries, enteric
fermentation was over 50% of GHG emissions from agriculture: Luxembourg (58.4%),
Ireland (57.9%), Austria (57.0%), Romania (54.6%), Slovenia (53.9%), Cyprus (52.4%), the
United Kingdom (51.8%), and Portugal (51.4%). Only in two countries were the emissions
from this source below 30%: Bulgaria (23.2%) and Hungary (28.7%).
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Figure 8. GHG emissions from enteric fermentation in EU countries in 2018.

The analysis of changes in GHG emissions from enteric fermentation in the period
2005-2018 showed a downward trend in the countries that are the largest sources (France,
Germany, the United Kingdom). An upward trend was observed in Poland and Italy. In
Ireland, emissions decreased until 2011 and then emissions increased.

The dynamics of changes in GHG emissions from enteric fermentation in relation to
the 2005 base year showed emission reductions in France (—3.46%), Germany (—3.32%), the
United Kingdom (—6.49%), Spain (—6.26%), and Romania (—8.71%). Increases in emissions
were recorded in Poland (+10.87%), Ireland (+6.46%), and Italy (+3.60%) (Figure 9). This
may be due to an increase in the cattle population.

In 2018, GHG emissions from enteric fermentation in the EU were lower by 1.75%
compared with those in 2005. In this area, the majority of GHG emissions are related
to dairy and beef cattle farming. It has a relatively high reduction potential for GHG
emissions by 2030. The ongoing genetic and breeding work improve efficiencies such
as feed conversion-to-milk yield ratio, which significantly reduce the amount of GHG
emissions by 5-15% [16-18]. Further, modifications to nutrition by reducing fibre levels
can lower emissions by 5-10% [18-20]. Additionally, the increase in the share of pasture
feed in nutrition and the reduction in TMR consumption may result in reductions in GHG
emissions [21,22]. In summary, the abovementioned actions may lead to a reduction in
GHG emissions of up to 10%.
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Figure 9. GHG emissions from enteric fermentation in selected EU countries in 2005-2018.

3.4.2. Manure Management

In 2018, GHG emissions from manure management in the EU amounted to 63 Tg CO; eq.
(CH4—65%, NoO-35%). The biggest sources of GHG emissions from manure management
were Germany (14.8%), Spain (13.8%), the United Kingdom (11.1%), and France (10%);
Cyprus, Luxembourg, and Malta had the lowest emissions (Figure 10).
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Figure 10. GHG emissions from manure management in EU countries in 2018.

Only in five countries, emissions from manure management in GHG emissions from
agriculture in these countries was over 20%: Denmark (26.7%), the Netherlands (25.1%),
Cyprus (23.7%), Malta (22.7%), and Spain (21.9%); meanwhile, in six countries, the share of
emission from this source was below 10%: Ireland (9.9%), Lithuania (9.4%), Bulgaria (9.3%),
Sweden (8.8%), France (8.5%), and Latvia (6.5%).

The analysis of GHG emissions from manure management in 2005-2018 showed
that in Germany and Denmark, there was a clear downward trend in this period. In the
Netherlands there was a clear upward trend. Emissions remained constant in the United
Kingdom and France (Figure 11).
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Figure 11. GHG emissions from manure management in selected EU countries in 2005-2018.

The dynamics of changes in GHG emissions from manure management in relation
to the 2005 base year showed significant reductions in emissions in Denmark (—15.3%),
Germany (—10.3%), Spain (—8.7%), Italy (—8.2%), and Poland (—7.2%). In the Netherlands,
there were increases in emissions (+5.1%).

In 2018, GHG emissions from manure management in the EU were lower by 7.94%
compared with those in 2005. Ongoing intensification of livestock production leads to
increasing volumes of manure to be managed and may increase GHG emissions from the
manure management area. At the same time, it changes the level of specialization and
mechanization of European livestock production, which may reduce emissions. In larger
farms, implementation of GHG emission reduction techniques is cheaper per animal, but
complicated. One method of reducing GHG emissions is by improving or changing the
housing system. It may result, depending on the type of animal, up to a 30% reduction of
GHG emissions [23-26]. Another effective method is covering manure or slurry storage and
closing the slurry channel, producing a 10% GHG reduction [27,28]. Total GHG emission
reduction potential is quite low at about 10%. Changing the housing system is quite an
effective way to reduce GHG emissions and is relatively cheap but only in new buildings. In
existing livestock buildings, it often requires a change in construction, which is expansive.
On the other hand, covering manure and slurry storages is not so expensive and may be
forced by legal acts.

3.4.3. Agricultural Soils

In 2018, GHG emissions from agricultural soils in the EU amounted to 163 Tg CO; eq.
(N2O-100%). GHG emissions from agricultural soils in 2018 were the highest in France,
Germany, and Poland whose shares were 19.7%, 15.1%, and 9.4%, respectively. Significant
sources of emissions were also Spain (7.6%) and the United Kingdom (7.0%). The lowest
emissions were again noted in Luxembourg, Cyprus, and Malta (Figure 12).

In six countries, the share of emissions from agricultural soils in the GHG emis-
sions from agriculture in these countries was over 50%: Bulgaria (64.9%), Latvia (59.3%),
Lithuania (54.7%), Finland (53.9%), Hungary (52.5%), and Slovakia (50.7%). In the next
six countries, this share was over 40%: the Czech Republic (49.1%), Estonia (47.3%),
Poland (46.4%), Sweden (45.0%), France (42.9%), and Croatia (41.3%); in nine countries,
the share of GHG emissions from agricultural soils was below 30%: Ireland (29.5%),
the Netherlands (29.3%), Malta (28.9%), the United Kingdom (27.9%), Austria (27.7%),
Italy (27.6%), Luxembourg (27.3%), Slovenia (25.5%), and Cyprus (23.9%).

10
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Figure 12. GHG emissions from agricultural soils in EU countries in 2018.

Changes in GHG emissions from agricultural soils in 2005-2018 were similar in
the United Kingdom and Ireland; emissions remained constant. A downward trend
was observed in Italy and France while the upward trend was in Spain, Poland, and
Romania (Figure 13).
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Figure 13. GHG emissions from agricultural soils in selected EU countries in 2005-2018.

The analysis of the dynamics of changes in GHG emissions from agricultural soils
in relation to the 2005 base year showed a clear increase in emissions in Poland (+13.1%)
and Romania (+20%). These increases may result from the stabilization of the agricultural
market and the decline in the fallow land. Lower increases in emissions were observed in
Spain (+5.7%) and Ireland (+3.8%). Decreases occurred in Italy (—15.6%), France (—4.1%),
the United Kingdom (—3.1%), and Germany (—2.2%).

In 2018, GHG emissions from agricultural soils in the EU were higher by 1.36%
compared with those in 2005. The natural and synthetic fertilization is the main source of
GHG emissions in the area of agricultural soils. The best way to reduce these emissions is to
optimize the process of fertilization, understood as a precise selection of the fertilizer dose.
The dose selection is closely related to the method of fertilization. To minimize the fertilizer
dose and GHG emissions, the main direction is the direct land application of fertilizers.

11
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These solutions primarily reduce the time of contact between fertilizers and air by their
covering by soil shortly after application in the field or their application directly into the
soil. Using this method, it was observed that the GHG emissions reduced by 20% [29-31].

3.4.4. Field Burning of Agricultural Residues

In 2018, GHG emissions from field burning of agricultural residues in the EU amounted
to 0.6 Tg CO; eq. (CH4—73%, NoO-27%). In 2018, GHG emissions from field burning of
agricultural residues were noted in only thirteen countries; it was the largest in Romania
and accounted for nearly 57% of EU emissions in this source, followed by France (9.5%)
and Portugal (8.2%). Austria (0.1%), Hungary (0.06%), and Cyprus (0.04%) had the smallest
share in GHG emissions from field burning of agricultural residues in the EU (Figure 14).
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Figure 14. GHG emissions from field burning of agricultural residues in EU countries in 2018.

The highest share of emissions from field burning of agricultural residues in the total
emissions from agriculture was in Romania and was 1.8%. The next three countries were
Portugal (0.76%), Bulgaria (0.55%), and Greece (0.49%). In other countries, this share
was marginal.

According to the analysis of GHG emissions from field burning of agricultural residues
in 2005-2018, it was noticed that in Poland and Bulgaria, emissions slowly increased;
a downward trend was observed in Romania, Greece, and Spain. In other countries,
emissions remained relatively constant (Figure 15).

The analysis of the dynamics of changes in GHG emissions from field burning of
agricultural residues in relation to the base year 2005 showed significant increases in
emissions in Poland (+29.1%) and Bulgaria (+75.1%). It may be due to increase in the
share of crops, which generate the field burning residues. On the other hand, significant
decreases in emissions from this source were noted in Romania (—49.9%), Spain (—39.8%),
and Greece (—23.1%).

In 2018, GHG emissions from field burning of agricultural residues in the EU were
lower by 36.56% compared with those in 2005. Field burning of agricultural residues is
fast and economical, but it is highly unsustainable, as it produces large amounts of air
pollutants. The best way to reduce GHG emissions from this area is through the legal
prohibition of such practices and alternative agricultural residues management. It may be
converted to formed fuel (brick, pellets) or combusted directly for energy [32,33]. Another
method to reduce emissions from this area is to compost the residues for fertilization and
incorporation into the soil [34,35]. Projected reduction level of GHG emissions in this area
may be as much as 70%.

12
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Figure 15. GHG emissions from field burning of agricultural residues in selected EU countries in
2005-2018.

3.4.5. Liming

In 2018, GHG emissions from liming in the EU amounted to 6 Tg CO, eq. (CO,-100%).
GHG emissions from liming in 2018 were inventoried in 24 countries. The largest source
was Germany, responsible for almost 36% of emissions in the EU. The next were the
United Kingdom and France, whose shares were 15.4% and 12.2%, respectively. Slovakia,
Slovenia, Lithuania, Luxembourg, Croatia, Hungary, and Portugal had a small share in
GHG emissions from liming in the EU (Figure 16).
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Figure 16. GHG emissions from liming in EU countries in 2018.

The largest share of emissions from liming in the total emissions from agriculture was
in Germany and Finland, which amounted to 3.4% and 3.2%, respectively. In Denmark,
Ireland, and the United Kingdom, the share was slightly above 2%. In contrast, a marginal
share of 0.1% was noted in Portugal, Spain, Hungary, and Italy.

The analysis of GHG emissions from liming in 2005-2018 showed a clear upward
trend in Denmark. On the other hand, a clear downward trend was observed in the United
Kingdom. In other countries, the emissions were characterized by high variability without
a clear upward or downward trend (Figure 17).
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Figure 17. GHG emissions from liming in selected EU countries in 2005-2018.

The dynamics of changes in GHG emissions from liming in relation to the base year 2005
showed reductions for France (—20%), Finland (—27.5%), the United Kingdom (—34.1%), and
Poland (—44.2%). Germany and Ireland noted an increase in emissions from liming (+51%)
and (+71.5%), respectively.

In 2018, GHG emissions from liming in the EU were lower by 3.35% compared with
those in 2005. The reduction of GHG emissions from liming is a complex process. The
change in soil pH during liming contributes to the reduction of N,O emissions from acid
soils. However, this reduction effect is counterbalanced by CO, emissions during the
chemical dissolution of calcium carbonate. Actually, research is carried out on the chemical
and biological processes taking place during liming and the release of CO,, N,O, and CHy
from the soil. There are a small number of studies on the effect of liming on GHG emissions
due to changes in biological processes in soil, limiting the possibility of including these
processes in the GHG emission modelling process [36-38]. The level of GHG emission
reduction in the next 10 years can be assumed at the level of 0-5%.

3.4.6. Urea Application

In 2018, GHG emission from urea application in the EU amounted to 4 Tg CO; eq.
(CO,-100%). GHG emissions from urea application in 2018 were observed in 25 countries.
France, with a share of over 30% of EU emissions, was the largest source. Subsequently,
there were Germany, Spain, and Poland, whose shares amounted to 13.4%, 11.1%, and
9.7%, respectively. Sweden, Finland, Denmark, Cyprus, and Estonia had a small share in
GHG emissions from urea application in the EU (Figure 18).

The largest shares of urea application in the total agricultural emissions were in Croatia
and Slovakia, which was 2.4% in both countries. In six countries, this share was above
1%, they are France (1.72%), Hungary (1.58%), the Czech Republic (1.46%), Italy (1.34%),
Poland (1.25%), and Spain (1.19%). On the other hand, a marginal share (0.04% and less)
was recorded in Cyprus, Denmark, Estonia, Finland, and Sweden.

Based on the GHG emissions from urea application in the period 2005-2018, a clear
upward trend in emissions was observed in France. An upward trend was also noted in
the United Kingdom and Spain. In other countries, emissions were characterized by high
variability without a clear upward or downward trend (Figure 19).
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Figure 18. GHG emissions from urea application in EU countries in 2018.
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Figure 19. GHG emissions from urea application in selected EU countries in 2005-2018.

The analysis of the dynamics of changes in GHG emissions from urea application
compared with the base year 2005 showed the largest emission increases in France (+45.3%),
Spain (+48.3%), and the United Kingdom (+66.7%). Only in Italy, the GHG emissions
significantly decreased (—20.1%).

In 2018, GHG emissions from urea application in the EU were higher by 25.72%
compared with those in 2005. It is possible to significantly reduce GHG emissions in this
area. One way is to replace urea with other ammonium nitrate fertilizers. For a long time,
the potential of urease and nitrification inhibitors in reducing greenhouse gas emissions
because of the massive use of agricultural fertilizers has also been recognized. Another
method is by polymeric coating urea granules. The total GHG reduction potential of these
methods ranges from 60 to 90% [39-42].
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4. Conclusions

Climate change is a global problem, therefore, only the efforts of many countries—
especially the largest ones—can bring measurable benefits in the form of stabilization and
then reduction of anthropogenic GHG emissions into the atmosphere. For this reason,
measures taken by individual EU countries should be coordinated, because then one can
expect significantly beneficial effects of the policy, as a result of revealing synergistic effects.
The proposed measures and instruments to reduce GHG emissions and to mitigate climate
change result from the level of development of EU countries and their economic situation.

Comparing 2018 with the base year 2005, emissions from the agricultural sector
decreased by about 2%, which is less than the assumed 10% reduction of GHG emissions in
non-ETS sector. The ambitious goals set by the EU for 2030 assume a 30% reduction in the
non-ETS sector. This will require a significant reduction of GHG emissions from agriculture.
Based on the analysis of the GHG emission structure and available reduction techniques, it
was calculated that in this period, it should be possible to reduce emissions from agriculture
by about 15%. The concentration and intensification of agriculture in the EU, considered as
a threat to the environment, may contribute to the reduction of GHG emissions. This is
related to the areas where emissions may be significantly reduced, in particular, enteric
fermentation, manure management, and agricultural soils, which together account for
about 98% of GHG emissions. Reduction of emissions from these areas is associated with
the rebuilding of existing buildings or the construction of new facilities, the purchase of
equipment for the precise preparation of feed and the application of fertilizers, and the
employment of qualified personnel. In large farms, the implementation of such techniques
generates lower investment and operating unit costs. In smaller farms, the application of
reduction techniques is simply unprofitable financially.

Reducing GHG emissions requires the involvement of significant human resources,
changes in legal regulations, financial outlays, as well as organizational and technical
changes. However, the level of reduction is difficult to predict because the changes in
the livestock population and the crop structure for the next 10 years, which have a direct
impact on GHG emission levels, are difficult to determine.
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Abstract: Alpine wetlands sequester large amounts of soil carbon, so it is vital to gain a full un-
derstanding of their land-atmospheric CO, exchanges and how they contribute to regional carbon
neutrality; such an understanding is currently lacking for the Qinghai—Tibet Plateau (QTP), which is
undergoing unprecedented climate warming. We analyzed two-year (2018-2019) continuous CO,
flux data, measured by eddy covariance techniques, to quantify the carbon budgets of two alpine
wetlands (Luanhaizi peatland (LHZ) and Xiaobohu swamp (XBH)) on the northeastern QTP. At
an 8-day scale, boosted regression tree model-based analysis showed that variations in growing
season CO, fluxes were predominantly determined by atmospheric water vapor, having a relative
contribution of more than 65%. Variations in nongrowing season CO; fluxes were mainly controlled
by site (categorical variable) and topsoil temperature (T), with cumulative relative contributions of
81.8%. At a monthly scale, structural equation models revealed that net ecosystem CO, exchange
(NEE) at both sites was regulated more by gross primary productivity (GPP), than by ecosystem
respiration (RES), which were both in turn directly controlled by atmospheric water vapor. The
general linear model showed that variations in nongrowing season CO, fluxes were significantly
(p < 0.001) driven by the main effect of site and Ts. Annually, LHZ acted as a net carbon source, and
NEE, GPP, and RES were 41.5 & 17.8, 631.5 £ 19.4, and 673.0 = 372 g C/ (m2 year), respectively.
XBH behaved as a net carbon sink, and NEE, GPP, and RES were —40.9 £+ 7.5, 595.1 & 15.4, and
554.2 £ 7.9 g C/(m? year), respectively. These distinctly different carbon budgets were primarily
caused by the nongrowing season RES being approximately twice as large at LHZ (p < 0.001), rather
than by other equivalent growing season CO, fluxes (p > 0.10). Overall, variations in growing season
CO; fluxes were mainly controlled by atmospheric water vapor, while those of the nongrowing
season were jointly determined by site attributes and soil temperatures. Our results highlight the
different carbon functions of alpine peatland and alpine swampland, and show that nongrowing sea-
son CO, emissions should be taken into full consideration when upscaling regional carbon budgets.
Current and predicted marked winter warming will directly stimulate increased CO, emissions from
alpine wetlands, which will positively feedback to climate change.
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1. Introduction

Due to their water-logged and relatively low-temperature conditions, wetlands com-
prise a large component of global terrestrial carbon reserves; they store ~30% of the global
soil carbon pool, despite only constituting ~5% of the land surface [1-3]. Although pristine
alpine wetlands could be potential future carbon sources because of the projected warming
and drying climate [1,4,5], carbon accumulation in mid- and high-latitude wetlands has
increased slightly over recent decades [2,6]. Thus, increased knowledge of carbon dynamics
and their responses to environmental controls in alpine wetlands is essential to address
this discrepancy and to quantify the contributions of wetlands in mitigating atmospheric
greenhouse gas concentrations [4,7,8].

Alpine wetlands can be either carbon sources or carbon sinks depending on local hy-
drothermal conditions, consequent vegetation types, soil physical and chemical properties,
and microorganism compositions [9-12]. Gross primary productivity (GPP) and ecosystem
respiration (RES) are two contrasting processes that determine carbon budgets, and those
are closely related to ecohydrological factors, usually with nonlinear relationships [13-15].
Water availability has been shown to be an important control of the seasonal variability in
COy, fluxes of alpine wetlands, through its simultaneous effects on vegetation growth and
organic matter decomposition [4,9,16]. Vascular plant coverage has an asymptotic relation-
ship with GPP, and an incremental relationship with RES, but their sensitivity varies by leaf
area index and vegetation type [17,18]. Under the context of climate warming scenarios,
recent studies have shown that plant productivity outweighs ecosystem respiration, and
alpine peatlands have become more efficient carbon sinks because of a higher sensitivity
of GPP compared to RES, longer growing season, and more plant carbon input [19-21].
Contrarily, other studies have suggested that decreased moisture availability caused by
warming could stimulate more soil respiration and potentially reverse the carbon sink
function [6,22,23]. Quantifying the relative contributions of biotic and abiotic controls
on carbon budgets has the potential to understand this debate but has been poorly ad-
dressed because of their intertwined relationships [22]. Moreover, nongrowing season
CO; emissions are believed to play a considerable role in carbon budgets, but there is
still much uncertainty due to limited long-term field observations [4,18]. More detailed
knowledge is greatly needed to quantify and predict the fate of the carbon function of
alpine wetlands under remarkable winter warming and increasing precipitation [9,13].
Year-round continuous measurements, rather than merely from the growing season, are
required in alpine wetlands to address this issue [23,24].

Carbon budgets of alpine wetlands on the Qinghai—Tibet Plateau (QTP) have drawn
increased attention recently [11,13,25,26]; the QTP wetlands house relatively large soil
carbon reservoirs because of lower decomposition rates and higher vegetation photosyn-
thetic production compared with other surrounding wetland ecosystems [4,17]. Moreover,
wetlands on the QTP have been expanding due to the warming climate and decreased
human activity [27]. However, the carbon sink/source functions in alpine wetlands are
highly variable. For instance, the wetlands of Zoige, Qinghai Lake (Xiaobohu: XBH),
and Hehei have recently behaved as carbon sinks, with annual carbon accumulations of
approximately 170, 250, and 510 g C/m?, respectively [12,13,28]. In contrast, Luanhaizi
(LHZ) wetland has been a carbon source and released approximately 100 g C/(m? year) to
the atmosphere from 2005 to 2014 [14,17,25]. Therefore, quantifying the carbon dynamics of
contrasting alpine wetlands will be helpful in understanding the confounding mechanisms
in their carbon budgets. In this study, we obtained CO, fluxes and auxiliary environmental
variables, measured by eddy covariance systems, over a two-year period from 2018 to 2019,
from both LHZ and XBH on the northeastern QTP (Figure S1). This enables us to quantify
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inter-seasonal and inter-annual CO, budgets of the two contrasting alpine wetlands and
to explore the relative contributions of each of the main environmental controls and their
underlying ecological processes. We hypothesize that RES will contribute more than GPP
to the distinct carbon functions of the two wetlands, because prior studies have reported
that annual GPP was nearly equivalent in these two wetlands (630 g C/m? in LHZ [17]
and 640 g C/m? in XHB [29]).

2. Materials and Methods
2.1. Site Descriptions

The two alpine wetlands, namely Luanhaizi (LHZ, 37°35’ N, 101°20" E, 3250 m alti-
tude) and Xiaobohu (XBH, 36°42’' N, 100°47’ E, 3210 m altitude), are both located on the
northeastern Qinghai—Tibet Plateau (Figure S1); these can be classified as peatland and
swampland, respectively, according to the differences in vegetation community, hydrologi-
cal processes, and soil history [27]. The climate is cold and humid, belonging to the plateau
monsoon climate of the alpine, frigid temperate zone.

LHZ lies adjacent to the Haibei National Field Research Station for Alpine Grasslands,
which is a long-standing member of the Chinese Flux Observation and Research Network
(ChinaFLUX). XBH lies on the eastern Qinghai Lake and belongs to the Qinghai Normal
University. The mean annual air temperature and precipitation were —1.1 °C and 490.0 mm
in LHZ [17], respectively, and 1.2 °C and 357.0 mm in XBH [29]. The 0-20 cm soil organic
carbon content averaged 15.7% at LHZ and 6.2% at XBH. In LHZ, the dominant plant
species were Kobresis tibetica, Carex pamirensis, C. alrofusca, Blysmus sinocompressus, Hip-
puris vulgaris, and Triglochin palustre [14]. The relative vegetation coverage, aboveground
biomass, and belowground biomass during the flourishing growth stage (July-August)
were approximately 95%, 340 g/m?, and 4200 g/m?, respectively [25]. LHZ was constantly
submerged during the growing season, and the water depth was about 20 cm, with re-
markable spatial and temporal variations [9]. In XBH, the dominant plant species were C.
limosa, B. sinocompressusm, K. tibetica, Schoenoplectus tabernaemontani, and Phragmites australis.
The relative vegetation coverage, aboveground biomass, and belowground biomass from
July to August averaged 85%, 225 g/m?, and 3200 g/m?, respectively. The maximum
volumetric topsoil water content was about 60% [29].

2.2. Measurements

CO; fluxes were measured by eddy covariance techniques at both sites. An eddy
flux tower, including a three-dimensional ultrasound anemometer (CSAT3, the offset
error < £ 8.0 cm/s, Campbell Scientific, Logan, UT, USA) and an open-path infrared
CO,/H0 analyzer (Li-7500 for LHZ and Li-7500A for XBH, the typical zero drift was
£ 0.1 ppm in CO; and =+ 0.03 mmol/mol in H,O, Li-Cor, Lincoln, NE, USA), was installed
at a height of approximately 2.0 m above the surface; these have been in place since 2003
in LHZ and since 2010 in XBH. The raw data frequency was 10 Hz. A micro-meteorology
station was also constructed adjacent to the flux tower, to monitor air temperature, atmo-
spheric water vapor, wind speed and direction, four-component radiation, precipitation,
and topsoil temperature. More detailed measurement information can be found in prior
papers [17,29]. The growing season was simply defined as May—October for both sites and
was robust because the enhanced vegetation index was above 0.2 during these periods
(Figure 1f).
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Figure 1. The seasonal variations in precipitation (a), air temperature (T3), (b), net radiation (Rp), (c), topsoil temperature

(Ts),
alpine wetlands.

), (d), atmospheric water vapor (Vapor), (e) and enhanced vegetation index (EVI), (f) from 2018 to 2019 at the two

2.3. Data Collection and Processing

Subsequent to raw high-frequency data collection, half-hour CO; fluxes were com-
puted from spike removal, two-dimensional coordinate rotation, time-lag compensation,
and the Webb-Pearman-Leuning (WPL) ‘Burba correction’ for density fluctuations because
of the self-heating effect [30] using Eddypro 7.0.6 (Li-Cor, Lincoln, NE, USA). The calculated
CO; fluxes were screened to improve data quality by removal of a quality flag with “2” [31]
and outliers (beyond 4.5 standard deviations) in a 10-day window, and by filtering against
lower turbulence (threshold nighttime friction velocity was 0.15 m s~!). The annual valid
data coverage was ~40%, with ~70% and ~20% in the daytime and nighttime, respectively,
comparable to data reported for ChinaFLUX [32] and other alpine sites [22]. The CO, flux
data were gap-filled by a machine learning algorithm of boosted regression trees (BRT) [33],
which was conducted using a dataset with a valid flux subset and corresponding routine
meteorological subset, including air temperature, atmospheric water vapor, net radia-
tion, wind velocity, and topsoil temperature. Machine learning algorithms were found
to outperform other conventional gap-filling techniques by incorporating all of the main
environmental controls simultaneously [34,35]. Because of the distinctly different processes
governing CO, exchanges between growing season daytime (Growing: the simultaneous
occurrence of plant photosynthesis and ecosystem respiration) and nongrowing season
all-time and growing season nighttime (Nongrowing: only ecosystem respiration occurred),
we filled data gaps separately. Firstly, boosted regression trees were fitted using the Grow-
ing valid dataset (BRT-growing) and the Nongrowing valid dataset (BRT-nongrowing),
respectively. Secondly, the fitted BRT-growing and BRT-nongrowing, respectively, were
used to fill data gaps with corresponding meteorological variables. After several compar-
isons, tree complexity, learning rate, and number of trees in BRT were fixed at 5, 0.005, and
5000, respectively.
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The growing season daytime ecosystem respiration was estimated from the
nongrowing-BRT and extrapolated based on the daytime meteorological variables. There-
fore, daily ecosystem respiration (RES) is the sum of daytime respiration and nocturnal
respiration. Daily GPP equals the values that daily RES minus daily NEE.

The enhanced vegetation index (EVI, MYD13Q1) was adopted as a metric for capturing
the relationship between CO, fluxes and biotic variables in alpine grasslands [35-37]. The
8-day EVI was flux tower-centric at 500 x 500 m spatial resolution and was obtained from
the Oak Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC, https:
//modis.ornl.gov/globalsubset/). Half-hour values of CO, fluxes and meteorological
variables were aggregated into an 8-day scale to match the temporal resolution of the EVI.

2.4. Statistical Analysis

BRT is well documented for ecological studies [33-35] and was here adopted to explore
the relative contributions to 8-day CO, fluxes of the main environmental controls, which
included continuous variables (air temperature, atmospheric water vapor, wind speed, net
radiation, topsoil temperature, and enhanced area index) and categorical variables (site
name, indicative site attributes). Vapor pressure deficit (VPD) can also represent atmo-
spheric moisture status but was excluded from the key environmental controls because
of its limited contribution to variations in CO, fluxes (Figure S2) in alpine grasslands [35].
More importantly, this algorithm can tolerate collinearity and nonnormality among en-
vironmental controls, which are rather common in environmental studies. Piecewise
structural equation models (SEM) were used to identify the total effects and pathways
of environmental controls on monthly CO, fluxes. BRT and SEM were performed by the
package of “Dismo” [33] and “piecewiseSEM” [38] in R 4.0.3 [39]. Other conventional
statistical analysis, such as linear regression, correlative analysis, and general linear models
were also conducted in R.

3. Results
3.1. Information Regarding Abiotic and Biotic Controls

The two wetlands experienced small differences in climate during the two study years,
with LHZ being relatively wetter and colder (Figure 1). Annual precipitation averaged
487.8 mm at LHZ and 291.8 mm at XBH. Annual mean air temperature (T,) was 0.9 °C
at LHZ, which was lower than that of XBH by 3.3 °C. Mean daily net radiation (R,) was
almost equivalent, being approximately 85.0 W/m? at both locations. Annual mean topsoil
temperature (Ts) and atmospheric water vapor were also similar at the two wetlands, and
averaged 2.7 °C and 4.9 kPa, respectively. Vapor pressure deficit (VPD) was 0.26 kPa in
LHZ and 0.39 kPa in XBH. However, there was a distinct difference in EVI, with an annual
value of 0.40 at LHZ and 0.17 at XBH. The maximum 8-day EVI was approximately 0.62 at
the end of July in LHZ, which was over twice more than that of XBH (0.25; Figure 1).

3.2. Eight-Day Variations in CO, Fluxes

The trends of seasonal CO, fluxes were similar at the two sites, although the magni-
tudes were to some extent different (Figure 2). Daily GPP averaged 3.23 + 1.88 ¢ C/(m? d)
(Mean =+ S.D., the same below) at LHZ and 3.43 + 2.25 g C/(m? d) at XBH. The paired-
sample t-test showed that the difference was marginally significant (p = 0.07). Daily RES
was 1.83 £ 090 g C/ (m? d) at LHZ, which was significantly (p < 0.001) more (by 17.6%)
than that of XBH. Therefore, daily NEE was 0.11 + 1.57 ¢ C/(m? d) at LHZ, and this was
much higher than that of XBH (-0.11 £ 0.96 g C/ (m? d)).
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Figure 2. The 8-day variations in CO, fluxes of the two alpine wetlands (gross primary productivity GPP, (a); ecosystem
respiration RES, (b); net ecosystem CO, exchange NEE, (c)).

During the growing season, the mean total deviance and 10-fold cross-validation
deviance for 8-day GPP, RES, and NEE were 108.57 and 9.67, 72.14 and 3.47, and 269.57 and
17.64, respectively, which suggested the good performance of the BRT models
(R? > 0.90, Figure S3). The results showed that the variations of 8-day GPP and 8-day NEE
were mostly determined by atmospheric water vapor, with relative contributions of more
than 65% (Figure 3a). GPP showed a positive correlation with atmospheric water vapor,
while NEE showed a negative correlation with atmospheric water vapor (Figure 4a,d).
Variations in 8-day RES were jointly controlled by atmospheric water vapor and Ts, which
explained 76.5% of the total variations. RES showed a positive correlation with both atmo-
spheric water vapor and T (Figure 4b,c). It should be noted that the relative contribution
of site (categorical variables) was less than 2%, which indicated that the growing season
patterns of 8-day CO; fluxes at the two sites should be attributed to variations in environ-
mental controls rather than site attributes. Furthermore, the contribution of EVI to NEE
was more than 10%, although it was only 5.0% for GPP and 9.8% for RES (Figure 3a).

During the nongrowing season, the mean total deviance and 10-fold cross-validation
deviance for 8-day NEE were 9.57 and 2.59 (R? = 0.73; Figure S3), respectively. The variabil-
ity in NEE was jointly determined by site attributes and T, with cumulative relative contri-
butions of 81.8% (Figure 3b). Mean daily NEE was approximately 1.07 & 1.57 g C/(m? d)
at LHZ, which was about twice that of XBH (0.56 + 0.96 g C/(m? d), Figure 4e). NEE
exponentially increased with T at both sites (Figure 4f).
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Figure 3. The relative contributions of environmental controls on variations in the growing season
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Figure 4. The fitted 8-day CO, fluxes (net ecosystem exchange NEE, (a,e,f) ecosystem respiration RES,
(b,c) gross primary productivity GPP, (d) in relation to each of the important predictors (Vapor: atmo-
spheric water vapor; Ts: topsoil temperature) used in the model during the growing season (a,d) and
nongrowing season (e, f).
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3.3. Monthly Variations in CO, Fluxes

Maximum monthly GPP occurred in July and August at both sites (Figure 5), and
averaged 179.6 + 28.0 g C/(m? month) at LHZ and 161.6 4 11.0 g C/(m? month) at
XBH. Similarly, maximum monthly RES averaged 97.2 + 6.0 g C/(m? month) at LHZ and
1052 +58gC/ (m? month) at XBH during July and August. The minimum monthly NEE
averaged -82.4 +24.3 g C/ (m? month) at LHZ and -56.4 + 7.3 gC/ (m? month) at XBH
during these two months. Interestingly, the maximum monthly NEE occurred in November
(475+32gC/ (m? month)) at LHZ, while it occurred in April (303 £14gC/ (m? month))
at XBH, reflecting different hydrothermal conditions. The monthly RES at LHZ
(56.1+272gC/ (m? month)) was significantly (p < 0.001) more than that at XBH
(462 £357gC/ (m? month)), in contrast to the undetectable difference in monthly GPP
(p = 0.23) and monthly NEE (p = 0.10) at the two sites (Figure 6). Further analysis showed
that the difference of RES mainly stemmed from an approximately two-fold larger non-
growing season RES at LHZ (Figure 6b). Moreover, the nongrowing season RES comprised
as much as 29.5% of the annual RES in LHZ, but only comprised 18.5% in XHB.
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Figure 5. The monthly variations in CO, fluxes of the two alpine wetlands (gross primary productiv-
ity GPP, (a); ecosystem respiration RES, (b); net ecosystem CO; exchange NEE, (c)).

During the growing season, both NEE and RES were significantly correlated with
GPP, with 69.0% of the per-unit GPP contributed to RES and 31.0% to NEE. Monthly NEE
at both sites was controlled much more by monthly GPP than by monthly RES, indicated
by stronger standardized coefficients for the former (Figure 7). GPP and RES were both
controlled by atmospheric water vapor and the direct effect was similar for both LHZ and
XBH (0.78 versus 0.79 for GPP, and 1.01 versus 0.96 for RES) for the two wetlands. It should
be noted that the indirect effect of atmospheric water vapor through EVI on CO; fluxes was
significant (p < 0.05) at XBH alone, and the total effects of atmospheric water vapor on GPP
and RES were 1.19 (0.79 + 1.09 x 037) and 1.07 (0.79 + 1.09 x 0.26), respectively (Figure 7b).
This might be caused by XBH being a much lower EVI (Figure 1f). Therefore, the variations
in monthly CO; fluxes were predominantly determined by monthly atmospheric water
vapor during the growing season, and the effect of vegetation growth was important at
XBH with lower plant coverage. GPP/RES, which evaluates the relative contribution of
CO; exchange processes to the total CO;, exchange, averaged 1.21 £ 0.61 at LHZ and
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1.20 = 0.35 at XBH, respectively. The paired-sample t-test showed that the difference in
GPP/RES between the two sites was non-significant (p = 0.91, N = 12).
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Figure 6. The paired-sample t-test on the monthly ecosystem respiration (RES) at the whole year
(a), non-growing season (b), growing season (c) and the growing season monthly gross primary
productivity (GPP), (d) of the two alpine wetlands (Na: non-significant; ***: p < 0.001).

During the nongrowing season, monthly NEE was controlled by monthly Ts, and the
relationship could be depicted by a Qqg-based model (NEE = a x eln(Qi0)(1s-10)/10, Q1o
describes the proportional increase in the rate of respiration per 10 °C rise in temperature [5];
Figure 8). The reference respiration in LHZ was 29.8% more than that of XBH, while Q1
was 27.3% lower at the former site. Furthermore, the general linear model of monthly
In(NEE) with T and site (categorical variable) revealed that the main effects of Ts and site
attributes were both significant (p < 0.001), but the interaction was insignificant (p = 0.91;
Table S1). Thus, the nongrowing season monthly NEE should be jointly determined by T
and site attributes.

Fisher's C = 4.97, AIC=40.97, P=0.55,df =6 LHZ: (a)

0.78*

Figure 7. Cont.
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Fisher's C = 2.29, AIC=38.29, P=0.89, df=6 XHB: (b)

R?=1.00

0.79*

R2=0.97

Figure 7. The piecewise SEM models of monthly CO; fluxes for LHZ (a) and for XBH (b) during
the growing season. Numbers on arrows are standardized path coefficients, black dashed arrows
are negative and red solid are negative, grey thin arrows show non-significant standardized path
coefficients (significance levels are ™ p > 0.05, * p < 0.05, ** p < 0.01 and *** p < 0.001). R? value indicates
the variance explained by the model. The line weight is ten times the standardized coefficients.
Abbreviations: Ts: topsoil temperature, Vapor: atmospheric water vapor; EVI: enhanced area index;
GPP: gross primary productivity; RES: ecosystem respiration; NEE: net ecosystem CO, exchange.
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Figure 8. The relationship between monthly NEE and monthly topsoil temperature (T) of the two
alpine wetlands. Shaded areas are the 95% confidence intervals of the fitted regression.

Overall, LHZ acted as a carbon source at an annual rate of 41.5 4 17.8 g C/(m? year)
while XBH was a carbon sink at a rate of 40.9 £ 7.5g C/ (m? year). Annual GPP and RES
at HLZ were 631.5 4 19.4 and 673.0 + 37.2 g C/(m? year), respectively, and those at XBH
were 595.1 4= 15.4 and 554.2 + 7.9 g C/(m? year) (Figure 5). Bivariate correlation analysis
showed that the site-to-site variations in annual NEE were more significantly determined
by annual RES (p = 0.02, N = 4), than by annual GPP (p = 0.13, N = 4). Forward stepwise
linear regression showed that the variations in annual NEE and annual RES were both
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related to annual accumulative EVI (p < 0.03, N = 4, R? > 0.94; Table S2). Annually, the
carbon use efficiency (-NEE/GPP) averaged —0.065 + 0.026 at LHZ and 0.068 + 0.011 at
XBH, respectively.

4. Discussion
4.1. Environmental Controls on CO, Fluxes

The variations in growing season CO, fluxes were mainly determined by atmospheric
water vapor in the two alpine wetlands (Figures 3 and 7), which is inconsistent with the
long-standing view that thermal conditions predominantly control CO, fluxes in these
temperature-limited wetlands [14,15,40]. There are two potential explanations for this
finding from the perspectives of the atmospheric water vapor itself and plant physiol-
ogy. First, atmospheric water vapor is an integral indicator of hydrothermal status and
can exert a substantial influence on land carbon uptake variability through its indirect
effects from soil moisture-atmosphere feedbacks [41,42]; this is indeed exponentially re-
lated to T, (atmospheric water vapor = 3.9¢%872 R2 = 0.97, p < 0.001) and T (atmospheric
water vapor = 2.6¢011Ts R2 = (.83, p < 0.001) and would, thus, be a reasonable proxy of
thermal conditions. Second, the optimum temperature of plant physiological activity is
closely related to the growing season air temperature due to long-term plant evolutionary
adaptation [43]. In other words, current thermal conditions should be comparable for
analogous plant photosynthesis and growth within a certain cold site [44,45]. Addition-
ally, the effects of thermal conditions on CO; fluxes are markedly moisture-dependent,
based on reports from warming experiments in alpine regions [45,46]. Thus, atmospheric
water vapor should be a reliable metric of hydrothermal conditions controlling growing
season CO; fluxes in alpine wetlands [12,35]. The nongrowing season CO, fluxes were
jointly controlled by site attributes and T (Figures 3 and 8). This stems from the fact that
ecosystem respiration consists of root autotrophic respiration and microbial heterotrophic
respiration, which are closely related to substrate availability and soil temperatures in
alpine regions [9,44]. Therefore, atmospheric water vapor, more than air/soil temperatures,
regulated the variability in growing season CO, fluxes, while site attributes and soil tem-
peratures jointly controlled nongrowing season CO; emissions in our wetlands. These
findings are consistent with previous studies [4,12,18]. Given that the nongrowing season
temperature is projected to further increase across the QTP [47], these alpine wetlands will
likely release more carbon and positively feedback to climate change [5]; this prediction
is different from the model simulations of a single site where little attention was paid to
nongrowing season CO, dynamics [13,26].

4.2. Carbon Budgets of the Two Wetlands

The distinct carbon function of the two wetlands is explained more by RES, than by
GPP, specifically by nongrowing RES (Figures 4 and 6). The smaller annual carbon use
efficiency (about 6%) and little difference in growing GPP/RES (1.20) also confirmed the
important role of nongrowing RES in carbon budgets. The nongrowing season daily CO,
effluxes were 1.07 g C/(m? d) in LHZ and 0.56 g C/(m? d) in XBH, which lie within the
reported values of other alpine wetlands [4,40]. The higher nongrowing season RES at
LHZ compared to XBH thus contributed to a net carbon source at LHZ. Soil temperature
was similar at both sites (Figure 1) and was still high enough to support organic matter
decomposition and root respiration due to the snow insulation effect, despite the air
temperature being below —10 °C [4,16]; hence, greater root biomass and more soil organic
carbon at LHZ, rather than thermal conditions, probably led to more ecosystem respiration
at LHZ compared to XBH during the nongrowing season [1,4]. Meanwhile, the easily
degradable labile carbon from plant litter, induced by higher vegetation coverage (e.g., two-
fold higher EVI at LHZ), will stimulate enhanced microbial growth, carbon mineralization,
and soil respiration at LHZ [11]. However, the temperature sensitivity of RES was much
higher at XBH (Figure 8), which also indicated lower stability of soil organic matter at this
site [21].
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The nonsignificant difference in GPP possibly stems from the higher productivity of
swampland plants compared to peatland plants [9]. This appears to be confirmed by a
three-fold higher sensitivity of GPP to EVI (slope = 40.5 g C/(m? d)) at XBH compared
to that at LHZ (slope = 14.5 g C/(m? d)). The growing season RES was closely correlated
with GPP (R? > 0.90, p < 0.001; Figure S4) at both sites, through substrate supply [13].
Therefore, nonsignificant GPP results in little difference in growing season plant autotrophic
respiration and the consequent RES, specifically, nongrowing season RES contributes to
the distinct carbon functions in the two alpine wetlands.

Higher carbon sink capacity appears to coincide with higher precipitation, which is
in agreement with previous reports from alpine wetlands [14,19,40]. However, the un-
derlying responses of the two sites are clearly different. Greater precipitation inhibited
carbon dynamics at LHZ while stimulated carbon exchanges at XBH (Figure S5). Specif-
ically, at LHZ, the higher precipitation (536.1 mm versus 439.6 mm) decreased annual
GPP less by 27.5 g C/m? (645.2 g C/(m? year) versus 617.7 g C/(m? year)), compared
to a decrease in RES of 52.6 g C/ m?2 (699.3 gC/ (m? year) versus 646.7 g C/ (m? year)).
Decreased carbon fluxes might be caused by more waterlogged patches and lower oxygen
availability for soil respiration under higher precipitation [14,17,23]. At XBH, the greater
precipitation (238.8 mm versus 344.7 mm) stimulated increased GPP by 21.8 g C/m?
(584.2gC/ (m? year) versus 606.0 g C/ (m? year)), compared to an increase in RES of
11.1 g C/m? (548.7 g C/(m? year) versus 559.8 g C/(m? year)). Such a phenomenon indi-
cates that GPP and RES at XBH should be to some extent water-stressed, which agrees well
with previously reported positive relationships between CO, fluxes and water availability
at the same site from 2012 to 2013 [29]. Indeed, recent studies have suggested that the
response of soil carbon decomposition to water-table manipulation in LHZ is controlled by
ferrous iron, in contrast to the classic “enzyme latch” theory seen in other wetlands [21,48].
Therefore, the different responses of CO, fluxes to promoted precipitation between peat-
lands and swamplands should be taken into full consideration in predicting the feedback
of alpine wetlands to climate change on the QTP. Further, more extensive and long-term
studies, including those on another potent greenhouse gas, CHy, are required to quantify
the contribution of alpine wetlands to the regional carbon neutrality of alpine wetlands [8].

5. Conclusions

Using two-year continuous measurements from the northeastern Qinghai—Tibet
Plateau, this study revealed that an alpine peatland site acted as a net carbon source,
while an alpine swampland site acted as a net carbon sink. Growing season CO, fluxes
were predominantly controlled by atmospheric water vapor, while nongrowing season
ecosystem respiration was regulated by site attributes and topsoil temperatures. Ecosystem
respiration, specifically nongrowing season CO, emissions, potentially accounted for the
distinctly different carbon budgets of the two alpine wetlands. These findings highlight the
crucial role of nongrowing season CO, dynamics in alpine wetlands, which will positively
feedback to climate change under the context of marked winter warming.

Supplementary Materials: The following are available online at https://www.mdpi.com/article /10
.3390/atmos12121695/s1, Table S1: The analysis of variance from the general linear model of monthly
net ecosystem exchange (In(NEE) with soil temperature (Ts, continuous variable) and site attributes
(Site, categorical variable) during the nongrowing season, Table S2: The Pearson correlation analysis
between annual CO, fluxes (NEE, RES, GPP) with environmental controls (T,: air temperature; Vapor:
atmospheric water vapor; Rain: precipitation; Rn: net radiation; Ts: topsoil temperature; EVIgym:
accumulative enhanced vegetation index). Figure S1: The geographic location of the two alpine
wetlands, Figure S2: The relative contributions of environmental controls to variations in the growing
season (a) and the nongrowing season (b) 8-day CO, fluxes of the two alpine wetlands, Figure S3.
The fitted 8-day CO; fluxes (NEE: (a, d); RES (b); GPP (c)) in relation to each of the predictors (Rain:
precipitation; T,: air temperature; R,: net radiation; Vapor: atmospheric water vapor; Ts: topsoil
temperature; EVI: enhanced vegetation index; Site: categorical variable, LHZ and XBH) used in the
model during the growing season (a, b, ¢) and nongrowing season (d), Figure S4: The relationship
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between monthly ecosystem respiration (RES) and monthly gross primary productivity (GPP) during
the growing season of the two alpine wetlands (LHZ: Luanhaizi and XBH: Xiaobohu). The shading
areas are 95% confidence intervals, Figure S5: The relationships of annual carbon fluxes and annual
precipitation of the two alpine wetland sites (Xiaobohu: XBH and Luanhaizi: LHZ).
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Abstract: In the last 20 years, the demand for coffee production has increased detrimentally, height-
ening the need for production, which is currently driving the increase in land cultivation for coffee.
However, this increase in production ultimately leads to the amplification of waste produced. This
study aims to develop an experimental methodology for sustainable coffee by-products (Pulp (CP)) in
Costa Rica for nutrient-rich compost. The performance of the experiments is to explore and optimize
composting processes following its key parameters. This will allow quantifying the emissions rate to
obtain an emission factor for CP during the open composting process and optimizing the conditions
to minimize CH,4 emissions using P and green waste (GW) materials. Five CP and GW mixtures were
analyzed for the composting process for ten weeks, acting P as primary input material as a by-product.
Quantification of the methane emissions was performed in two areas: composting area and open
field deposition. Peak temperatures of compost appeared at twenty-five days for control and five
days for GW added treatments. CP emission factors provide a similar result with the standard values
recommended by the literature, accomplishing the emission reductions. Thus, this study designed
and validated a sustainable protocol for transforming coffee by-products into compost.

Keywords: coffee pulp; coffee by-products; composting; methane; emissions rate; emissions factor

1. Introduction

Agriculture is responsible for an essential portion of global emissions, contributing to
45% of their methane (CH,) emissions globally, impacting climate change [1]. In addition,
gas concentrations act as indicators that show biological degradation, and this guides
optimization possibilities of developing new strategies for emissions reduction [2]. There-
fore, it is required to estimate greenhouse gas (GHG) emission rates as they are the flow
of a pollutant expressed in weight per unit of time [3]. Emissions rates are necessary to
calculate an emission factor, a representative value that attempts to relate the amount of a
pollutant released into the atmosphere with an activity associated with the release of that
pollutant [4]. The detection of gaseous emissions during composting coffee by-products
is one of the most critical tools to meet the challenge of reducing CHy emissions from the
waste residues generated in the coffee processing industry [5,6]. Coffee is a worldwide used
product and of the most valued commodities in trade, being one of the most important
agricultural exports in Costa Rica [7]. In coffee processing, the production chain compre-
hends several steps. Firstly, the berries from the coffee plants are transported to be washed
and peeled (de-pulping), separating the green beans from the pulp or husk [8]. The outer
membrane that envelops the coffee bean is called the pulp (CP) (mesocarp), which contains
43% w/w of the morphology of the coffee fruit [9-11]. CP is one of the main by-products
generated during the process [11]. It contributes to pollution, environmental and health
problems of the surrounding waters, soil, and atmosphere when the coffee berries are
ripe and processed during the wet method and mishandled [12,13]. Some researchers
and the Costa Rican Coffee Institute (ICAFE) indicate CP management has been one of
the challenged coffee by-products with the most significant volume of waste [9,14]. In
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addition, it accumulates for long periods, and it leads to the generation of foul odors, being
a favorable environment for reproducing flies and other pests responsible for multiple
diseases [15,16]. Currently, the country has a top priority: reducing GHG emissions in the
coffee industry, together with a National Decarbonization Plan 2050 [17]. Hence, studying
methane emissions during the composting of the coffee by-products and finding new
approaches will be crucial to achieving future goals and mitigating the current challenges
with coffee by-products each harvest.

Composting has been a promising technique for waste treatment in converting organic
matter and agricultural residues into compost, even using minor technologies and oper-
ational expenses [18,19]. Aerobic composting involves the changes in the properties and
degradation of the substrates [20]. In addition, the existence of aeration in the system gives
biological products from the metabolism of the process, such as carbon dioxide, water,
and [21,22] heat. During the composting process, three phases are observed in the aerobic
decomposition: initial and degradation, conversion, and maturation. In addition, possess
two types of microbial activity during this decomposition: thermophilic stage (45-70 °C)
and mesophilic stage (15-45 °C) [21,23-26] The first stage is linked with the microbial activ-
ity of the material and is followed by a second stage, where the conversion of the organic
material occurs [27]. The final stage is the maturation process, which occurs at ambient
temperature and mesophilic micro-organisms play a role in finishing the product (mainly
bacteria and fungi) [28]. Even if a composting technique is beneficial to the environment,
GHG is present during the process, enhancing global warming [29]. The emissions will
depend on the waste type and composition, key composting parameters such as C/N,
temperature, moisture, pH [27,30], and the final use of the compost [31].

This study aims to develop an experimental methodology for sustainable coffee by-
products for nutrient-rich compost following key composting parameters and quantify
CH, emissions rate to obtain an emission factor for CP from open composting processes to
optimize operating conditions CH4 emissions. Furthermore, with the usage of improved
management of coffee by-products, it will grand new approaches of the residue in the
coffee industry. This will allow the communities and the coffee sector to receive a positive
environmental impact where the aim is to reduce GHG emissions, odors, and pathogens
generated. On the other hand, the farmers could make sustainable use of the compost in
the future, returning soil amendment into their coffee plantations.

2. Materials and Methods
2.1. Compost Pile Construction and Mixing in the Study Area

The study was conducted in the biggest Costa Rican coffee mill in the country and lo-
cated about 70 km south of the Capital San Jose, between 9°39'25.41"" N and 84°01'32.08" W.
The performance of the experiment was during the harvest and dry coffee season of 2019-
2020 at an altitude of 1200-1900 m.a.s.l. [32]. The status quo of the current mill of study
generates about 37,000 tons/ harvest of coffee by-products (1 harvest per year) and, 80-90%
of CP is used for composting purposes. The so-called open field depositions are fields
where CP is buried every harvest without composting treatment due to the lack of space
for composting.

Currently, in the mill, the composting process is carried out just with CP as an input
material; therefore, this current technique is taken as the control (TC). Open Windrow
composting trials were formed using five different percentages of two types of feedstock:
CP as a coffee by-product and green waste (GW) (Table 1). CP was collected directly from
the mill after the industrial de-pulping process of the coffee cherries and transported into
the composting area by trucks. The collection of GW was from the surroundings of the
mill and shredded for the trials and windrow formations. GW was a mixture of wood
sticks, Elephant grass (Pennisetum purpureum), African Stargrass (Cynodon plectostachyus),
and pruning of trees from the surroundings, including coffee plants. The feedstock was
in a triangular cross-section formed (approximately 1.2 m high, 2.6 m wide, and between
15-25 m long for all the treatments). The windrows were operated without forced aeration
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and turned weekly using a mechanical turner (Backhus® windrow turner) for the entire
process. Previous studies [10,33] have shown that the optimal turning frequency for CP
during the composting process was once per week to avoid anaerobic conditions inside
the windrow and methane emissions. Therefore, these considerations were also taken into
account for this study.

Table 1. Overview of the treatments based on volume and amount of pulp used for each treatment for 23 windrows.

Treatment Windrow Percentage Total CP in Mg Total Number of Total of Fanegas
Based on Volume per Treatment Windrows per Treatment **
T1 80% CP-20% GW 98.54 7 937
T2 75% CP-25% GW 36.95 3 351
T3 70% CP-30% GW 49.27 4 468
T4 60% CP—-40 % GW 18.48 2 176
T5 50% CP-50% GW 9.24 1 88
TC 100% CP (Control) 105.58 6 1004

CP: coffee pulp, GW: green waste (grass clippings and weeds + structural materials), ** Fanega: typical Costa Rican coffee measure, where
one Fanega corresponds to 105.2 kg of P and 253 kg of coffee fruit [34,35].

The primary input material was CP as a coffee by-product (>50% of input). A total of
318 Mg of CP and 74 Mg of GW was used to form 23 windrows for ten weeks (Figure 1).
The treatments (percentage based on volume) were decided according to the feasibility
of the mill in collecting the input materials of GW. Since the interest of the mill is the
implementation of the proposed treatments, this information was considered for the
windrow formation. Table 1 shows that the total of windrows was different for each
treatment. The study was performed during the summer season in an open space in the
mill. Hence, water loss and depletion to avoid a decrease in the activity of the micro-
organisms were important factors to consider. Irrigation starting from week three until
week six before each turning was needed to maintain the proper moisture content in
the process for T1 to T5. The irrigation was based on the WC monitored weekly and
temperature profiles for all the treatments.

i /1
1y

Figure 1. Aerial photo of the proposed treatments T1-5 (right section) and aerial photo of the current
treatment at the mill TC (left section).

37



Atmosphere 2021, 12, 1153

2.2. Compost Sample Analysis

Fresh Compost samples were used to quantify the gravimetric moisture content (MC),
pH, bulk density (pt), volatile solids (VS), and carbon to nitrogen (C/N) ratio during the
process shown in Table 2. These results were analyzed in an accredited laboratory in Costa
Rica for compliance with INTE ISO/IEC 17025 standards. The analysis was performed
to obtain the properties of the raw materials and microbial population counts by a serial
dilution technique. The procedure was made for pH and EC in water 10:25; Acidity, P, and
K with Olsen Modified pH 8.5 (NaHCO5 0.5 N, EDTA 0.01M, Superfloc 127) 1:10. Acidity is
determined by titration with NaOH; P by Colorimetry with Flow Injection Analyzer (FIA),
and the rest of the elements by Atomic Absorption Spectrophotometry (AAS). Total %C
and %N were determined with the C/N auto analyzer by dry combustion.

Table 2. Properties for the raw material used for the composting process.

CE VS (%)
o, o, 0, o, V)

Parameters  MC (%) pH (msem 1) C/N o * C (%) N (%) P (%) K (%) pt g/L
sm1 55 6.2 2.7 59.3 77.2 47 0.8 0.08 0.7 95.4
Cp? 82 49 3.9 l6.1 94.76 44 2.3 0.11 3.17 432

DGW 3 79 7 5.8 35 91.27 38 1.1 0.39 2.5 314

DM *: dry matter; SM !: structural material; CP 2: coffee pulp; DGW 3: dry grass clippings and weeds.

Once the windrow piles were formed, the MC, pH, and C/N ratio were measured
weekly, and the temperature was taken manually daily by triplicate in all the windrows.
The weekly samples were collected from five different locations and depths along the
windrow. Thereafter, a representative sampling over the entire windrows to analyze MC
and pH was obtained. All the sample analyses followed the German Quality Assurance
Organization standards for Compost (BKG) [36]. Water content was calculated from field
moist and oven-dry (105 °C for 48-72 h) mass of compost according to the DIN EN 1304.
The pH was extracted from 20 g (wet weight) of compost with 180 mL of CaCl, and
assessed by potentiometric measurements. VS were performed and calculated according to
the Federal Compost Quality Assurance Organization (FCQAO) and the DIN 18128. C/N
ratios were analyzed using a Vario Max CN element analyzer elementar Analysensysteme
GmbH® following the DIN ISO 10694. Three replicates of 10 g were inserted into a porcelain
crucible into a muffle furnace at 550 °C. The samples were burned until constant weight
according to the DIN 18128 and determined as sample weight loss.

After ten weeks, once the compost was finished, samples of each treatment were
shipped to Germany to analyze each nutrient content and chemical parameters. A certified
laboratory (PLANCO-TEC, Neu-Eichenberg) performed the mature compost analysis
in Germany, following the BKG standards. The following methods were used for each
parameter enlisted in Table 3: total nitrogen, MB BGK: 2013-05; total phosphate, potassium
and magnesium DIN EN ISO 1 1885: 2009-09; soluble nitrate, ammonia, phosphate and
potassium, VDLUFA T A 6.2.4.1: 2012; organic substances, DIN EN 13039: 2000-02; alkaline
active ingredients MB BGK, 2006-09, soluble magnesium VDLUFA I A 6.2.4.1: 1997; Rotting
degree, Methodenbuch (MB) BGK; Salinity, DIN EN 13038; Bulk Density, Plant tolerance
(25% and 50% Substrate), MB BGK, 2006 and C/N ratio, QMP_BIK_C3808: 2018-09.
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Table 3. Final parameters of plant nutrients, soil amendment, and physical parameters of the compost treatments.

Parameters Units TC T1 T2 T3 T4 T5
Plant Nutrients
Total Nitrogen (IN) Yo * 1.61 1.14 1.06 1.37 1.36 1.31
Total Phosphate (P,Os) Yo * 0.59 0.44 0.46 0.46 0.44 0.47
Total Potassium (K;O) Yo * 4.28 2.95 2.87 3.19 2.96 2.93
Total Magnesium (MgO) % * 0.36 0.29 0.36 0.35 0.33 0.33
Nitrate CaCl,-soluble (NO3-N) mg/L** 8 114 128 103 276 162
Ammonia CaCl,-soluble (NH-N) mg/L ** 45 40 22 23 66 108
Phosphate CaCl,-soluble (P,05) 1 mg/L ** 298 133 150 122 65 51
Potassium CaCl,-soluble (K;0) mg/L ** 10,700 10,900 11,400 9750 9920 10,400
Soil Amendment
Organic Substances % * 60.4 439 37.5 47.3 45.1 40.4
Alkaline Active Ingredients (CaO) Y% * 24 2.31 2.25 2.69 2.28 2.18
Magnesium CaCl;-soluble mg/L** 19 27 44 30 48 43
Physical Parameters
Degree of Rotting - 3 4 4 5 5 5
Salinity g KCl/L ** 5.97 5.14 3.96 3.76 453 3.68
Bulk density g/L** 345 502 520 414 464 504
PC ! 50% Substrate % * 75 97 95 103 100 102
PC 25% Substrate % * 52 82 90 87 88 95
C/N Ratio - 22 22 21 20 19 18

1 PC: plant compatibility (relative yield); * Fresh mass. ** Dry Mass.

2.3. Methane Gas Sampling System

The measurements were carried out in open windrows and open field depositions.
First, the focus was on whether the different windrow mixtures with coffee by-products
could be comparable or compatible. Second, the differences in terms of gaseous emissions
and when the volume mixture is distinct. Third, the results were compared with the mill
(TC) current treatment where the composting occurs using CP as a raw material. Moreover,
the determination of methane concentration was measured in the windrows and the field
depositions. In this last one, the main focus occurred on determining the emissions over
time (years), with the purpose to estimate how long the coffee by-products emit methane
gaseous emissions when the CP is not treated.

Field deposition and TC are common practices in the country; therefore, it is a quan-
tification essential to consider. A flux chamber was placed on top of the windrow piles
and inserted approximately 5-10 cm deep into the windrow. This was made to seal the
chamber against atmospheric influences to quantify the emissions. The upper part of the
flux chamber is designed with two ports (Figure 2), one inlet connected to a hose, allowing
the ambient air to enter and be mixed inside the chamber, producing a constant airflow.
The second port is an outlet to connect the gas analyzer in the chamber to collect the inner
gas. Then, with a gas detector device, the methane concentrations are determined.

Before the gas detection, an estimation of time for the measurements was made. The
estimation was considered until the emissions remained permanently constant; therefore,
no variation during the measurements could occur. The measurements were conducted
weekly for 15 min by quadruplicate before turning the piles in two different windrows
per treatment. The methane emissions sampling took place during the first six weeks of
the composting process. Measurements were halted during summer without rain events.
According to the manufacturer, the sensitivity of the gas detector device was from 0 £ 1 to
60 =+ 3, represented in volume percent [37]. The calculation of the methane concentrations
is crucial to determine the emission rates and the emission factors.
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2 Fresh air

K»ﬁ . =, Mixed air 501/h

Figure 2. Diagram flow principle of gas sampling on a passive source area in a windrow.

2.4. Emission Rates and Emission Factors

The flow quantifies emission rates through the flux chamber related to the treatment
and quality of composting. After identifying a spot, the area is encapsulated to form an
aerated chamber. A defined amount of air is extracted, covering the entire area required
for sampling to function the constant flow of emissions and supply of ambient air. The
flux chamber allows the flux gas to diffuse, which can measure the methane concentration
over time and estimate the flux gas emission [38,39] The result is the volumetric flow rate
extracted per unit of time [40]. Several factors were considered for the emissions rate calcu-
lation: the sampling chamber and chamber area, the volume, and flow volume. Methane
emissions rates were calculated in g x m~2 x h~! with following the equation [10,33,41,42]:

CCH * V,
qcH, = 7414 8 (1)

gcra—the emission rate of methane (g x m~2 x h™1); Ccpy—methane concentration in
(mg x m~3); A—flux chamber area in (m?); Veas—gas flow volume, (L x h=1).

The emission factor from a given source can be calculated as the mass ratio of gas
emitted to initial fresh matter mass (kg x Mg™). However, sometimes the feedstock is
reported in units of dry mass. Emission factors related to the mass of CP treated in each
treatment and calculated as:

qCH4 X tireat X Atreat
EFcy, = 2
CHy Mtreat @

EFcps—the emission factor of methane related to the mass of CP treated (g x kg_l) ;
gcHa—the emission rate of methane (g x m~2 x h™1); tyeq—duration (time) of treatment
(h); Aprest—area of treatment (surface area of the emission) (m?); #14.;t—the mass of treated
material (mass of CP at the pile) (kg).
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2.5. Statistical Analysis

A one-way analysis of variance (ANOVA) test was carried out to investigate the corre-
lations between emissions rates and the period in weeks of composting in the windrows. A
significance level of p < 8.9 x 1078 for the composting treatments was used for all mean
values. In addition, the Tukey HSD test (« = 0.05) was used to assess significant differences
between treatment means at a 5% probability level.

3. Results and Discussions
3.1. Environmental Conditions: Temperature, Moisture, and pH

At first, all the material is nearly identical, but heat is generated by increasing the
temperature as the micro-organisms grow [43]. One of the indicators of microbial activity
is the increase in temperature inside the windrow, where the temperature has traditionally
been considered a fundamental variable in the control of composting [44]. Figure 3 shows
the temperature profiles for all the windrows. TA refers to the ambient temperature.
Additionally, during those 70 days of the composting process, the windrows experienced
no rain events. Figure 3 shows a typical development for composting processes containing
self-heating, cooling, and stabilization phases. The turning of the material caused low
peaks, reflected in the graphs. Sanitation or hygiene is crucial to destroy pathogenic
micro-organisms, seeds, and plant components for future sprouting [30,45]. The sanitation
process in a windrow should experience at least 14 days of high temperatures (above
55 °C) to enhance the sanitation process [24,46]. The sanitation process was achieved in the
temperatures profile for all the treatments maintaining the high temperature at least for the
recommended period. The addition of green waste produced different behavior regarding
temperature profiles and thermophilic stages within the windrows.
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Figure 3. Temperature profiles in all the types of windrows. TA: ambient temperature. Bars represent the standard error of
the mean (1 = 4).
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Comparing the temperature increased in the treatments, T1 accelerated the tempera-
ture profile by 38%, T2, T3, and T5 by 72%, and T4 is the most notorious by 83% compared
with TC. During the maturation phase, the temperature in the windrows began to decrease
until it reached temperatures of 35 °C among the windrows. TC experienced the increase
in temperature and the thermophilic stage after 29 days, T1 after 18 days, T2, T3, and
T5 after eight days, and T4 after five days of the composting process. The addition of
green waste into the windrow has accelerated the degradation, microbial activity, and
temperature profile within the windrows. T1 experienced the most extended period for
reaching the thermophilic stage, attributed to the CP percentage in the piles (80% P). The
observed variation in periods of high temperature could be attributed to the variation in
the percentages of GW in each treatment [47]. For example, the behavior of T1 is the closest
to the profile of the control TC. This is attributed toT1 containing the highest amount of CP
in the composting treatment.

During aerobic windrow systems, moisture and aeration are important parameters
to consider to enhance the biological activity inside the windrow [48]. It is recommended
during the composting process to maintain a moisture content between 50-60% for favor-
able results [23] and the avoidance that water fully occupies the pores of the composting
mass [44]. This parameter is essential for CH4 emissions control during composting and
affects degradation and end-product features [5]. Furthermore, evaporation is linked to
the lack of porosity and aeration in the system and the relationship between air to water
ratio [30,49].

Microbial activity, including bacteria, fungi, and yeast, depends on temperature and
moisture content [27]. The aim of this study was not the microbial counts weekly during the
composting process. Instead, a general overview of the microbial activity was considered
important to control the microbes in at least two treatments to ensure that the activity is
higher than the control TC with the proposed technique. Quantitative analysis was based
on colony counts and subsequent calculation of colony-forming units per gram (CFU/g) to
estimate the viable number of bacteria, fungal cells in the samples during the third week of
composting process for TC, T1, and T3 (Figure 4).

Results show that the microbial activity is higher for T1 and T5 than for TC. During the
third week of composting, T1 and T2 reached thermophilic temperatures, and the amount
of yeast from Figure 4 compared to TC can be linked to this event. Some studies show
that higher temperatures for T1 and T5 induced an earlier microbial activity [50]. For this
case, Figure 4 shows that temperature during the third week was below 50 °C, whereas T1
and T5 had temperatures above 50 °C. Low moisture content (below 40%) limits microbial
activity [21].

On the other hand, very high moisture enhance anaerobic conditions because the
pore spaces are filled with water rather than air [51]. Among those variables, the moisture
content is considered one of the key parameters affecting the biodegradation process.
Furthermore, some studies have suggested an important influence on microbial activity
linked with MC than with the temperature [50]. In addition, the number of input materials
can change the microbial communities, where T5 possesses the highest amount of green
waste material among the piles. This ensures that adding materials to P improves the
activity of the micro-organisms, enhancing the composting process.

Each windrow treatment varied regarding the response to water consumption and
evaporation. The monitoring was important during the composting process to obtain
sufficient conditions for T1-T5 and compare with the current treatment at mill TC. Over
ten weeks, moisture content was measured among the different windrows represented in
Figure 5. During the first week, all the treatments showed a high moisture content due to
the high levels of moisture that CP possesses by itself (Table 2). After the second week,
all the windrows except TC reached the recommended moisture content levels for the
composting process. Thus, TC has reached the levels recommended after six weeks of
the process. In TC occurred no variation during four weeks of pile age. The high value
is attributed to the high MC of the coffee by-product. T1-T5 had rapid absorption with
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the percentages of the mixture of GW and CP. It was observed that the highest amount
GW added in the windrow, the fastest was the reduction of the MC in the system after the
second week of the composting process.Additionally, pH directly influences composting
due to its action on the dynamics of microbial processes [52]. For this study, pH in all
windrows rapidly increases within three weeks of all the treatments (Figure 5), showing a
tendency. Subsequently, an alkaline state was seen for the rest of the composting process.
Some authors have seen a link between the loss of organic acids and the generation of
ammonia from the decomposition of proteins and this alkaline state [10,53-55]. In all the
windrows, at the end of the process, the pH of the treatments was basic (8.8-9.8), indicating
maturity since lower pH values would indicate anaerobic processes [56].

[ Fung
6
1.2x10"° 1 1.8x10
1.6x10° -
= 1x101 o
@ 1.4x10° 4
£
© =) 6
© 8x10° §’1.2x10
= e
> O 1x10°1
S 6x10° @
w S 8x10°
8 o
2 a0 © exio’
3 s
o 4x10°
2x10°
2x10°
0- 0
T T3 T 3
Treatment Treatment
2.5x107 [ 1Yeasts
2x107 4
=
o
& 15107
@2
=
3 10
S 0
5x10° 4
0 T T T

T T2 T3
Treatment

Figure 4. Comparison of mean colony-forming unit (CFU/g) for samples T1, T5, and TC during the
third week of the composting process.

Some studies have shown that the alkalinity can be attributed to the high potassium
(K) content of the input materials [57], such as using the CP as the primary raw input
material for the process (Table 2) [58]. This observation was consistent with the results of
this study, showing that the highest pH values were obtained in TC for the last week of the
process. The windrows T1-T5 show results as a mature compost, whereas TC indicates an
immaturity. The turning and aeration are also important to factor during the pH behavior
in the window systems. Having good aeration and oxygen concentration is obtained low
concentrations of organic acids enhancing the decomposition of these acids and giving a
faster rise in the pH [59].
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Figure 5. Moisture content and pH profiles in all the types of windrows throughout CP composting.
Values are the means (1 = 3).

Once the ten-week composting period was achieved, and the low temperatures re-
mained constant, the samples were shipped to Germany. They were delivered to an
accredited testing laboratory for the BGK to analyze plant nutrients, soil amendment, and
final physical parameters for the windrows. These results are summarized in Table 3. The
elements include nitrogen (N), phosphorous (P), and K, which are fundamental macronu-
trients for microbial growth. [60]. The total of nutrients is essential since it can vary and
allows the mill to determine an appropriate end-use for the compost. N, P, and K are the
macronutrients that make the biggest uptake [61]. N is assimilated by the plants in the
forms of nitrate (NO3 ™) and ammonium (NHy*), P in forms of orthophosphate (H,PO4 ™),
and K in the forms of potassium oxide (K,O) [62]. Nevertheless, attention must be focused
on the availability of these nutrients, which is known as a limiting growth and uptake fac-
tor [62]. In this case, T4 presents high levels of N and NO3 ~, which the plant can assimilate
immediately. It also contains high NH,* levels, which need a process in the soil for the
plant to absorb [60], giving a good combination of NO3;~ and NH4*. Finally, it contains
the highest value of soluble magnesium (Mg), meaning practical use in crops in the future
since the soils of coffee production possess a common Mg deficiency [63]. Furthermore,
Mg gives color to the plant as it is the central atom of the chlorophyll molecule [64]. To
summarize, T4 shows the best performance in the nutrient content, and it is suggested
for future usage in the coffee plantations as an additional amendment. It contains high N,
NO3 ™, and Mg, which could be used as a plant stimulant in some phenological parts of
the crop.

High salt levels can be unfavorable for seeds and plants when compost is for a nursery
medium [65].TC showed the lowest plant compatibility test associated with the degree of
rotting and the salt levels; meanwhile, the rest of the treatments proposed showed a >95%
for plant compatibility and low salt content. Bulk density among the proposed treatments
fulfills the BKG limit values (between 400-900 g/L); meanwhile, the control obtained the
lowest bulk density value. This could carry consequences in compost application since the
material can suffer high pore space and common water retention values, causing difficulties
in future compost applications. The lowest C/N ratio was obtained in T5, whereas TC
possesses the highest value. Even though CP owns low C/N, this increase is linked to the
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mineralization of organic N, promoting the ammonia emissions, leading to a high N loss
when the initial C:N is low. [66].

On the other hand, the results show high total K values. They are attributed, as
previously mentioned, to the high potassium content of the CP since it contains more
nitrogen and K than other common finished materials as compost [9]. Regarding the
organic substances, BKG recommends values higher of 30% based on dry mass for finished
compost. Higher levels indicate that the compost is not finished, as is the case of TC. The
rotting degree or self-heating test is considered an important parameter indicating heat in
the windrow, showing signs of immaturity. The five categories of the interpretation scale
are grouped, often made by professionals and European agencies, into three main classes.
The lowest grade (I) is called “fresh compost”, the two intermediate grades (11, III) are
called “active compost,” and the top two grades (IV, V) are called “finished compost” [36].
For all the treatments, the grade was IV and V except for the control.

3.2. Methane Gas Emissions

The CHy is influenced by different factors such as temperature, moisture, and pH
directly [67]. When the aeration is not proper and the moisture content increases in the
windrow, this can result in high CHy4 emissions affecting the oxygen restrictions in the
microbiological metabolism in the windrow [5,68,69]. Methane emissions rates shown in
Figure 6A were measured during the first six weeks of the composting process and com-
pared if the addition of GW influences their emissions in the windrows. The highest value
is TC with 38 g x m~2 x h™! in the first week of composting. Comparing Figure 5 of MC
and Figure 6, the first week of composting process possesses the highest value for moisture
content among the study. Thus, the production of CHy is also increased exponentially with
the moisture level, allowing the formation of undesirables anaerobic zones enhancing the
methanogenesis and anaerobic metabolism in the windrow [30,33]. Even if the composting
treatment is under aerobic conditions, the diversity of the input materials, moisture content,
temperature, biological microbial activity, and redox requirements could be developed in
the window [2].
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Figure 6. (A) Methane emissions rate for all the treatments using coffee pulp for composting and (B) methane emissions
rate in field deposition. Bars represent the standard error of the mean (1 = 4).

In this study, the reduction of CH4 during composting is accomplished if additional
material is used, such as GW. The weekly highest values among the treatments were
found for T1 and T2 with 3.1 g x m™2 x h™!and 3.3 g x m~2 x h™!, respectively. Each
value was found during the fourth week and for T3, T4, T5 with 6.4 g x m~2 x h™},
36gxm 2 xh7!,and 1.8 g x m™2 x h™!, respectively in the fifth week. Emissions
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formation increases faster when temperatures are over 65 °C [3]. Furthermore, a correlation
between the temperature profiles and the emissions peaks is shown since the highest peaks
of temperatures and emissions were found for the windrows during the same weeks of the
composting process.

The presence of low pH, which illustrates the presence latency of organic acids, and
the present of also CHy emissions, indicates that anaerobic conditions have been since
the initial formation of the windrow pile [68]. The reduction of total emissions CH4 was
between 89-95% compared to the control treatment, which shows the difference of aeration
and proper management within the treatments compared to the control. Researchers
recommend that increasing the oxygen level available in the system is necessary during the
first week [3]. In the fifth week, methane emissions were higher than in the first week for
T1-T5. This could be attributed to the moisture suppressing the airflow since the material
at that week is more compact. The pores in the feedstock are filled with water, favoring the
formation of anaerobic conditions and methane emissions [31]. The emissions in the fifth
week were the highest among the treatment compared to the control TC. The reduction
of emissions with GW is added in the window is seen. In other studies, it has been found
that CH4 emissions are present during the initial stage of the thermophilic phase since
there is an oxygen solubility reduction, enhancing anaerobic zones in the windrow [70].
During CHy4 emission exists other microbial factors affecting the gas transport and gas
diffusion, including the presence of methanotrophic bacteria (these bacteria are colonizing
the area nearby anaerobic zones being able to oxidize up to 98% of the CH, formed in the
windrow) [71].

A previous study [10] shows the magnitude of the CH4 emissions in open field
depositions when the CP is not composted or pre-treated before field deposition, generating
serious environmental concerns. Figure 6B shows the behavior of the methane emissions
over the years when the CP is buried for a lifetime. The highest emission was in the second
year with 53.7 ¢ x m~2 x h~!. Equivalent emissions are seen in the first and the fifth year
of field deposition with 25.6 and 24.4 g x m~2 x h~1. These results imply that the material
is not degraded over time, producing continuous emissions of great magnitude when
not treated correctly. This behavior of high CH4 emissions over this period is due to the
properties of the CP. When it is buried with high moisture content, high material density,
and a lack of aeration, anaerobic zones are created, enhancing the methane emissions.

Given this problem and its emissions, the mill aims for successive harvests to avoid
this practice. For example, during the 2019-2020 harvest, open field depositions were made
with about 630 Mg (6000 fanegas). In previous years, a minimum of 1500 Mg of CP was
transported in the fields. It is clear that the depositions are a risk and a focus of emissions
since they are large spaces of at least 925 m? of surface area; therefore, the high levels of
emissions over the years can be attributed to the surface area, amount of material, and the
management in that area.

For the estimation of EF among all the treatments, it is shown in two different options.
Firstly, a calculation of EF regarding the amount of CP added in each treatment. It is crucial
to establish since there is no EF associated directly with CP in the literature, where the
results show that the more CP added into the system, the higher EF is obtained. After this,
an EF calculation was input to represent the treatments better and was compared with
literature regarding green waste from some regulations in composting plants.

The government is currently developing a new national composting plan accomplish-
ing the strategic guidelines of the National Decarbonization Plan 2050. The inventories of
GHGs in Costa Rica regarding waste management are made by the National Meteorological
Institute (IMN for its abbreviation in Spanish). Therefore, the results in this research are
compared with the National Inventory’s values; nevertheless, it is necessary to be analyzed.
These inventories are for municipal solid waste; therefore, these results cannot be thor-
oughly compared since the country does not explicitly relate to agricultural waste. On the
other hand, there is no emission factor directly linked to CP; a comparison in the literature
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shows 4 g CH,/kg solid waste [72], 4 g CH,4/kg waste treated [73], 2.2 g CHy /Mg GW
FM [5],4.7 and 7.6 g CH4/kg GW [74].

The emissions factors shown in Table 4 show the decrease of emissions comparing TC
with the rest of the treatments. The utmost emission values found were in T3 and T4 with
14 g CHy/kg CP. The closest value compared to the literature is T5. One of the reasons
could be the amount of GW added since it had the most significant amount of material in a
pile. Compared with the literature values of biological treatments, these results present
elevated values. However, with the proposed methodology for all the five treatments, these
values are approaching the values recommended by the literature for composting. For the
open field depositions, even if there is no management involved, the emissions factors
represented the highest values among all the treatments, including the current treatment of
the mill.

Table 4. Emissions factors from all the treatments proposed.

Treatment EF (g CHy/kg CP) EF (g CHy/kg Input) SD *
T1 43.9 35.1 0.23
T2 14.4 10.8 0.17
T3 20 14 0.23
T4 234 14 0.24
T5 11.6 5.8 0.14
TC 129 129 2.96

D *: standard deviation of the mean values (n = 4).

4. Conclusions

The study achieved the development of an experimental methodology using coffee
by-products and GW. An improvement in the key parameters of composting was observed,
such as temperature, pH, and WC profiles, when coffee by-products were mixed with GW
for composting treatment. Therefore, waste valorization within the process is concluded
together with the reduction of methane emissions. The proposed treatments experienced
fewer methane emissions rates than the control; hence, implementing this technique
suggests a good practice in the future for the coffee sector and the mill in Costa Rica. Results
show that T2-T5 are strongly recommended treatments involving methane emissions,
physical parameters during the process, plant nutrient content, and finished compost
classified (Grade IV and V) following the BKG standards. Overall, this study promotes a
better understanding of the performance of CP when the material is composted and their
methane emissions during the process. This approach might be necessary for the future
to guide a national mitigation plan in the agricultural and coffee sector of the country.
In addition, it will be a helpful tool for the future calculations of the global emissions
using a technology already studied in another place or another treatment plant. Suppose
it is considered the agronomic and environmental aspects in an integrated manner. It is
recommended to investigate further the benefits of using the compost and the relationship
between GHG emitted during the process. The compost utilization can also compensate
for this reduction in the long term in the coffee plantations. Continuous but robust research
is suggested to develop emissions and factors that adequately cover national conditions
to establish new inventories, especially for the coffee sector, including coffee by-products
and management.
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Abstract: Radiative energy flux data, downloaded from CERES, are evaluated with respect to their
variations from 2001 to 2020. We found the declining outgoing shortwave radiation to be the most
important contributor for a positive TOA (top of the atmosphere) net flux of 0.8 W/ m? in this time
frame. We compare clear sky with cloudy areas and find that changes in the cloud structure should be
the root cause for the shortwave trend. The radiative flux data are compared with ocean heat content
data and analyzed in the context of a longer-term climate system enthalpy estimation going back to
the year 1750. We also report differences in the trends for the Northern and Southern hemisphere.
The radiative data indicate more variability in the North and higher stability in the South. The
drop of cloudiness around the millennium by about 1.5% has certainly fostered the positive net
radiative flux. The declining TOA SW (out) is the major heating cause (+1.42 W/m? from 2001 to
2020). It is almost compensated by the growing chilling TOA LW (out) (—1.1 W/m?). This leads
together with a reduced incoming solar of —0.17 W/m? to a small growth of imbalance of 0.15 W /m?.
We further present surface flux data which support the strong influence of the cloud cover on the
radiative budget.

Keywords: radiative energy flux; CERES; shortwave flux; longwave flux; cloud thinning

1. Introduction

In the big picture, climate variations originate from variations of the radiative balance
at the top of atmosphere (TOA). Surpluses of the EEI (Earth energy imbalance) or net
radiative energy fluxes, as measured by satellite mounted radiometers, lead to an increase
of the climate system enthalpy and vice versa [1-4]. For about two decades, the CERES
Energy Balanced and Filled (EBAF) Ed4.1 [5,6] offers datasets for a variety of radiative
fluxes, and, thus, provides a basis to scrutinize the radiative climate driving forces and
shine light on the cause-and-effect relation between radiation and temperature change.

As an independent but less direct source of information of the climate system enthalpy
change, there are several studies and reconstructions [7-12] of the ocean heat content
(OHC) which represents the bulk of the climate system enthalpy, estimated to be about 90%.
Assuming this fraction of 90% were a longer-term constant, one can trace back the time-
development of the climate system enthalpy. Von Schuckmann et al. [13] have combined
radiative, ocean heat and other data to reconstruct an enthalpy curve back to 1960 and have
found an accelerated heating since 2010. Recently, Loeb et al. [14] found a good agreement
between radiative (CERES) and OHC data for the period mid-2005 to mid-2019. These
authors have further studied the influencing factors for the shortwave (SW) and longwave
(LW) radiative fluxes and concluded that cloud changes have fostered the downwelling
shortwave radiation.

Dewitte et al. [15] have analyzed CERES datasets for the period from 2000 to 2018
and found an EEI value of about 0.9 W/m? but with a declining trend going in line with a
declining time-derivative of the latest OHC data obtained from Cheng et al. [9]. Based upon
recent CERES data, Loeb et al. [16], Wong et al. [17] and Ollila [18] reported an increasing
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downwelling shortwave (SW) radiation. Loeb et al. reported a decreasing TOA SW trend,
mainly caused by a reduction in low cloud cover, and Ollila concluded that this increasing
downwelling SW, which is particularly strong since 2014, may be responsible for a new
wave of heating after the hiatus. This finding is in conflict with the assumption that further
global warming originates mainly from the LW radiation capture caused by greenhouse
gases, i.e., a decline of outgoing LW.

The obvious and substantial, if not overwhelming role of clouds for the radiation
budget and climate system enthalpy and, hence, for the question about the root cause of
the further development of global warming, is nowadays still a vaguely known factor.
The cloud-albedo feedback is deemed to be essential for climate modeling [19] but is still
poorly understood. According to a cloudiness dataset from EUMETSAT/CM SAF [20]
there was a significant drop in global cloudiness around the year 2000, which has not yet
fully recovered, and which certainly has affected the radiative net flux in the time-period
considered here. In this paper, we report radiative flux data and trends in cloudy and
cloud-free regions, obtained from CERES and other sources and relate them to the TOA and
surface radiative budgets and climate system enthalpy. We further attribute the differences
between the Northern and the Southern hemisphere.

Finally, we discuss these results in a longer-term context and suggest a possible
correlation of cloud cover shifts such as the one around the millennium with the AMO
(Atlantic Multidecadal Oscillation).

2. Datasets and Evaluation

We have downloaded the datasets presented and analyzed here as monthly averages
from Jan-2001 to Dec-2020, obtained from the NASA Langley Research Centre CERES [5,6]
ordering tool at (http://ceres.larc.nasa.gov/), (accessed on 29 July 2021), spatial resolution
1° x 1°, unless marked otherwise. The changes from Edition 4.0 [5,6] to Edition 4.1 are
summarized in: https:/ /ceres.larc.nasa.gov/documents/DQ_summaries/CERES_EBAF_
Ed4.1_DQS.pdf (accessed on 29 July 2021). We transformed them into annual averages
and used these annual averages without further changes. Only the datasets marked as
“Cloudy Areas” were calculated by the authors from the “All Sky” and the “Clear Sky (for
cloud-free areas of region)” data according to Equation (1), year by year, making use of
the annual averages of CERES “cloud area fraction” (abbreviated as c) and with obvious
notation for the fluxes (F) involved.

Fcloudy_areas = [Fan_sky — (1 — €) X Fclear_skyl/c @

To interpret the results, it is of some importance to realize the wavelength channels in
CERES, which are:

Channel Wavelength/um
TOT (Total flux) 0.3-200
SW (Shortwave flux) 0.3-5
LW (Longwave flux) 5-200

Hence, the infrared active molecular vibrations and rotations of the greenhouse gases
fall into different categories: fundamental bending and deformation vibrations (H,O, CO,,
CHy4, etc.) as well as rotations (H,O) are in the LW-range and the OH (oxygen-hydrogen
bond) and CH (carbon-hydrogen bond) stretching vibrations of H,O and CHjy including
their overtone and combination band spectra fall into SW. Even the asymmetric stretching
vibration of carbon dioxide falls into the SW. That means that not only the LW but also the
SW fluxes are influenced by infrared absorption.

The effective TOA (“Top of Atmosphere”) focal height of CERES is ca. 20 km. Surface
fluxes as well as “Cloud Effective Temperature” and “Cloud Area Fraction” are provided
by CERES, transformed into annual averages without further changes with the exception
of the “Cloudy Areas” as explained above.
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Two other datasets (“cloudiness” and “OLR” (outgoing longwave radiation)) were
downloaded from the WMO (World Meteorological Organisation) homepage (http://climexp.
knmi.nl/get_index.cgi, accessed on 29 July 2021) as monthly averages [20], transformed to
annual averages (“HIRS” stands for “High-Resolution Infrared Radiation Sounder”).

OHC (“Ocean Heat Content”) data were graphically extracted from the quoted litera-
ture [7-12].

Enthalpy data were calculated from the TOA radiative fluxes by means of Equation (2).

AH = A x (Inc_Solar — LWyt — SWout) X 365.25 x 24 x 60 x 60/1E21  (2)

with:

A =5.10 E14 m? (Earth surface);

Inc_Solar = TOA incoming solar radiative flux (W/ m?), annual mean value;

LWoyt = TOA outgoing longwave radiative flux (W/ m?), annual mean value;

SWout = TOA outgoing shortwave radiative flux (W/ m?), annual mean value
365.25x24x60x60 = 31,557,600 s per year.

The division by 1E21 yields the unit Z] (Z = 1 E21) for the enthalpy:.

Statistical error analysis is made by means of linear regression and summarized in the
Appendix A. It includes the slope (trend) and errors, p-value, R? and confidence intervals.
In the main text, we are just referring to a statistical uncertainty in the form x & Ax. Details
can be seen in the Appendix A.

In the text, we use the absolute values of the fluxes (in W/m?), respectively, their
actual changes from 2001 to 2020 as well as the statistical trend data (in W/m? per decade).
The further are used to discuss the actual changes, whereas the latter are linear estimations
and specify the average tendencies.

3. Results and Discussion: Top of Atmosphere (TOA) Radiative Balance

Figures 1-4 show the incoming solar, the outgoing shortwave (SW), the outgoing
longwave (LW) and the net radiative fluxes for “All Sky” conditions, which includes
“Cloudy Areas” and “Clear Sky” areas. The figures include the global, Northern (NH) and
Southern (SH) hemispheric fluxes. The incoming solar irradiation is slightly decreasing in
the total window of 0.3 to 200 pm, whereas as the outgoing LW flux became stronger during
the last two decades. These both effects alone would have diminished the climate system’s
enthalpy, if not the reduction of the outgoing shortwave flux would have overcompensated
these two effects. This SW effect caused an increasing net flux during these two decades.
Loeb etal. [16] and Ollila [18] had already noticed the declining SW (out) which corresponds
to an increasing downwelling SW trend, because the incoming solar flux was almost
constant during the period of time considered.

Dewitte et al. [15] have analyzed CERES data until 2017, and found a positive TOA net
flux but with a declining trend. In the data presented here, the TOA net flux has a similar
average positive value but is slightly rising with time. The TOA net flux is a tiny difference
of large numbers and is therefore prone to a