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Abstract 

 

Modern intensive agriculture is globally the second largest anthropogenic source of carbon 

emissions into the atmosphere, after industry and fossil fuel combustion, contributing more 

than 10% to the greenhouse gas emissions. Conventional intensive management practices 

are the main cause of high emissions from agriculture. Frequent ploughing, monocropping, 

intensive use of agrochemicals, and deforestation are the main contributors to the loss of 

soil organic matter and CO2 emissions from land use. At the same time as modern agricul-

ture is being a significant emission source, one of the most potential tools to mitigate cli-

mate change is the sequestration of carbon from the atmosphere into the agricultural soils.  
 

It is well known that topsoil layer and especially humus-rich mineral soils can store more 

carbon than atmosphere and vegetation together. Therefore, increasing the amount of SOM 

in the agroecosystems, by applying enhanced management practices such as reduced till-

age, high biodiversity and cover cropping, agricultural soils would not only help to miti-

gate climate change but also to restore soil quality and fertility.  

 

In this study, carbon balance of a grass field located in southern Finland was studied over 

an 8-month period in 2018. Based on the micrometeorological flux data and biomass meas-

urements, an annual carbon balance was estimated. Even though the growing season was 

dry, the forage grassland growing on mineral soil was a net carbon sink in 2018 with net 

carbon sequestration of –39 g C m–2 yr–1. However, the seasonal CO2 fluxes were greatly 

dependent on weather conditions and management options. Conversely, results from an 

agricultural peat soil grassland in southern Finland used as a comparison site show that the 

carbon inputs are not likely to exceed the outputs on peat soils, and therefore, such fields 

have a high tendency of causing net CO2 emissions into the atmosphere. 
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Moderni intensiivinen maatalous on maailmanlaajuisesti toisiksi suurin ihmisen aiheut-

tama hiilidioksidipäästöjen lähde heti teollisuuden ja fossiilisten polttoaineiden jälkeen. 

Maatalous aiheuttaa yli 10% kasvihuonekaasupäästöistä. Pääosin maatalouden korkeat 

päästöt johtuvat tavanomaisista viljelymenetelmistä, joihin lukeutuvat säännöllinen kyn-

täminen, monokulttuuri, maatalouskemikaalien intensiivinen käyttö sekä metsien hävittä-

minen peltomaan tieltä. Nämä toimenpiteet edistävät maan orgaanisen aineen hajoamista 

aiheuttaen CO2 päästöjä ilmakehään. Samalla, kun moderni maatalous on merkittävä pääs-

tölähde, yksi potentiaalisimmista keinoista hillitä ilmastonmuutosta on hiilidioksidin va-

rastoiminen ilmakehästä maatalousmaihin.  

 

Maan pintakerros ja erityisesti mineraalimaat, joissa humusta on runsaasti, varastoivat 

enemmän hiiltä kuin ilmakehä ja kasvillisuus yhteensä. Hiiltä sitovien maatalouskäytän-

töjen avulla, kuten kevyemmällä muokkauksella, korkealla monimuotoisuudella ja jatku-

valla maanpeitteisyydellä, voidaan maatalousekosysteemeissä lisätä maan orgaanisen ai-

neen määrää. Näin peltomaat eivät ainoastaan hillitse ilmastonmuutosta, vaan myös pa-

lauttavat laatunsa ja tuottavuutensa.  

 

Tässä tutkimuksessa Etelä-Suomessa sijaitsevan nurmipellon hiilitasetta tutkittiin kahdek-

san kuukauden ajan vuonna 2018. Hiilitase arvioitiin perustuen mikrometeorologisiin vuo-

datoihin ja biomassamittauksiin. Vaikka kasvukausi oli kuiva, mineraalimaalla kasvava 

rehunurmipelto oli hiilinielu vuonna 2018. Sen hiilitase oli –39 g C m–2 v–1. CO2-vuot 

olivat kuitenkin pitkälti riippuvaisia sääolosuhteista sekä pellolla suoritetuista toimenpi-

teistä. Etelä-Suomessa tutkitulla nurmikasvatuksessa olevalla turvepeltomaalla, jonka tu-

loksia käytettiin vertailuna, tilanne oli vastakkainen. Hiilen nettositoutuminen ei osoita 

nettopäästöjen ylitystä turvepelloilla ja siksi ne aiheuttavat lähes poikkeuksetta vuosittain 

CO2-päästöjä ilmakehään.  
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1 Introduction 

1.1 Climate change perspectives and the impact of agriculture 

Climate change is an increasingly alarming issue. Among other critical environmental mat-

ters, the disruption of managed and natural ecosystems is an acute global concern (Barnosky 

et al. 2014). These ecosystems are responsible for food production, clean water, and air, the 

existence of various habitats, nutrient cycling, soil organic matter formation, and many other 

things necessary for life (e.g. Adhikari & Hartemink 2016, BISE 2019, Dominati et al. 2010, 

Lichtenberg et al. 2016). Practical actions and great changes in our societies are needed to 

mitigate the fast advancing climate change and the collapse of ecosystems.  

 

Carbon exchange between the atmosphere and terrestrial ecosystems occurs mainly in the 

forms of carbon dioxide (CO2) and methane (CH4) (Eze et al. 2018). Both substances are 

contributing to global climate change as greenhouse gases (GHGs). Carbon cycling pro-

cesses are, however, one of the most important functions of natural and managed ecosystems 

since they are responsible for maintaining life on Earth. While significant areas of the ter-

restrial biosphere are managed ecosystems, mainly agroenvironments, their effects on global 

carbon cycling are substantial (Jensen et al. 2017). Management approaches taken in these 

ecosystems play a crucial role when it comes to local and global carbon cycling (e.g. Conant 

et al. 2017).  

 

Modern intensive agriculture is globally the second largest anthropogenic source of carbon 

emissions into the atmosphere, after industry and fossil fuel combustion, contributing more 

than 10% to GHG emissions (e.g. Houghton & Nassikas 2017, Le Quéré et al. 2009 & 2017, 

Lal 2016). Conventional intensive management practices are the main cause for the high 

emissions in agriculture (e.g. Paustian et al. 2000, Smith 2008). Frequent ploughing (Reinsch 

et al. 2018), monocropping (Yang et al. 2019), intensive use of agrochemicals (Ceschia et 

al. 2010), and deforestation (Lal 2016) are the main contributors for the loss of soil organic 

matter (SOM) and CO2 emissions from land use. 

 

At the same time as the modern agriculture is being a significant emission source, one of the 

most potential tools to mitigate climate change is the sequestration of carbon from the at-

mosphere into the agricultural soils (Conniff 2019). It is well known that the topsoil layer 

and especially humus-rich soils can store more carbon than atmosphere and vegetation to-

gether (Minasny et al. 2017). Therefore, increasing the amount of SOM in the agricultural 

soils by applying enhanced management practices such as no ploughing, high biodiversity 

and cover cropping (Lal 2004, Fuentes et al. 2012), have shown to effectively uptake and 

store atmospheric CO2 into the soils, and thereby to mitigate climate change (Conniff 2019).  

 

Le Quéré et al. (2017) reported that between 2007 and 2016, global atmospheric carbon 

content has increased on average at the rate of 4.7 Gt C yr–1. Theoretically, the world’s 

cropland soils could sequester yearly 0.8 to 1.2 t C ha–1 for the next decades (Lal 2016). 

Under the best management procedures, sequestration of carbon into the world’s 1400 Mha 

of cropland soils would thus reduce the yearly increase of carbon emissions by 24% to 35%. 

Furthermore, there is a great potential in improving the management practices on pastures, 

meadows, and on other managed grasslands as well as in the forests and degraded lands (Lal 

2016, Song et al. 2018, Yang et al. 2019). That can be achieved by applying practices that 

promote carbon sequestration. These include such methods as groundcovers, reduced tillage, 
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high biodiversity, manure application, agroforestry, and rotational grazing (Lal 2016, Ja-

strow et al. 2007).  

 

By managing the soils with the carbon farming practices mentioned above, farmers would 

not only play a significant role in helping to reduce the atmospheric CO2 concentration but 

also, many of the agricultural areas would restore the soil quality and resistance. Soil carbon 

is essential for functional ecosystems as it comprises a significant part of the carbon cycling, 

and thus, is crucial in advancing water, food and nutritional security (Stockmann et al. 2015). 

Several sustainability goals of the United Nations can be achieved by improving sequestra-

tion of CO2 into the agricultural soils.  

 

1.2 State of the agriculture and emissions in Finland 

In Finland, the modern agriculture began to develop for about 70 years ago. Since the 1950s 

agriculture has constantly intensified, and the number of species, as well as the amount of 

carbon and nutrients in agroecosystems, started decreasing. Land use was strongly intensi-

fied, and more land was cleared for agriculture. Use of agrochemicals increased, and breed-

ing became common practice (Simola 2006). Size of the cultivated plots increased, reducing 

the number of ecosystems at the edge of the agricultural fields. The most severe change for 

the diverse environment was the specialisation into one production sector, i.e. wheat and 

dairy (Tiainen et al. 2004). 

 

Today in Finland, there is about 22 800 km2 of land area under agricultural management as 

croplands, pastures and cultivated grasslands (Luke 2019a). That equals to about 7.5% of 

the total land area of Finland. In 2017, total national GHG emissions were 56.1 Mt CO2-

equivalent, of which the GHG emissions from the agricultural soils accounted for 7.2 Mt 

CO2-eq and other agricultural practices for 6.5 Mt CO2-eq (Statistic Finland 2018). Total 

national emissions were partly compensated by the carbon sequestration of forests, resulting 

in the net emissions of 29 Mt CO2-eq.  

 

By assuming that all the GHG emissions of Finland were to be compensated, the agricultural 

land area would have to sequester yearly about 3.5 t C ha–1. That is significantly higher than 

the 1.2 t C ha–1 yr–1 reported by Lal (2016). However, in the higher latitudes with cold tem-

perate climate, the carbon sequestration potential is likely to be higher than the global aver-

age as the annual decomposition rate is lower, and with warming climate, the photosynthesis 

is likely to increase more than the decomposition (Poeplau et al. 2015, Forkel et al. 2016). 

As there are currently more emissions from agriculture than the sector can sequester, con-

siderations of possibility to reach carbon neutral agriculture are reasonable in order to con-

tribute to the climate change mitigation. To compensate for all the emissions caused by ag-

riculture, carbon sequestration rate of cultivated land areas should reach at least 1.7 t C ha–1 

yr–1.  

 

Enhanced carbon sequestration will require significant changes in agricultural land manage-

ment practices in Finland as most of the land area is conventionally managed, and seques-

tration of carbon into agricultural soils is a relatively new perspective for the majority of the 

farms. However, as stated before, the carbon sequestration on farms have a wide range of 

benefits for humanity, and therefore, a change in cultivation practices must take place from 

conventional to carbon farming. By enhancing soil carbon storage on cultivated soils, the 

total GHG emissions of the whole country can be significantly reduced. 
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The largest potential in Finland relies on the agricultural fields managed as meadows, graz-

ing land, and silage production. This assumption is based on the results by Gilmanov et al. 

(2007) and several other studies conducted in Europe which show that rotational and perma-

nent grasslands managed with carbon farming practices function as net carbon sinks in north-

ern Europe. Total grassland area in Finland in 2018 accounted for about 10 090 km2 (Luke 

2019b). This indicates that more than 40% of the Finnish agricultural land area could be 

changed with simple management measures to act as net carbon sinks. However, it must be 

considered that 10% of the cultivated soils are organic soils, i.e. peatlands, where carbon 

emissions are more difficult to compensate with cultivation (Regina et al. 2019). For the 

grasslands to compensate all the carbon emitted by agriculture, the annual sequestration rate 

should reach 3.7 t C ha–1. 

 

1.3 Objectives and limitations  

This work concentrates on agricultural grassland ecosystems and the net carbon exchange as 

well as on the net carbon balance of two agricultural sites in Finland. To understand carbon 

dynamics in various natural and managed ecosystems, measurements of carbon balance over 

various periods are necessary. To my knowledge, no studies have been conducted in Finland 

on how the carbon balance and carbon sequestration can be enhanced on agricultural grass-

lands from the perspective of management practices and mitigation of climate change. 

Therefore, studies and verifications of carbon dynamics and effectiveness of carbon farming 

practices in northern conditions are needed. This study concentrates on calculating and ana-

lysing the carbon balance of agricultural grasslands in Finland, and on considering their po-

tential to sequester carbon.  

 

This work aims to determine the annual carbon balance based on the direct ecosystem at-

mosphere CO2 flux measurements and to describe the seasonal CO2 exchange dynamics in 

two forage grasslands with different soil types in Finland. The objectives are to analyse the 

net carbon balance measured on mineral soil in Qvidja in southern Finland in 2018 and to 

compare it with already published measurements conducted on grassland on peat soil in Jok-

ioinen in 2002. Furthermore, the objective is to consider how the possible net annual CO2 

uptake of the ecosystem reflects the national and global aims to reduce GHG emissions. 

Besides, a purpose is to consider the effect of management practices and to suggest improve-

ments. 

 

Measured CO2 flux in Qvidja covers a major part of the year of 2018 and is supplemented 

by modelling to cover one full year of fluxes. Fertilisation inputs and mowing outputs are 

taken into consideration in the calculations. However, leaching of carbon and CH4 or other 

volatile organic compounds (VOCs) are not considered in this work as their role in annual 

carbon balance is assumed small. Carbon balance is primarily compared to flux measure-

ments conducted in Jokioinen over the year of 2002. Soil types and weather conditions vary 

between these locations, which enables a general analysis of the effects of the soil type and 

weather patterns on the CO2 fluxes.  

 

This study is limited to the CO2 gas fluxes, and, at this stage, no other GHGs are considered. 

Furthermore, the analysis of carbon dynamics and uncertainties are incomplete while the 

measurements covered only approximately one year in Jokioinen as well as in Qvidja. There-

fore, the evaluation of interannual changes will be possible only in the future. Nevertheless, 

the datasets represent well the main dynamics of CO2 fluxes in northern conditions as the 

measurements cover most of the growing seasons.  
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2 Theoretical framework 

2.1 The role of soils in the global carbon cycle 

Global carbon cycle consists of fluxes between four main reservoirs: atmosphere, terrestrial 

ecosystems, oceans, and sediments (Fig. 1) (Le Quéré et al. 2017). On a short time scale, 

fluxes between reservoirs occur via photosynthesis and respiration. On a time scale of years, 

decades and centuries, carbon from dead plant and animal material incorporated into soils 

are decomposed by microbes and released back into the atmosphere. An even longer time is 

taken for the organic matter to be buried in deep sediment, which is protected from the decay, 

and to be transformed into deposits of coal, oil and natural gas. Burning these substances 

releases carbon back to the atmospheric pool. Today, all the carbon reservoirs are under 

anthropogenic influence altering the carbon dynamics on Earth. Thus, in addition to the fos-

sil fuel burning, land cover changes have been causing significant fluxes into the atmosphere 

driving the global carbon cycle further from the equilibrium (Smith 2008).  

 

 
Figure 1. Global carbon cycle (Pg C). (Figure adapted from US DOE. Climate Place-

mat: Energy-Climate Nexus, US Department of Energy Office of Science) 

 

When compared to atmosphere and biomass pools of carbon, soils are holding the largest 

amount of carbon on Earth by storing more than twice as much carbon as the atmosphere 

(e.g. Jackson et al. 2017, Paul 2007). In the subsurface soil layers, soil organic carbon (SOC) 

tend to be more in the dynamic form, i.e. forming and decomposing in various time scales, 

whereas in the deeper soil layers it is associated with mineral compounds, which are resistant 

to decomposition, and thus, stored in the soil for long-term (Jackson et al. 2017). The pools 

of SOM, mainly found in the subsurface soil layers, can be separated into the active and 

passive pools, which are characterised by the decomposition rate of organic matter. Micro-

bial biomass and relatively easily decomposed substances, such as sugars, comprise the ac-

tive pool (Brady & Weil 2008). Even though only a small fraction of total soil carbon is in 
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the active pool, this pool is greatly responsible for the carbon and other nutrient cyclings, 

micronutrient availability, and maintenance of structural stability. An important function of 

this pool is also to provide a nutrient source for plants and soil organisms, as well as to 

support biological diversity and activity in soils (e.g. Jastrow et al. 2007, Hoyle et al. 2011). 

Passive carbon pool contains stable substances, such as humus, that are mostly amorphous 

and colloidal mixtures of complex organic compounds which are highly resistant to micro-

bial decomposition and can last in the soil for decades (Paul 2007, Hoyle et al. 2011). The 

passive pool includes the majority of the organic matter in the soil, and it promotes soil 

stability and aggregate formation, which are significant factors of soil quality, water holding 

capacity, and nutrient availability (Brady & Weil 2008). Passive carbon compounds are fur-

ther protected from decomposition in finer-textured soils by binding strongly to clay parti-

cles.  

 

Globally, the cultivation and disturbance of soils have resulted in the loss of 40–90 Pg of 

carbon, and the net annual flux of carbon is continuously from soils into the atmosphere, 

depleting the SOM and reducing the fertility of the cultivated soils (Smith 2008). Carbon 

input to the soil is greatly dependent on land use, forests having the largest input. Generally, 

grasslands can also have a large input of carbon mainly due to the extensive coverage and 

perennial vegetation. Annual cropping systems have the lowest carbon input to the soil 

(Jackson et al. 2017). The degradation of grasslands due to conversion to cropland and in-

tensive grazing land has expanded in the past decades (Smith 2008). However, the manage-

ment of cultivated soils has a significant impact on the carbon fluxes between the reservoirs. 

For instance, Conant et al. (2017) concluded that improved grassland management can in-

crease soil carbon at the rate of 1 t C ha–1 yr–1 or more.  

 

2.2 Carbon dynamics in agricultural sites 

Carbon fluxes, as well as the carbon balance of agroecosystems, varies considerably depend-

ing on the soil type and soil properties, type of vegetation, climate and weather conditions, 

and management practices (Bolinder et al. 2010, Gomez-Casanovas et al. 2017, Jensen et al. 

2017, Lorenz & Lal 2018, Signh et al. 2018). Carbon input of the agroecosystem is depend-

ent on the rate of photosynthesis and other biomass input, such as manure or compost, to the 

soil. Carbon output, on the other hand, results from the decomposition of organic material, 

plant respiration, removal of biomass by harvesting or grazing, and depletion of SOC by 

leaching and erosion (Davidson & Janssens 2006). Furthermore, other disturbances of the 

system, such as fires, tillage, and artificial drainage, contribute to the loss of carbon. 

 

Decomposition of SOM is an essential process for plants to be able to utilise the nutrients 

stored in the soil medium. Decomposing organic compounds also promote soil’s biological 

diversity, aggregate stability, and disease prevention by providing nutrients for supporting 

life processes, and thus, carbon cycling (Jackson et al. 2017, van Dam et al. 2009). However, 

accumulation of SOM is essential for maintaining these functions in the long term, as well 

as for supporting the carbon sequestration and the stability of the agroecosystem (Tilman et 

al. 2006). To maintain and to increase the fertility of the soil, the objective of the manage-

ment practices in the agroecosystems is to reduce the losses of SOM to the minimum while 

increasing the gains of carbon. The rate at which SOM either increases or decreases is de-

termined by the balance between carbon input and output into the system.  
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2.2.1 Carbon input to agroecosystem 

In the agricultural ecosystem, the primary process transporting carbon from the atmosphere 

to the biosphere occurs in photosynthesis when the carbon dioxide is taken up by cultivated 

plants (Signh et al. 2018). Thus, photosynthesis converts inorganic carbon (CO2) into organic 

carbon compounds (Paul 2007). The rate of the photosynthesis is mainly dependent on the 

temperature, photosynthetically active radiation (PAR), which is the wavelength between 

400 to 700 nm, and atmospheric CO2 concentration, as well as soil water and nutrient avail-

ability and relative humidity of the air (Shunlin et al. 2012). Optimum photosynthesis tem-

perature for many of the boreal species is at the range of 15–25°C and the assimilation is 

suppressed at low or below zero temperatures due to the decreased enzymatic activity (Lo-

hila 2008).  

 

Majority of the photosynthetically fixed carbon is consumed in plants’ energy production, 

biosynthesis and maintenance of vital functions (Atkin et al. 2010, King et al. 2006). Plant 

tissue consists of carbon-rich organic compounds, which are mainly built up of various kinds 

of carbohydrates, such as sugars, proteins, cellulose, fats, and lignin. Thus, dead plant resi-

dues are supplying carbon to the soil. Part of the carbon substances formed by living plants 

is excreted into the rhizosphere as nutrients for soil microbes (Poeplau et al. 2015). Root 

exudates can account as much as 40% of the photosynthetic carbon allocated to the roots 

(Benizri & Amiaud 2005). Diverse and active vegetation cover consisting of perennials often 

promotes the production of large root systems which feed bacteria and fungi in the rhizo-

sphere with the root exudates (Fornara et al. 2009). Thus, microbes in the soil are provided 

with the necessary metabolic capabilities to decompose and supply essential nutrients for 

plants.  

 

Humic compounds, which comprise the passive pool in agricultural soils, are formed in 

healthy and diverse soil containing protozoa, nematodes, and earthworms that feed on bac-

teria and fungi. Extracellular enzymes of these microorganisms and dead microbial biomass 

are associated with humic colloids promoting the accumulation of SOM. Furthermore, mi-

crobial secretions and fungal filaments keep together the soil aggregates and crumbs that 

stabilise and store soil carbon (Tiainen et al. 2004). Therefore, functioning soil ecosystem 

with a diverse selection of carbon compounds and soil life is essential for balanced carbon 

accumulation in the soil (Fornara et al. 2009, Jackson et al. 2017, Loranger-Merciris et al. 

2006, Poeplau et al. 2015). 

 

As the assimilation of carbon compounds into the passive pool is occurring via microbial 

processes which are greatly dependent on the availability of rhizodeposits and especially 

nitrogen in the soil, the soil management to enhance SOM must include some means of 

supplying nitrogen. Mineral fertilisation has shown to weaken the carbon accumulation pro-

cesses in the soil (Benizri & Amiaud 2005), and therefore, nitrogen availability should be 

assured by the inclusion of leguminous plants in the crop rotation (Fornara et al. 2016). 

Changing the fertilisation practices from mineral fertilisation to organic ones have shown to 

improve the carbon balance on grasslands (Chirinda et al. 2010, Eze et al. 2018, Fornara et 

al. 2016). Especially composted farmyard manure is supporting the positive development of 

soil microbial communities and diversity of the soil ecosystem (Zaller & Köpke 2004). Soil 

management that favours complex food web with many trophic levels enhance the cycling 

and efficient use of nitrogen, phosphorus, carbon, and of other nutrients (Paul 2007).  
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Including a diverse selection of plants with different functional groups, such as legumes, 

grasses and herbaceous plants, as well as deep-rooted and shallow-rooted plants, increase 

the root and shoot biomass production. That has shown to directly enhance the accumulation 

of soil carbon and nitrogen storages on grasslands (Fornara & Tilman 2008, Yang et al. 

2019). Greater number of plant species result in increased root biomass, which is related to 

greater temporal stability of annual aboveground plant production, and the stability of the 

whole agroecosystem (Tilman et al. 2006). 

 

Soil texture is a significant factor affecting carbon sequestration in agricultural soils (Signh 

et al. 2018). Soils consisting of finer particles, such as clay loam, have a capacity to accu-

mulate more organic matter. That is mainly because such soils can produce more plant bio-

mass, more of their organic material has formed clay-humus complexes, which are protected 

from decomposition, and they are less aerated resulting in a decreased rate of oxidation of 

SOM (Brady & Weil 2008). Conversely, peat soils, high in organic material, brought to ag-

ricultural management become aerated due to the drainage, and thus, the water-table level 

decreases, resulting in high decomposition rates of SOM (Lohila 2008). 

 

2.2.2 Carbon output from agroecosystem 

The community of microbes and macrofauna, as well as the vital functions of plants, release 

carbon into the atmosphere as CO2 via respiration (e.g. Paul 2007, De Deyn et al. 2011). 

Ecosystem respiration can be separated into soil respiration and plant respiration, or hetero-

trophic and autotrophic respiration, respectively (Loustau & Rambal 2010). Autotrophic res-

piration releases CO2 from the plants as the compounds containing carbon are metabolised 

to maintain cellular functions. Root secretions and decomposing plant material provide nu-

trition for heterotrophic soil organisms (Poeplau et al. 2015). Thus, their respiration is the 

result of microbial oxidation of SOM to gain energy for metabolism, reproduction and 

growth.  

 

Soil respiration typically increases exponentially with temperature (Lohila 2008). In agricul-

tural soils in warm climates, where the mean annual temperature is from 20 to 35°C, decom-

position may frequently exceed assimilation resulting in the release of nutrients and lower 

accumulation, or even loss of organic matter (Brady & Weil 2008). In the regions of lower 

temperatures, the primary production of plants exceeds the rate of decomposition as the 

colder climate reduces the biological activity of the soil (Poeplau et al. 2015). Thus, the 

accumulation of SOM tends to be higher, for instance, in northern Europe. Conditions of 

high moisture content and poor aeration inhibit the decomposition of SOM. In wet condi-

tions, agricultural soils can become waterlogged and often resulting in declined pH, which 

reduce the microbial activity and decomposition (Jackson et al. 2017). However, in such 

agricultural conditions, photosynthesis of many cultivated species become limited as well.  

 

Wet conditions in agricultural soils promote leaching of carbon. Leaching as dissolved or-

ganic carbon (DOC) occurs in agroecosystems at varying rates, being mainly affected by 

site-specific surface runoff and subsurface drainage characteristics, meteorology and hydro-

logical events (Manninen et al. 2018). Typically, DOC load in clay soils is less than half of 

that in peatlands, where it can reach annually approximately 0.14 t ha–1.  

 

Increased amount and quality of plant residues, compost or other input material containing 

carbon and nitrogen provides more nutrition for soil microorganisms affecting the respira-

tion. Carbon and nitrogen are the main substances for maintaining life processes, and thus, 
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the quality of the input material can be roughly determined by the C to N ratio (Hoyle et al. 

2011). Considering the balanced formation and decomposition of SOM, C:N ratio of input 

material should not be too high. Generally, the optimal C:N ratio is below 25:1 (Brady & 

Weil 2008). If the C:N ratio in organic material input into the soil exceeds that, the soil is 

likely to be depleted of nitrogen and decay of organic matter becomes slower. Although that 

reduces carbon losses by heterotrophic respiration, it also often causes higher plants to suffer 

from nitrogen deficiency, reducing the photosynthesis. On the other hand, low C:N ratio 

together with excess availability of energy source is likely to result in intense microbial ac-

tivity and the breakdown of persistent organic matter (Finn et al. 2015).  

 

Mineralisation of simple inorganic compounds necessary for plant growth occurs due to the 

decomposition of dead microbial cells. Decomposition process enables the mineralisation of 

inorganic ions, which are necessary for plants and higher microorganisms. The decay of 

organic tissue is the most important source of nitrogen, phosphorus, sulphur, and other es-

sential substances for plants (Brady & Weil 2008). Decomposition of SOM, and thus, the 

ecosystem respiration, is increased by regular ploughing due to the reduction in the photo-

synthesis and increase in soil respiration. Especially high temperatures and favourable soil 

moisture conditions at the time of ploughing and afterwards activate the soil microbes to 

decompose SOM. Ploughing can also supply significant amounts of plant material into the 

soil and depending on the quality of the material it may lead to a rapid increase in the mi-

crobial biomass and enzyme activity of soil microbes which promote the decomposition of 

native organic matter (Reinsch et al. 2018). Regular ploughing can also reduce the number 

of macroaggregates in the soil, leading to a decrease of SOM. The decrease in soil carbon 

content can continue even for six months after each ploughing. Thus, minimising ploughing 

and applying a permanent surface cover, which is often based on crop rotation dominated by 

ley, are efficient practices to reduce SOC losses (Poeplau et al. 2015, Smith et al. 2008).  

 

Reduction of more than 50% of the aboveground leaf material in mowing or intensive graz-

ing, diminishes the growth of the plant roots significantly (Crider 1955). That results in re-

duced root respiration and decreased root nutrient absorption, including nitrogen, essential 

elements and water uptake, causing malfunctions in plants and prolonged recovery period 

from mowing (Manske 2018). Therefore, enhanced harvesting and grazing management can 

significantly reduce the net output of carbon while maintaining or increasing the yields. By 

increasing the cutting height, regrowth of the vegetation can be enhanced (Crider 1955). 

Rotational grazing practices are shown to increase productivity and diversity of the grass-

land, as well as to enhance carbon sequestration (Alemu et al. 2019).  

 

2.3 Concepts of carbon balance measurements 

2.3.1 Carbon fluxes and system boundary  

Carbon fluxes occurring in an agricultural ecosystem include gross primary production 

(GPP) of plants, total ecosystem respiration (Rtot), leaching and VOC emissions as well as 

fertilisation input if organic fertilisation is applied on the field, and carbon output of har-

vested biomass (Fig. 2). In this study, carbon leaching and VOC fluxes are not considered 

because no data was available. Thus, the system boundary is set to the fluxes occurring be-

tween atmosphere and biosphere as well as laterally to the field boundaries. Atmosphere-

biosphere CO2 fluxes, i.e. net ecosystem exchange (NEE) which consists of GPP and Rtot, 

can be measured with the eddy covariance (EC) technique within the atmospheric boundary 
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layer. These are described in the following sections. Fertilisation and harvest fluxes are 

measured based on the mass imported and exported from the system. 

 

 
Figure 2. Carbon fluxes in agricultural ecosystem consist of gross primary production 

(GPP), total ecosystem respiration (Rtot), fertilisation input and harvest output as well as 

leaching. Rtot consists of soil respiration (Rs) and plant respiration (Rp). Net ecosystem ex-

change (NEE) is the difference between GPP and Rtot. Carbon balance considers all the 

fluxes in the system. 

 

2.3.2 Atmospheric boundary layer 

Atmospheric boundary layer (ABL) is the part of the troposphere that is closest to the surface 

of the Earth, and thus being in direct interaction with the surface. Its height varies in time 

and space, typically from 0.1 to 2 km (Fig. 3). In the ABL, flow structures are affected by 

surface friction, vertical temperature gradient, and the rotation of the Earth (Kaimal & Fin-

nigan 1994). Above the ABL is the free atmosphere where the flow is no longer affected by 

the surface friction.  

 

In the summer days, when solar radiation is heating the Earth’s surface, ABL becomes un-

stable, and convection mixes the air (Nadeau et al. 2011). During nighttime in the summer, 

Earth’s surface cools down diminishing the turbulence, and the boundary layer becomes 

stable. Similar conditions often prevail in the winter. Thus, surface friction and heating of 

the surface cause the vertical mixing of the air in the ABL, resulting in a turbulent horizontal 

flow. This three-dimensional swirling motion occurs on different scales, and thus, the air-

flow in the ABL can be imagined as a horizontal flow of numerous rotating eddies (Fig. 4). 

Each of these eddies has three wind velocity components, of which the vertical air movement 

components are primarily of interest when considering the gas exchange between atmos-

phere and biosphere (Burba & Anderson 2010).  
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                 Figure 3. Atmospheric boundary layer, including subsurface layer,  

                 and flow pattern in different parts of the atmosphere.           

 

ABL plays an important role in hydrology and agricultural meteorology. Such processes as 

gas flows, evaporation, dewfall and frost formation are associated with the state of the ABL 

(Garratt 1994). The intensity of the turbulence and energy balance at the surface are the main 

factors controlling these processes. Furthermore, molecular diffusion close to the surface 

and turbulence above the surface are the most important physical transport mechanisms of 

CO2 and other trace gases between the atmosphere and biosphere. Turbulence is transporting 

the gases in the atmosphere, and thus, affecting the fluxes occurring at the surface of the soil 

and vegetation. In the soil and few centimetres above the surface where turbulence is sup-

pressed, the main mechanism of gas transport is molecular diffusion where transport of mol-

ecules occurs due to the random thermal motion (Baldocchi et al. 1988). The molecular dif-

fusive flux of CO2 is dependent on the concentration gradient in the soil pores and soil sur-

face.  

 

 
Figure 4. Air flow above and within an ecosystem and EC tower measuring rotating 

eddies. (Burba & Anderson 2010) 

 

ABL can be separated into two regions: a surface layer region where the vertical shearing 

stress is approximately constant above the ecosystem, and the region above this layer (Kai-

mal & Finnigan 1994). As the turbulent fluxes vary very little vertically in the surface layer, 

atmosphere-biosphere gas fluxes can be measured at an arbitrary height in the surface layer, 
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and thus, the measured flux can be considered to represent the flux at the surface. Different 

meteorological techniques are utilising this feature for surface flux measurements. One of 

the most direct and accurate methods for micrometeorological measurements is the EC tech-

nique. It can be used to measure gas fluxes and monitor gas emissions from areas ranging 

from a few hundred to millions of square meters (Burba & Anderson 2010).  

 

2.3.3 CO2 flux measurements with eddy covariance method 

EC method is widely used in measuring CO2, H2O and energy fluxes in a variety of different 

ecosystems and various climatic conditions (Papale et al. 2006, Jensen et al. 2017). These 

include worldwide mainly forests, wetlands, grasslands and croplands. The EC equipment 

measures high-frequency fluctuations in vertical wind velocity and atmospheric CO2 con-

centration (Aubinet et al. 2012). The CO2 flux of the studied ecosystem can be obtained from 

the covariance between these two scalars. The EC measurement device is non-intrusive, and 

it is typically installed above the ecosystem canopy level. Therefore, the whole ecosystem 

net CO2 exchange can be measured with the EC technique (Flanagan & Johnson 2005). EC 

method can cover various temporal scales as the system measures continuously producing 

half-hourly observations. Hence, the measurements allow quantification and analysis of 

long-term exchange processes between an ecosystem and atmosphere. From the data, it can 

be determined whether the ecosystem is a source or a sink of CO2 (Galvagno et al. 2017).  

 

The EC instrument measures the changes in upward and downward wind velocity compo-

nents and the gas concentrations with a three-axis sonic anemometer and a fast response gas 

analyser (Baldocchi et al. 2003, Papale et al. 2006). The general operating principle of the 

sonic anemometer is to measure the transit time of an ultrasound pulse between two trans-

ducers which are located at the known distance from each other. The transit time depends on 

the speed of the ultrasound pulse and the velocity of the air in the path (Aubinet et al. 2012). 

The second component of the EC instrumentation for CO2 flux measurements is the gas 

analyser. Often, the infrared gas analyser is used. It measures at high frequency, usually 10 

Hz, the turbulent fluctuations in CO2 and H2O gas mixing ratios. The general principle is 

that the air containing CO2 and H2O is led through the path of infrared radiation with selected 

wavelength. The gases absorb this wavelength, and reduced intensity of the radiation beam 

is observed by the detector. The molar concentration of gases can be determined from the 

difference between the reduced intensity of radiation and the reference signal (Aubinet et al. 

2012). The density of air, in the measured pressure and temperature, is taken into account in 

the conversions to gas mixing ratios.  

 

High-frequency raw data often contains spikes and noise, which are caused mainly by prob-

lems with the instrument, such as electronic noise, or any obstacles in the path of the sonic 

anemometer, for example, raindrops or snowflakes (Aubinet et al. 2012). Before calculating 

the means, variances and covariances, sensor output signals are transformed to micromete-

orological variables, and a series of quality controls are performed by automated tests to flag 

and despike the raw data. In addition, to obtain the covariance, the time lag between the two 

variables that covary must be determined. Signal of the gas analyser lags the signal of the 

anemometer as a certain time is taken for the gas to be sucked into the analyser via the inlet 

tube. Furthermore, the coordinate rotation is performed to transform the wind data from an-

emometer’s internal coordinates to rectangular Cartesian coordinates assuming that the mean 

vertical wind speed is zero. After these procedures, the flux is generally calculated for 30-

minute time periods.  
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The EC approach is based on the simplified conservation equation when the experimental 

site fulfils the theoretical requirements (Aubinet et al. 2012). These include stationary con-

dition, sufficient turbulent mixing, and horizontally homogenous and flat terrain. These re-

quirements are, however, often violated. During nighttime with stable stratification and calm 

atmospheric conditions, horizontal advection may occur, and the storage term may become 

significant because turbulent mixing is insufficient. Moreover, in complex terrains, such as 

hilly or mountainous regions, nocturnal gravity flows are likely to occur, causing errors in 

nighttime NEE measurements (Galvagno et al. 2017). In long-term flux measurements, this 

has been noticed to cause underestimation into the net CO2 release from the ecosystem. The 

widely used approach is to discard the data during such conditions when the requirements 

are not sufficiently met. Commonly, the data below the site-specific threshold friction ve-

locity is rejected (Gu et al. 2005, Papale et al. 2006). Friction velocity is calculated from the 

covariance of vertical and horizontal wind components.  

 

Filtering and gap-filling of the inappropriate measurements are necessary for obtaining the 

long-term CO2 balances. There are several approaches for filtering, and often, various site-

specific criteria are used. Also, the gap-filling of the data can be performed in several ways. 

These include, for instance, neural networks, lookup tables, parameterisation, nonlinear re-

gressions, or process models (Aubinet et al. 2012). The gap-filling method should be care-

fully chosen based on the available data, site conditions and management practices because 

the quality of gap-filling and uncertainties are closely related. 

 

The source area affecting the flux measurement is extensive. Various sinks and sources 

within this area contribute to the flux measurements made at the height of the EC equipment 

(Foken & Leclerc 2004). Therefore, it is crucial to define these areas within the footprint. 

For instance, it should be evaluated whether the forest beside the agricultural grassland area 

is significantly affecting the measurements. That can be estimated with micrometeorological 

footprint model. The dimensions of the area contributing most to the measured flux can be 

evaluated with a footprint model. 
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3 Site description and data acquisition 

3.1 Site and management practices in Qvidja 

Carbon dioxide flux measurements were conducted at Qvidja farm in southwestern Finland 

(Fig. 5). The farm is located in the archipelago of Parainen. The size of the experimental 

field is 16.25 ha (Fig. 6), and it is located in fairly flat terrain. The soil type is clay loam. 

The field has been in agricultural use for decades, and lately, it has been cultivated under 

conventional management practices. The field is mainly surrounded by forests in the north-

ern, as well as eastern and western sides. In the south of the field, there is a wetland area 

covering about 15 ha (Fig. 6).  

 

 
Figure 5. Agricultural sites of Qvidja and Jokioinen, and meteorological  

observation stations Yltöinen and Utö. 

 

Long-term air temperature data were available from the FMI’s observation station in 

Yltöinen, Kaarina, which is located 13.5 km northeast from Qvidja farm (Fig. 5). Long-term 

mean annual air temperature in Yltöinen from 1959 to 2017 was 5.3°C, whereas the annual 

mean air temperature in 2018 was 6.6°C (Fig. 7). Annual precipitation in the area from 1959 

to 2017 was on average 647 mm, and the precipitation in 2018 was 486 mm. More detailed 

explanations of the meteorological conditions in Qvidja in 2018 are presented in Section 

5.1.1. 

 

 

           

100 km 
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         Figure 6. Location of the eddy covariance measurements and meteorological  

         observations in Qvidja farm.  

 

The forage growing on the field during the measurements in 2018 was sown in the spring of 

2017 with the broad bean. The forage mixture included clover and several species of hay. 

Broad bean was harvested that year, and the grass was left to grow for the season of 2018. 

The first harvest for the grass occurred on the 12th of June 2018. The mixture of grass species 

was sown on the 3rd of September 2018 to restore the damage for vegetation caused by 

drought. The seed mixture included 35% of timothy (Phleum pratense), 30% of rye-grasses 

(Lolium), 20% of common meadow-grass (Poa pratensis), and 15% of red fescue (Festuca 

rubra). 19 kg ha–1 of seeds were sown in the field.  

 

 
Figure 7. Monthly precipitation (a) and mean air temperature (b) in Yltöinen weather station 

during 1959–2017 and in 2018. 

 

Several management measures were conducted during the growing season of 2018 (Table 

1). As the harvested hey was used elsewhere as fodder, it was considered as carbon output 

from the field. The dry weight of the first harvest on the 12th of June was approximately 2.0 

t ha–1. The cutting height was approximately 5–7 cm. On the 21st of August, the hay was cut 

at the height of about 15 cm, but no yield was collected. The second harvest yielded about 

0.3 t ha–1. Cutting height was around 10 cm. Altogether carbon output as hey was about 2.3 

200 m 
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t ha–1. This biomass was converted into carbon by multiplying the dry weight by 0.42 (Lohila 

et al. 2004). That is approximately the carbon content in the typical grass plants’ dry matter 

(Brady & Weil 2008).  

 

Table 1. Carbon inputs and outputs during the measurement period in the experimental site 

of Qvidja in 2018. Total carbon balance of management measures is indicated in the bottom 

line.  
Date Management  Output Input in C 

 operation (kg DW ha–1) (kg ha–1) (g m–2) 

12th Jun Mowing 1985  83.4 

16th Jul Fertilisation with molasses  –2800 –57.4 

21st Aug Cutting – – – 

24th Aug Fertilisation with molasses  –1755 –36.0 

23rd Sept Mowing 348  14.6 

     

 Total 2333 –4555 4.6 

 

The field was fertilised with NK-molasses twice during the growing season of 2018 (Table 

1). NK-molasses is a molasses extract marketed by Soilfood Oy. It contains 66.6% of organic 

matter and 4.4% of nitrogen, having the C:N ratio of 9. According to the Soilfood product 

information, molasses includes 205 kg/t of organic carbon. In addition, molasses is contain-

ing potassium and small proportions of sulphur, magnesium, calcium, and sodium. The first 

application of molasses occurred on the 16th of July, during which 2.8 t ha–1 was spread on 

the soil. The second fertilisation took place on the 24th of August when about 1.8 t ha–1 was 

applied to the field. Altogether, carbon input was about 4.6 t ha–1 of molasses. Carbon input 

as seeds was considered negligible in this work. Considering annual carbon balance of these 

management procedures, 4.6 g m–2 more carbon was exported from the field than brought to 

there. 

 

3.2 Measurement setup in Qvidja 

The EC flux measurements were established in Qvidja at the beginning of May 2018. The 

flux tower was established on a central part of the field to capture well the fluxes from the 

majority of the experimental field. The CO2 flux was measured using a Li-7200 CO2/H2O 

analyser by LI-COR Inc. (Nebraska, US), which observes the CO2 and H2O mixing ratios, 

and an uSonic-3 Scientific anemometer by METEK GmbH (Bristol, UK), which measures 

the wind components and air temperature at the height of 2.30 m. The CO2 fluxes were 

obtained as the covariance between variations of vertical wind component and gas concen-

tration. High-frequency raw data consisting of 10 Hz observations were automatically cal-

culated to 30-minute time resolution. The systematic flux loss due to the insufficient fre-

quency loss was corrected according to the practice used in Lohila et al. (2004).  

 

Supporting meteorological observations were conducted with separate meteorological sen-

sors next to the flux tower. These included soil moisture measurement with ML3 ThetaProbe 

sensor by Delta-T Devices Ltd. (Cambridge, UK) and soil temperature at the depths of 5 cm, 

10 cm and 30 cm with PT100 sensors by OMEGA Engineering Inc. (Manchester, UK). Pho-

tosynthetically active radiation was measured using PQS PAR sensor by Kipp & Zonen B.V. 

(Delft, The Netherlands). Global and reflected solar radiation were measured with 
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Kipp&Zonen CMP3 radiometers, and soil heat flux with HFP01 sensor by Huxeflux Ther-

mal Sensors B.V. (Delft, The Netherlands). Precipitation was recorded with OTT Pluvio2 

by OTT HydroMet (Colorado, US). In addition, meteorological observations were also cov-

ering air temperature measurements at the height of 1.8 m with Vaisala Humicap HMP155 

(Vantaa, Finland). Meteorological measurements started on the 8th of May 2018. The obser-

vations were automatically averaged to 30-minute time resolution. 

 

Soil temperature sensor at the depth of 5 cm had problems during the growing season meas-

urements, and the data had to be discarded from the summer. However, the soil temperature 

was also measured in the adjacent test field a few meters from the flux tower. Measurements 

were conducted on several test plots with HOBO 64K Pendant® Temperature data logger 

by Onset Computer Corporation (Massachusetts, US). An average soil temperature of con-

trol plots at the 5 cm depth was used in this work to cover the period from the 16th of May 

to the 2nd of October.  

 

3.3 Site description and measurement setup in Jokioinen 

The acquisition, processing and publishing of the EC flux measurement data in Jokioinen in 

2002 have been conducted by Lohila et al. (2004). Jokioinen is located inland in southwest-

ern Finland (Fig. 5). Long-term annual mean air temperature from 1959 to 2001 was 4.1°C 

and precipitation 585 mm (Fig. 8). In 2002, the annual mean air temperature was 4.9°C, and 

the total precipitation was 440 mm. More detailed meteorological conditions in 2002 are 

presented in Section 5.2.1. 

 

The CO2 flux measurements have been conducted in Jokioinen for several years since the 

beginning of the year 2000. The 17-ha experimental field has been under agricultural man-

agement for about a century. The field is mainly consisting of peat with subsoil layer of clay. 

The depth of the peat layer is approximately 0.5 m.  

 

In the spring of 2001, the field was sown with spring barley and undersown grass mixture of 

two species, timothy and meadow fescue. Barley was harvested in September, and the grass 

was left to grow for the following season. During the growing season of 2002, a mix of 

nitrogen, phosphorus and potassium fertiliser was applied twice on the field. Fertilisations 

took place on the 26th of April and after the first harvest. Altogether, 141 kg N ha–1, 7 kg P 

ha–1, and 48 kg K ha–1 were applied to fertilise the grass. The grass was harvested first time 

on the 10th of June, and the second time on the 6th of August.  

 

 
Figure 8. Monthly precipitation (a) and mean air temperature (b) in Jokioinen weather sta-

tion during 1959–2001 and in 2002. 
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The CO2 flux measurements were conducted with the EC technique. The instrument was 

measuring at the height of 3 m above the ground. Supporting meteorological measurements 

were also collected on the site. A more detailed description of the measurements and data 

acquisition are presented in Lohila et al. (2004). Flux measurements used in this work are 

covering the period from the 1st of January to the 31st of December 2002.  
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4 Methods 

The CO2 flux time series and meteorological data were obtained as a pre-processed form for 

this work. Pre-processing of the data and CO2 flux calculations were conducted on-line with 

the PyBarFlux software by the Finnish Meteorological Institute. In this work, the following 

methods were applied for the dataset to calculate the annual CO2 fluxes and the carbon bal-

ance. Steps are shown in Figure 9 and described in detail in the following sections.  

 

 
Figure 9. Process of the methods applied for the dataset. 

 

4.1 Data screening and post-processing 

Pre-processed CO2 fluxes covered approximately 91% of the whole time-series. Further data 

screening was performed based on five site-specific criteria, which included wind direction, 

friction velocity threshold, stationarity of CO2 flux, variance of CO2 concentration, and foot-

print analysis. Observations from the wind directions between 30°–140° were not accepted 

in this case, as there was another test field located within a few meters to the EC tower (Fig. 

10). This sector in the eastern side of the EC tower is managed differently from the rest of 

the field, and thus, filtered from the dataset.  

 

With low wind velocities, and thus, insufficient turbulent mixing, CO2 flux measurements 

may become biased not representing the processes of respiration and photosynthesis any-

more. Incorrect CO2 sinks or sources may be observed in the data as the gravitational advec-

tion occurs. Thus, the filtering of data with friction velocity is required. Friction velocity 

threshold value is determined from the data mainly with visual analysis of the nighttime 

respiration data against friction velocity. Although respiration is not dependent on the tur-

bulence of the air, in stable conditions, these two variables show either dependence or clearly 

inaccurate values, and hence, measurements below this threshold are discarded. Friction ve-

locity threshold value was set to 0.06 m/s. Although the threshold value of 0.1 m/s is widely 

used, with this dataset, it seemed to filter also many of the acceptable values out. 

 

The CO2 stationarity parameter was used as data quality criterion (Aubinet et al. 2012). It 

represents how much the mean of six 5-minute average CO2 fluxes differ from the total 
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average of 30-minute CO2 flux. This difference is represented as a proportion of half-hour 

average flux. Thus, 0% means that there are stationary conditions and no difference between 

these values. Non-stationary conditions can be observed whenever the difference increases 

above 0. Relative non-stationarity of the flux is calculated as follows: 

 

𝑅𝑁𝐹 = |
1

6
∑ (𝐹5𝑚𝑖𝑛,𝑖) − 𝐹30𝑚𝑖𝑛

6
𝑖=1

𝐹30𝑚𝑖𝑛
|                                    (1) 

 

where 𝐹5𝑚𝑖𝑛 is the average CO2 flux of every 5-minute periods within the 30 minutes, and 

𝐹30𝑚𝑖𝑛 is the average of 30-minute CO2 flux. With this dataset, a maximum of 50% fluctu-

ation in CO2 stationarity parameter was accepted. That means that the average of six 5-mi-

nute fluxes cannot be more than 50% larger or smaller than the average of the whole 30-

minute period.  
 

Visual checking of the dataset after the first three filtering criteria revealed exceptionally 

large CO2 uptake and release during nighttime measurements throughout the whole eight 

months period. CO2 concentrations were found to vary largely during these 30-minute meas-

urement periods, and thus, the variance of the CO2 concentration was used as an additional 

filtering criterion. The threshold for the variance was set to 15 ppm2 from May to October 

and 5 ppm2 from November to January.  

 

Flux measurements can rarely be conducted in ideal conditions with homogenous and flat 

terrain. That was also the case in Qvidja by having in one direction a forest within 70 m and 

a wetland area within 200 m from the EC tower. If the field of view of the EC instrumentation 

reaches other ecosystems outside the field, measurements become biased. Therefore, the 

footprint model was applied to define the source area of CO2 fluxes viewed by the EC tower 

(Aubinet et al. 2012). In this experimental site, the source area was divided into seven sectors 

(Fig. 10). According to Göckede et al. (2008), at least 50 to 80% flux contribution from the 

source area represent acceptable measurements. Thus, in this study, it was defined that min-

imum of 70% of each measured flux came from the experimental field within the distance 

of that sector, and the rest of the data were discarded since a too large contribution of other 

areas than the grass field to the measured flux. 
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Figure 10. EC tower and the area of observation divided into seven footprint sectors in 

Qvidja. 

 

4.2 Gap-filling and partitioning 

Post-processed data covered 42% of all 30-minute time periods from the 3rd of May 2018 to 

the 8th of January 2019. Gap-filling was based on the respiration (Lohila et al. 2003, 2004, 

Lloyd & Taylor 1994) and gross primary production (Aurela et al. 2001, Lohila et al. 2007) 

models, which utilise the existing measurements to obtain light and temperature responses 

for defined time periods (see Section 4.2.3 below). By the means of those responses, respi-

ration components and GPP were calculated for all missing time periods. To take into ac-

count the growth stage of the vegetation, effective phytomass, PI, is defined from the existing 

measurements. PI, as well as Rtot and GPP models, are described below in the following 

section.  

 

4.2.1 Meteorology 

For the accurate gap-filling of the CO2 flux data, large gaps in the meteorological variables 

were filled with observations from the nearby weather stations. Due to the power cuts, sev-

eral gaps in the observations of air and soil temperatures as well as PAR were found in the 

data. Two longer breaks occurred during the whole measuring period. The first one between 

the 29th of September and the 2nd of October, and the second one between the 30th of De-

cember and the 3rd of January.  

 

Short gaps covering a maximum of 6 hours were filled with linear interpolation between 

adjacent values. Longer gaps covering less than a day were filled with a mean diurnal vari-

ation of adjacent days. Gaps covering more than one day required gap-filling with observa-

tions from the nearest meteorological measurement site. Meteorological data for gap-filling 

100 m 
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the missing time periods was downloaded from the FMI’s observation stations. Air temper-

ature data was used from Yltöinen, Kaarina. Radiation data was available 81 km southwest 

from Qvidja in Utö, Parainen, and 83 km northeast in Jokioinen observation stations (Fig. 

5). Correlation tests were run to compare the observations from these locations to the data 

from Qvidja. Measurements from Utö correlated better with the ones in Qvidja, and hence, 

total radiation from Utö was used to obtain PAR.  

 

As PAR was not directly measured in Utö, it was calculated from the global radiation meas-

urements. The conversion was drawn from the following approximation. Plants are utilising 

the radiation in the range of 400–700 nm. However, total radiation covers the whole spec-

trum, of which about 45% is in the range usable for plants (Parlevliet & Moheimani 2014). 

As the total radiation is measured in energy (W m–2) and PAR in photons (μmol m–2 s–1), 

conversion with the factor of 4.57 is required (Sager & McFarlane 1997). Considering the 

wavelength relevant for plants, the actual conversion factor is 2.06. 

 

4.2.2 Effective phytomass index 

Effective phytomass index (PI) is an empirically-determined dimensionless variable derived 

from the measured CO2 flux data (Aurela et al. 2001). It represents the growth stage of the 

vegetation over the growing season, and it is similar to the widely used leaf area index (LAI). 

The PI index was used because it can better interpret the changes caused by weather condi-

tions, such as reduced air temperature, and management measures, such as harvests. By us-

ing PI, the response models could be dynamically parameterised for the whole growing sea-

son. 

 

PI is obtained by separating nighttime respiration and daytime NEE from the measured flux 

data. When PAR is below 20 mol m–2 s–1, flux is considered to represent the respiration of 

soil and plants completely. In PI calculations, it is assumed that the respiration stays rela-

tively stable over the daytime and is not changing much from the nighttime respiration. That 

enables the interpolation of nighttime respiration to cover also the daytime respiration flux. 

In this work, this was done by calculating 3-day running average for all half-hour periods. 

For gaps covering more than three days, the 5-day running average was calculated, and gaps 

were filled with 5-day average respiration. However, even longer breaks also occurred in the 

dataset, and those were filled with 7-day average respiration. In July, when the nigh-time 

flux data was scarce, one gap was still left after these procedures, and it was filled in by 

linear interpolation.  

 

Around the mowing days, running average could not be used as in the rest of the data because 

the effect of CO2 exchange caused by the rapid reduction in aboveground biomass would 

have been smoothed out. Therefore, the running average was limited to the harvest time, and 

thus the size of the averaging window was decreasing to 1.5 days before and after the harvest, 

however, increasing with each time step when going further from the time of the harvest.  

 

To determine PI, GPP of the ecosystem needs to be known. That can be obtained by calcu-

lating a running average for NEE similarly as for Rtot but in optimal light condition, which 

in this work were determined by PAR being above 700 mol m–2 s–1 during May to August 

and above 500 mol m–2 s–1 from September onwards. NEE and Rtot were summarised to get 

GPP for every time period within the growing season. Mean daily GPP was calculated for 
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the whole time period from the half-hourly GPP obtained by running average method de-

scribed above. PI was then scaled from 0 to 1 between the minimum and maximum daily 

GPP. Thus, PI describes the seasonal changes in the grass cover as well as the changes caused 

by cutting, mowing, and spreading of molasses as a fertiliser (Fig. 11).  

 

 
Figure 11. Effective phytomass index describing the changes in vegetation in Qvidja over 

the study year 2018.  

 

4.2.3 Respiration and GPP models 

To gap-fill the missing and rejected half-hour periods in the data, following respiration and 

GPP models were applied to calculate the net ecosystem exchange (NEE). The NEE (FNEE) 

rate of CO2 represents the balance of CO2 uptake by gross photosynthesis (PG), i.e. GPP, and 

CO2 release from an ecosystem as respiration (Rtot) (Aubinet et al. 2012, Paul 2007).  Widely 

applied respiration and GPP equations are used in this work to gap-fill the data. Net ecosys-

tem exchange is defined as follows: 

 

FNEE = Rtot + PG                     (2) 

 

where Rtot (mg CO2 m
–2 s–1) is the total ecosystem respiration, and PG (mg CO2 m

–2 s–1) is 

GPP of the studied ecosystem. Fluxes from the atmosphere to terrestrial biosphere are con-

sidered negative, and the releases of CO2 from the biosphere into the atmosphere are con-

sidered as positive fluxes (Aubinet et al. 2012). 

 

In this work, respiration is separated into autotrophic and heterotrophic components follow-

ing the definitions below (Lohila 2008). Thus, the total respiration, Rtot, is the sum of the 

two respiration components: 

 

Rtot = Rs + Rp                         (3) 

 

where Rs (mg CO2 m
–2 s–1) is the soil respiration, and Rp (mg CO2 m

–2 s–1) is the plant respi-

ration. Soil respiration model is defined by Lloyd and Taylor (1994). The equations for res-

piration components are described below.          

 

Soil respiration is calculated as a function of soil temperature: 

 

𝑅𝑠 = 𝑅𝑠0𝑒
[𝐸0(

1

𝑇1
−

1

𝑇𝑠−𝑇0
)]

                                      (4) 
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where Rs0 (mg CO2 m
–2 s–1) is the soil respiration at the reference soil temperature of T0=283 

K. In this work, Rs0 is derived from the data by fitting the measured data points into the 

equation 4 in a 10-day moving window. T1 (K) is the respective reference temperature of 

56.02 K, and E0 (K) is the long-term ecosystem sensitivity coefficient (Elsgaard et al. 2012), 

which is describing the temperature response of the soil respiration. E0 can be either constant 

or dynamically derived from the data (Lohila et al. 2008). In this work, E0 is dynamic and 

derived from the data by fitting the existing nighttime measurements, where PAR<20 mol 

m–2 s–1, into the Lloyd and Taylor (1994) respiration model (Eq. 4). Ts (K) is the soil tem-

perature at a selected depth. In this study, soil temperature measurements at the depth of 0.05 

m were used.  

 

Plant respiration is calculated as a function of air temperature, as follows. 

 

𝑅𝑝 = 𝐼𝑅𝑝0𝑒
[𝑏𝑑(

1

𝑇0
−

1

𝑇𝑙
)]

                                     (5) 

 

where I is a dimensionless effective phytomass index described in Section 4.2.2. It is empir-

ically-determined and normalised to unity. It describes the changes in the vegetation. Rp0 

(mg CO2 m
–2 s–1) describes the rate of plant dark respiration at the reference temperature of 

T0=283 K. Tl (K) is the plant leaf temperature, which is considered here equal to the air 

temperature. bd is physiological constant which equals to E/R, where E (J mol–1) is the acti-

vation energy for respiration and R (8.314 J mol–1 K–1) is the universal gas constant (Lloyd 

and Taylor, 1994). In this work, the constant value of bd=5000 K was selected to describe 

the temperature dependence of the plant dark respiration of grass (Lohila et al. 2003). 

 

Gross primary production is defined as follows.  

 

𝑃𝐺 = 𝐼 (
𝛼𝐷𝐹𝐺𝑃𝑃𝑚𝑎𝑥

𝛼𝐷+𝐹𝐺𝑃𝑃𝑚𝑎𝑥
)                                                                       (6) 

  

where I is the effective phytomass index, D (mol m–2 s–1) is the photosynthetic photon flux 

density (PPFD), i.e. PAR, FGPPmax (mg m–2 s–1) corresponds to the asymptotic CO2 uptake in 

full daylight.  (mg mol–1) is the initial slope of the light response curve obtained from the 

existing PAR and GPP measurements.  

 

4.2.4 Flux modelling from January to April 2018 

At the time of this study, the flux measurements at Qvidja were not covering a full year of 

observation. To obtain the annual carbon fluxes and carbon balance of the grassland, about 

four months from January to April 2018 were modelled using the available meteorological 

observations from the nearest weather stations. Air temperature data were obtained from 

Yltöinen and PAR from Utö. Flux modelling was conducted differently for the winter 

months, covering the period from the 9th of January to the 31st of March 2018, and for the 

beginning of the growing season between the 1st of April and the 3rd of May.  

 

It was assumed that no plant respiration or significant GPP was occurring during the winter 

modelling period. That was based on the air temperature and snow cover observations in 

Yltöinen (Fig. 12). The snow was assumed to cover the test field continuously from the 

beginning of February until the beginning of April. Therefore, in this case, the soil respira-

tion model developed by Lloyd and Taylor (1994) was assumed to describe the total NEE 
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accurately enough for the winter months from the 9th of January to the 31st of March 2018. 

This soil respiration model was applied to obtain the half-hourly NEE. Model parameters 

were obtained from the measured data from the period of November to December 2018. 

 

 
Figure 12. Snow depth (bars) and daily average air temperature (line) measured in Yltöinen 

in 2018. 

 

From the 1st of April to the 3rd of May, CO2 fluxes were modelled with the gap-filling model, 

in which the soil respiration, plant respiration and GPP were estimated based on the temper-

ature and light response functions within the moving average of the 10-day period or sepa-

rately defined minimum number of measurements. Hence, the model utilised the dynamics 

of existing fluxes during May to model the missing ones in April. Modelling was necessary 

to conduct in such a way as the thermal growing season started already on the 13th of April, 

meaning that the average daily temperature rose permanently above 5°C. Therefore, as the 

grasses are able to photosynthesise in relatively low temperatures, the GPP was assumed to 

have started immediately when the thermal growing season began.  

 

The gap-filling model utilises soil temperature observations in defining the soil respiration 

component from the total ecosystem respiration. As no soil temperature measurements were 

available near Qvidja during the beginning of the growing season, data from Jokioinen in 

2002 was used in gap-filling the period from the 1st of April to the 7th of May. Snow cover 

melted in Jokioinen permanently on the 5th of April whereas in Yltöinen this occurred on the 

6th of April (Fig. 13a). Total rainfall from the 1st of March to the 7th of May was in Jokioinen 

56.6 mm and in Yltöinen 57.6 mm. This indicates that in both locations the growing season 

for grasses started approximately at the same time, and precipitation (Fig. 13a) and air tem-

perature (Fig. 13b) patterns were similar as well, most likely, resulting in similar soil tem-

peratures in these locations. Hence, it was assumed that with sufficient accuracy soil tem-

perature measured from Jokioinen could be used in modelling the soil respiration from the 

beginning of April until the beginning of May.  
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Figure 13. (a) snow depth and accumulated precipitation from March to mid-May in 

Yltöinen in 2018 and in Jokioinen in 2002 and (b) daily mean air temperature in Yltöinen in 

2018 and in Jokioinen in 2002.  

 

4.3 Errors and uncertainties  

Errors are separated into random and systematic error (Aubinet et al. 2012). Random errors 

are characterised by stochastic and unpredictable nature. They can be identified by a proba-

bility distribution function, which is generally assumed to be Gaussian with a standard de-

viation. Noise and scatter in the data are caused by random error. They reduce the precision 

of measurements but cannot be corrected as they are occurring randomly. Repeated meas-

urements can be used to define the probability distribution function, and thus, to more pre-

cisely calculate the random error.  

 

Systematic errors are often unknown biases in the data which are considered to remain con-

stant. In flux measurements, however, they can vary between day and night. Systematic er-

rors can be recognised and estimated based on judgement and experience, theoretical con-

siderations or by conducting complementary measurements. Systematic errors cannot be 

characterised by statistical methods or reduced by averaging. However, their effects can be 

eliminated by certain correction methods, such as flux loss correction which is based on the 

spectral analysis (Aubinet et al. 2012). 
 

Random errors in flux measurements are caused by several factors. These include e.g. sam-

pling errors associated with the stochastic nature of turbulence and incomplete sampling of 

large eddies, errors due to the instrument system, and variation caused by the surrounding 

ecosystem (Aubinet et al. 2012). Commonly, the random error of the net ecosystem ex-

change can be calculated with the model residual approach. In this method, the difference 

between a highly tuned empirical model and the measured fluxes is calculated. It is assumed 

that the error of the model is negligible, and thus, the model residual represents almost en-

tirely the random measurement error. Random error for the carbon balance on an annual 

level is calculated with the following procedure based on root mean squared error. 
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𝜎𝑅𝑀𝑆𝐸 =  √∑ (𝐹𝑚𝑒𝑎𝑠,𝑖 − 𝐹𝑚𝑜𝑑,𝑖)
2𝑛

𝑖=1

𝑛
              (7) 

 

𝐸𝑟𝑎𝑛𝑑𝑜𝑚 =  ±√𝑛𝑡𝑜𝑡  𝜎𝑅𝑀𝑆𝐸                (8) 

 

where Fmeas is the measured flux, Fmod is the modelled flux and n is the number of observa-

tions and ntot is the total number of data points in the time series. RMSE is a positive value, 

in which 0 is indicating a perfect fit to the model, and thus, smaller RMSE results to smaller 

accumulated random error.  

 

Nash-Sutcliffe efficiency (NSE), also known as the modelling efficiency, is widely used in 

hydrology in evaluating the model performance. Reinsch et al. (2018) and Elsgaard et al. 

(2012) applied it also to the CO2 fluxes, and in this work, along with RMSE, NSE is also 

used to evaluate the goodness-of-fit of the gap-filling model. 

 

𝑁𝑆𝐸 = 1 −
∑ (𝐹𝑚𝑜𝑑,𝑖−𝐹𝑚𝑒𝑎𝑠,𝑖)2𝑛

𝑖=1

∑ (𝐹𝑚𝑒𝑎𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅−𝐹𝑚𝑒𝑎𝑠,𝑖)2𝑛
𝑖=1

                    (9) 

 

where Fmeas is the measured flux, Fmod is the modelled flux and 𝐹𝑚𝑒𝑎𝑠
̅̅ ̅̅ ̅̅ ̅ is the mean of the 

measured fluxes. NSE can get a value between –∞ to 1, where 1 is indicating a perfect fit of 

the modelled fluxes to the measured ones.  
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5 Results 

5.1 Qvidja 

5.1.1 Meteorological conditions 

The year of 2018 was one of the driest in the experimental site in nearly 20 years (Fig. A-1). 

During the growing season, relatively high mean air temperature (Fig. 14) was combined 

with low precipitation (Fig. 15). Majority of the days during the summer were clear, and 

thus, the PAR intensity was high throughout the season (Fig. 14). The thermal growing sea-

son started on the 13th of April, and the growing season proceeded fast as already during 

May air temperatures were mainly above 20°C in the daytime. During the summer months, 

only three short periods occurred with lower PAR and below 20°C daytime air temperatures. 

These were at the beginning of June, around midsummer and at the beginning of July. Oth-

erwise, the radiation was high, and the air temperatures were above 20°C from early May 

until the end of September (Fig. A-2). 

 

 
Figure 14. Half-hourly air and soil temperature and PAR during in 2018. Until the 8th of 

May meteorological variables are obtained from Yltöinen and from the 8th of May onwards, 

they are measured in Qvidja. 

 

Beginning of the growing season resulted in fairly high soil temperatures already in mid-

May. It rose further until the beginning of June. During June and early July, soil temperature 

dropped to around 15°C. That was directly affected by the decreases in the air temperature. 

However, soil temperature stayed constantly above 10°C from the beginning of the meas-

urement until the end of September.  

 

During the growing season, precipitation events were few, and the total precipitation during 

May, June and July was only 74 mm (Fig. 15). In August and September, rainfall occurred 

more often, and the amount of daily precipitation was mainly higher than earlier in the sum-

mer. Total precipitation during August and September was 114 mm. 
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Figure 15. Daily precipitation in Qvidja during the growing season 2018. 

 

5.1.2 Dynamics of 30-minute CO2 fluxes 

Post-processed measurements (Fig. 16) were gap-filled to obtain the time series covering a 

full year of half-hourly data (Fig. A-3). Diurnal dynamics of CO2 fluxes during winter and 

summer were varying greatly (Fig. 17). During a typical winter day, CO2 flux was mostly 

positive and stayed stable, i.e. the grassland was continuously releasing small amounts of 

CO2. On the other hand, typical summertime daily fluxes indicated high CO2 net uptake 

during daytime and nocturnal release of CO2.  

 

 
Figure 16. Half-hourly CO2 flux measurements conducted in Qvidja grassland between May 

2018 and January 2019.  

 

Wintertime NEE from January to March indicated low and stable carbon source as a result 

of heterotrophic respiration occurring in the soil (Fig. 18a). Uptake of CO2 started to increase 

immediately after the thermal growing season started on the 13th of April. However, during 

April, respiration stayed low as the soil had not warmed up yet. After April, soil activity 

increased with increasing air and soil temperatures, causing the ecosystem respiration to 

grow. Daily CO2 uptake, i.e. GPP, was high until the first harvest on the 12th of June, and 

the NEE was well below zero, indicating substantial net uptake of CO2. Although negative 

GPP values were high throughout the summer, after the first harvest, negative NEE values 

were mainly smaller than earlier in the summer as the respiration patterns indicated that 

substantial amount of CO2 was released from the ecosystem. 
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Figure 17. Average of 14 days wintertime (from 16th to 29th of Dec) and summertime (from 

29th of May to 11th of June) daily dynamics of measured half-hourly CO2 fluxes (±SD). Due 

to the scarcity of data during certain times of the day within those two weeks, some of the 

fluxes do not have the SD bar. At those times, only one measurement was available.  

 

Growing season extended until the 17th of November when the daily air temperature dropped 

for a longer time below 5°C. Low rate of photosynthesis was still observed until the end of 

November, but the net CO2 flux stayed above zero, indicating net CO2 emissions (Fig. 18). 

For the end of November and December, the air temperature did not remain permanently 

below zero, which enabled low rates of GPP (Fig. 18b). Although some uptake of CO2 oc-

curred, respiration rates exceeded the GPP. That was mainly due to the fairly short daily 

period of light availability in the wintertime. PAR intensity was staying low from the begin-

ning of November onwards suppressing the photosynthesis.  

 

 
Figure 18. (a) gap-filled half-hourly NEE, (b) GPP and (c) total ecosystem R fluxes in Qvidja 

in 2018. Harvests (h) and fertilisation (f) are indicated in the figure with red lines. 
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5.1.3 Growing season CO2 fluxes and management measures 

Harvests on the 12th of June and on the 23rd of September can be seen as an immediate 

reduction in GPP, and a several-day recovery period as significantly lower GPP than before 

the harvest (Fig. 19). Regrowth of the vegetation in June was delayed by a week because of 

the short cutting height combined with drought (Figs. 14 & 15). Also, the respiration stayed 

low for nearly two weeks after the first harvest. After the second mowing at the end of Sep-

tember, the grass could not fully recover, while the meteorological conditions limited the 

growth. Days were shorter, and radiation intensity had reduced (Fig. 14).  

 

GPP was observed to reduce as the soil moisture decreased in May, June and July (Fig. 19). 

After the 12th of June, when the first harvest occurred, it took several days for the GPP to 

increase again. Increase in GPP was most likely driven by a small increase in soil moisture 

as a result of precipitation events around midsummer (Fig. 15). GPP increased again after a 

higher precipitation event and increasing air temperature (Fig. 14) in early July. After that, 

however, the soil moisture decreased steadily for more than a month, and air temperatures 

were high. That resulted in the lower rates of GPP. After mid-August, increasing soil mois-

ture content and fairly high temperatures enabled higher GPP. Maximum GPP rates of the 

whole growing season were reached in September. 

 

 
Figure 19. Absolute half-hourly GPP and total ecosystem R fluxes and soil moisture content 

patterns at the depth of 5 cm during the growing season in Qvidja in 2018. Red lines indicate 

fertilisation (f), harvests (h) and cutting (c). The yield was gathered only when harvested, 

not when cutting.  

 

Soil moisture and soil temperature are crucial factors affecting soil respiration. In this study, 

soil and air temperatures were the variables used in defining respiration, and thus, the respi-

ration pattern follows temperature changes. However, throughout the growing season, a gen-

eral observation was that increases in soil moisture were noticed as slightly delayed increases 

in respiration. In addition, it was observed that management measures may have affected the 

rate of soil respiration. The first increase in respiration before mid-July was likely to have 

resulted from the increase in soil moisture content as during that time, the temperature de-

creased. Respiration increased further after the application of molasses after mid-July. Air 

temperatures were also high during that time, which have most likely contributed to the 

higher heterotrophic activity.  
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Soil moisture kept reducing in late July and early August, and the respiration reduced in a 

couple of weeks to a similar level as in early July. Around mid-August, soil moisture in-

creased as a result of precipitation, causing increases in respiration. On the 21st of August, 

the grass was cut to the height of 15 cm. This decreased GPP only slightly. On the 24th of 

August, another application of molasses was carried out on the field, after which respiration 

was observed to increase substantially after the fertilisation. Soil moisture did not notably 

change at the same time. Also, the effect of air temperature can be considered minor as it 

was remaining around 20°C (Fig. A-2).  

 

5.1.4 Net carbon balance 

Overall, the total GPP and respiration were –1142 g C m–2 yr–1 and 1096 g C m–2 yr–1, re-

spectively. By considering all the main inputs and outputs of carbon, the field in Qvidja was 

a net carbon sink with annual carbon balance of –39 g C m–2 from the 9th of January 2018 to 

the 8th of January 2019. Net ecosystem exchange accounted for –43.9±4.4 g C m–2 and the 

net carbon from fertilisation (–93.4 g C m–2) and harvests (98 g C m–2) accounted altogether 

for 4.6 g C m–2 (Table 1). During the growing season of 2018, the daily average air temper-

atures were relatively high compared to the long-term mean temperatures, and precipitation 

remained low throughout the summer. Such meteorological conditions contributed to GPP 

and R dynamics, and very likely, affected on the annual balance of the whole grass field.  

  

5.2 Jokioinen  

5.2.1 Meteorological conditions 

In Jokioinen in 2002, winter was mainly cold, and the air temperatures well below 0°C (Fig. 

20). Although the temperatures started to increase from the mid-April on, the differences 

between daytime and nighttime air temperatures were large. Until mid-May, the air temper-

ature dropped several times below zero, and the nighttime temperature stayed mainly below 

5°C until the beginning of June. Thus, also soil temperature stayed relatively low until June. 

The thermal growing season started on the 20th April and lasted until the 30th of September. 

Although the temperatures varied greatly, the monthly average air temperature stayed above 

the long-term mean during the whole growing season (Fig. 8). 

 

 
Figure 20. Air and soil temperature and PAR measured in Jokioinen in 2002.  
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April, August and September were exceptionally dry in Jokioinen, whereas in June the pre-

cipitation was significantly higher than the long-term average (Fig. 21). In June and July, 

precipitation was occurring more frequently. That can also be observed in lower PAR inten-

sities indicating cloudy days (Fig. A-4). 

 

 
Figure 21. Growing season daily precipitation in Jokioinen in 2002.  

 

5.2.2 CO2 fluxes and net carbon balance 

In this work, the flux data from Jokioinen 2002 was gap-filled according to the practice 

applied for the data from Qvidja. Data screening had been conducted by Lohila et al. (2004), 

according to the site-specific filtering criteria. Effective phytomass index, which is described 

in more detail in Section 4.2.2, was already calculated for the data and was used as such in 

this work. Furthermore, possible gaps in soil temperature, air temperature and PAR were 

filled as well by Lohila et al. (2004). Primarily, the gap-filled flux measurements (Fig. 22) 

were used in this work to compare them to the results from Qvidja and to observe the differ-

ences caused by varying site characteristics.  

 

 
Figure 22. (a) gap-filled half-hourly NEE, (b) GPP and (c) total ecosystem R fluxes in Jok-

ioinen in 2002. Harvests (h) are indicated in the figure with the red lines. 

 

The measured CO2 fluxes (Fig. 22) indicated a slow start of the growing season in 2002, 

even though the snow melted permanently already in early April (Fig. 13a). At the end of 

April, a steady increase in CO2 uptake and more active respiration was observed. Mowing 

on the 10th of June and on the 6th of August resulted in a significant reduction in GPP (Fig. 

22b). Vegetation started immediately to recover from the harvests, and after about three 

weeks, the CO2 uptake was at a similar level as before the harvest. In June, a large reduction 
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in soil moisture content (Fig. 23) and relatively low daytime temperatures (Figs. 20 & A-4) 

could have contributed to the smaller respiration amplitude and possibly to the recovery 

period of GPP. In mid and late July, higher air temperature increased the respiration. In Au-

gust, the nighttime temperatures were mainly below 10°C, and the soil moisture started to 

decrease after the mowing. These may have resulted in the stable GPP and respiration rates 

during the two-week period after the harvest. In early September, CO2 uptake increased as 

there were several clear days with high PAR and warm daytime air temperatures (Fig. A-4). 

 

 
Figure 23. Absolute half-hourly GPP and R fluxes and soil moisture content patterns at the 

depth of 5 cm during the growing season 2002. Red lines indicate fertilisation (f). 

 

From early September on, temperatures started to decrease, resulting in decreased flux rates 

after the mid-September (Fig. 22a). After the beginning of October, no significant seques-

tration and respiration occurred (Figs. 22b & 22c). For the wintertime period, a small release 

of CO2 was observed in the study site indicating low rates of heterotrophic respiration. Thus, 

throughout the winter, the field was acting as a small carbon source.  

 

The annual carbon balance in this peat field in Jokioinen was 436 g C m–2. Thus, this second-

year grass field was a source of carbon. Measured net ecosystem exchange was altogether 

63 ±2.9 g C m–2 and the amount of carbon exported from the field as the yield was 373 g C 

m–2. The length of the growing season in Jokioinen was about two weeks shorter than the 

long-term average length in that region. Thus, the GPP and respiration were fairly low, and 

therefore, the whole carbon balance of the ecosystem was affected. Total annual GPP and R 

equalled to 585 g C m–2 yr–1 and 651 g C m–2 yr–1, respectively.  

 

5.3 Comparison of the measurements in Qvidja and Jokioinen 

5.3.1 Seasonal CO2 fluxes and meteorological conditions 

Large differences were observed in the meteorological as well as in the CO2 flux data be-

tween the growing seasons of 2002 in Jokioinen and 2018 in Qvidja (Fig. 24). The length of 

the thermal growing season in Jokioinen was significantly shorter being 164 days, while in 

Qvidja it was 215 days. Annual mean air temperature in Qvidja in 2018 was 1.7°C higher 

than in Jokioinen in 2002. Throughout the whole growing season from May onwards, the 
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daily mean air temperature was mainly higher in Qvidja than in Jokioinen (Fig. 25). Precip-

itation patterns were also varying greatly between these years.  

 

 
Figure 24. Daily NEE, GPP and total ecosystem R fluxes in (a) Qvidja in 2018 and (b) 

Jokioinen in 2002. Red lines indicate harvests (h) and organic fertilisation (f). 

 

 
Figure 25. Daily mean temperature (T) in Qvidja in 2018 and Jokioinen in 2002, and accu-

mulated precipitation (P) during these growing seasons.  

 

Clear differences in the CO2 fluxes were observed in the beginning and at the end of the 

growing season (Fig. 24). After the photosynthetic activity increased, the nocturnal release 

and daytime uptake of CO2 rose steadily on both grass fields. Both fluxes were mainly 

controlled by the evolving leaf area, temperature, radiation, precipitation and soil moisture 

content. During May in Qvidja, negative fluxes were larger than in Jokioinen due to the 

earlier start of the thermal growing season and faster increase in daily temperature sum (Fig. 

26). Generally, with grasses, the CO2 uptake starts rapidly after the winter, and thus, biomass 
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production was significantly higher in Qvidja during the spring (Table 2). From the 

accumulated PAR intensity (Fig. 26), it was observed that there was a greater number of 

clear days in Qvidja during the spring as the PAR was mainly higher than in Jokioinen. 

Warmer temperatures also increased the respiration rates as a result of the temperature-

dependent activity of soil organisms.  

 

 
Figure 26. Accumulated PAR and accumulated air temperature of the thermal growing 

season when the daily average temperature stays above 5°C. The line stays horizontal when 

the daily temperature drops below 5°C.  

 

From the beginning of August, the fluxes in Jokioinen started to diminish after the maximum 

CO2 uptake rate had been reached at the end of July (Fig. 24b), while in Qvidja, the highest 

uptake rates were reached in September (Fig. 24a). Meteorological conditions were the 

primary causes of this observed pattern of CO2 fluxes. In 2002, the air temperature started 

declining early in the autumn, and from the mid-September on, both daytime air and soil 

temperatures remained mainly below 10°C while the nighttime air temperatures dropped 

below zero (Fig. 20). Similar conditions were reached in Qvidja about one month later (Fig. 

14). However, the temperature dropped well below zero only at the end of December in 

Qvidja. During the November and December, respiration in Qvidja was therefore slightly 

higher than in Jokioinen. That is also affected by the early snow cover in Jokioinen on the 

5th of October. In Qvidja, the snow cover period started on the 17th of December. 

 

5.3.2 Carbon balance differences and theoretical biomass production 

To study the seasonal patterns and the effect of meteorological conditions on the CO2 fluxes, 

as well as to compare these two agricultural sites and the possible effect of soil types, grow-

ing season 2002 and 2018 were divided into three periods (Table 2). Springtime from the 1st 

of April to the 31st of May included the beginning of the thermal growing season in both 

locations. Summertime was covering three months from the 1st of June to the 31st of August, 

and the autumn period from the 1st of September to the 31st of October. 

 

Considering the inputs and outputs on the fields, the grassland in mineral soil in Qvidja was 

a net carbon sink sequestering –39 g C m–2 during one full year, and the peat soil in Jokioinen 

acted as a net carbon source releasing 436 g C m–2. Differences were also observed in the 

total respiration, which was in Qvidja 1096 g C m–2 and in Jokioinen 651 g C m–2, as well 

as in total GPP being 1142 g C m–2 in Qvidja and 626 g C m–2 in Jokioinen.  

 

Grassland in Jokioinen sequestered more CO2 then released it only during spring period 

when the soil temperature was relatively low, and the air temperature and radiation were 

supporting the growth of the grass (Table 2). In Qvidja, the net CO2 uptake was similarly 
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negative during the spring. However, the GPP was nearly three times larger than in 

Jokioinen. That was due to the seven days earlier start of the growing season, and 

significantly higher air and soil temperatures, as well as a larger number of clear days when 

PAR intensity was high. It is likely that higher soil temperature contributed to the activity of 

soil fauna, increasing the release of CO2 from the soil. Greater plant growth, on the other 

hand, resulted in higher autotrophic respiration. 

 

Table 2. Seasonal atmosphere-biosphere CO2 balances in Qvidja in 2018 and Jokioinen in 

2002. 
g CO2 m–2 Spring 1.4.–31.5.   Summer 1.6.–31.8.  Autumn 1.9.–31.10. 

 Qvidja Jokioinen  Qvidja Jokioinen  Qvidja Jokioinen 

NEE –382 –60  –210 40  52 105 

GPP –1120 –389  –2084 –1468  –912 –283 

Rtot 739 343  1860 1494  963 389 

Rp 324 111  804 660  422 117 

Rs 414 232  1056 834  541 272 

 

During the summer months, total respiration was fairly high in Jokioinen as the higher soil 

temperature increased the heterotrophic respiration and favourable weather conditions 

increased the plant growth, and thus, plant respiration (Table 2). Although the GPP rates 

were at the highest nearly the whole of July, total GPP did not exceed the respiration during 

the summer in Jokioinen. Therefore, the field was a carbon source in the summer period. In 

Qvidja, the situation was reversed. Throughout the summer, uptake of CO2 was relatively 

high even though the growth of the grass was affected by drought. High respiration in July 

and at the end of August was observed after the spreading of molasses. In Jokioinen, the 

field was minerally fertilised, and thus, a similar pattern was not observed in the respiration.  

 

In June, both fields were harvested, and the biomass exported from the field was in Jokioinen 

118 g C m–2 and in Qvidja 83 g C m–2. The amount of harvested biomass in Qvidja and 

Jokioinen were not consistent with GPP patterns, as in Qvidja, the springtime GPP was 

significantly larger (Fig. 24), and therefore higher harvest would have been expected. The 

Second harvest yielded 255 g C m–2, more than double compared to the first harvest in 

Jokioinen. In Qvidja, the second harvest was significantly lower accounting only for 15 g C 

m–2. These yields were also not corresponding to the differences in GPP between the 

harvests. In Qvidja and in Jokioinen, the sum of GPP between the harvests was –2217 g C 

m–2 and –1045 g C m–2, respectively. Although the grass was cut in Qvidja between the 

harvests in August, it was left high, i.e. only the flowering parts were cut, and the yield was 

left on the field. That had only a small effect on the GPP, and thus, the differences in total 

GPP between the harvests should correspond approximately to the differences in the yields.  

 

In the autumn, both fields were carbon sources as the temperatures decreased and days 

became shorter resulting in decreased PAR intensity, and thus, reduced GPP and Rtot (Table 

2). In Qvidja the GPP and Rtot remained relatively high in the autumn as the growing season 

extended until the 17th of November. In Jokioinen, the growing season ended on the 30th of 

September after the air temperatures had dropped below zero for several nights.  
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Contrary to the results observed, the annual GPP was expected to be higher in Jokioinen as 

the yield was more than three times higher than in Qvidja. Therefore, in addition to the sig-

nificantly higher accumulated air temperature and PAR intensity in Qvidja (Fig. 26), one 

factor contributing to the higher GPP could be the increased atmospheric CO2 concentration 

over the past 16 years (Fig. 27). Roughly, the CO2 concentration has risen about 40 ppm, 

which may indicate changes in the CO2 uptake of plants. 

 

 
Figure 27. The atmospheric CO2 concentration in Jokioinen in 2002 and Qvidja in 2018. 

 

To analyse the large differences in carbon fluxes, the approximate carbon input into the soil 

during the growing season was calculated by considering the theoretical biomass production 

and its relation to the harvested biomass. Sequestered carbon dioxide is allocated roughly in 

three categories by plants. Certain proportion is exhaled as CO2, but most of the carbon is 

used in building the aboveground and belowground biomass. Therefore, it is assumed that 

theoretically, the biomass can be obtained from the GPP subtracted by plant respiration. That 

represents the above and below-ground biomass.  

 

Theoretical biomass production was estimated by calculating GPP – Rp. Accordingly, in 

Qvidja, the total biomass produced during the growing season of 2018 would have been 706 

g C m–2. In Jokioinen, the annual biomass production was 384 g C m–2 in 2002. By subtract-

ing the biomass exported from the fields as harvests, the amount of carbon left on the field 

in Qvidja was 608 g C m–2, and in Jokioinen 11 g C m–2. In Qvidja, this may indicate that 

the roots and shoots of the grass were able to accumulate biomass after the last mowing in 

September, whereas in Jokioinen, the growth was limited after the harvest in August. How-

ever, it is unlikely that such a small amount of biomass was accumulated on the field in 

Jokioinen. These values are highly affected by the accurate partitioning of the respiration 

components, and thus, may not represent the actual biomass production. This issue will be 

discussed later in this work.   

 

5.3.3 Statistical analysis  

Model performance was evaluated with RMSE and NSE. These statistical variables describe 

the gap-filling performance, and thus, the measurement error. The gap-filled data acquired 

in Qvidja indicated good fit to the modelled NEE fluxes by having RMSE=0.07 and 

NSE=0.94. Also, the gap-filled data from Jokioinen fitted fairly well to the model by having 

RMSE=0.05 and NSE=0.90. High goodness-of-fit indicates small measurement errors, and 
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thus, small uncertainty related to the gap-filling. For both sets of data, this was observed as 

a small error of measured annual NEE.  

 

For the whole measurement period, the gap-filling model was performing well for the Qvidja 

data (Fig. 28a) as well as for the Jokioinen data (Fig. 28b). However, some of the highest 

observations, both positive and negative, were not covered by the model. As the processes 

of photosynthesis and respiration are well known and the equations in Section 4.2.3. repre-

sent them accurately, it is likely that the spikes may have been caused by measurement er-

rors. That can also be observed in Figures 29 and 30 covering the fluxes in June and Decem-

ber, respectively. 

 

 
Figure 28. Measured and modelled NEE in (a) Qvidja in 2018 and (b) Jokioinen in 2002. 

Modelled NEE was used for gap-filling the time series.  

 

Dynamics of the daily fluxes are well captured by the model, although during nighttime the 

performance is somewhat better. That was supported by dividing the fluxes into nighttime 

(from 8 pm to 7:30 am) and daytime (8 am to 7:30 pm) periods and analysing the model 

performance of those fluxes. The nighttime RMSE in Qvidja was 0.03 and NSE was 0.95, 

whereas during day time RMSE was 0.06 and NSE was 0.90. Similarly, in Jokioinen, 

nighttime RMSE was 0.09 and daytime RMSE was 0.13. NSE yielded negative values for 

both nighttime and daytime measurements in Jokioinen meaning that the measured average 

NEE of those periods would have been a better predictor than the model.  
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Figure 29. Model performance with (a) Qvidja data in June 2018 and (b) Jokioinen data in 

June 2002.  

 

 
Figure 30. Model performance with (a) Qvidja data in December 2018 and (b) Jokioinen 

data in December 2002. 
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6 Discussion 

6.1 Annual net carbon balance 

Several studies have been conducted on the net CO2 exchange and annual carbon balance in 

various ecosystems around the world (e.g. Gilmanov et al. 2007, Jensen et al. 2017, Aubinet 

et al. 2012). Agricultural grasslands have become an interest while their potential as carbon 

sinks is significant. Only a few studies exist considering the annual carbon balance in grass-

lands in Finland (Lohila et al. 2004, Lind et al. 2016, Shurpali et al. 2009), and according to 

the author’s knowledge, there are yet no ecosystem-scale studies considering the effects of 

grassland management practices on the carbon balance in Finland, and the potential of those 

sites act as carbon sinks. Carbon balance results and analyses obtained in this work, enable 

the consideration of possible improvement of management practices, and in the future, the 

analysis of interannual variations can be used to compare the effectiveness of those changes 

as well as the site-specific driving forces affecting the carbon fluxes.  

 

The current results showed that the meteorological conditions affected the CO2 fluxes sig-

nificantly on mineral soil as well as on peat soil. In northern conditions, also the growing 

season length may have a crucial effect on whether a grassland acts as a carbon sink or a 

source. That was observed in the seasonal carbon balances of Qvidja and Jokioinen. Shurpali 

et al. (2009) reported similar observations as obtained in this work by concluding that the 

uptake of CO2 correlated positively with soil moisture and air temperature. However, they 

found out that during dry seasons the photosynthetic activity was restricted, whereas wet 

growing season with moderate temperatures and high soil moisture tended to favour CO2 

uptake. Flanagan et al. (2002) also concluded that higher soil moisture increased grassland 

CO2 fluxes significantly. When comparing the agricultural sites of this study to each other, 

it was found out that during the warm and dry growing season in Qvidja, the CO2 uptake 

was higher than in Jokioinen, where the growing season was wetter, and temperatures were 

moderate. However, both GPP and respiration were notably higher on mineral soil in Qvidja 

than on peat soil in Jokioinen. Generally, respiration rates on organic soils are high as the 

decomposition of organic material constantly occurs when the temperature and water table 

depth allow it (Andrén et al. 2008, Kandel et al. 2018). Thus, the question remains whether 

the differences were caused by failed partitioning of the fluxes. Possibly, the higher atmos-

pheric CO2 concentration, which is likely to result in more efficient uptake of CO2 by plants 

(Forkel et al. 2016), may have also contributed to the large differences in the fluxes. 

 

These results indicated that a grassland on a mineral soil can be a carbon sink, whereas, in 

peat soils, the soil respiration overrides GPP resulting in the agricultural ecosystem being a 

net carbon source (Table 3). Results obtained from the peatland in Jokioinen are supported 

by similar outcomes in the literature. In several Danish agricultural peat soils cultivated with 

permanent and rotational grasses, the net ecosystem carbon balance was positive, i.e. the 

fields were carbon sources (Elsgaard et al. 2012, Kandel et al. 2018). Similar outcomes were 

reported by Shurpali et al. (2009) from Finnish peat soil grassland for bioenergy production. 

However, in their case, NEE measured during all the four years between 2004–2007 was 

negative, but when considering the exported biomass, the field was a net carbon source. 

Thus, assuming similar growing conditions, it should be studied if the carbon balance of peat 

soils in Finland could be enhanced by grass species, fertilisation and modified cutting height 

or grazing, to possibly attain annual negative NEE.  
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Lind et al. (2016) reported that the average annual NEE in 2010–2011 in mineral grassland 

soil in eastern Finland was –259 g C m–2 (Table 3). Thus, there was observed notably larger 

uptake of atmospheric carbon than in Qvidja (–44 g C m–2). However, when considering the 

net carbon balance, the field studied by Lind et al. (2016) was a carbon source. Mineral 

fertilisers were used in that study, and thereby, no carbon was imported to the field. Carbon 

input can be significantly increased by applying organic fertiliser. Chirinda et al. (2010) 

reported, however, that organic fertilisers increased soil respiration rates compared to min-

eral fertilisation. Between the field in Qvidja and the study site of Lind et al. (2016), approx-

imately 8% higher respiration was observed. That may not have resulted exclusively from 

the type of fertilisation as the sites and meteorological conditions were varying. However, 

in Qvidja, the respiration was observed to increase after both fertilisation events, whereas in 

Jokioinen, similar increases could not be seen. That would support the assumption that sug-

ars in molasses provided an easily decomposable energy source for the microbes in the soil. 

That may have strongly activated the growth of the microbial biomass, and possibly even 

enabled the decomposition of SOM. Nevertheless, with EC data, respiration partitioning is 

based on the assumption that nocturnal NEE equals R, and thus, total respiration and its 

components were not separately measured in this study and cannot be comprehensively an-

alysed.   

 

In a CO2 exchange study conducted in Lille Valby, Denmark, biomass exports from the field 

were compensated with extensive manure application resulting in a significant negative net 

carbon balance on the site (Gilmanov et al. 2007). Although the manure application might 

have increased the respiration, GPP was significantly higher as well. However, higher res-

piration and GPP in Lille Valby compared to Qvidja could have partly resulted from the 

longer growing season (Table 3). Fornara et al. (2016) also reported that in their study con-

ducted for more than 40 years, manure fertilisation increased the soil carbon sequestration 

significantly on a grassland ecosystem in Northern Ireland. This indicates that with manure 

fertilisation, the state of the field as a carbon source can be modified to be a carbon sink by 

enhancing not only the activity of the soil but thus also GPP.  

 

Table 3. Annual carbon balance, NEE, GPP and total ecosystem R in different agricultural 

soils in Finland and Denmark. 
 Annual carbon  

balance (g C m–2) 

NEE 

(g C m–2) 

GPP 

(g C m–2) 

R 

(g C m–2) 

Qvidja 2018 

mineral soil 

–39 –44 –1142 1096 

Maaninka 2010–2011 

mineral soil (Lind et al. 2016) 

5 –259 –1265 1006 

Lille Valby, Denmark 2004 

mineral soil (Gilmanov et al. 2007) 

–1379 –312 –1876 1564 

Jokioinen 2002 

organic soil  

436 63 –585 650 

Linnansuo 2004–2007 

organic soil (Shurpali et al. 2009) 

34 –100 –591 483 

Denmark 2008–2009 (4 sites) 

organic soil (Elsgaard et al. 2012) 

1048 723 –2129 2845 

 

According to the silage yield statistics by Luke (2019b), the average silage production in 

Finland in 2018 was 535 g C m–2. The productivity of the field in Qvidja was 98 g C m–2, 

which was less than one-fifth of this. Although the productivity of the field was low, the 

calculated amount of biomass left on the field was fairly high in Qvidja, whereas in Jokioinen 
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that was exceptionally low. That could indicate higher carbon input into the soil as a form 

of root biomass. Carbon accumulation may have been caused by favourable root develop-

ment conditions in 2018, or as several studies conclude (e.g. Yang et al. 2019, Fornara & 

Tilman 2008), higher biodiversity of forage grass mixture may have contributed to the en-

hanced CO2 uptake in Qvidja. Within the future experiments on the agricultural grasslands, 

the allocation of carbon would be recommended to study with root samples at different grow-

ing stages.  

 

6.2 Considerations of enhancing carbon sequestration 

To compensate the GHG emissions caused by agricultural land use in Finland, theoretically 

195 g C m–2 should be sequestered annually into the grasslands (Luke 2019a, Luke 2019b, 

Statistics Finland 2018). To compensate all the GHG emissions caused by agriculture, cal-

culated sequestration rate should reach 371 g C m–2 yr–1. By including all the agricultural 

soils into the sequestration potential, the average annual carbon sequestration drops to 164 

g C m–2 yr–1. Although the carbon balance in Qvidja is only a part of that, the results from 

the other sites around Europe (Gilmanov et al. 2007), indicate that with simple changes in 

management measures, these sequestration rates could be reached. Further studies conducted 

on several soil types and varying soil quality are needed to verify GPP and respiration dy-

namics, effects of management practices and interannual differences in carbon balances in 

Finland. Thus, the following considerations should be taken into account in agricultural 

grassland management. 

 

Regional climate models are predicting extended growing season and increased precipitation 

in Northern Europe (Chang et al. 2017). Eze et al. (2018) also concluded that local-scale 

climate fluctuations could have a significant effect on carbon fluxes between soil and atmos-

phere. Thus, larger interannual productivity variations and an altered number of harvests are 

indicated in northern countries. That would result in large variations in carbon sequestration, 

and thus, long-term studies are necessary. The extended growing season could enhance the 

ability of grasslands to accumulate soil carbon if the management supports the carbon accu-

mulation of plants into the belowground processes. Results reported by Gilmanov et al. 

(2007) in Denmark indicate that GPP may rise relatively more than respiration, enhancing 

the carbon accumulation in the soil.  

 

Forkel et al. (2016) concluded that climate change has affected plant processes, such as 

physiology, phenology, water availability, and vegetation dynamics, during the past decades. 

They stated that this has resulted in increased plant productivity and vegetation cover in 

northern ecosystems. That was observed from the results of this work as in 2018 the GPP 

was significantly higher than in 2002. Forkel et al. (2016) warned, however, that this trend 

is not likely to continue for long in the future as nutrient limitations, radiation, and possibly 

increased mortality of species will suppress the enhanced GPP.  

 

Soussana et al. (2007) studied various European grasslands finding out that the net ecosys-

tem carbon budget was on average negative, indicating that grassland sites are functioning 

as carbon sinks. Most of the studied sites were grazed which may have improved the carbon 

balance by continuous manure adding to the soil, tillering and rhizome development. Espe-

cially the rotational grazing is shown to improve the carbon sequestration, C:N ratio of the 

soil and biomass production (Alemu et al. 2019), and thus, such management practices could 

also be applied and studied in Finland together with silage production. Furthermore, the cut-

ting height of the grass may have a considerable impact on the total biomass development 
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as short stubble height is known to reduce the root biomass (Crider 1055). Therefore, cutting 

the grass higher induces the regrowth as more root biomass is preserved.  

 

Nutrient balance and fertilisation practices are crucial in managing the carbon balance of an 

agricultural ecosystem. Type of the fertilisation should, however, be considered. It has been 

reported by Fornara et al. (2016) and Eze et al. (2018) that unfertilised permanent grassland 

was a better carbon sink in a long-term than a grassland fertilised with mineral fertilisation. 

They also stated that manure application showed increased accumulation of soil carbon com-

pared to the unfertilised field. That is mainly due to the ability of manure fertilisation to 

increase the diversity of soil life (Tiainen et al. 2004). Molasses application should be there-

fore replaced by manure or even with compost fertilisation to reduce the CO2 emissions 

occurring as a result of fast decomposing sugars in molasses. Sugars have a large tendency 

to enable the decomposition of carbon in the soil stocks and to increase the respiration of 

soil microbes. Well managed compost has an optimal C:N and other nutrient ratios prevent-

ing the microbial decomposition of SOM (Brady & Weil 2008). Zaller & Köpke (2004) 

found out that fertilising the field with biodynamically composted farmyard manure caused, 

among other positive effects, higher metabolic efficiency of soil microbes resulting in lower 

soil respiration. The effects of such fertilisation practices are worth studying in practice also 

in Finnish agricultural soils.  

 

6.3 Uncertainty sources 

With the current data from Qvidja and Jokioinen, there were uncertainties associated with 

the measurements, and thus, to the gap-filling, as well as to the modelled wintertime periods. 

Especially with the data from Qvidja, uncertainties in gap-filling are related to the scarcity 

of the summertime nocturnal data. This resulted from stable atmospheric conditions when 

the turbulent mixing was not fulfilling the measurement requirements. During July, only a 

few nocturnal respiration measurements were available. They indicated high respiration rates 

and may have caused biased evaluation of temperature response parameters for respiration 

components. Thus, gap-filling the data based on those observations may have resulted in 

overestimated respiration during summer months, and therefore, also to the overestimated 

GPP. Verifications of nighttime respiration dynamics could be, in future, conducted with 

coincident chamber measurements. That would also improve the estimation of GPP. Respi-

ration and GPP are theoretically partitioned in this work, and therefore, the analysis of these 

variables is including uncertainties which cannot be eliminated without further measure-

ments on the site.  

 

The uncertainty of the fluxes increases when the length of the gap in the data increases. Often 

this is due to the power breakage, and thus, also the meteorological data is missing. There-

fore, both meteorology and fluxes must be gap-filled, resulting in uncertainty associated with 

the local meteorological conditions and possible ecological changes within the time period. 

Long distance to another meteorological observation station or a completely varying terrain 

of the nearby observation site further increases the uncertainty. In this work, the longest 

breaks in the data covered three days, and the effect of increased length of the gap on uncer-

tainty was not studied with this data set. However, in the future, it would be recommended 

to analyse the effect of simulated gaps by removing data from various periods. Furthermore, 

the data from several adjacent weather stations and flux towers could be tested against the 

gap-filling model algorithms to improve the accuracy of gap-filling the fluxes as well as 

meteorological variables. That could significantly enhance the uncertainty analysis and con-

siderations of gap-filling performance. 
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Even though the terrain in the experimental field in Qvidja and Jokioinen is fairly flat, small 

horizontal advective fluxes may have occurred during stable nighttime conditions. That may 

have resulted in slightly underestimated nocturnal respiration rates in Qvidja during June 

and August when the data coverage was more comprehensive than in July. Underestimation 

of respiration may have been more significant in Jokioinen over the whole summer period 

when nighttime conditions were favourable for horizontal advection. As there were several 

nights with stable meteorological conditions in Qvidja, unobservable advective fluxes may 

have affected the amount of summertime total respiration.  

 

While the annual NEE measurements were not covering the full year in Qvidja, the increased 

uncertainty exists as the wintertime model parameters were obtained from the period of No-

vember to December. Those months were fairly warm compared to the long-term average 

temperature, and January to March were colder than the period from which the parameters 

were obtained. In addition, as the soil temperature measurements were not available from 

the study area, the air temperature was used in calculating the temperature response and CO2 

flux. That may have resulted in an overestimated rate of respiration, as the wintertime soil 

temperature is normally more stable than the air temperature, and with snow cover, not in-

creasing similarly above zero as the air temperatures. Thus, during warm winter days, respi-

ration may have been lower than indicated by the model. Due to these factors, it is likely that 

the actual dynamics of wintertime NEE were not fully covered. Furthermore, the random 

error of NEE is possibly higher with a full year of measurement observations, because with 

the method used in this work, the modelled period did not generate any random error.  

 

In this work, carbon balance was calculated based on the fluxes between soil and atmosphere, 

as well as on inputs and outputs of harvests and fertilisation. However, also leaching of dis-

solved carbon and emissions of volatile organic compounds may have a significant effect on 

the annual carbon balance. Leaching of carbon from the agricultural soils occurs mainly 

when the meteorological and hydrological conditions are favourable (Manninen et al. 2018). 

Thus, depending on the precipitation and soil hydrological properties as well as fluid dy-

namics and chemical properties in the soil, carbon leaching on grasslands may equal approx-

imately 25% of the annual carbon balance calculated based on NEE, harvest and C fertilisa-

tion (Kindler et al. 2011). In Qvidja, the effect of leaching could be assumed small while the 

summer was dry, but in Jokioinen, leaching may have occurred as the precipitation and soil 

moisture content were much higher than in Qvidja.  

 

Comparisons made between Jokioinen and Qvidja were not comprehensive and included 

several uncertainties mainly due to the varying meteorological conditions, different study 

year, and varying vegetation and soil type. To improve the analysis of annual carbon balance 

of agricultural grasslands as well as respiration and GPP at different sites, measurements 

should cover several study sites with similar soil types and growing conditions during the 

same growing season. Furthermore, long-term carbon balance of grasslands can be further 

studied and verified with several years of measurement data, and thus, with interannual anal-

ysis of the CO2 fluxes. Additional supporting measurements, such as chamber measure-

ments, carbon stock evaluations and root biomass measurements, should also be conducted 

on the sites to improve the quality of the carbon balance analysis. Although uncertainties 

exist, several important conclusions can be drawn from these data sets.   
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7 Conclusions 

Carbon sequestration ability of agricultural grasslands is significant, especially in northern 

Europe. However, several factors affect the annual and long-term uptake and decomposition 

rates of carbon, and thus, also have an impact on the carbon balance of grasslands on various 

time scales. The main factors affecting carbon dynamics include soil properties, vegetation, 

climate, and weather conditions as well as management practices. Results obtained in this 

study show that even in dry conditions, the forage grassland on mineral soil in Qvidja, in 

southern Finland was a net carbon sink in 2018 with annual sequestration of –39 g C m–2. 

Conversely, agricultural peat soil grassland studied in Jokioinen in 2002 was an annual net 

carbon source releasing 436 g C m–2. Comparison of these two sites indicated that seasonal 

CO2 fluxes are closely dependent on weather conditions and management options during the 

growing season.  

 

As the agricultural ecosystems are highly managed, and to a great extent, affected by the 

changing climate, the interannual carbon balance may vary significantly on both mineral as 

well as on organic soils, and therefore, the long-term average sequestration ability should be 

studied and enhanced with management practices. A considerable amount of evidence exists 

on the various benefits of changing the intensively and conventionally cultivated fields into 

agroecosystems managed with enhanced practices which strengthen the carbon sequestra-

tion. These management procedures include, among others, no ploughing, supporting high 

biodiversity, favouring manure and compost fertilisation, applying rotational grazing, and 

modifying the cutting height of the grass. As the agricultural environments are complex eco-

systems, various management measures should be combined to support all processes within 

the system in a balanced manner and to reduce the atmospheric CO2 concentration, as well 

as to achieve better soil quality and fertility.  

 

As the agricultural GHG measurements will continue in the following growing seasons in 

Finland, supporting studies should be conducted with the chamber method. Ecosystem res-

piration can be directly measured with chambers, and such measurements would enable more 

detailed analysis and validation of flux partitioning. Respiration rates measured with cham-

bers and the EC method could be compared and, if necessary, adjusted to obtain more accu-

rate ecosystem respiration. That would also improve the evaluation of GPP rates, and thus, 

the whole gap-filling procedure, as well as the uncertainty analysis.  

 

Further studies on interannual differences in CO2 fluxes and carbon balance are important in 

understanding the carbon dynamics of agricultural fields and the long-term effect of various 

management measures. Studies of soil properties, soil organisms and especially the below-

ground carbon allocation and permanence would improve the estimations of carbon balance 

in various time scales. Furthermore, long-term studies should be conducted on several soil 

types and soil qualities at different sites to verify the carbon sequestration potential of Finn-

ish agricultural soils and the effect of improved management practices.  

 

Several studies conducted on various perspectives conclude that terrestrial carbon sinks are 

currently the only viable option to store carbon from the atmosphere, and thereby, to help 

mitigating climate change. The storage capacity of the soils is large, and several benefits 

exist in improving the management of agricultural ecosystems to act as carbon sinks. It has 

been studied that agricultural soils can sequester carbon for some decades before reaching 

the equilibrium. However, as the storage capacity is limited, it should not be forgotten that 
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industry and especially fossil fuel burning plays a much greater role in contributing to cli-

mate change than land use. In the long term, climate change cannot be mitigated only by 

terrestrial carbon sinks, and therefore, radical reductions in emissions should be applied in 

those sectors. Compensating the emissions caused by land use and restoring ecosystems are 

necessary steps for climate change mitigation. By improving the carbon storage of soils sus-

tainably, many of the essential ecosystem services can be maintained and enhanced.   
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Figure A-1. Mean annual air temperature (line) and precipitation (bars) measured in 

Yltöinen, the nearest weather station to Qvidja, from 2000 to 2018.  

 

 

 
Figure A-2. Measured air and soil temperature and PAR during the growing season in 

Qvidja in 2018.  
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Figure A-3. Post-processed flux data points measured in Qvidja and gap-filled time series 

of NEE from May to September 2018. 
 

 
Figure A-4. Measured air and soil temperature and PAR during the growing season in 

Jokioinen in 2002.  
 


