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Abstract 

Agriculture is a major source for greenhouse gas (GHG) releases and is included in national 

GHG inventories. Land management decisions, such as those taken in agricultural 

landscapes, play a crucial role in carbon cycle dynamics with the ability to convert land from 

a carbon source to carbon sink. Practises influencing carbon sequestration and storage of 

land are currently missing from inventories of GHG releases at both national and local 

scales. The aims of this thesis were to evaluate the impacts on carbon sequestration in 

agricultural landscapes by the decisions taken by farmers and land managers. 

Determination of carbon dioxide (CO2) flux rates were used to investigate the effects of 

both grassland reseeding, during spring and autumn ploughing events, and land use change 

from grassland to cropland. The role that hedgerows play in agricultural landscapes to 

sequester and store carbon was also investigated as these ubiquitous features are routinely 

missing from carbon assessments. Grassland reseeding resulted in temporary releases of 

CO2 due to the removal of vegetative cover. Spring ploughing resulted in higher flux rates, 

however due to more rapid vegetation establishment less CO2 was released than ploughing 

in autumn. Land use change also resulted in releases of CO2 due to removal of vegetative 

cover. Methods of grassland rejuvenation and cropland establishment should maintain a 

cover to prevent net releases of CO2. Hedgerows can be considered as an ecosystem in 

terms of carbon cycling with carbon sequestration and partitioning occurring in a similar 

manner to forests. Published estimates of carbon storage are varied, depending on 

assessment methods, and further work is needed to lessen uncertainty. Hedges in Northern 

Ireland added an additional 44.15 – 73.27 t C ha-1 on an average area 0.94km2 (mean area 

of two study farms, Crossnacreevy and Loughgall) . Physical land uses as seen in agricultural 

systems are shown to impact upon carbon cycles, leading to either increased emissions or 

increased storage of carbon.  
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Chapter 1 

General Introduction  
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1.1 Climate Change  

Human activities, through the burning of fossil fuels, deforestation and land use changes 

have significantly altered the levels of greenhouse gasses (GHGs) in the atmosphere. These 

increased levels of GHGs have in turn led to a warming of the planet; affecting weather 

patterns, which in turn is affecting the functioning of ecosystems. Globally levels of carbon 

dioxide (CO2) increased from approx. 280 parts per million (ppm) in preindustrial times to 

approx. 400 ppm at present (NOAA 2020). As a result, global mean surface temperatures 

increased by 0.8oC over the 20th Century (Hansen et al., 2006). Atmospheric concentrations 

of CO2 fluctuate on an annual cycle as the growth of northern hemisphere vegetation 

removes large quantities of the gas, however, due to anthropogenic influences the overall 

trend is increasing (Fig 1.1). One quarter of all anthropogenic emissions have been attributed 

to human-induced land use changes (IPCC 2003); currently land use change is the second 

largest source of anthropogenic emissions (Gries et al., 2019). The majority of land use 

changes have been for the development of agriculture, leading to feedback loops, 

accelerating the rate of release of GHGs. Currently, careful management of the land can 

reverse this release and in some situations can even leave the land acting as a carbon sink 

rather than a carbon source (Chang et al., 2016).  
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Figure 1.1. The Keeling curve. Red line indicates the daily CO2 concentration as recorded at 
the Mauna Loa Observatory, Hawaii, USA. Concentrations fluctuate on an annual cycle 
indicating the drawdown of CO2 during the Northern Hemisphere summertime, as this is the 
largest landmass. The black line represents a moving average; increasing concentrations are 
attributed to anthropogenic activity.  

 

 

1.2 Agricultural land use and climate  

The global human population has steadily increased over time from an estimated 1 billion 

people in pre-industrial times to approx. 7 billion at present and the population is expected 

to increase to around 10 billion by 2050 (Bongarrts 2009). At present agriculture is the 

primary means of feeding people. In contrast to hunting and gathering, agriculture requires 

settlement and leads to a modification of the local environment. This modification manifests 

as changes to land cover vegetation, soil structure, water table heights, local radiation 

budgets, GHG emissions and biogeochemical cycling (Altieri and Nichols 2017; Chi et al., 
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2017; Houspanossian et al., 2017). For example, changes to land cover from forest to cropland 

changes land cover from dark to light increasing albedo (fraction of light reflected from the 

Earth’s surface), removes a significant carbon store in the form of woody cover (trees) and 

can even increase GHG emissions due to disturbance of the soil (which transform from a net 

sink to a source). Two modifications: GHG emissions and biogeochemical cycling, have 

increasingly come under investigation because of their contributions to, and mitigation 

potential of, climate change (Rojas-Downing et al., 2017). Feedback loops in carbon cycles are 

created that lead to increases or decreases in levels of exchange of carbon dioxide, methane, 

sensible heat and latent heat between the atmosphere and the biosphere (Desjardins et al., 

2007). 

It has been hypothesized that the modifications caused by agriculture have played a role in 

changing global climates for thousands of years (Ruddiman 2003). Climatic records indicate 

changes in the atmospheric concentrations of CO2 from approx. 260 ppm 8,000 years ago, to 

280-288 ppm approx. 2,000 years ago (Salinger 2007). This rise is anomalous as orbital 

eccentricity peaked approx. 13,000 years ago (Salinger 2007), suggesting the levels of 

atmospheric CO2 should have declined during this time. An estimated 224-245 Giga tonnes 

(Gt) of terrestrial carbon was released due to the introduction of agriculture by 2000 years 

ago, enough to give the observed rise in atmospheric concentrations (Ruddiman 2016). This 

hypothesis further postulates that rises and dips in the long-term signal coincide with 

agricultural spread and decline. For example, approx. 6000 years ago there was a rise in CO2 

concentrations coincident with the advent of the plough (Ruddiman 2016). Anthropogenic 

influences on the land therefore have significant impacts on past, present and future 

climates.  

Agriculture has been attributed to approx. 30% of total global anthropogenic emissions 

(Vermeulen et al., 2012). Emissions of GHGs arise from a number of sources both directly and 
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indirectly. Direct emissions result from the use of machinery, ploughing practices, 

monocultures, fertiliser use and removal of woody land cover including the reduction in 

length of land parcel bounding hedgerows due to field amalgamation to accommodate large 

machinery. Indirect emissions result from off farm sources such as (foreign) land use changes 

due to production of (imported) feedstuffs, production of artificial fertilisers and associated 

transport costs for both inputs and outputs. Over the past 150 years, 33% of emissions have 

come from ‘Land Use and Land Use Change’ (LULUC) activities globally, with the biggest 

releases due to deforestation (Houghton et al., 2012). If deforestation alone was halted then 

an estimated 120 Pg C could be sequestered from the atmosphere by the year 2100 

(Houghton and Nassikas 2018). Other biophysical factors such as albedo, evapotranspiration 

and surface roughness also have effects upon the climate of the disturbed area (Pongratz et 

al., 2010).  

At present, increasing demand is being placed on agriculture due to increasing population 

and changes in consumption patterns leading to increased land modification and releases of 

GHGs (Willett et al., 2019; Foley et al., 2011). Greater agricultural intensification, agricultural 

expansion or both has been proposed as a mechanism to meet this increased demand 

(Tilman et al., 2011). Land used to produce meat, milk and eggs has expanded to allow for 

the growth of extra crops to feed livestock (Stienfield et al., 2006), further altering local and 

global environments. Currently, global agricultural land is estimated to be 5.1 billion ha 

(Wirsenius et al., 2010) or 40% of the terrestrial land surface (Foley et al., 2011). Diets high 

in meat (attributed to the rise of the global middle classes) are predominately associated 

with increases in agricultural GHG emissions, with projections of higher consumption rates 

in the future, and calls have been made for shifts to plant-based diets in response (Willett et 

al., 2019; Alexander et al., 2015).  
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Agricultural grasslands form 69% of total agricultural land globally compared to 28% for 

cropland (Alexander et al., 2015), making this the largest proportion of agricultural land use. 

Grasslands are responsible for more GHG release per unit of product than croplands (Casey 

and Holden 2005) as livestock are responsible for large emissions of Methane (CH4) in 

addition to large releases of Nitrous Oxide (N2O), which have Global Warming Potentials 

(GWP) of 23 and 298 respectively, from fertilisers; this is in addition to added CO2 released 

from feedstuffs, both in production and transport from other countries (Beauchemin et al., 

2010; Casey and Holden 2006). Agricultural expansion, with associated GHG releases is likely 

to continue in the future to feed an increased population.   

The study area for this work was in Northern Ireland where 75.6 % of all land use is 

agricultural with 79.0 % of agricultural land being grasslands or rough grazing (DAERA 

statistical review 2019) with the majority of grasslands composed of Ryegrass (Lolium sp.) 

(McCann et al 2012). This makes Northern Ireland grasslands the most important and 

widespread land use in Northern Ireland (Figure 1.2). Agriculture accounts for approx. 27% 

of all greenhouse gas emissions from Northern Ireland (DAERA GHG statistical review 2018) 

and were reported as a net sink of CO2-e (-1.189Mt CO2-e) for the LULUCF inventory (Olave 

et al 2018).  

Northern Ireland’s climate is characterized by equability due to the stabilising influence of 

the Atlantic Ocean (UK Met office) and a wide range of geology, soils and environment. Long 

term weather records from the Armagh observatory, dating back to 1796, have shown a 

warming trend particularly from the mid-20th Century concurrent with mean global 

temperature increases (Butler et al., 2002; Jones and Lister 2004; Hansen et al 2010). 

Predictions for future climate estimate that temperatures are expected to increase by 2.2oC 

by the 2080’s leading to warmer winters, with a projected 20 – 30 % increase in precipitation, 

and warmer drier summers (Mullan et al 2012; Reay 2009).  



8 
 

 

CORINE 2012 Area [ha] 

Cropland 33,240 

Forest 79,136 

Grassland 949,886 

Other 170,554 

Settlement 64,720 

Water 62,700 

Wetland 55,731 

Total 1,415,967 

 

Figure 1.2 showing the land use make up of Northern Ireland, the study region, as derived 
from the CORINE land cover maps.   

 

 

Northern Ireland contains 308 distinct soil series developed from 97 parent materials on a 

land area of 13,550km2 (5,242miles2) (Cruickshank 1998). The soils present here are the 

result of weathering and formation processes most dominant over the past 10,000 years. 
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Soils in NI have been classified as mostly Stagnosols, Histosols and Cambisols (AFBI WRB soils 

base map) all of which are classified due to their high-water content, recent and limited 

development. 

Much study and debate has focused on the production of GHGs from these sources 

(Steinfield et al., 2006, DAERA 2016), with the use of fertilisers being an area of interest in 

grasslands (Gerber et al., 2010). Carbon feedbacks, or storage options, caused by physical 

land modifications, e.g. a ploughing event, are less well studied (Drewer et al., 2017, Cowan 

et al., 2016, Baker et al., 2007). Much work has focused on the effects of repeated tillage in 

arable lands on carbon storage in soils with recommendations that farmers should practice 

minimum or no tillage (Lal 2004). Tillage in arable lands is a much more frequent land 

management practice than ploughing and reseeding in grasslands. Grassland soils can 

contain an equivalent amount of carbon to forest soils (Moxley et al., 2014), due in part to 

infrequent disturbance. It is important, therefore, to quantify losses from emissions from 

ploughing events in grasslands to understand the impacts these decisions can have.  

 

1.3 Reporting GHG emissions from land use  

Several legal systems and agreements have been set in place to report on GHG releases from 

individual countries. National Emission Inventories (NEI), are required under United Nations 

Framework Convention on Climate Change (UNFCCC) directives. Emissions of GHGs are 

measured against a baseline figure set as the emissions released in 1990 (IPCC 2013). A 

countries’ economy is divided by sectors; Transport, Energy, Business, Residential, 

Agriculture, Waste Management and Land Use Land Use Change and Forestry (LULUCF). 

There are uncertainties associated with the reporting of GHGs, particularly from LULCUF and 

further information and study is required to lessen these uncertainties. 
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1.3.1 Land Use Land Use Change and Forestry (LULUCF) 

The LULUCF inventory is sub-divided into six categories Forests, Cropland, Grassland, 

Wetlands, Settlements and Other. Land may remain in any of the categories or it may change 

from one to another. LULUCF guidelines deal with biomass and soil carbon stock changes for 

land use conversions and soil carbon stock changes due to differing management practices 

(IPCC 2003). Intergovernmental Panel on Climate Change (IPCC) guidelines allow estimation 

on carbon changes from five carbon pools: 1) aboveground biomass, 2) belowground 

biomass, 3) dead-wood, 4) litter and 5) soil organic matter (IPCC 2006). LULUCF is the only 

part of the inventory that can include negative emissions, sequestering atmospheric CO2 due 

to the action of photosynthesis, therefore land management practices can be considered as 

a climate mitigation technique.  

The IPCC have established hierarchical tiers of methods of CO2 accounting, ranging from 

default data and simple equations for emissions factors, to the use of country specific data 

and modelling accommodating national circumstances. Three tiers have been established: 

 

 Tier 1 employs default emission factors and other parameters provided by IPCC. 

There may be simplifying assumptions about carbon pools. Spatially-explicit data 

may be used based on remote-sensing. Carbon stock changes cannot be applied to 

this level due to the nature of the data provided. 

 Tier 2 applies country specific emissions factors and parameters. These are more 

appropriate for the particular country and includes more stratified activity data. 

Carbon stock change may be applied at this level.  

 Tier 3 methods are higher order including modelling and plot based assessments with 

links between biomass and soil carbon dynamics being integrated. Global 

Information System (GIS)-based methods of land classifications and uses are 
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integrated into several types of monitoring and data. Land use changes are tracked 

and recorded over time.  

 

Higher tier reporting represents a decrease in uncertainty (high precision), though this comes 

at an associated higher cost due to increases in complexity of measurement and analysis 

(IPCC 2003). All countries are encouraged to strive for improving inventory reporting by 

advancing to the highest possible tier given national circumstances.  

The UNFCCC Subsidiary Body for Scientific and Technological Advice (SBSTA) incorporated 

views on issues related to ‘a more comprehensive accounting of anthropogenic emissions by 

sources and removals by sinks from LULUCF, including through a more inclusive activity- or 

land-based approach’ (Ellison et al., 2017; UNFCC 2012). This work helped to inform special 

reports, such as the Special Report on Climate Change, Desertification, Land Degradation, 

Sustainable Land Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial 

Ecosystems (Armeth et al., 2019) and continues to incorporate the latest scientific 

information to inform policy on climate change and land use matters (IPCC 2020). There is 

scope, therefore, to increase the accuracy of emissions and removals reporting by assessing 

land management practices for those areas remaining within a category. For example, 

changes in soil carbon stocks from agricultural land management practices are not fully 

reported within the UK GHG inventory at present, with cropland and grassland management 

a priority for inclusion (Clilverd et al., 2020; Thompson et al., 2018). LULUCF activities have 

been a net sink for CO2 since 1990 in the UK and is expected to continue to be so until 2050, 

although it is expected to have declining sink strength from the mid-2020s (Thompson et al., 

2017). Currently in the UK, activity data for land categories remaining in the same category, 

are dealt with using a Tier 1 approach (Moxley et al., 2014).  
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 1.3.2 Grasslands  

Within the LULUCF inventory, grasslands are all rangelands and pasture lands that are not 

considered as cropland and also includes systems with vegetation that falls below the 

threshold used in the forest land category (IPCC 2003). Grasslands generally have a 

vegetation that is dominated by perennial grasses with grazing as the dominant land use. 

Also included as grassland are areas from wildland to recreational areas as well as agricultural 

and silvo-pastoral systems. These are sub-divided into managed and unmanaged lands, 

consistent with national definitions. IPCC guidelines deal with biomass and carbon stock 

changes due to conversions between land categories which, in most cases, results in 

emissions of CO2. The default inventory period for changes in soil carbon is 20 years, 

therefore the converted land will be a source for CO2 in the initial period after conversion. 

Conversions are dealt with using a Tier 1 assessment where it is assumed that dominant 

vegetation is removed entirely with no carbon drawdown into the system, at least in the 

initial period until the new vegetation establishes.  

Two carbon pools must be considered in grasslands, the aboveground biomass and 

belowground soils (Table 1.1). Carbon stocks are influenced by human activities and natural 

disturbances. In areas of improved grassland, human disturbance is characterised by the 

ploughing and reseeding of grass swards, the use of fertilisers and removal of biomass either 

through stocking densities of livestock or the frequency of cutting for silage (Soussana et al., 

2007, Ammann et al., 2007). Standing stock of biomass rarely exceeds a few tonnes per 

hectare with larger amounts accumulating in roots and soils (IPCC 2003) making soils the 

most important pools for study and retention (Soussana et al., 2014).  
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Table 1.1. Description of categories for grassland remaining grassland, reproduced from 
Intergovernmental Panel on Climate Change (year) 

 

 

 

 

 

 

 

LULUCF methodology considers stock changes for mineral soils with samples taken to a 

30cm depth over a finite period. This methodology has been challenged where Baker et al., 

(2007) showed that carbon stocks of mineral soils are overestimated in the 30cm layer with 

carbon levels lessening with depth below this. Upson and Burgess (2013) working in an 

agroforestry system showed that added inputs to the top layers of soil did not equate to 

higher carbon stocks when compared with other land uses when deeper soil layers are 

considered. Similarly, arable soils showed a depth discrepancy in carbon levels in a meta-

analysis based on 101 long term field trial (<10 years) where losses were limited to the 

topsoil (Meurer et al 2018). Carbon stock changes are assessed in the reporting period 

compared with reference stock taken at the beginning of the measurement period. The 

default period is 20 years, however, longer-term studies of carbon stocks in soils have 

shown that grassland soils rarely reach equilibrium in this time particularly for areas of 
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improved grassland. A 50-year experiment cataloguing soil carbon stocks in temperate 

grasslands suggests an increase in carbon stocks of approx. 1.4 t C ha-1 yr-1 (Laidlaw et al., 

2011). Similarly, a longer-term experiment lasting over 100 years has reported increases in 

soil carbon stock from approx. 35 t C ha-1 to approx. 80 t C ha-1with no signs of soils 

reaching equilibrium (Poulton et al., 2018).  

 

1.4 Hedgerows 

One option for improving the carbon sequestration ability of the land is by planting more 

woody cover including hedgerows and trees. In parts of Western Europe, the natural climax 

state is oak forest, however, natural regeneration is suppressed in favour of pasture or arable 

land. Agro-forestry is an option that produces food and wood on the same land. Several 

options exist for agroforestry including widely spaced trees, lines of trees and ally production. 

Agroforestry as a land sharing option has not received much attention and take up rates have 

been slow. These options all assume that some part of the land will be taken out of 

production for one crop to be replaced by a second crop. In Great Britain and Ireland, there 

is another form of woody cover in agricultural system that could be thought of as a form of 

agroforestry: hedgerows which are currently missing from LULUCF inventories.  

LULUCF Tier 2 approaches would allow for the incorporation of woody biomass; however, 

this is primarily for savannah and prairie type grasslands. The incorporation requires 

estimates of changes to woody vegetation by losses from harvest or bush removal or net 

growth rates from savannah improvements. A mechanism to include agroforestry systems 

into LULUCF can be achieved by the inclusion of Forestry and Other Land Use (FOLU) into 

LULUCF, such as the EU has done (Ellison et al., 2017). This allows for the incorporation of 

practices such as agroforestry which combines forestry and agriculture on the same land. 
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Thus, carbon sequestration by hedgerows could be included in emissions and removals 

reporting.  

This is particularly important for areas with high hedgerow landscape density, such as those 

found in Northern Ireland. Here, land use, dominated by pastoral farming, shows a mosaic of 

small fields resulting from differing land use options in the post war period to that of 

mainland Britain. This has led to a high density of field boundaries, composed mainly of 

managed hedgerows, that is roughly double that to be found in England (NI hedgerow density 

= 8.57 km / km2, England = 4.28 km / km2) (McCann et al., 2007; Carey et al 2008) 

 

Figure 1.3. Frequency and type of farmland management such as ploughing and reseeding of 
grassland, conversion of grassland to cropland and the maintenance and cutting of 
hedgerows may significantly affect farm carbon sequestration and storage providing a means 
of climate mitigation by optimising practices with respect to their CO2 fluxes.” 

 

 

1.5 Aims and objectives 

Management of farmland such as the frequency of ploughing and reseeding, conversionx of 

land cover type and the maintenance of hedgerows may significantly affect the carbon 

sequestration and storage ability of the land (Figure 1.3). The aims of this work were to 
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evaluate the impacts on carbon sequestration in agricultural landscapes by the decisions 

taken by farmers and land managers re: land use management practices (e.g. ploughing in 

grasslands) and woody cover in the form of hedgerows. The objective was not intended to 

alter typical farming practice but to improve the precision of GHG flux estimates in LULUCF 

inventories. The feedback processes leading to climate mitigation or emissions enhancement 

were investigated and options for land carbon sequestration within the confines of 

agricultural production examined. The thesis is ordered by two general themes: 1) physically 

induced disruptions to carbon cycles by disturbance to the soil and 2) current storage of 

carbon in standing biomass typical of agricultural landscapes (Figure 1.4).  

 

 

Figure 1.4. Showing the arrangement of the thesis layout. Two themes have been 
investigated; Theme 1 physically induced disruptions to carbon cycles by disturbance to soil 
and Theme 2 current storage of carbon in standing biomass of agricultural landscapes (in 
the form of hedgerows) 
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For the first theme, Chapters 2 and 3 aimed to understand the effects of grassland ploughing 

and reseeding options on the flux of CO2. Several options for reseeding were investigated 

including full inversion ploughing, minimal soil disturbance and overseeding. Treatments 

were applied during autumn for Chapter 2, when environmental conditions cooled, slowing 

microbial processes. The recovery of the sward from destructive treatments and the net 

releases of CO2 were investigated over this period. Treatments were applied in the spring for 

Chapter 3. The same treatments were applied, however, as environmental conditions were 

warmer at this time of year it was expected that recovery of grass swards and releases of CO2 

differed from Chapter 2. Experimental plots were established for each chapter in a 

randomised block design. Flux rates were measured using a portable chamber attached to 

an infra-red gas analyser. This allowed for detailed information to be collected from each plot 

in-situ.  

Change in land use from grassland to cropland was investigated in Chapter 4. Recent 

publications (Willet et al., 2019) suggests that plant-based diets result in lower GHG releases. 

However, releases from the conversion of land from grass-based production to crops has not 

been included in the analyses. An experiment was set up where a grass field was ploughed, 

left fallow for a period of time before being planted with arable crops. A ploughed section 

was compared with a non-ploughed control section. Flux rates of CO2 were measured using 

both chamber-based techniques and eddy covariance. Eddy covariance gives continuous data 

on flux rates across a larger area than chambers can provide.  

For the second theme, hedgerows were identified as woody features ubiquitous in the British 

and Irish landscape capable of storing carbon. A preliminary literature review revealed that 

little information was available on hedgerow carbon storage rates and, therefore, Chapter 5 

represents a robust literature review relating hedgerows to carbon storage. Estimates of 

carbon storage were summarised to provide information for inclusion of such features in 
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land-based carbon accounting. Areas of future research were also recommended. Chapter 6 

investigated carbon storage of hedges on two farms empirically. Hedge length was mapped 

to estimate landscape hedge density and destructive samples were taken to provide data on 

hedge volume and carbon content. Work was also conducted on hedge verge material and 

hedgerow soils providing information as to carbon storage of the whole hedgerow 

ecosystem.  

Chapter 7 was the General Discussion comparing and synthesising the conclusions of each 

chapter tying the themes together. The work was placed in a wider context of reducing GHG 

emissions from agricultural activities and utilizing food production techniques as a form of 

climate mitigation. Incorporation of the results into LULUCF inventories is discussed. Areas 

of further research are suggested, taking this work forward for the benefit of farmers and 

policy makers.  
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Chapter 2 

 

The effect of ploughing intensity on the carbon 

flux of temperate agricultural grasslands 

 

A paper based on this chapter was published as: 

Blair, J., Olave, R., Smyth, B., Sherry, E. & Reid, N. (2018) The effect of ploughing intensity on the carbon flux of 

temperate agricultural grasslands. Aspects of Applied Biology 139: 115-124.  
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Abstract 

Models of landscape carbon sequestration focus primarily on changes in land use and give 

little indication of modifications to carbon flux due to differing land management practice 

within the same category. In the agricultural category, for example, reseeding and ploughing 

practices vary. Ploughing modifies flux rates in agricultural grasslands by disruption of soil 

and removal of photosynthetic material. There is limited literature on the effects of differing 

practices. Data are presented on flux rates based on deep and minimum tillage, overseeding 

and controls, established during autumn. Using a randomised block design we measured flux 

from 20 experimental plots using a perspex chamber and portable infrared gas analyser 

(IRGA). The data suggests that loss of photosynthetic material from destruction of the grass 

sward temporarily changes grasslands from sinks to sources. Flux from deep ploughed 

treatments reduced flux from 0.82 ± 0.11 to -1.85 ± 0.2 g CO2 m-2 hr-1 while control plots 

ranged from -1.88 ± 0.11 to -2.41 ± 0.2 g CO2 m-2 hr-1. These figures are comparable to other 

studies with similar biogeographic properties where sequestration was measured at -1.196 g 

CO2 m-2 hr-1 (Drewer et al., 2017). 
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2.1 Introduction 

Models of land-based carbon sequestration account for land use type, i.e. differences 

between land use categories, but exclude variation of management practices within each 

category. For example, grasslands in temperate regions require periodic tillage and reseeding 

in order to maintain a healthy sward (Drewer et al., 2017), this may typically be around every 

15 years however it may also range up to 45 years in some cases (Carolan and Fornara 2016)  

but there are a paucity of data on the effects of tillage and reseeding, and their frequency, 

on local carbon fluxes (Willems et al., 2011). Failure to account for potentially large variations 

in local carbon fluxes is likely to result in biased and inaccurate estimates of CO2 emissions at 

the national level. For example, in the United Kingdom (UK), land-based carbon sequestration 

estimates are produced using ‘Land Use, Land Use Change and Forestry’ (LULUCF). 

Assessments which are modelled based on Intergovernmental Panel on Climate Change 

(IPCC), Tier 1 approaches at regional scales (Moxley et al., 2014; Thomson, 2017) but 

excluding variation within regions due to differing management practices.  

Ploughing results in major disruptions to soil, leading to CO2 loss (Palm et al., 2014; Soane et 

al., 2012; Powlson et al., 2011; Lal, 2004). Ploughing aerates soil and allows the incorporation 

of added nutrients to maintain high harvest yields (Drewer et al., 2017). In non-ploughed 

systems, soil structure is denser, soils have a higher moisture content (Sheehy et al., 2013), 

and carbon is protected from decomposition due to physical protection within soil 

aggregates (Ogle et al., 2012). Ploughing also results in a loss of photosynthetic material for 

a time, affecting Gross Primary Production (GPP). Re-establishment of a grass sward, after 

approx. 100 days, can return flux levels to pre-ploughed levels (Hadden & Grelle, 2017). There 

are varying management practices for grassland reseeding including: conventional 

ploughing, where soil is inverted from a depth of 20–30 cm, minimum tillage, which disrupts 

only topsoil (~5 cm depth) and overseeding, where new seed is sown into an existing sward 

(Schulz et al., 2014).  
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A field experiment was conducted to compare post-ploughing Net Ecosystem Exchange (NEE) 

and Ecosystem Respiration (Re) time-series, measured using a portable infra-red gas analyser, 

between various management practices. We predicted that differing ploughing treatment 

blocks would exhibit significant differences in their carbon flux resulting from structural 

changes to soil; which, at cumulative large scales, are likely to impact the accuracy of national 

carbon emission estimates.  
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2.2 Materials and Methods 

2.2.1 Study site 

The experiment was conducted at the Agri-Food and Biosciences Institute (AFBI), 

Hillsborough research farm in County Down, Northern Ireland (latitude, longitude: 54o 27’N, 

-6o 04’W). The site was in intensive grassland production using perennial rye-grass (Lolium 

perenne) and had been used for sheep production in the previous year. The soil was a clay 

loam / silty clay loam formed over a Triassic red sandstone mixed till or SWG1 (Higgins et al., 

2012). The site had not been ploughed for approximately 15 years prior to the experiment.  

 

2.2.2 Experimental design 

A randomised block design was developed where each of four experimental treatments were 

replicated five times (20 plots in total); each plot was 2 m × 1 m. Treatments consisted of T1: 

Conventional ploughing (spraying off, ploughing to a depth of 20 cm), power harrowing, 

rotavated, sowing seed, and rolling), T2: Minimum tillage (spraying off, rotavated to a depth 

of 5 cm), power harrowing, sowing seed, and rolling), T3: overseeding (drilling-seed), and T4: 

Controls (unmanaged plots of existing sward). T1 and T2 sprayed with a glyphosphate-based 

herbicide (160 mL of RoundupTM in 10 L water) three weeks before treatment application. All 

plots (except the controls) had applications of 29.62 g plot-1 of Nitro chalk (27% N), 6.92 g 

plot-1 of grass seed and 40 g plot-1 of agricultural lime after initial treatment application.  

 

2.2.3 Measuring carbon flux 

Flux measurements were quantified using a large, 50 L, chamber made from transparent 

Perspex. Sampled air from inside the chamber headspace passed through an attached infra-

red gas analyser (EGM 4, PP-systems Hitchin UK) and flux determined as the difference 
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between in and out flow concentrations (Welles et al., 2001). Internal air was mixed with a 

small fan to ensure equal distribution of CO2 (Pumpanen et al., 2004). Net Ecosystem 

Exchange (NEE) was measured with a transparent chamber allowing photosynthesis to occur 

in the chamber headspace. Ecosystem Respiration (Re) was measured using the same 

chamber with a dark cover blocking light suppressing drawdown by photosynthesis. Re 

measurements were made immediately after NEE measurements; each measurement period 

was 120s. Flux readings were randomised between plots and taken between 10:00 and 14:00 

on each measurement day, to minimize diurnal effects on flux in accordance with IPCC good 

practice guidelines. Measurements commenced on 15th Sept 2015 and taken three times a 

week until 29th October 2015 after which frequency was weekly until 22nd December 2015 

when measurements ceased. Eight infrequent measurements were taken from 10th February 

2016 – 22nd April 2016 to investigate flux over a longer time frame.  

 

2.2.4 Environmental variation 

Time-series of air temperature and soil temperature (°C) at 10 cm and 30 cm depths and soil 

moisture (%) were obtained from an adjacent weather station, approx. 10 m from the study 

site, connected to the environmental change network (see http://www.ecn.ac.uk/ for 

details). Continuous variables were recorded hourly and daily averages obtained. Data was 

then compared based on days of flux measurement.  

Soil core samples were collected using a Wintex MCL3 hydraulic soil core (25mm diameter) 

to a depth of 10 cm randomly selected from within each plot representing the typical soil 

condition i.e. avoiding wheel tracks or other depressions caused during treatment 

establishment For each sample, carbon (C) and nitrogen (N) (%) was measured by dry 

combustion chamber (Leo Trumac, Stockport, UK). Phosphorus (P) using an automated 

continuous flow wet chemistry analyser (Skalar San plus, Holland), and potassium (K) content 
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using Flame Photometer, (Sherwood Scientific model 410). Soil bulk density measurements 

were also taken for all plots but after flux measurements had been completed. A surface 

sample of undisturbed soil was taken to a depth of 5 cm. The sample was weighed, dried until 

constant mass and re-weighed to determine percentage (%) moisture content. The dry 

weight was then divided by the volume of the sample container to obtain a measure of the 

bulk density.  

Grass canopy height was measured using a sward measure. Five random points within each 

plot were selected and height measured when a transparent platform made first contact with 

any grass structure. Measurements were averaged for each plot. Grass height was recorded 

on three occasions (26th May 2016, 22nd July 2016 and 17th August 2016) to investigate any 

treatment effects.  

 

2.2.5 Statistical analysis 

Flux measurements of NEE and Re were analysed as the dependent variables by treatment 

using restricted (residual or reduced) maximum likelihood (REML) using a power model due 

to the time-dependent nature and the non-regularity of the data. Variation in weather 

conditions were analysed using Principal Components Analysis (PCA) reducing air 

temperature, soil temperate (at both 10 cm and 30 cm) and soil moisture content to two 

axes. Block*Plot was fitted as a Random Factor, to the REML model, PC1, PC2 and Time as 

covariates. To test effects from loss of photosynthetic material the factor ‘Photosynthesis’ 

was created that split the dataset into two parts: 1) post-treatment up to 100 days and 2) 

after 100 days. Representing pre and post sward re-establishment. The interaction of this 

factor and treatment was also fitted as Photosynthesis*Treatment. Residual plots 

demonstrated the data to be normally distributed (Gaussian). Fisher’s Least Square 

Difference (LSD) was used to identify post-hoc differences between treatment means. Grass 



26 
 

and soil metrics were compared between treatments using a one-way Analysis of Variance 

(ANOVA). 
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2.3 Results 

2.3.1 Fluxes 

REML analysis showed a significant difference in treatment and across time for NEE but not 

for Re (Table 2.1). Treatments T1 and T2 (were previous sward was destroyed) became net 

sources of CO2 (mean flux T1 0.82 ± 0.11 g CO2 m-2 hr-1, T2 0.88 ± 0.11 g CO2 m-2 hr-1) for 

approx. 100 days post ploughing after which time both returned to being net sinks (mean 

flux T1 -1.85 ± 0.2 g CO2 m-2 hr-1, T2 -1.84 ± 0.2 g CO2 m-2 hr-1) (Figure 2.1). T3 and T4 were net 

CO2 sinks for the duration of the study period (mean flux first 100 days T3 -1.61 ± 0.2 g CO2 

m-2 hr-1, T4 -1.88 ± 0.2 g CO2 m-2 hr-1; mean flux after 100 days T3 -2.18 ± 0.2 g CO2 m-2 hr-1, 

T4 -2.41 ± 0.2 g CO2 m-2 hr-1). Treatments T1 and T2 did not differ from one another (Fisher’s 

LSD post-hoc P > 0.05) and T3 and T4 did not differ from one another (P > 0.05) but T1 and 

T2 did differ from both T3 and T4 (P < 0.05) (Figure 2.2). The differences observed were driven 

by post-treatment effects in the first 100 days with little difference observed throughout the 

rest of the study period. Environmental components (See Appendix 1) were significantly 

influential for both NEE and Re (Table 1). PCA suggested temperature (Air, and Soil, 30 cm 

and 10 cm) and soil moisture accounted for much variation (50%), with rainfall and solar 

radiation secondary components (26%). The loss of photosynthesis was not directly 

significant, however when crossed with treatment it was for NEE, this was not the case for Re 

(Table 1).  
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Figure 2.1. Time-series throughout the experiment for fluxes in a) Net ecosystem exchange 
(NEE) and b) ecosystem respiration (Re) across treatment blocks. Straight dashed line 
represents 0 flux. The convention is positive figures represent a loss of CO2 from the 
ecosystem and negative figures represent a sequestration of CO2.  

 

 

 

2.3.2 Soil carbon 

Experimental treatments did not influence soil carbon (F d.f. = 3 = 0.64, P = 0.598), nitrogen (F 

d.f. = 3 = 0.32, P = 0.812), phosphorus (F d.f. = 3 = 0.75, P = 0.538) or potassium (F d.f. = 3 = 0.39, P = 

0.761) though variance was typically greater for most soil nutrients within ploughed 

treatments T1 and T2 than unploughed treatments T3 and T4 (Figure 2.3 a – d). Soil bulk 

 

a) 

b) 
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density did vary significantly between treatments (F d.f. = 3 = 5.50, P = 0.013) being significantly 

evaluated in the ploughed treatment T1 (Fisher’s LSD post-hoc P < 0.05) whilst the 

unploughed T4 controls had the lowest values (Figure 2.3 e). 

 

 

Table 2.1. Restricted (or residual, or reduced) maximum likelihood (REML) model outputs for 
a) NEE and b) Re. Block*Plot was fitted as a Random Factor. 

 

Model / Variable F β ± s.e. n.df d.df p 

a) NEE      

Treatment 152.85 Factorial 3 628.5 <0.001 
Time 224.80 -0.354 ± 0.149 1 628.5 <0.001 
PC1 5.15 0.213 ± 0.095 1 628.7 0.024 
PC2 5.48 0.101 ± 0.053 1 628.9 0.020 
Photosynthesis 2.45 Factorial 1 628.6 0.118 
Treatment*Photosynthesis 30.47 Factorial 3 628.7 <0.001 

      
b) Re      
Treatment 0.73 Factorial 3 703.1 0.532 
Time 0.21 0.458 ± 0.064 1 703.5 0.649 
PC1 157.01 0.536 ± 0.042 1 703.4 <0.001 
PC2 118.38 -0.229 ± 0.022 1 703.2 <0.001 
Photosynthesis 0.28 Factorial 1 703.1 0.600 
Treatment*Photosynthesis 1.46 Factorial 3 703.1 0.223 
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Figure 2.2. Bar charts showing a. mean NEE pre and post canopy establishment and b. Mean 
Re pre and post conopy establishment. Error bars are standard error. Red bars represent pre-
100 days and blue bars post 100 days.  

  

 

 

 
2.3.3 Grass canopy height 

 
Mean grass canopy height did not differ between treatments (F d.f. = 3 = 0.38, P = 0.767) nor 

did grass dry matter (F d.f. = 3 = 0.78, P = 0.77). The longest grass lengths were recorded in the 

unploughed T4 control plots (Figure 2.3 f).  

 

 
 
 
 

 

a. b. 
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Figure 2.3. Barcharts showing the mean for a. soil carbon (%), b. nitrogen (%), c. 
phosphorus (mg/l), d. potassium (mg/l) content, e. bulk density and f) grass canopy height 
(cm) after re-establishment of sward across four treatment blocks: T1: Deep ploughing 
(spraying off, ploughing to a depth of 20cm), power harrowing, rotavation, sowing seed, 
and rolling), T2: Minimum ploughing (spraying off, subsoiling to a depth of 5cm), power 
harrowing, sowing seed, and rolling), T3: overseeding (drilling-seed), and T4: Controls 
(unmanaged plots of existing sward). Error bars are Standard error.  
 

 

 

 

 

 

a. b. 

c. d. 

e. f. 
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2.4 Discussion 

2.4.1 Fluxes 

Net Ecosystem Exchange (NEE) was strongly affected by tillage with ploughed treatments 

being a CO2 source during the first 100 days post-ploughing (which occurred during autumn 

in the current study, a typical time of year for grassland ploughing events (Teagasc)) before 

returning to being a net CO2 sink similar to our unploughed and control treatments. These 

results appear to be driven by the loss of photosynthetic material (i.e. the sudden destruction 

of the standing grass crop) rather than differences in flux rates. CO2 release has been 

observed after soil disruption at shallow (5 cm) and deep (20 cm) soil horizons at similar 

situations in Ireland and Scotland, with fluxes returning to pre-ploughed levels approximately 

2 months (ca. 60 days) after ploughing (Willems et al., 2011; Helfter, 2015). A fourfold 

increase in CO2 release has previously been observed due to post-ploughing (Merbold et al., 

2014). Re-establishment of vegetative grass cover due to reseeding subsequently converts 

ploughed plots to CO2 sinks several months after ploughing.  

Ecosystem respiration (Re) was unaffected by ploughing. Figure 2.1 b suggests there is a 

decline in flux rates before rising again. This coincided with the winter period thus, Re 

decreases during winter before increasing the following spring (Hadden & Grelle, 2017; 

Flanagan & Johnson, 2005). When variation due to time was taken into consideration no 

significant difference was observed. Ploughing is recommended when environmental 

conditions are sub-optimal for soil microbial activity to reduce respiration and thus CO2 

release (Rutledge et al., 2014). Hadden & Grelle (2017) observed higher respiration rates in 

set-aside land when compared to cultivated land during spring with differences ascribed to 

higher vegetation biomass adding organic matter to the soil increasing decomposition by 

microbial activity. Our results suggest, that in the short-term where ploughing occurs in 

autumn, subsequent low winter temperatures (and thus lower root and microbial activity) 
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reduce CO2 release which resulted in no differences in Re between ploughed and unploughed 

treatments.  

Failure to account for management practices i.e. the type of tillage and the frequency of its 

repeated use (for example, regular reseeding) on carbon fluxes within temperate grassland 

production systems may result in biased and inaccurate estimates of carbon sequestration 

during National-level inventories. Merbold et al., (2014) report that a 10-year rotation for 

grass was insufficient to restore half of the CO2 lost due to the just one ploughing event in 

Switzerland. Meta-analyses suggest carbon stocks accumulate in the upper layers of non-

ploughed (no till) systems and whilst ploughing impacts upper layers it has little impact at 

lower depths (Powlson et al., 2011; Angers & Eriksen-Hamel, 2008). Below the ploughed 

layer, carbon is more recalcitrant (Rasse et al., 2006). Thus, the treatments applied in the 

current study are unlikely to have affected carbon storage deeper than the depth of the 

plough. It may be difficult to detect the impact of short-term perturbations on soil carbon 

pools if large background deposits of carbon are present; with impacts taking up to 10 years 

to detect depending on the magnitude of the perturbation (Smith, 2004).  

Figures presented in this work are higher than those presented as averaged figures for 

grasslands across Europe of 0.101 g CO2 m-2 hr-1 (Soussana et al., 2007). However, in a 

geographically similar location (Easter bush, Scotland) Drewer et al., (2017) reported a 

sequestration rate of -1.196 g CO2 m-2 hr-1, similar to the present study. With higher than 

average sequestration rates, for larger areas, policy should be directed toward maintaining a 

grass cover as reseeding converted land from a sink to a source of CO2.  

 

2.4.2 Soils 

Many studies have reported a reduction in soil bulk density with ploughing (Osunbitan et al., 

2005), however, we report the opposite effect with ploughed treatment T1 Deep ploughing 
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(spraying off, ploughing to a depth of 20 cm), power harrowing, rotavation and sowing seed) 

significantly increasing soil bulk density. T1 was the only treatment to affect soil below 5 cm 

(the measurement level of bulk density). Ploughed treatments were rolled, adding weight 

and compacting soil, after establishment, possibly accounting for the change in bulk density. 

Mahmoudi et al., (2015) observed an increase in bulk density with increased depth of tillage. 

The soils in the current study had a high clay component, which can show a higher bulk 

density after ploughing than non-ploughed soils or soils with a low or no clay component 

(Laine et al., 2017; Necpálová et al., 2014; Ji, 2013). 

Soil nutrient content and subsequent grass canopy height was unaffected by tillage during 

the current experiment perhaps due to the application of agricultural lime and fertiliser 

during reseeding which may have masked any loss of nutrients. Ploughing soils allows for 

greater root penetration by reducing resistance (Mahmoudi et al., 2015). The small sampling 

time may also play a role. Grasslands are reseeded only rarely, approx. once every 10 years 

(Merbold et al., 2014) it is conceivable that the grass in treatment 4 would degrade over time 

showing less growth potential than the reseeded treatments. This hypothesis would need 

investigated further. 

 

2.4.3 Limitations 

The duration of the experiment was short (<1 year) with data collection during autumn, 

winter and spring coinciding with low biological activity with few NEE and Re measurements 

taken during winter. As flux rates, particularly for NEE, were correlated with environmental 

variables it would be necessary to construct a longer time-series (1 year) with measurements 

of soil temperature and moisture in plot as opposed to in an adjacent plot as here.  
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2.5 Conclusions 

This study provides clear evidence supporting the hypothesised changes in flux post-

ploughing of temperate grasslands where the system moved to being a carbon source for 

approximately 100 days before returning to being a carbon sink. These changes are likely 

attributed to the loss of photosynthetic material rather than effects of ploughing per se.  

The current study was conducted after an autumn ploughing event and shows that flux rates 

are influenced by general environmental conditions, i.e. cooling effects in winter slowed the 

rate of release of CO2. The recovery of flux rates was dependent on the recovery of 

vegetation, which can take longer in autumn than in spring (Tegaus., 2020). It would be 

prudent therefore, to investigate the recovery rates of swards sown under warmer spring 

conditions. More rapid sward recovery may lead to less emissions overall however, warmer 

soil conditions may lead to higher microbial activity and therefore, higher CO2 emissions.  
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Abstract 

Temperate agricultural grassland soils can act either as a sink or source for carbon depending 

on the management regime. Periodically, ploughing (and reseeding) is used to rejuvenate 

grass swards, however, such disruption to soil leads to changes in carbon flux. Little is known 

about the temporal effects of such perturbation on CO2 in these systems, with seasonality 

likely mediating the immediate effects of management. This study aimed to measure active 

CO2 flux following spring ploughing testing four experimental treatments of varying levels of 

disturbance: i) conventional ploughing (20cm depth), ii) minimum ploughing (5cm depth), iii) 

overseeding and iv) a control of no ploughing or overseeding.  

Gross Primary Production (GPP), Respiration (Re), and Net Ecosystem Exchange (NEE) were 

measured in-situ using a chamber-based measurement system. The main driver of CO2 flux 

after ploughing was the immediate destruction of photosynthetic vegetation and its 

associated respiration rather than changes in soils with recovery quicker than autumn 

ploughing and reseeding (see Chapter 2). Recommendations to reduce CO2 emissions would 

be to undertake grassland rejuvenation in spring minimising deep ploughing.  
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3.1 Introduction 

Agroecosystem management could be thought off as a ‘land sharing’ option providing both 

food from production and ecosystem service delivery, including mitigation of climate change 

(Reinsch et al., 2018, Altieri et al., 2015), with soils potentially acting as a sink for atmospheric 

CO2 (Bandyopadhyay and Lal 2014). Grassland soil organic carbon (SOC) stocks are generally 

high due to input pathways (root sloughing/root exudates/litter decomposition), long 

residence time and low frequency of disturbance (Soussanna, 2007). Management practices 

affect the organic carbon retention in soils positively or negatively (Matsuura et al., 2017) 

with ploughing creating perturbation (Necpalova et al., 2014). Thus, management regimes 

can alter a landscape’s emissions, for example, European managed grasslands have been 

reported as a net sink for atmospheric CO2 except in a ploughing year (Hortnagl et al., 2018).  

In managed grassland systems ploughing is used during sward regeneration which inverts 

and mixes soil profiles to a depth of 20-30cm (Arvidsson and Bolenius 2006). Little is known 

of the pathways and temporal changes in SOC dynamics after a ploughing event in grassland 

systems due to the difficulty in quantifying carbon stock changes in the short-term (Reinsch 

et al., 2018) and the infrequency of ploughing such systems. Destruction of gross primary 

production (GPP), enhanced decay and decreases in microbial biomass have been proposed 

as mechanisms of grassland carbon loss (MacDonald et al., 2010, Reicosky and Archer 2007). 

Ploughing can disrupt nutrient cycling leading to a loss of soil carbon stocks by disturbing soil 

aggregates; breaking down macroaggregates (>250µm), exposing organic matter to bacterial 

attack making it more vulnerable to mineralization (Linsler et al., 2013). This leads to higher 

levels of CO2 emissions from ploughed soils (Willems et al., 2011). However, the effects of 

ploughing on carbon fluxes is highly context dependent and spatially idiosyncratic (Dong et 

al., 2018).  
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In more disturbed systems, such as croplands, increases in respiration are greatest in the 

days following a tillage event, leading to higher levels of CO2 being released from the system 

(Vellinga et al., 2004; Grandy and Robertson, 2006). However, some ploughing studies have 

reported higher emission levels from non-ploughed controls (Shahidi et al., 2014; Fuentes et 

al., 2012), which may be replicated in long term non-disturbed grasslands (Willems et al., 

2011).  

The timing of a ploughing event can also influence flux rates. Rutladge et al., (2015) suggest 

ploughing grassland at a time of year with lower soil moisture due to the sub-optimal 

conditions for soil microbial activity. Blair et al., (2018) established ploughing treatments 

during autumn and reported increases in soil moisture over the winter study period with flux 

rates returned to normal after circa 100-days when grass swards re-established (See Chapter 

2). Hadden and Grelle (2017) observed higher respiration rates from uncultivated land during 

a spring ploughing event, attributed to higher soil microbial activity from warmer 

environmental conditions. Grandy and Robertson (2006) found lower soil moisture levels and 

shorter sward re-establishment periods in ploughing events established earlier in the year. 

Shorter sward regrowth periods were also observed by Drewer et al., (2017) for earlier 

ploughing.  

Table 3.1 shows flux rates from studies conducted at differing times of the year. Ploughing in 

autumn showed higher releases of CO2 than at any other time of the year. Only two studies 

(MacDonald et al., 2010 and Merbold et al., 2014) considered a one-year growing period of 

grass after a sward rejuvenation event, both of which showed lower emissions from autumn 

ploughing than springtime events. Farmers are encouraged to re-seed grasslands during 

springtime to ensure seed germination and to improve grass dry matter yield. This may, 

however, lead to higher rates of carbon emissions, therefore emissions of springtime 

ploughing were investigated.  
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The aim of the current study was to establish experimental spring ploughing treatments in 

temperate grasslands to directly measure CO2 fluxes associated with changes in soil moisture 

and temperature. The objectives were to measure net ecosystem exchange (NEE), ecosystem 

respiration (Re) rates and subsequent grass (re)growth for one-year post-treatment with 

differing ploughing depths. It was hypothesized that soil structure is affected by ploughing 

depth significantly impacting CO2 flux and grass (re)growth rates with persistence of effects 

throughout the subsequent growing season. Sward regeneration is associated with increased 

GPP; thus, it was also hypothesised that there would be higher sequestration rates in 

ploughed and reseeded plots compared to controls.
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Table 3.1. Literature search results showing emissions of CO2 from ploughing of grasslands.  

Season Month 
Study duration 

(days) 
Location 

Measurement Emissions 

Reference 
type 

(g CO2 m-2 
hr-1) 

Spring April 37 Wexford, Ireland Chamber 0.688 Willems et al., 2011  
May 182 Easter Bush, Scotland Eddy Covariance  -1.196 Drewer et al., 2017 

 May  365 Quebec, Canada Chamber 0.864 MacDonald et al., 2010     
SPRING MEAN 0.119 

 

Summer June 59 Michigan, United States Chamber 0.058 
Grandy and Roberson 
2006 

 June 137 
  

0.079 
 

 June 197 
  

0.042 
 

 
Jan 39 Waikato, New Zealand  Chamber 0.082 Rutladge et al., 2014  
Feb 43 

 
Eddy Covariance 0.25 

 

 
  

 
SUMMER MEAN 0.102 

 

Autumn Sept 24 Nasushiobara, Japan Eddy Covariance  0.236 Matsuura et al., 2017 
 Sept 40 

 
Eddy Covariance 0.224 

 

 Sept 39 
 

Chamber 0.19 
 

 Oct 42 
 

Chamber 0.355 
 

 
Sept 100 Hillsborough, Northern Ireland Chamber -0.498 Blair et al., 2016     

AUTUMN MEAN 0.102 
 

Winter Feb 365 Switzerland Eddy Covariance 0.039 Merbold et al., 2014     
WINTER MEAN 0.039 

 

        GRAND MEAN 0.162   
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3.2 Methods 

3.2.1 Site description 

The experiment was conducted at the Agri-Food and Biosciences Institute (AFBI) research 

farm at Hillsborough, County Down, Northern Ireland (54o 27’ 10.764” N, 6o 5’ 4.146” W). 

Treatment plots were established in a 6-ha field used primarily for silage production 

consisting of perennial rye-grass (Lolium perenne). The site was typical of agriculture 

throughout Ireland. The soil was a clay loam: 42% sand, 24% silt and 34% clay (Lui et al., 

2010). The site had not been ploughed for approx. 17 years prior to establishment of the 

experiment.  

 

3.2.2 Experimental design 

Four experimental treatments were replicated three times in a randomised block design (12 

plots total); each plot measured 7 m x 3 m, with 1m separation between each (Figure 3.1). 

Treatments consisted of: 

1. Treatment 1 (T1): Conventional ploughing (spraying off, ploughing depth of 20 cm, 

power harrowing, rotavating, sowing seed, and rolling).  

2. Treatment 2 (T2): minimum ploughing (spraying off, rotavating to a depth of 5 cm, 

power harrowing, sowing seed, and rolling).  

3. Treatment 3 (T3): Overseeding (drilling seed).  

4. Treatment 4 (T4): Controls (unmanaged plots with existing sward).  

 

T1 and T2 were sprayed with a Glyphosate-based herbicide (160mL of RoundupTM in 10 L 

water) two weeks prior to ploughing and rotavating. T1 was ploughed and T2 was rotavated 

on 5th May 2016. T1 was rotavated on 9th May 2016. T1 and T2 were power harrowed on 13th 
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May 2016. T1 and T2 were sown with 34.6kg / ha grass seed and fertilised with 148kg / ha 

Nitro chalkTM (27% N) on 23rd May 2016. T1 and T2 were rolled on 24th May 2016. T3 was 

overseeded on 27th May 2016 with 25 kg / ha perennial rye grass (Lolium perenne) seed. 

 

3.2.3 Measuring carbon flux 

Measurements of CO2 flux were quantified using a large, 50L, transparent PerspexTM 

chamber. Chamber closure points were minimum one-meter distance from the plot edge and 

the same sample site was used each time in each plot. Sampled air from inside the chamber 

headspace passed through an attached infra-red gas analyser (EGM 4, PP Systems, Hitchin 

UK). Flux was calculated as the change in concentration inside the chamber headspace using 

Equation 1: 

 

𝑅 = 𝑏 ∗
𝑃

1000
∗

273.15

273.15 + 𝑇𝑐
∗
44.01

22.41
∗
𝑉

𝐴
 

Equation 1 

Where R = flux (g m-2 hr-1), P = pressure (mb), Tc = temperature of chamber (oC), V = chamber 

volume (cm3), A = surface area exposed in chamber (cm2) (PP Systems 2012).  

A TRP-2 probe (PP systems, Hitchen UK) was attached to the inside of the chamber to 

measure temperature, and pressure. Air was mixed with a fan to ensure equal distribution of 

CO2 within the chamber headspace (Pumpanen et al., 2004).  

Transparency of the chamber allowed photosynthesis to occur within the chamber 

headspace, drawing down CO2 decreasing the concentration and thus giving an indication of 

Gross Primary Production (GPP). Using an opaque cover on the same chamber blocked light, 

suppressing drawdown by photosynthesis allowing the determination of Ecosystem 
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respiration (Re). Re measurements were taken immediately after GPP measurements: each 

measurement period was 120 seconds. In order to minimise diurnal effects on flux, in 

accordance with Intergovernmental Panel on Climate Change (IPCC) good practice guidelines 

(Penman et al., 2003), measurements were taken between 10.00hrs and 14:00hrs and 

readings were randomised between plots on each measurement day. Flux measurements 

commenced on 4th May 2016, one day prior to ploughing treatment establishment, and 

continued every day for 14 days, thereafter measurements were taken three times a week 

until 26th September 2016 when measurements were reduced to once per week until 3rd April 

2017, when measurements were taken three times a week until 5Th May 2017 when 

measurements ceased. Net Ecosystem Exchange (NEE) was determined as the difference 

between GPP and Re.  

Figure 3.1. Treatment layout.  Four treatments were replicated 
three times in a randomised block design. Treatments consisted of 
T1 full inversion ploughing, T2 minimum ploughing, T3 
Overseeding, T4 Control. All plots measured 7m x 3m with a 1m 
space between each plot.  
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3.2.4 Environmental parameters 

Time-series of soil temperature (oC) and moisture (%) were obtained from plots in-situ. 

Temperature was obtained using a probe thermometer at depths of 2 cm and 10 cm. 

Moisture readings were obtained using a soil hydrometer (Soil Moisture Meter MO 750, 

Extech instruments, United States) at depths of 2 cm, 10 cm, and 20 cm. Both measurements 

were taken at the same time as flux readings. Three readings were taken per plot at random 

locations within each and averaged. A time-series of air temperature was obtained from a 

weather station, approx. 400m away, connected to the Environmental change network (see 

http://www.ecn.ac.uk for details). Continuous variables were recorded hourly and daily 

averages obtained.  

 

3.2.5 Soil sampling 

Soil core samples were taken using a Wintex MCL3 hydraulic soil core (25mm diameter) at 

three depths (0-20 cm, 20-40 cm, and 40-60 cm) on two occasions, one pre-treatment and 

one post-treatment establishment. For each sample, carbon (C) and nitrogen (N) were 

measured by dry combustion chamber (Leo Trumac, Stockport UK). Phosphorus (P) was 

measured using an automated continuous flow wet chemistry analyser (Skalar San Plus, 

Holland), and Potassium (K) content using a Flame Photometer (Sherwood Scientific model 

410).  

Soil bulk density was determined for all plots, using IPCC soil sampling protocol where an 

undisturbed core of soil, 10 cm diameter x 5 cm depth, was extracted dried, at 105 oC until 

constant mass, and bulk density calculated as the dry mass divided by the volume, bulk 

density was then averaged across treatment. Samples were weighed, dried until constant 

http://www.ecn.ac.uk/
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mass and re-weighed to determine percentage (%) moisture content. The dry weight was 

then divided by the volume of the sample container to obtain a measure of bulk density. 

Samples of undisturbed soil were taken at four different depths (0-5 cm, 5-10 cm, 15-20 cm, 

and 35-40 cm). The sample depths deviated from established protocol of a 30cm depth, this 

was done to measure soil in the ploughed layer and soil below the ploughed layer.  

 

3.2.6 Grass productivity 

Grass was sampled at five points throughout the year, on 18th April, 19th July, 20th Sept 2016, 

11th April and 5th June 2017, emulating the grass harvesting regime typical of the region with 

plots cut at the same time as sampling. All grass within a subplot measuring 50cm x 50cm 

was trimmed as low as possible to the ground using a hand trimmer (HAS 25, Stihl, USA), and 

dried at 80oC until constant mass, oven dry matter was then recorded. Elemental analysis 

was used to determined carbon and nitrogen (Dumas method) using a Vario Max analyser 

(Elementar, Germany). Potassium was determined by dissolving in hydrochloric acid before 

using an atomic absorption spectrometer (Varian AA240FS, United States) and phosphorous 

determined by dissolving in hydrochloric acid and using Perkin-Elmer method analysed with 

a spectrometer (Lambada FIAS 300, United States). 

Within each plot six random points were selected where the sward height was measured, 

this was then averaged for each plot. Readings were taken once per week during the 

experiment. All grass within a 20cm by 10cm quadrat was removed as close to the ground as 

possible by hand cutting for determination of Leaf Area Index (LAI). Grass leaf area was then 

determined by passing through a LI3100 area meter (LiCor Biosciences, Lincoln Nebraska, 

USA). LAI was determined by dividing the total leaf area by the area of the quadrat.  
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3.2.7 Statistical analysis 

Flux measurements of GPP, Re and NEE were analysed as the dependent variables using 

restricted maximum likelihood (REML) adopting an AR1 distribution due to the time-series 

nature and non-equal intervals between data points. Model residuals were normally 

distributed demonstrating the data conformed to the assumptions of the test. Time, Time 

and their interaction were fitted as Fixed effects whilst Block*Plot was fitted as a Random 

Factor to account for pseudo-replication i.e. multiple observations per Block. Data were split 

into two subsets: 1) the destructive period and 2) post-destructive period representing the 

period between biomass destruction and sward regrowth (as relating to T1 and T2) to 

establish the effect of photosynthetic material loss. The destructive period was determined 

as the time when GPP rates were positive for T1 and T2. The post-destructive period was 

determined from the day the GPP rates returned to negative for T1 and T2. Post-hoc Fisher’s 

Least Squares Difference (LSD) was used to compare treatment means.  

Principal Components Analysis (PCA) was used to analyse environmental variation reducing 

soil temperature (2 cm and 10 cm), soil moisture (2 cm, 10 cm and 20 cm), relative humidity, 

solar radiation, net radiation, air temperature and rainfall to three axes. These were added 

to the REML models as continuous covariates.  

Soil nutrient status and bulk density was compared between treatments and soil depths using 

a split plot Analysis of Variance (ANOVA). Grass nutrient content was analysed between 

treatments using a repeated measures ANOVA as there were four samples taken throughout 

the year and the design was balanced. Differences between treatment for leaf area index 

were analysed using a one-way ANOVA.  
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3.3 Results 

3.3.1 Site conditions 

During the experiment average air temperature was 9.9oC and soil temperatures were 11.0oC 

regardless of soil depth (5-30cm) with total rainfall of 734 mm. These were comparable to 

the long-term (2010 - 2018) averages for the site (air temperature was 9.3oC, soil 

temperatures were 10.3oC - 10.6oC and total rainfall of 945 mm); thus, the study period was 

drier than usual.  

  

3.3.2 Fluxes 

Throughout the duration of the experiment, T1 was a carbon source (NEET1 = 74.51 g CO2 m-

2) whilst all other treatments were carbon sinks but to varying degrees (NEET2 = -114.07 g CO2 

m-2, NEET3 = -349.53 g CO2 m-2 and NEET4 = -362.45 g CO2 m-2) (see Table 3.1). Nevertheless, 

such was the temporal variability over the course of one year that NEE and Re did not vary 

significantly yet GPP did vary significantly between treatments (Table 3.2 a-d); thus, it was 

necessary to examine change over time (Figure 3.2 a-d). The period between sward 

destruction and recovery, when GPP became positive, for the ploughed plots, lasted 37 days 

(5th May – 10th June 2016 inclusive). Average flux rates showed all treatments to be net 

sources for CO2 during the destructive period and net sinks during the recovery period (Table 

3.1). There were significant differences observed across all treatments during the destructive 

period however, there were no significant differences across treatment for the recovery 

period (Table 3.3).  
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Table 3.2. Means for each treatment conventional mouldboard ploughing (T1), minimum 

ploughing (T2), overseeding (T3) and a control (T4). Information for gross primary production 

(GPP), ecosystem respiration (Re) and net ecosystem exchange (NEE) for whole year period 

at AFBI Hillsborough research farm, Northern Ireland is displayed. T1 was a net source for 

CO2 while all other treatments were net sinks. Figures are expressed as g CO2 m-2  

 

  Mean ± SD 

Treatment Period GPP Re NEE 

1 1 year -2.83 ± 4.79  3.01 ± 1.95  0.20 +-5.20 

 Destructive period (days 1-37)  3.02 ± 3.56 3.60 ± 2.61  6.09 ± 5.09 

 Recovery period (days 38-365) -4.67 ± 3.46 2.81 ± 1.64 -1.71 ± 3.54 

2 1 year -3.35 ± 5.59 2.96 ± 2.01  0.45 ± 6.43 

 Destructive period (days 1-37)  3.41 ± 5.17  3.91 ± 3.91  6.96 ± 7.57 

 Recovery period (days 38-365) -5.58 ± 3.57 2.66 ± 1.33 -2.78 ± 3.71 

3 1 year -4.99 ± 3.52 3.56 ± 1.67  1.23 ± 4.07 

 Destructive period (days 1-37) -2.96 ± 3.79 4.41 ± 1.45  1.85 ± 3.57 

 Recovery period (days 38-365) -5.61 ± 3.20 3.25 ± 1.64 -2.25 ± 3.71 

4 1 year -4.90 ± 3.31 3.45 ± 1.64  1.16 ± 3.61 

 Destructive period (days 1-37) -3.13 ± 3.69 3.97 ± 1.50  1.51 ± 2.91 

 Recovery period (days 38-365) -5.42 ± 3.20 3.27 ± 1.65 -2.04 ± 3.39 

 

 

Principle component analysis (PCA) showed that the first three components all had 

eigenvalues higher than 1 and thus these were used as the covariates in the REML model 

(Table 3.4). These three components combined described 84.1% of the variation of 

environmental variables. The first component showed the main drivers to be solar radiation 

and humidity, with 46.6% variation. The second component was driven by soil moisture at all 

three depths (2 cm, 10 cm and 20 cm), with 26.3% variation. The third component was driven 

entirely by rainfall and accounted for 11.2% variation. 
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Table 3.3. Model results for GPP, Re and NEE for the full year, destructive period and recovery 
period. The destructive period is denoted by the loss of vegetation after treatment 
application on T1 and T2. The Recovery period is denoted by the new vegetative cover of T1 
and T2 after treatment application.  

GPP     

Source n.d.f. d.d.f. F Sig. 
Full Year     
Treatment 3 13.13 4.45 0.023 
Date 68 434.151 1.07 0.301 
PC1 1 471.208 7.21 0.007 
PC2 1 365.942 0.11 0.742 
PC3 1 470.509 1.59 0.209 
     

Destructive Period    
Treatment 3 231.000 73.553 0.000 
Date 23 231 7.373 0.000 
     

Recovery Period    

Treatment 3 7.027 0.843 0.512 
Date 45 422.224 10.770 0.000 
PC1 1 425.153 2.150 0.143 
PC2 1 427.349 6.609 0.010 
PC3 1 427.214 6.354 0.012      

Re     
Full Year     
Treatment 3 7.278 2.21 0.173 
Date 68 416.84 7.52 0.006 
PC1 1 465.725 316.74 <0.001 
PC2 1 323.233 0.15 0.697 
PC3 1 463.821 31.03 <0.001 
     

Destructive Period    

Treatment 3 252 2.634 0.050 
Date 23 252 7.539 0.000 
     

Recovery Period    

Treatment 3 7.656 2.661 0.122 
Date 45 417.031 9.120 0.000 
PC1 1 404.924 0.774 0.380 
PC2 1 423.732 0.797 0.373 
PC3 1 417.381 0.891 0.346 

     
NEE     
Full Year     
Treatment 3 9.779 2.1 0.138 
Date 68 441.171 0.3 0.587 
PC1 1 443.718 13.49 <0.001 
PC2 1 444.449 0.12 0.732 
PC3 1 447.223 10.87 0.001 
     

Destructive Period    

Treatment 3 257 26.133 0.000 
Date 23 257 4.458 0.000 
     

Recovery Period    

Treatment 3 9.779 2.292 0.142 
Date 45 441.171 13.573 0.000 
PC1 1 443.718 0.381 0.537 
PC2 1 444.449 3.607 0.058 
PC3 1 447.223 2.868 0.091 
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Table 3.4. Results of Principal Component Analysis (PCA) conducted on environmental 

variables.  

    Loadings 

Component Eigenvalues Variance Cumulative % 1 2 3 

Soil Temp 
(10cm) 

4.657 46.573 46.573  0.591 0.329 0.674 

Soil Temp 
(2cm) 

2.634 26.341 72.915  0.596 0.285 0.674 

Soil Moist 
(20cm) 

1.115 11.153 84.068  0.082 0.884 0.267 

Soil Moist 
(10cm) 

0.583 5.834 89.901  0.060 0.917 0.215 

Soil Moist 
(2cm) 

0.357 3.569 93.470 -0.095 0.874 0.023 

Humidity 0.275 2.746 96.216 -0.846 0.158 0.145 

Solar 
Radiation 

0.184 1.835 98.051  0.942 0.037 0.122 

Net 
radiation 

0.112 1.116 99.167  0.937 0.067 0.181 

Air Temp oC 0.061 0.612 99.778  0.431 0.343 0.678 

Rainfall 0.022 0.222 100.000 -0.318 0.056 0.793 

 

 

 

3.3.3 Environmental variables 

 

There were no significant differences across treatment for soil moisture for any of the three 

depths of measurement, 2cm (F d.d.f. = 14.6 = 0.21, p = 0.89), 10cm (F d.d.f. = 8.2 = 1.25, p = 0.35), 

and 20cm (F d.d.f. = 11.7 = 1.11, p = 0.38) as measured in-plot. There were, however, significant 

differences across time for 2cm (F d.d.f. = 17 = 59.28, p <0.01), 10cm (F d.d.f. = 10.6 = 78.22, p <0.01) 

and 20 cm (F d.d.f. = 14.4 = 95.67, p <0.01) representing seasonal variation (Figure A.2.1: 

Appendix 2). There were no significant differences across treatment for soil temperature for 

2cm (F d.d.f. = 14 = 3.789, , p = 0.207) however there was across time (F d.d.f = 712.6 = 1.730, p = 

<0.001) (Figure A.2; Appendix1) There was a significant difference in treatment for soil 
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temperature at 10cm (F d.d.f. = 2.4 = 21.4, p = 0.028) and across time (F d.d.f. = 708.7 = 1909, p = 

<0.001) (Figure A.2.2; Apendix 2).  
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Figure 3.2.a. CO2 flux rates of Gross Primary production (GPP) for four treatments of grassland reseeding representing, conventional mouldboard ploughing 
(T1), minimum ploughing (T2), overseeding (T3) and a control (T4). The destructive period, where vegetation was missing from T1 and T2, lasted for 37 days, 
for both treatments. There were significant differences observed across the four treatments (see Table 3.2).  Horizontal lines represent 0 flux.  
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Figure 3.2.b. CO2 flux rates of respiration (Re) for four treatments of grassland reseeding representing, conventional mouldboard ploughing (T1), minimum 
ploughing (T2), overseeding (T3) and a control (T4). The destructive period, where vegetation was missing from T1 and T2, lasted for 37 days, for both 
treatments. Horizontal lines represent 0 flux. There were no significant differences across treatment (see Table 3.2).  

Re 
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Figure 3.2.c. CO2 flux rates of Net Ecosystem Exchange (NEE) for four treatments of grassland reseeding representing, conventional mouldboard ploughing 
(T1), minimum ploughing (T2), overseeding (T3) and a control (T4). The destructive period, where vegetation was missing from T1 and T2, lasted for 37 days, 
for both treatments. The horizontal line represents 0 flux. There were significant differences across treatments (see Table 3.2).  
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Figure 3.2.d. Mean flux rates for a. GPP b. Re and c. NEE for both the destructive and 

recovery periods (pre and post canopy re-establishment).  

a. 

b.  

c. 
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 3.3.4 Soil analysis 

There were significant soil temporal and depth differences for all four nutrients, carbon, 

nitrogen, phosphorus and potassium. All four nutrients showed higher levels in 2016 and at 

the 0 – 20 cm depth with decreasing levels with depth (Figure 3.3 a. and b.). There were no 

significant differences observed across treatment for carbon, nitrogen or potassium, 

however there was for phosphorus (Table A.2.1; Appendix 2). Soil PH showed a different 

trend, with no significant temporal differences (F d.f. = 1 = 0.696, p = 0.408), or treatment 

differences (F d.f. = 3 = 1.855, p = 0.150), however there was a significant difference across 

depth (F d.f. = 2 = 30.857, p <0.001) with higher Ph at lower depths (Figure 3.4).  

Soil bulk density was measured approx. 1 year after treatment establishment. Results 

showed no significant differences across treatment (F d.f.=3 = 1.04, p = 0.439) however there 

were differences across depth (F d.f. =3 = 5.99, p = 0.003) with lower bulk density at 5 - 10 cm 

in T2, T3 and T4 and higher bulk density at 30-35 cm in T2, T3 and T4. T1 showed similar bulk 

density for each depth.  
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Figure 3.3. a. soil sample results for 16th April 2016 a) carbon b) nitrogen c) phosphorus and 
d) potassium measured at three depths 0 - 20 cm, 20 – 40 cm and 40+ cm. 

Figure 3.3. b. Soil nutrient results from 26th May 2017 a) carbon b) nitrogen c) phosphorus 
and d) potassium measured at three depths 0 - 20 cm, 20 – 40 cm and 40+ cm. 

a) b) 

c) 
d) 

a) b) 

c) 
d) 
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Figure 3.4. Soil pH results taken on two dates a) 16th April 2016 and b) 26th May 2017 as 
measured at three depths 0 - 20 cm, 20 – 40 cm and 40+ cm. 

 

 

3.3.5 Grass results 

There were no significant differences in treatment for grass nutrient analysis observed for 

carbon (F d.f. = 3 = 0.41, p = 0.75), nitrogen (F d.f. = 3 = 2.95, p = 0.04), phosphorous (F d.f. = 3 = 0.84, 

p = 0.48) or potassium (F d.f. = 3 = 3.68, p = 0.20). However, there were significant differences 

observed across time for carbon (F d.f. = 3 = 46.91, p <0.001), nitrogen (F d.f. = 3 = 174.0, p <0.001), 

phosphorus (F d.f. = 3 = 130.89, p <0.001) and potassium (F d.f. = 3 = 72.83, p <0.001). Significantly 

higher levels of carbon, potassium and phosphorus were observed in samples taken in 

September for all treatments whereas nitrogen levels were significantly lower in July for all 

treatments (Figure 3.5).  

Averaged grass canopy heights showed significant differences across both time (Fd.f.=31 = 

45.61, p = <0.001) and treatment (Fd.f.=3 = 7.93, p = 0.016). Mean heights, over the year, for 

T1 (12.34 cm) and T2 (13.66 cm) were significantly lower than for T3 (16.40 cm) and T4 (16.44 

cm). Sward height fluctuated throughout the year corresponding to cutting regimes and 

seasonal variations (Figure 3.5). All canopy heights followed a similar seasonal pattern, 

despite the differences across treatment (Figure 3.6). Leaf area index showed no significant 

difference across treatment (F d.f.=3 = 1.35, p=0.316) (Figure A.2.3: Appendix 2).  

a) b) 
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Figure 3.5. Results for grass nutrient analysis a) carbon b) nitrogen c) phosphorous and d) 
potassium as measured five times on 18th April 2016, 19th July 2016, 20th Sept 2016, 11th April 
2017 and 5th June 2017. 

a) b) 

c) 
d) 
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Figure 3.6. Mean grass canopy heights as measured across the four treatments. The ploughed 
treatments (T1 & T2) significantly differed from the unploughed treatments (T3 & T4).  
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3.4 Discussion 

This work has shown that conventional (20cm deep) ploughing and associated grassland 

rejuvenation results in pasture becoming a carbon source, principally creating a pulse of CO2 

immediately after management (i.e. destruction of photosynthetic vegetation) before 

returning to being a sink after 37 days post-management. Whilst a similar pattern was 

observed for shallow (5cm deep) ploughing, reseeding and controls, over the course of one-

year post-treatment these acted as net carbon sinks. 

 

3.4.1 Flux rates 

Carbon dioxide flux rates are highly dependent on management practices in agro-

ecosystems. No tillage systems are being presented as a mechanism to increase carbon 

sequestration of soils and prevent GHG releases to the atmosphere from food production. 

Grassland systems are rarely ploughed allowing carbon to accumulate in the soil, however, 

occasional sward regeneration is necessary to maintain farm output. The intensity and timing 

of a ploughing event in grasslands may lead to differing releases of CO2 when compared to 

non-ploughing controls. Establishing flux rates from differing levels of ploughing at a different 

time of year to previous work will establish the optimum time and depth of ploughing to 

regenerate grass swards with minimal releases of CO2 to the atmosphere. 

This study was set up during spring, when conditions were warming enhancing microbial 

activity and hence respiration rates. Warming conditions should also result in more rapid 

grass growth; here sward recovery, the point at which GPP became positive again, occurred 

after just 37 days for both treatments that lost vegetative cover. In an experiment within a 

similar biogeographical context, grass swards took approx. 60 days to recover (Helfter et al., 

2015). Sward recovery took approx. 100 days after autumn ploughing for different depths of 

disturbance (Blair et al., 2018). It has been suggested that ploughing events should be 
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conducted during colder seasons of the year, limiting respiration rates (Rutledge et al., 2014). 

Spring ploughing induced greater respiration rates than an undisturbed control where flux 

rates were more variable due to higher soil temperature and limited soil water (Reinsch et 

al., 2018). The results of the current study contradict this, as respiration rates did not seem 

to be affected by the ploughing event. The main releases of CO2 occurred from loss of 

photosynthetic activity. No tillage systems therefore represent the lowest carbon release 

management option. However, in situations where ploughing is necessary rapid re-

establishment of photosynthesis should lead to lower emissions.  

Soil CO2 emissions are expected to rise after ploughing events by conventional moldboard 

ploughing (Reicosky et al., 2005), as was observed at our site. The increased emissions 

occurring from the loss of photosynthetic material rather than enhanced respiration. Four-

fold increases in releases have been observed after ploughing (Merbold et al., 2014). During 

this experiment the ploughed treatments had lower respiration rates than no tillage 

treatments. The phenomenon of lower soil respiration in ploughed plots was attributed to 

lower microbial respiration rates by MacDonald et al., (2010). Higher respiration rates 

following ploughing were observed by Rutladge et al., (2014) following higher soil 

temperatures and near optimum soil moisture conditions. Our treatments were rolled, 

suggesting that the CO2 was trapped below the surface for longer. Yamulki and Jarvis (2002) 

reported higher CO2 fluxes in compacted soils, suggesting that CO2 has a longer residence 

time in this situation. 

Patterns of CO2 emissions at our site followed seasonal trends consistent with other studies 

(Dong et al., 2017, Drury et al., 2006, Ussiri and Lal 2009). Significant differences in respiration 

were observed across time representing the changes seen in ecosystems over the period of 

a year, with lower fluxes in winter when biological activity slows. Soil temperature was found 

to be the major driver of CO2 emissions responsible for 80% of the variability (Davidson et al., 
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1998), with crop root growth also a major factor (Jabro et al., 2008). The warmer 

temperatures experienced during the summer therefore produced higher microbial 

respiration leading to higher emission rates at this time of year. There were no significant 

differences over time for GPP or NEE, across the entire year, presumably driven by the lower 

flux rates observed in the destructive period.  

 

3.4.2 Drivers of CO2 flux 

Here, the main drivers on flux rates were solar radiation and humidity. Soil moisture levels 

were a secondary component. This contrasts with Blair et al., (2018) (See Chapter 2) who 

found that soil temperature was also a main driver of flux. However, in that study soil 

temperature and moisture levels were not measured within each plot, as was the case in the 

present study. Solar radiation will likely influence soil temperature. Oertel et al., 2016 

describe soil humidity as the most important driver for emissions due to large influences on 

microbial activity, however temperature is also an important driver as higher temperatures 

induce higher microbial metabolism. It is difficult to observe clear correlations under field 

conditions as the effects overlap (Oertel et al., 2016).  

Respiration rates fluctuate in line with soil temperature and moisture levels with higher rates 

of release occurring after soil warming and heavy rainfall (MacDonald et al., 2010). Soil 

temperature and moisture were measured in plot at different depths in our study. There 

were no significant differences across treatment for either soil temperature or moisture. Our 

results suggest that ploughing does not influence these drivers of microbial activity at 

different soil depths. Microbial action is affected by environmental factors, under warmer 

soil conditions moisture levels increase microbial activity (Li et al., 2018) the reverse is true 

in winter when emissions are lower; as temperatures drop so too does biological activity 

(Groffman et al., 2006). Temperature and soil moisture levels play a part in the abundance of 
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microbial communities, however physical and chemical soil properties have a much more 

important role (Fry et al., 2016).  

 

3.4.3 Soil carbon content 

After ploughing, larger amounts of organic material are available for decomposition which 

can add to the release of CO2 (Cerri and Jenkinson 1981; Chen et al., 2019). Microbially 

derived SOC associates with fine soil particles, silt/clay (Zhao et al., 2016) such as those found 

at our site (Higgins et al., 2011). Plant and microbial respiration processes are dependent on 

nutrient availability (Oertel et al., 2016). The soil profile in our study showed differing 

nutrient contents, however, while there was a significant difference at depth, there was no 

significant difference across treatment. This indicates that ploughing did not contribute to 

distributing nutrients to lower soil layers.  

It has been reported that carbon, as part of the topsoil, can be buried by ploughing, slowing 

decomposition rates; subsequently carbon poor soil from lower layers is brought to the 

surface where carbon levels can be increased (Whitehead et al., 2018). This was not observed 

at our site with C and N remaining in the 0 - 20cm layer. It may be that the detection levels 

for C and N fell below the background levels in the soils at our site or the plot sizes were too 

small to observe this phenomenon. Alcantara et al., (2016) found three to four-fold higher 

levels of SOC in systems that had undergone deep ploughing, up to 0.9 m depth, than systems 

that had been under continuous no-till for 45 years. They accounted for the higher levels by 

the burial of SOC to much lower levels, and higher accumulation rates in the depleted layers 

that had been brought to the surface. A 0.9m depth ploughing event is too deep for normal 

operations in the study area for this experiment, with between 20 – 30 cm more readily 

practiced. Consequently, soil carbon sequestration, by burial of carbon in lower depths would 

be limited.  
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3.4.4 Grass carbon contents 

Grass nutrient levels are an important factor for maintenance of farm output. The results 

showed no significant difference across treatment, however, grass nutrient levels fluctuated 

throughout the year. The application of fertiliser could explain the higher nitrogen levels 

found in April 2016, just weeks after fertiliser was applied to the plots. Phenological 

processes are likely responsible for differing uptake of nutrients throughout the year. There 

is a paucity of information relating to temporal changes in grass nutrient levels as found in 

this study. Further work is needed to quantify the changes in nutrient status and the 

implications this has for carbon sequestration in grassland agroecosystems.  

There were no significant differences across treatment for nutrient levels. This suggests that 

longer grass chronosequences would show no significant differences in nutrient content. 

Grass root biomass was found to be higher in older swards (45 years old) by Carolan and 

Fornara (2016) suggesting that above ground biomass could also be higher, as grass root :  

shoot ratios tend to remain steady (Lal 2004). Older swards, therefore, should contain more 

carbon due to increased biomass. If this were true, it would be expected to find significant 

differences between T3 and T4, older swards and T1 and T2, newly established swards. This 

was not the case as there were no significant differences across treatment for leaf area index. 

Differences in root : shoot ratio could lead to a discrepancy in biomass estimation, 

particularly for vegetation that is regularly removed. Further work is needed to quantify the 

differences in aboveground and belowground vegetation in swards of differing ages.  

 

3.4.5 Limitations and further work 

The results from this work suggest that ploughing increases CO2 release in the short term, 

however, flux rates returned to normal after 37 days. In the long term the system should 
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return to be a net sink for CO2, as was observed for T2. The treatments in this study were 

rolled to increase the surface area contact between seed and soil. It is possible that the act 

of rolling clay heavy soils forms a barrier to CO2 escape. Any further work would necessarily 

incorporate rolled and non-rolled plots to investigate any differences. Ploughing reduces bulk 

density and opens pore spaces, allowing incorporation of fertiliser into the soil. Timing of 

fertiliser application, pre, post or during treatment application could also lead to differing 

flux rates.  The study only lasted for one year. There were no significant differences in carbon 

levels within the soil that were detectable. Longer term monitoring of the soils would 

determine if ploughing has any longer-term effect on carbon accrual rates.  
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3.5 Conclusions 

This work has found that ploughing has had little effect on CO2 releases with the main 

differences being induced by the loss of photosynthesis. Treatments with no ploughing 

resulted in no extra carbon loss, therefore reseeding practices that do not destroy the sward 

should be promoted as this will limit the net releases of CO2 from agricultural grasslands. In 

situations where ploughing is necessary the results presented here suggest that springtime 

ploughing, and sward regeneration leads to more rapid grass re-establishment. There were 

no differences in soil or grass properties suggesting that physical soil disturbance has less 

climatic influence than chemical based additions to the soil. Future work should focus on the 

effects of incorporation of fertilisers before or after a ploughing event to limit CO2 releases.  
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Chapter 4 

CO2 flux from conversion of  

temperate grassland to cropland 
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Abstract 

Recently much media attention has been focused on the environmental performance of food 

production with calls to limit meat intake with plant-based diets being increasingly popular 

as a means to reduce individual carbon footprints. Any increase in crop-based production 

could result in large areas of grassland being converted to crop production. This form of land 

use change is expected to result in changes to carbon cycle dynamics changing grasslands as 

net sinks of CO2 into net sources as arable land; hitherto accounted for in carbon inventories. 

This study used a single large (4.88 hectares) grassland field divided in two with one side 

ploughed and converted to cropland while the other side was left with grass cover as a 

control. Measurements of CO2 flux were recorded using the eddy covariance technique and 

chambers. Inclement weather extended a fallow period so that three distinct land use periods 

were discernible (fallow, grassland & wheat) over the course of one year of measurements. 

Results suggest that the grassland control was a net sink for CO2 over the year while the 

ploughed section was a net source. Further, the fallow period, where no discernible 

agricultural production was undertaken, showed the highest emissions, with a large pulse of 

CO2 immediately after treatment establishment. Results suggest that maintaining grassland 

cover for grazing and meat production, at least in terms of vegetative respiration, will 

maintain land as a net sink for CO2 whilst conversion of grassland to arable cropland to 

support increasingly plant-based diets results in land being transformed into a net source for 

CO2, at least in the year of establishment. Longer term studies are needed to establish if these 

flux rates persist into future growing years. It will be important to acknowledge this change 

and ensure it is accounted for during carbon inventories, particularly if large scale land 

conversion is to take place. 
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4.1 Introduction 

Currently there is much debate about agriculture’s environmental impacts particularly 

releases of greenhouse gasses (GHGs) between differing production methods. A review by 

Wilett et al., (2019) suggested that the consumption of meat had negative environmental 

impacts and recommended limiting protein intake derived from meat-based products. In 

temperate areas, such as north west Europe, this could result in large areas of land being 

converted from pastoral to arable agriculture. Rashford et al., (2011) predicted that the 

conversion of grassland to cropland will increase as economic changes favour such 

commodities. Cropland expansion happened at a rate of 0.30M ha (0.75M acres) per year in 

the US during the biofuel boom, with grassland the most commonly converted land use type 

(Lark et al., 2015). Conversion of agriculture in this manner can result in changes to 

ecosystem sink / source capacities (Houghton 2003). Tillage of land results in changes to 

several factors, particularly in the soil, where changes to bulk density, water infiltration and 

soil pore space increase the atmospherically exposed soil surface, releasing large quantities 

of CO2.  

Soil has been proposed as a store of atmospherically derived carbon (Lal 2004) and thus there 

is a need to recognise the risk of soil carbon losses resulting from land use changes. Globally 

the conversion of land to croplands has been responsible for the largest emissions of land 

use derived GHGs (Houghton 2010). Emissions from these sources increased in the latter half 

of the 20th Century from ~0.6 Pg C yr-1 (petagrams or 1015 grams of carbon per year) to ~1.3 

Pg C yr-1 globally (Houghton 2010). Land use change is assumed to be the most dynamic factor 

for changes to soil carbon. In temperate regions the storage of soil carbon increases in the 

order: Crops < Forests < Grassland (Martin et al., 2011). Studies have found strong evidence 

for large soil carbon declines (30 – 80%) when grasslands were converted to crops 

(Wiesmeier et al., 2019). It is therefore important to understand the resulting emissions of 
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CO2 that will occur if large scale changes in land use are established to satisfy the calls for 

increases in crop production. 

GHG flux from croplands globally is thought to be near zero, with differing regions showing 

either sink or source attributes (Houghton et al., 2012), small changes in land use can, 

therefore, alter a regions’ emissions. For example, in the United Kingdom emissions from 

crops were approx. 12Mt CO2-e, while emissions from grassland were approx. -9Mt CO2-e, 

making croplands a net source and grassland a net sink (DEBIS 2016). In Ireland, both crops 

and grasslands were net sinks (DAFM 2015) while in Northern Ireland, grasslands were 

deemed to be a net sink for CO2 while crops were deemed to be a net source for CO2 in terms 

of land management (Olave et al., 2018). Agricultural lands in the UK have seen increases in 

grasslands and decreases in croplands (Ostle et al., 2009), if changes in diets favour croplands 

then this trend will be reversed, potentially resulting in increased emissions.  

Fallow periods, where land is not used for an agricultural purpose i.e. neither grass nor crops 

are grown, are used to prepare soil for the next crop rotation. For example, conversion from 

grassland to cropland may require soil pH to be altered for optimum crop growth i.e. 

grassland soil pH optimum is 6.0 while cropland soil pH optimum is 6.5 requiring the addition 

of a liming agent (Goulding 2016). Fallow periods of this sort can be extended due to 

inclement weather increasing soil moisture and leading to runoff and erosion of any applied 

fertilisers or lime (Thompson et al., 2020). As these periods show no vegetative cover, 

releases of CO2 are likely to increase.  

The aim of this work was to measure the flux rates of CO2 from a grassland as it was converted 

to cropland. Inclement weather and safety considerations lead to a fallow period leading to 

three separate land use periods (fallow, grassland & wheat). These were compared to a 

grassland control with no landcover conversion. The objectives of the study were to measure 

flux rates using eddy covariance, giving continuous data for the period of conversion and 
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using chamber-based methods to compare the grassland and control sections of the field. 

Ancillary soil measurements were also recorded in order to note any differences in soil 

conditions that lead to changes in emissions rates from land use. It is expected that the 

removal of vegetation will significantly affect CO2 flux rates and soil properties.  
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4.2 Methods 

4.2.1 Study site 

The study site was located at the Loughgall research farm owned and operated by the Agri-

Food and Biosciences Institute (AFBI) in County Armagh, Northern Ireland (latitude, 

longitude: 54oN 23’ 57”, 6oW 36’ 25”). The selected field was 4.88 ha in size and had been 

used previously for intensive grassland production for several years prior to treatment 

establishment, rotating between cutting for silage and grazing for beef and sheep. Prior to 

study establishment the grass sward consisted of perennial ryegrass (Lolium perenne). The 

soil was classified as Brown Earth on Red Limestone Till (Olave et al., 2017).  

 

4.2.2 Experimental design 

The selected study site was divided into two approx. equal sized sections, the north section 

of the site was randomly selected for treatment application and the south side was treated 

as a control (Figure 4.1). The section with treatment application was ploughed to a depth of 

30 cm using a conventional tractor mounted mouldboard plough on 11th July 2017, having 

been treated, two weeks prior, with a glyphosate-based herbicide (RoundupTM), at an 

application rate of 3.4L ha-1 (diluted in 300L water), to kill of the existing sward. The field was 

then left in a fallow state until 20th October 2017, when it was treated for a second time with 

Glyphosate, killing any associated agricultural weeds and power harrowed, two days later. 

This fallow period lasted for such a time due to inclement weather conditions preventing safe 

sowing of wheat  crops. The site was then seeded with a winter wheat (Triticum aestivum) 

on 22nd October 2017, winter wheat requires low temperatures for germination and 

establishment. Grass in the unploughed (control) section was cut on 30th May 2017 and then 

sprayed with slurry (approx. 22 m3 ha-1) on 5th June 2017. The grass was then cut a further 

two times on 7th August 2017 and 10th October 2017 representing normal farm practice.  
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Figure 4.1. The study site at Loughgall, divided into two sections ploughed (shaded) and 
unploughed (unshaded). The star represents the location of the eddy covariance equipment 
and dots are the locations of the chamber-based measurements and soil ancillary 
measurement locations.  
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4.2.3 Measurement of carbon flux 

 Eddy covariance 

Eddy covariance (EC) measurements were made to gain continuous data for the ploughed 

section (See Figure 4.1 for Eddy covariance tower location). The EC system consisted of a 

three-dimensional sonic anemometer (Gill Windmaster Pro, Hampshire, UK) and an open 

path CO2 / H2O Infra-red gas analyser (IRGA) (LiCor LI-7500, Lincoln Nebraska) both connected 

to a LI7500 data logger with data stored on a removable USB drive. Measurements of CO2 

were measured on site by the IRGA, and air temperature, sensible heat (H) and latent heat 

(LE) were measured by the anemometer. Both the anemometer and the IRGA were placed at 

a height of 1.5m above the canopy surface; this height chosen in order to optimise the 

footprint for the ploughed section of field, giving a fetch of approx. 150m. Raw data was 

gathered at a rate of 20Htz and downloaded for processing once per week. Eddy Covariance 

measurements commenced on 7th February 2017 and finished on 27th February 2018.  

 

Eddy Covariance data processing 

Raw data was collated and computed for 30 min averages using Eddy ProTM software (Version 

6.1 LiCor biosciences, Lincoln, Nebraska). Biometeorological data was included in the 

processing. All computation and procedures followed standard procedures defined by the 

FLUXNET network (see https://fluxnet.fluxdata.org/ for details). Quality flags were calculated 

for all fluxes using the steady state test and the developed turbulent conditions test (Foken 

et al., 2004; Foken and Wichura, 1996; Göckede et al., 2008). Any data flagged by Eddy Pro 

as falling into the ‘poor’ category was then removed from the analysis. Half hourly averages 

of CO2 flux, sensible heat (H), latent heat (LE) soil water content, soil temperature and air 

temperature were selected for quality control using ToviTM software (LiCor biosciences, 

Lincoln, Nebraska). Despiking was achieved by limiting the data to the median ±10 times the 

https://fluxnet.fluxdata.org/
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interquartile range (Issac et al., 2017). Time series for CO2 flux, H and LE were gap filled using 

the Marginal Distribution Sampling Technique (MDSGF) (Reichstein et al., 2005). Flux 

partitioning of CO2, where fluxes were separated based on day and night turbulence and 

friction velocities, was achieved using the method of Reichstein et al., 2005 to estimate GPP 

and Respiration Re.  

 

Chamber based flux measurements 

Ten locations for each treatment were randomly selected for measurement of CO2 flux using 

the chamber-based technique. A 50L transparent Perspex® chamber was used to quantify flux 

information from each selected point. An attached infra-red gas analyser was used to 

measure the concentration of CO2 within the chamber headspace. Flux was calculated as the 

difference between the concentration of CO2 of the inflow and the concentration of CO2 of 

the outflow (Welles et al., 2001). Flux rates were calculated from raw chamber data by use 

of linear regression. In cases were the regression line correlation was less than 0.8 data were 

excluded from analysis. Uniformity of CO2 concentration within the chamber headspace was 

maintained by use of a small internal fan (Pumpanen et al., 2004). Transparency of the 

chamber allowed photosynthesis to occur during times of chamber closure, enabling 

determination of gross primary production (GPP), while use of an opaque cover prevented 

photosynthesis during chamber closure for the determination of respiration (Re) rates. Re was 

measured directly after GPP at each site. Net ecosystem exchange was determined as the 

difference between GPP and Re. Chamber closure at each site was 120s. Flux readings were 

taken three times per week between 10:00hrs and 14:00hrs on each measurement day and 

randomised between points in accordance with Intergovernmental Panel on Climate Change 

(IPCC) good practice guidance.  
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Ancillary measurements  

Measurements of soil moisture and temperature were taken at both the EC tower location 

and at each chamber measurement point. The EC system included two soil heat flux sensors 

(HFP01, Hukseflux, Holland) inserted horizontally across the soil profile at two depths (10cm 

and 30cm), and three soil moisture sensors (ThetaProbe, Delta-T Devices Ltd, Cambridge, UK) 

inserted into the soil at depths of 10cm, 30cm and 40cm. Data was collected at the same rate 

as for EC flux measurements i.e. 20Htz and logged to a separate data logger (9210B, Sutron, 

USA). Data was stored on the same USB as the EC flux information and collected at the same 

time.  

Measurements of soil temperature and moisture were also recorded at each chamber 

location at the same time as flux measurements were recorded. Soil temperature was taken 

with a digital probe thermometer at two depths, 2 cm and 10 cm. Soil moisture was taken 

with a soil hydrometer (Soil Moisture Meter MO 750, Extech instruments, U.S.A.) at two 

depths, 2 cm and 10 cm.  

The fallow period was established due to inclement weather preventing the sowing of seed 

on the ploughed section. During this time plant species established on the ploughed section 

that would be considered agricultural weeds. In order to gain an understanding of the cover 

of weed species on the ploughed section a 50 x 50 cm quadrat was used to estimate the plant 

percentage cover. Quadrats were placed immediately adjacent to each of the randomly 

chosen chamber closure locations. The species and the percentage cover was noted for each 

and averaged across the field.  
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4.2.4 Statistical analysis 

Principal Components Analysis (PCA) was used to analyse soil conditions (soil temperature 2 

cm and 10 cm and soil moisture 2 cm and 10 cm) as measured at each chamber point reducing 

to two axes to add to the mixed effects model as covariates (PC1, PC2). Data were split into 

three distinct time periods, 1. grass coverage (7th Feb 2017 – 10th July 2017), 2. fallow period 

(11th July 2017 – 20th October 2017) and 3. wheat (22nd October 2017 - 27th February 2017), 

representing the three periods of land use throughout the year. Time-series of GPP, Re and 

NEE from chamber measurements were analysed as the dependent variables by section using 

restricted maximum likelihood (REML). Section, PC1, PC2, date and land use period, were 

fitted as fixed effects, while Section*Plot was fitted as a random factor. EC data was 

partitioned into the same three periods of land use as for chambers for comparison, time 

was fitted as a random factor to account for differences across the year. Time-series were 

also created for sensible and latent heat. PCA reduced sensible heat, latent heat, soil 

temperature (10 cm and 30 cm), soil water content (10 cm, 30 cm and 40 cm), air 

temperature, and humidity, to three axes. Fishers Least Significant Difference (LSD) test was 

used to compare post-hoc means. All statistics were performed using IBM SPSS version 25.  
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4.3 Results 

  4.3.1 Eddy Covariance  

Raw data acquisition totalled 58.9% of the total measurement period which was reduced to 

53.9% after despiking. Gap filling procedures left total flux estimates at 64.5%. There was a 

data loss due to equipment failure lasting from the 12th July 2017 until 7th Sept 2017. Analysis 

suggested the flux footprint was entirely contained within the ploughed section of the field 

(Figure 4.2).  

The ploughed section was a net source for CO2 over the entire year of measurements, with 

an average flux rate 0.54 ± 0.03 µmol m-2 s-1 (0.09 ± 0.01 g m-2 hr-1) (GPP mean = -0.18 ± 0.47 

µmol m-2 s-1.; Re mean flux rate = 2.46 ± 0.03 µmol m-2 s-1.) (Figure 4.3 a - b). Significant 

differences were observed across the three time periods for CO2 flux (F d.d.f. = 327.7 = 19.64, p 

<0.001). The fallow period of land use, when no active agricultural works were occurring, 

showed the highest average net flux rates (0.64 µmol m-2 s-1). GPP for the grass period was 

the only time that the system was a sink (-0.22 ± 0.09 µmol m-2 s-1).  

Average sensible heat flux (H) for the full year was 3.15 W m-2 (Figure 4.4 a - b). There was a 

significant difference between the three phases of land coverage (F d.d.f. = 8496 = 2446.9, p = 

<0.001), with the wheat phase being significantly different to the other two phases, as at this 

time fluxes were negative. Latent heat (LE) flux showed very little data capture with several 

months either missing or excluded due to data quality therefore, analysis was not performed 

on LE.  
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Figure 4.2. Example flux footprint for Eddy Covariance data superimposed on satellite 
imagery of the site. North of the red line was ploughed on 11th July 2017 and south of the red 
line remained as a grassland control. Footprint analysis was performed using ToviTM software 
(LiCor Biosciences, Lincoln, Nebraska).  Contour lines added to show distance from the tower. 
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Figure 4.3.a CO2 flux for the period 7th Feb 2017 to 27th Feb 2018 as measured by the Eddy Covariance tower, with gap filled data. The site was a net source 
for CO2 over the year with an average flux of 0.54 ± 0.03 µmol m-2 s-1. There was a significant difference in emissions across the three time periods (insert) 
with lower emissions in the grass coverage period than either the fallow period or the wheat establishment phase. There was a data loss due to equipment 
failure between 11th July 2017 and 8th Sept 2017. 
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Figure 4.3.b. Mean CO2 flux (µmol m-2 s-1) for GPP (red) and Re (green) for each of the three 
land use phases, grass coverage, fallow land and wheat establishment. 
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Figure 4.4.a. Sensible Heat flux as measured by the Eddy covariance tower for the period 7th Feb 2017 to 27th Feb 2018. There was a significant difference 
across the three time periods of land use. 
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Figure 4.4.b The mean sensible heat flux (W m-2) for each of the three land use periods, Grass 
coverage, Fallow period and Wheat establishment.  
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4.3.2 Eddy Covariance Biomet data  

Principal Components Analysis (PCA) for EC biomet data reduced the selected variables to 

three axes. Component 1 was most heavily influenced by humidity and air temperature. 

Component 2 was most influenced by soil water content and component 3 by soil heat flux. 

The first component accounted for 54.9% of the variation, Component 2 accounted for 18.2% 

of the variation and component 3 accounted for 8.7% of the variation (Table 4.1).  

Significant differences were observed for both depth (F e.d.f. = 10686 = 7683.97, p =< 0.001) and 

across time for soil temperature with post-hoc tests revealing that all three time periods were 

significantly different to one another (Table 4.2, Figure A.3.1; Appendix 3). Similarly, there 

were significant differences across depth (F e.d.f. = 10128 = 17312.1, p = <0.001) and time (Table 

4.3, Figure A.3.2; Appendix 3) for soil moisture. The lower depth (40 cm) was significantly 

different to the other two depths.  

 

Table 4.1 Principle Components Analysis for variables measured at the EC site.  

    Loadings 

Component Eigenvalues Variance Cumulative % 1 2 3 

Sensible Heat 5.05 45.907 45.907 0.593 -0.037 0.339 

Latent Heat 2.006 18.234 64.142 0.768 0.059 -0.013 

Soil Heat flux 
(10cm)  

1.618 14.706 78.848 -0.114 0.024 0.938 

Soil Heat flux 
(30 cm)  

0.965 8.775 87.623 -0.140 0.149 0.910 

Soil Water 
(10cm) 

0.479 4.352 91.975 0.036 0.914 0.035 

Soil Water 
(30 cm) 

0.431 3.922 95.897 -0.167 0.831 0.192 

Soil Water 
(40 cm) 

0.294 2.673 98.570 -0.188 0.950 -0.042 

Air Temp 0.079 0.721 99.290 0.777 -0.176 -0.411 

Soil Temp (10 
cm) 

0.052 0.473 99.764 0.710 -0.538 -0.231 

Soil Temp (30 
cm)  

0.014 0.132 99.896 0.696 -0.550 -0.193 

Humidity 0.011 0.104 100.000 0.795 -0.183 -0.417 
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Table 4.2. Means and standard error for soil metrics (temperature and moisture) as 
measured at the eddy covariance tower.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 4.3. Statistics for soil metrics (temperature and moisture) as measured at the eddy 
covariance tower over the three land use periods, grass, fallow and wheat.  

 

 

 

 

 

 

 

 
 

 

 
Time Mean  S.E.  

Temperature   
10 cm Full year 12.88   0.04  

Grass cover 11.97   0.05  
Fallow period 15.15   0.05  
Wheat  11.62   0.12 

30 cm Full year 13.31   0.04  
Grass cover 12.30   0.05  
Fallow period 15.69   0.05 

  Wheat  11.77   0.12 

Moisture 
 

  
10 cm Full year 0.37 <0.01  

Grass cover 0.36 <0.01  
Fallow period 0.42 <0.01  
Wheat  0.17   0.01 

30 cm Full year 0.29 <0.01  
Grass cover 0.3 <0.01  
Fallow period 0.27 <0.01  
Wheat  0.31 <0.01 

40 cm Full year 0.2 <0.01  
Grass cover 0.19 <0.01  
Fallow period 0.21 <0.01  
Wheat  0.15   0.01 

 Depth F d.d.f. p 

Temperature 10 cm 16467.06 8496 <0.001 

 30 cm 406.68 8496 <0.001 

     

Moisture 10 cm 2547.55 8496 <0.001 

 30 cm 1515.32 8496 <0.001 

 40 cm 503.4 8496 <0.001 
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4.3.3 Chamber based Flux measurements 

Overall net ecosystem exchange (NEE) showed the ploughed section was a net source for 

CO2, mean = 0.05 ± 0.02 g m-2 hr-1, while the un-ploughed section was a net sink -0.08 ± 0.01 

g m-2 hr-1, with analysis confirming that there was a significant difference between the two 

sections (F d.d.f. = 234 = 6.864, p = 0.009). The two sections were both net sinks for GPP (mean, 

ploughed = -0.0629 ± 0.0138 g m-2 hr-1, un-ploughed = -0.12451 ± 0.19603 g m-2 hr-1)  showing 

significant differences (F d.d.f. = 189 = 32.332, p = <0.001); and sources for Re (mean, ploughed = 

0.12307 ± 0.27844 g m-2 hr-1, un-ploughed = 0.104373 ± 0.5791 g m-2 hr1), again with 

significant differences (F d.d.f. = 204 = 12.603, p = <0.001) (Table 4.4) 

A large spike in CO2 release was observed in the ploughed section immediately after 

treatment application for all three measures (NEE, GPP and Re) (Figure 4.5) before returning 

to similar pre-ploughing levels approx. 2 weeks later. GPP in the ploughed section returned 

to showing negative values during the fallow period due to the presence of agricultural 

weeds. Species present included chickweed (24% land cover), grass (20.5%), bitter cress 

(12.5%), redshank (0.55 %), dock (0.5%), willow herb (0.4%), buttercup (0.25%), thistle (0.2%), 

clover (0.15%) and dandelion (0.1%) in addition to bare soil, which showed the largest land 

cover at 38.8%.  
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Table 4.4. Statistical analysis for flux rates as measured by chamber-based methods divided 
by Net Ecosystem Exchange (NEE), Gross Primary Production (GPP) and Ecosystem 
Respiration (Re) for both the ploughed and un-ploughed sections of the field. 

  

Model d.d.f. F Sig β 

NEE    
 

Ploughed         

Land use 7.85   0.45 0.65 0.249 

Date 110.00 42.14 0.00 0.139 

PC1 110.00   0.08 0.78 0.058 

PC2 110.00   0.85 0.36 0.016  

    
 

Unploughed      

Land use 149.00 1.21 0.30 0.111 

Date 98.00 5.28 0.00 0.117 

PC1 98.00 3.77 0.06 0.054 

PC2 98.00 1.81 0.18 0.014 

    
 

GPP    
 

Ploughed       

Land use 128.00 4.17 0.02 0.169 

Date 82.00 4.05 0.00 0.122 

PC1 82.00 9.42 0.00 0.055 

PC2 82.00 0.43 0.51 0.015 

    
 

Unploughed      

Land use 142.00 0.96 0.39 0.172 

Date 83.00 7.51 0.00 0.100 

PC1 83.00 1.05 0.31 0.056 

PC2 83.00 2.69 0.10 0.016 

    
 

Re    
 

Ploughed       

Land use 126.00 12.96 0.00 0.059 

Date 81.00   4.59 0.00 0.040 

PC1 81.00   0.41 0.52 0.018 

PC2 81.00   0.04 0.85 0.004 

    
 

Unploughed      

Land use 152.00     1.45 0.24 0.092 

Date 97.00 157.64 0.00 0.051 

PC1 97.00     3.71 0.06 0.028 

PC2 97.00     0.79 0.38 0.007 
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Figure 4.5. Chamber based measurements of GPP from both the ploughed and unploughed 

sections of the field. Chamber based measurements of Re from both the ploughed and 

unploughed sections of the study field.  
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4.3.4 Environmental conditions  

Analysis suggested that soil temperature had a larger influence on flux rates than did soil 

moisture. Measurements of soil temperature as measured at each chamber location showed 

there to be significant differences across the two depths, 2 cm and 10 cm (F d.f. = 1 = 83.45, p 

= <0.001).  

Both depths of measurement showed significant differences across the three time periods 

however, there were no significant differences across the two sections (Table 4.5). While 

there were significant differences in soil moisture at the two depths (F d.f. = 1 = 112.58, p = 

<0.001) there were no significant differences in moisture levels across the three land use 

periods or across the two sections of the field (Table 4.5, Figures A.3.3 and A.3.4; Appendix 

3).  

 

Table 4.5. Results of statistical analysis from Soil temperature and moisture at 2 cm and 10 
cm depths. 

 Depth d.d.f. F p 

Soil temperature     

Land use 2 cm 284 68.52 <0.001 
 10 cm 284 66.66 <0.001 

Section 2 cm 284 0.472 0.493 
 10 cm 284 1.34 0.248 

Soil moisture     

 Land use 2 cm 747.487 0.00 1.00 
 10 cm 283 1.39 0.25 

Section 2 cm 284 0.75 0.785 
 10 cm 283 0.15 0.702 
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4.4 Discussion 

This study has investigated the changes in flux of CO2 from changing land use from temperate 

grassland to cropland with a fallow period in-between using two techniques, eddy covariance 

and chamber-based measurements. Changing land use will be necessary if plant-based diets 

become more prevalent. Results suggest that the highest emissions are during the fallow 

period with the lowest during the period with grass cover. These changes also altered other 

biophysical properties such as sensible heat and soil conditions (temperature and moisture). 

Significant differences were observed between the two sections of the field with the 

ploughed section being a net source for CO2 and the un-ploughed section a net sink. Further, 

a large spike of CO2 was detected immediately after ploughing, lasting approx. 2 weeks. If 

trends in consumption are altered to a more plant-based diet, then the resulting changes in 

releases of CO2 in areas of high pasture could have consequences for carbon cycling in those 

regions.  

 

4.4.1 CO2 fluxes 

Both eddy covariance and chamber-based measurements suggested the ploughed section 

was a net source for CO2 over the study period, with the fallow period showing the highest 

emissions rates and the grass coverage period being a net sink. The period of wheat, sowing 

and growth, was similar to that of the fallow period with wheat being sown onto already 

disturbed soil, however, this did not lead to higher emissions levels being recorded. No 

significant differences were observed between fallow periods with and without cover crops 

in an experiment in North Dakota, USA (Leibig et al., 2015). In addition to this winter wheat, 

which needs cold periods before establishment, remains at a reduced state throughout much 

of the initial growing period. Photosynthesis is much reduced during this time to levels below 

that of respiration. In contrast in a grass system that is already fully established 
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photosynthesis rates may be sufficient to maintain the system as a net sink during periods of 

deceased plant activity. 

Surface CO2 fluxes were significantly different when grassland, cropland and forest 

ecosystems were compared in the same bio-geographical region (Campos 2005). Conversion 

of grassland to cropland resulted in the loss of between 4 % and 22 % of soil carbon in a 

temperate region (Wang et al., 2013). The carbon budget difference between a control grass 

field and a field converted to crops was 540g C m-2 yr-1 (Taylor et al., 2013). In the UK 

conversion of grasslands to arable lands could result in soil carbon losses of 1.0 -1.7 t C ha-1 

yr-1 (Ostle et al., 2009). Soil carbon sequestration will be altered by the conversion of 

grassland to croplands with higher CO2 flux reported here.  

 

4.4.2 The fallow period 

The fallow period lasted longer than originally intended due to inclement weather preventing 

safe operation of machinery. Climate change models for Great Britain and Ireland predict 

that summers will become wetter thus, this scenario is likely to reoccur in the future 

(Rounsevell and Reay 2009). Vegetative cover re-emerged, in the form of agricultural weeds, 

which lead to a small carbon drawdown into the soil, showing the importance of maintaining 

a vegetative cover in terms of carbon cycling. There are little data as to the altering of land 

use from permanent grassland to cropland particularly when there is a large gap between 

one form of land use to another (Fuchs et al., 2013). 

Reductions of emissions of 0.43 – 0.80 Mg CO2-e ha-1 yr-1 were observed in Canada when 

summer fallow periods were eliminated from crop rotations (Grant et al., 2004). Similarly, 

the removal of fallow rotations was expected to increase carbon sequestration rates by 0.2 

– 0.3 Mg C ha-1 yr-1 (Follet and McConkey 2000). Fallow periods also have impacts upon non-

CO2 GHGs. It was thought that a fallow period would increase rates of N2O emissions due to 
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the higher inputs (Riya et al., 2015) however, this can be minimised by the reduction in use 

of fertiliser.  

A large pulse of CO2 was observed immediately after the ploughing treatment was applied. 

This pulse lasted for approximately 2 weeks before flux rates returned to similar pre-

ploughing levels. The pulse could not be quantified with eddy covariance due to the 

equipment failure and loss of data. However, it has been widely reported that soils lose CO2 

from such treatment (see Chapters 2 and 3). It would be expected to observe a secondary 

pulse of CO2 after operations to power harrow the site and seed with wheat. This was not 

observed however, with possible explanations being that the soil had insufficient time to 

build up CO2 within the pore spaces, which may have been exposed to the air due to the 

initial disturbance. Similarly, respiration rates could have been in decline at the later time of 

year as temperatures were decreasing thus limiting microbial activity.  

 

4.4.3 Ancillary measurements 

Measurements of soil temperature and moisture were undertaken at each chamber location 

and the eddy covariance tower. Additionally, air temperature, humidity, and sensible heat 

flux were measured only at the tower. Results showed that atmospheric conditions were the 

main driver for CO2 flux rates; specifically, temperature and humidity levels. Changes in 

weather patterns therefore, could influence the carbon exchange of agro-ecosystems. 

Weather conditions had a significant impact on crop establishment, resulting in a summer 

fallow year and changed net ecosystem productivity for a grassland control in Canada (Taylor 

et al., 2013). Similarly, Mudge et al., 2011, recorded significant differences in grassland NEE 

when weather conditions changed.  

Temperature was a more important driver of flux than moisture at the study site although 

ploughing did not have significant effects for either variable; with depth of soil showing 
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significant differences. This would suggest that atmospheric and environmental conditions 

have a large influence on soil properties. With increased soil temperature bacterial activity 

increases leading to higher respiration rates (Zaing et al., 2017). Conversions to croplands 

from a previously vegetated surface reduced evapotranspiration and increased surface 

temperatures on a magnitude similar to the loss of forest (Abera et al., 2020). Any biophysical 

feedback influencing the weather conditions would have indirect consequences for carbon 

cycling in agroecosystems.  

 

4.4.4 Further considerations 

Conversion of grass to crops is likely to lead to a loss of soil carbon. This may be limited to 

the topsoil, however, subsoils showed an increase in soil carbon and nitrogen after three 

decades (Song et al., 2018). The increases in the subsoil were ascribed to increased inputs 

from fertilisers, deeper root interaction with the soil and crop residue interaction. However, 

in a non-ploughed conversion from grass to crops, root biomass, microbial biomass and 

carbon levels were significantly lower under crops than grasslands to a 1m depth (DuPont et 

al., 2010). The choice of crop will, therefore, largely determine the environmental 

performance of the land use sector. For example, the use of annual crops leads to higher 

tillage rates releasing CO2 and eroding soil (Zaing et al., 2018; Bougunovic et al., 2018). The 

development and use of perennial crops would limit these impacts, through reduced tillage, 

and longer root : soil interactions which increases the inputs of organic matter into the soil, 

and thus sequestering more carbon (Pimentel et al., 2012). Other land use management 

options can also affect carbon cycle dynamics; croplands showing rotations may be able to 

limit the losses of carbon in soils by enhancing root input, soil microbial diversity and soil 

aggregate stability (Wiesmeier et al., 2019).  
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Reviews undertaking analysis of environmental performance of agricultural practices fail to 

incorporate soil carbon dynamics. Although many of these reviews tend to be global in nature 

(Willet et al., 2019, Stienbeck et al., 2006) making it difficult to incorporate soil properties 

over a multitude of biomes and land management decisions. Inclusion of soil carbon 

dynamics into models of agricultural environmental performance is important on regional 

scales, where more detailed information can be obtained and presented. Environmental best 

performance can then be tailored to specific regions.  

Livestock is still considered to be more emissions intensive than croplands, due to offsite 

emissions including the growth of feed for livestock, fertiliser production and spreading 

techniques and transport of nutrient, feed and other items into intensive grassland systems 

(Caro et al., 2014). Livestock production accounts for approx. 14% of GHGs released globally 

(Stienfield et al., 2006). Land use changes from grassland to cropland will result in emissions 

of CO2 due to the disruptions of soil systems, however the reduction in emissions from the 

livestock sector may be large enough to negate this extra release due to cropland expansion.  

 

4.4.5 Limitations and further work 

In their review, Willet et al., 2019, assume that there will be no land use change and that 

crops currently supplying the livestock sector will be diverted to human consumption. If this 

is the case then production of livestock will be altered, either by reducing yields of livestock 

derived products or changing the product entirely. Here, it has been assumed that reduction 

in livestock consumption will lead to the conversion of grassland to cropland. Other options 

exist, such as complete afforestation, agroforestry or biomass production e.g. growing willow 

(Salix sp.) for energy production which would have completely different consequences for 

soil carbon and CO2 releases. In temperate areas with high grass cover, such as Northern 

Europe, economics will largely determine the future direction of land management. Further 
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work should be conducted as to the environmental performance of a range of land use 

options given the most likely scenarios.  

The fallow period in this experiment was not accounted for at the beginning of the 

experiment and thus no further soil measures were considered, such as soil erosion. Soil 

erosion rates in Europe were estimated at approx. 3.6 t ha-1 yr-1 for arable land (Cerdan et al., 

2010). With an unaccounted-for land use period it is conceivable that soil erosion could lead 

to higher losses of carbon from the system. The loss of soil due to erosion would lead to 

higher off-site emissions as lost nutrients require replacement after extraction / production 

and transport prior to establishment of the next land use phase.  

Finally, the experiment ceased before the harvest of wheat and, therefore, any associated 

emissions have not been recorded. Extending the period of flux measurements into the 

wheat harvest, or beyond into subsequent years, would provide detailed information as to 

seasonal carbon dynamics which can then be compared to permanent grassland.  
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4.5 Conclusions 

Land use changes are anticipated due to changing diets and understanding of environmental 

consequences of food production. In order to remain within environmental limits, it has been 

proposed to reduce consumption of livestock derived products and increase consumption of 

plant derived products. This is likely to lead to large scale conversion of grassland to cropland 

in areas currently with high grass cover. Conversion of this sort leads to a change in carbon 

cycle dynamics resulting in land becoming a net source rather than a net sink for CO2, and 

other GHGs. In this experiment a fallow period was imposed due to inclement weather, a 

scenario likely to increase in the future due to predicted climate changes. Vegetative cover 

was important in maintaining negative emissions, and any future land use policy should 

encourage permanent vegetative coverage. Although livestock production is still more 

emissions intensive, releases of GHGs from land use conversion should be included in reviews 

and work on agricultural derived emissions.  
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 Chapter 5 

A review of the role hedgerows play in  

carbon sequestration in agricultural landscapes 

 
 
 
 
 

 



 

100 
 

Abstract 
 

Farmland hedgerows have the potential to store large volumes of carbon on a landscape scale 

and are unrepresented in assessments of greenhouse gas balances. There exists a paucity of 

data as to the levels of stored carbon or sequestration potential in hedgerows. A matrix is 

formed in the landscape leading to differing levels of aboveground biomass and carbon 

storage when compared to surrounding agricultural land. The overall mean carbon content 

across all assessment methods from all published figures was 52.39 ± 27.7 t C ha-1 with 

differing assessment methods showing large uncertainties: destructive sampling mean 76.80 

± 43.3 t C ha-1; literature review mean 64.06 ± 49.8 t C ha-1; and other methods mean 35.34 

± 11.7 t C ha-1. Assessments of carbon stored in aboveground biomass contained in hedges 

range from 5 to 131 t C ha-1 and are highly dependent on location, species composition and 

management regime. Assessments of carbon associated with hedgerows contained 

belowground range from 5 to 250 t C ha-1 and again are dependent on management and 

species composition. Hedgerows thicken soil horizons, when placed along sloping contours, 

can increase carbon sequestration and storage rates and affect levels of soil nutrients. 

Assessment methods lead to varying estimates of carbon storage and much work is left to 

inform models of hedge carbon capture, storage and transfer to the soil. More accurate 

models will make landscape mapping easier and better inform country wide greenhouse gas 

inventories. 
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5.1 Introduction 

 

An agroforestry system incorporating hedgerows, combining living woody plants and crops or 

livestock on the same land (Quinkenstein et al., 2009, Sinclair, 1999), provides ecosystem 

services through a land-sharing approach (Ferrarini et al., 2017). Hedgerows are used 

primarily for stock retention and demarcation of field boundaries; they also provide shelter 

for crops and livestock. Ecologists have extensively studied these ecosystem services, such as 

habitat connectivity, from agricultural linear features (Santana et al., 2017, Hannon and Sisk, 

2009). Further ecosystem services provided are the prevention of soil erosion (Van Vooren et 

al., 2013) and drainage due to associated ditches (van der Zanden et al., 2013). Nutrient 

releases such as nitrogen and phosphorous leaching from the rooting zone (Xia et al., 2013) 

are mitigated as are greenhouse gases (GHGs).  

Another key function of hedgerows is the ability to sequester and store carbon (Van Vooren 

et al., 2017). Hedgerows are part of agricultural landscapes composed of a heterogeneous 

matrix of land uses, ranging from fields of differing crops or grasses, buildings, roads, rivers, 

and treed areas, all of which influence the carbon cycle, e.g. individual trees act as a carbon 

store in farming landscapes (Altieri and Nicholls, 2017, Poschlod and Braun-Reichert, 2017, 

Marshall and Moonen, 2002). Landscape features such as hedgerows can be used to help 

mitigate the effects of climate change by sequestering carbon dioxide (CO2) from the 

atmosphere (Smith et al., 2007, Zomer et al., 2016). 

It is estimated that 5% of the sequestration on farms in the UK can be attributed to hedgerows 

(Taylor et al., 2010). However, despite their importance there is a paucity of published data 

on the role of hedgerows in sequestering carbon in agricultural landscapes. Modelling for 

GHG assessments is based on assumptions for monocultural agriculture (Moxley et al., 2014), 

and there exists a lack of demonstrable carbon accounting methods that can easily be applied 

to small treed areas embedded within larger agricultural areas (Czerepowicz et al., 2012). 
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The aim of this study was to highlight the importance of hedgerows in a landscape context by 

reviewing the published literature on the role they have in sequestering carbon. Emerging 

themes and issues are identified so as to inform future research directions. Data are 

presented based on both the aboveground and belowground components related to 

hedgerows. Further, the discrepancies in estimates of carbon storage due to varying 

hedgerow carbon assessment methods are highlighted, as are any further ecosystem services 

related to the presence of hedgerows. 
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5.2 Methods 

Published peer-reviewed scientific literature was reviewed by searching ISI Science Direct and 

the Web of Science. Search terms comprised ‘hedge and carbon sequestration’ and 

‘hedgerow and carbon sequestration’ (Figure 5.1). Titles and abstracts were examined for 

article content specifically relating to carbon in hedgerows. Any duplicate publications were 

excluded. Only articles written in English were examined. Additional literature was selected 

from the bibliographies of selected articles or from citing literature. A further search of grey 

literature was also performed including information from Government reports, conference 

proceedings and contact with authors.  

Estimates of carbon storage were gained by assessing published figures. These were then 

partitioned into either aboveground or belowground categories. Aboveground studies were 

further subdivided into one of three subcategories; ‘destructive sampling’ where hedges or 

samples of hedges were removed and weighed, and a carbon content presented; ‘literature 

review’ where figures were either quoted directly or derived from previously published 

results; and ‘other’ which included derived estimates of carbon content from remote sensing, 

modelling or any other method. Where appropriate published results were converted to t C 

ha-1 for comparison purposes. Where studies presented rates of carbon sequestration, the 

same categories were applied, and data converted, where appropriate, to t C ha-1 yr-1. Figures 

for belowground carbon were subdivided into ‘sampling analysis’ where soil or biomass was 

removed from under a hedgerow and analysed for carbon content; literature review where 

figures were obtained from previously published figures; and other, which included LiDAR 

modelling assessments. Results were converted as above where appropriate. Where studies 

presented a range of results the mid-point was taken for analysis, unless an average figure 

was presented. This paper presents the means and confidence limits for carbon storage.  
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Figure 5.1. Flow chart of the review process for including articles for analysis.  
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5.3 Results and Discussion 

Results from the global literature review identified 16 individual countries in which studies 

on carbon content of hedgerows have been published (Figure 5.2) with the highest number 

of studies (17%) from Europe. 

 

 

 

Figure 5.2. Map showing the global extent of studies conducted on carbon relations of 
hedgerows. Studies have been published from 16 individual countries, shown in black.  
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5.3.1 Terminology 

For clarity the terminology of this chapter is defined at the outset (See Table 5.1 for a list of 

terms used in the text). Hedgerows were defined as linear woody structures >20m long and 

<5m wide, sometimes called living fences (Axe et al., 2017, Black et al., 2014, DEFRA, 2007, 

Arrouays et al., 2002, Barr and Gillespie, 2000). However, a uniformly recognised formal 

definition is lacking (Baudry et al., 2000). As the primary use of hedgerows is for field 

boundaries, anthropogenic influences are intrinsic to the system (Baudry et al., 2000, Farmer 

et al., 2008). Hedgerows are not limited to the field or farm scale and are to be found in 

networks (referred to by the French term ‘bocage’) intersecting across landscapes. In this 

context hedgerows can be viewed as a vegetative feature or as an environmental system in 

their own right. 

Of particular note is the distinction between ‘hedge’ and ‘hedgerow’. Black et al., (2014) and 

Barr and Gillespie (2000) both make an important distinction between these terms, which are 

used interchangeably in much of the literature. A ‘hedgerow’, they argue, is the whole 

structure of the field boundary, the woody and herbaceous vegetation and the bank or ditch 

material which comprises the boundary feature. A ‘hedge’ is the upright woody vegetation 

associated with it. The hedgerow, therefore, incorporates all aspects of carbon cycling; 

transfers to soil, respiration, aboveground and belowground storage etc., while the hedge can 

be regarded as the bulk of aboveground biomass and hence carbon store within a hedgerow 

system. This distinction is important when investigating the impacts that hedgerows have on 

the surrounding environment, e.g. soil depth, carbon storage and nutrient levels (Follain et 

al., 2007, Falloon et al., 2004, Walter et al., 2003). Thus, this review will adopt the distinction 

between a hedge (vegetative material only) and hedgerow (incorporated features of the 

entire boundary). 
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Table 5.1. Specialist terms used in the text. 

Term Definition 

Biomass1 Organic material of an ecosystem both living and dead above and 
below the soil  

Aboveground biomass1 Living organic material above soil. This includes individual parts of 
plants, e.g. stems, leaves, branches  

Belowground biomass1 Living organic roots below the soil 

Energy budget2 A balance of incoming and outgoing energy to an ecosystem. Usually 
incoming energy is short wave radiation, from the sun, and outgoing 
energy is long wave radiation from a surface 

Flux Movement of a scalar through a specific point over a specific time 

Barrier effect The effect of vegetation to prevent erosion or chemical runoff by 
forming a barrier or network across sloping land 

Agroforestry  A system where trees / shrubs and agricultural products are produced 
on the same land 

Hedge The aboveground biomass component of a hedgerow 

Hedgerow Entire structure of a living field boundary, including aboveground and 
belowground components 

Carbon sequestration Removal of carbon from the atmosphere (in the form of CO2) and 
permanently storing it in another location (e.g. biosphere, pedosphere, 
or lithosphere) 

Soil organic matter 
(SOM)3 

The organic constituents of soil in various stages of decomposition 

Soil organic carbon 
(SOC)3 

Carbon component of SOM 

Coppicing The act of cutting trees back to a stump to stimulate (re-)growth 

Fine roots Roots less than 2mm diameter. Their primary function is for water and 
nutrient uptake 

Lignin A type of organic polymer important in cell structure of woody 
vegetation for structural support 

Mineralization Decomposition or mineralization of organic matter that releases 
nutrients for plant uptake 

Silvopasture An agroforestry system combining trees and grass 

Latent heat Transfer of energy from a surface due to evaporation 
  
Sensible heat Movement of energy from a surface by heat transfer 
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5.3.2 Aboveground carbon 

Estimates of aboveground carbon storage in hedges, ranged from 5 to 131 t C ha-1 and varied 

based on the assessment method, assumptions and species (Table 5.2). The overall mean 

carbon content across all assessment methods from all published figures was 52.39 ± 27.7 t 

C ha-1. Assessment methods showed a range of estimates with large uncertainty (Figure 5.3); 

destructive sampling mean 76.80 ± 43.3 t C ha-1; literature review mean 64.06 ± 49.8 t C ha-1; 

and other methods mean 35.34 ± 11.7 t C ha-1. Carbon sequestration rates also showed a 

large range of 0.37 to 1.4 t C ha-1 yr-1 (Table 5.3). These figures were obtained from small 

samples and should be treated as preliminary until more work can be conducted. Variation 

may result from differing species composition (with varying wood densities), and 

assumptions of sequestration rates based on forestry derived estimates. Hedge condition 

may also be a compounding factor; the hedge base may become degraded over time (Carey, 

2008) making assessment more difficult due to loss of biomass. A hedge’s ability to store 

carbon is not easily quantified due to continual management such as trimming and shaping 

(Henry et al., 2009), coppicing or removal. Biomass content fell by 79% and 73% respectively 

for Blackthorn (Prunus spinosa) and Hawthorn (Crateagus monogyna) hedges when coppiced 

for wood fuel (Crossland, 2015).  

 

Remote sensing A technique to assess a situation from afar 

Allometric equation Equations establishing quantitative relationships between key 
characteristic dimensions of an organism  

   
1Adapted from FAO, Forests and climate change. Schoene et al., (2007)  
2 From NASA Earth observation project  
3From Clara et al., (2017) Soil organic carbon the hidden potential. FAO. 
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Figure 5.3. Carbon content of hedges, the aboveground component of hedgerows, by 
assessment method. Destructive sampling includes all studies where hedge or hedge samples 
were physically removed and weighed. Literature review are estimates based solely on 
published figures and other methods include remote sensing techniques and modelled 
estimates.  

 

Hedge landscape density, the amount of hedgerow per unit of land, affects the amount of 

stored carbon at this scale, however, this density is also affected by social factors. For 

example, Great Britain has a landscape hedgerow density of 2.28 km / km2 (Carey, 2008), 

compared to 8.04 and 5.82 km / km2 in Northern Ireland (Cooper et al., 2009) and the 

Republic of Ireland (Foulkes and Murray, 2004) respectively; this is due to the higher density 

of pastoral agriculture in Ireland and a history of small farm and, therefore, field sizes (Moss 

1997, DAERA 2017, Foulkes and Murray, 2004). The surrounding land use also has an impact, 

for example, hedge thickness on pastoral farms tends to be higher due to the need to 

maintain a stock proof barrier and species density is lower. On croplands, where stock 

retention is less of a consideration hedges tend to have lower thickness but a higher species 

diversity (Henry et al., 2009).  
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Table 5.2. Results from literature search showing the carbon content of hedges, the 
aboveground component of hedgerows. Results are included from both peer review 
published scientific publications and grey literature. Mean carbon content was 52.39 ± 27.7 
t C ha-1 

Location Species Assessment method Carbon content (t C 
ha-1) 

Reference 

England Prunus spinosa Destructive sampling 131.5 Crossland 
(2015) 

England Crataegus monogyna Destructive sampling 93.5 Crossland 
(2015) 

England Corylus avellana Destructive sampling 45.1 Crossland 
(2015) 

England Crataegus monogyna, 
Prunus spinosa 

Destructive sampling 32.2 - 42.0 Axe et al., 
(2017) 

England Corylus avellana,  
Crataegus monogyna, 
Fraxinus excelsior,  
Quercus sp.,  
Acer pseudoplatanus 

Literature review 11.3-45 Robertson 
et al., 
(2012) 

Europe -- Literature review 100.0 Wolton et 
al., (2014) 

UK -- Modelling 5.0 Falloon et 
al., (2004) 

Ireland - LiDar remote sensing 19.93 - 21.06 Black et 
al., (2014) 

Kenya Euphorbia triucalli,  
Lantana camara,  
Psidium guajava,  
Draceana steudneri 

Measurement of  
biomass volume 

8.86 - 10.83 Henry et 
al., (2009) 

  MEDIAN ± 95%CI 37.1 ± 29.3  

  MEAN ± SD 52.2 ± 27.7  

 

Hedge integrity (the internal density) is linked to species diversity (classified according to 

Shannon’s Index) where high or medium integrity hedges show greater capacity to store 

carbon than low integrity hedges (Henry et al., 2009). Species diversity impacts aboveground 

carbon storage due to species-specific growth rates. Common European hedge species vary 

in annual (re)growth (Westaway et al., 2016) from 40 cm yr-1 for Blackthorn, to 125 cm yr-1 

for Hawthorn and >200 cm yr-1 for Hazel (Corylus avellane) despite similar photosynthetic 

rates (Kuppers, 1985). The difference is due to varying species-specific growth periods, i.e. 

the duration of active photosynthesis, with some species budding and coming into leaf earlier 

and others shedding their leaves later than others.  
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Table 5.3. Results from literature search showing the carbon sequestration of hedgerows. 
Results are included from both peer review published scientific publications and grey 
literature. Mean carbon sequestration rate was 4.7 ± 5.9 t C ha-1 yr-1 

 
Location Species Assessment 

method 
Sequestration 
rates 
(t C ha-1 yr-1) 

Reference 

England Prunus spinosa,      
Crataegus monogyna 

Destructive  
sampling 

1.4 Axe et al., (2017) 

England Fraxinus excelsior,   
 Prunus spinosa,       
Sambucus nigra,  
Crataegus monogyna, 
Acer campestre 

Assessment of new 
growth 

2.78 - 3.62 Axe et al., (2012) 

England Corylus avellana,       
Crataegus monogyna, 
Fraxinus excelsior,    
Quercus sp.,           
 Acer pseudoplatanus 

Literature review 0.377 Robertson et al., 
(2012) 

Ireland - LiDar remote 
sensing 

0.9a Black et al., (2014) 

Wales Populus sp. Modelling based on 
Lit review 

2.2 - 11.4 Taylor et al., (2010) 

Kenya Euphorbia triucalli,     
Lantana camara,      
Psidium guajava,      
Draceana steudneri 

Biomass volume 
measurement 

16 Henry et al., (2009) 

  MEDIAN ± 95%CI 2.3 ± 6.2  

  MEAN ± SD 4.7 ± 5.9            
a using conversion factor of 3.67 (3.3 / 3.67 t CO2 ha-1 yr-1 = 0.9 t C ha-1 yr-1) 

 

 

On a macro-level, declining hedge lengths are a problem for carbon storage at the regional 

and national scale due to loss of biomass. In Great Britain, hedgerow lengths dramatically 

declined after the 1940s due to field amalgamation associated with agricultural 

intensification (McCann, 2012, Barr and Gillespie, 2000, Norton et al., 2012, Firbank et al., 

2003, Hooper, 1981). During the latter half of the 20th century, hedgerow length throughout 

England and Wales declined by 43% from 805,000 km to 465,000 km (Hooper, 1981; Carey 

2008) with similar trends observed in other countries (Poschlod and Braun-Reichert, 2017). 
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The removal of hedges reduces the capacity of agricultural landscapes to mitigate climate 

change impacts. It has been estimated that 17.8 M km of hedgerow could be reinstated or 

created in the EU-27 countries, sequestering 18 M t C annually (at a rate of 0.366 t CO2-eq ha-

1 yr-1) representing a substantial impact on carbon sequestration rates across Europe 

(Aertsens et al., 2013). 

It is clear there are a paucity of data on the storage of carbon in hedges and the role of 

hedgerows in carbon fluxes within agricultural landscapes. There is an interdependence of 

landscape features and social impacts affecting the length, composition, condition and use 

of hedges, which in turn can affect the amount of stored carbon. This high variation in 

hedgerow across geographic areas makes it difficult to establish carbon content. Assessment 

methods provide a range of estimates and currently there is high uncertainty. It is clear 

however that more hedgerow per unit of land and thicker hedges will act to enhance the 

carbon storage options at landscape scales. Policies encouraging growth and retention of 

hedges could be enacted to boost carbon storage in this way. Further work is needed to 

establish the landscape value of stored carbon.  

 

5.3.3 Belowground carbon relations 

Biomass increases soil carbon levels by increasing input processes, including root 

exudates or creation of litter from leaves and trimmed material. Overtime the vegetative 

cover can alter soil nutrient levels (Muñoz-Rojas et al., 2015). Hedgerows affect soils such that 

local conditions may be markedly different from soils further into the field or surrounding 

soils in the wider landscape. Differing inputs and decomposition rates from hedgerows 

increased carbon stocks by up to 114% compared to treeless areas (Van Vooren et al., 2017). 

Major losses of carbon from soils occurs from erosion and water losses (Jones and Donnelly, 

2004), which hedgerows can help prevent. It is therefore necessary to contextualise the 
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effects of hedgerows on soils within a larger farm or landscape level approach to soil carbon 

stock management. 

Carbon stocks  

Soils under hedgerows exhibit variable carbon storage from 5 to 250 t C ha-1 (Table 5.4). As 

with estimates of aboveground carbon, variation is due to differences in location, species 

composition and assessment method. Direct sampling suggests an average storage of 106.22 

± 34.8 t C ha-1, compared to an average of 63.00 ± 27.8 t C ha-1 based on literature review 

(Figure 5.3). Only one study returned modelled results with an average soil carbon storage of 

58 t C ha-1 (Lacoste et al., 2014a). This highlights the variability of estimates depending on the 

study included. Further discrepancy arises due to the heterogeneous nature of soil organic 

carbon (SOC) at the landscape scale (Lacoste et al., 2014b). 

Carbon stocks have been found to be higher under hedgerows than in surrounding fields 

(Sanchez et al., 2010, Lacoste et al., 2012) with significant increases in soil organic carbon 

(SOC), compared to other field demarcation techniques (Baumert et al., 2016). Hedgerow soil 

carbon was found to be significantly higher when compared to arable fields but not when 

compared to pastoral fields (Holden et al., 2019). Grassland soil carbon is comparable to 

forests, however, there are important differences in inputs (Guo and Gifford., 2002, 

Schlesinger., 2000). Hedgerow soils are usually undisturbed, emulating soils under no-till or 

forested scenarios. Humification rates under hedgerows suggest very similar patterns to 

forested soils (Sitzia et al., 2014). Soils under hedgerows may also influence stabilization of 

cations in the topsoil, and lead to the formation of organomineral complexes and stable 

aggregates (Theobald et al., 2014). This can lead to differentiating levels of soil carbon 

accumulation and storage under hedgerows relative to the adjacent farmland, for example in 

France there was 16.6 t C ha-1 at the hedgerow compared to 13.3 t C ha-1 in the wider 

landscape (Follain et al., 2007). 
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Table 5.4. Results from literature search showing the soil carbon content of hedgerows. 
Results are included from both peer review published scientific publications and grey 
literature. Mean carbon sequestration rate was 4.7 ± 5.9 t C ha-1 

 
Location        Species Assessment method Soil carbon 

content                
(t C ha-1) 

Reference 

France - LiDAR mapping 0-175 Lacoste et al., (2014) 

England/Wales - Literature review 5.0-45.0 Falloon et al., (2004) 

England Corylus avellana, 
Crateagus monogyna, 
Fraxinus excelsior, 
Quercus sp.  

Literature review 43-85 Robertson et al., 
(2012) 

UK - Literature review 100 Wolton et al., (2014) 

England Prunus spinosa Sampling analysis 111.93 Crossland (2015) 

England Crateagus monogyna Sampling analysis 74.04 Crossland (2015) 

England Corylus avellana Sampling analysis 85.36 Crossland (2015) 

Germany Fagus sylvatica Sampling analysis 127 Paulson and Bauer 
(2009) 

France - Sampling analysis 50-250a Walter et al., (2003) 

India  Indigofera teysmanni, 
Gliricidia sepium 

Sampling analysis 29.7b Lenka et al., (2014) 

France Castanea sativa,  
Quercus robur 

Sampling analysis 165.5 Follain et al., (2007) 

  MEDIAN ± 95%CI 87.5 ± 26.4    
MEAN ± SD 92.7 ± 44.7 

 

a converted from kg m2 

b converted from g kg-1 

   

 

Hedgerow soils may have higher concentrations of major ions, dissolved oxygen, deeper 

water table (Albéric et al., 2009) and higher hydraulic conductivity (Perret et al., 1996). Water 

uptake was 100mm higher under the hedgerow delaying rewetting of soil than in the adjacent 

crop (Caubel et al., 2003). The duration of re-wetting can be reduced from 3 months in a dry 

year to 1 month in a wet year (Ghazavi et al., 2011). A dry soil re-wetted has significant effects 

on decomposition rates causing a burst of decomposition, mineralisation, and release of 

inorganic nitrogen and CO2 (Jarvis et al., 2007). Drier conditions retain more SOC in soils than 

wetter conditions, across both tropical and temperate regions (Ogle et al., 2012). However, 

higher soil water content may lead to higher soil carbon content under hedgerows in arid 

regions, for example Spain (Sanchez et al., 2010). During a prolonged period without rainfall, 
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soil respiration may be influenced by soil water content rather than soil temperature (Curiel 

Yuste et al., 2003) as would normally be the case (Bahn et al., 2010).  

Fine root turnover has been ascribed as a major pathway for soil carbon accumulation in 

hedgerow systems (Crossland, 2015). Fine roots make up only a small proportion of total 

biomass, however they account for approximately 33% of net primary productivity (NPP) 

globally (Jackson et al., 1997). Root biomass is greater where trees are grown in combination 

with crops stimulating higher resource use efficiency (Lehmann and Zech, 1998). In forest 

species, the production of fine roots decreases after removal of biomass due to necrosis 

(Montagnoli et al., 2012, Crow and Houston, 2004); therefore, repeated trimming and cutting 

may increase soil carbon due to increased rates of fine root turnover. In one study SOC stocks 

were unaffected by hedgerow coppicing (Crossland, 2015). Though the study was short-term 

(less than one year in duration) and changes may typically take 10+ years before discernible 

detection due to high background variations (Smith 2014, Petrokofsky et al., 2012). 

Litter fall and decomposition have also been proposed as major pathways for soil carbon 

accumulation (Robertson et al., 2012; Yang et al., 2016). Microclimates and disparity in litter 

characteristics may introduce differential sequestering of soil carbon (Mungai et al., 2006) 

compared to adjacent agricultural land. Soils under woody vegetation typically have 3% total 

carbon compared to 2% each for herbaceous and cropped margins (D’Acunto et al., 2014). 

This is correlated with higher inputs from woody vegetation and higher levels of lignin present 

in the organic matter which affects soil nutrient uptake (Chae et al., 2016). C:N ratios 

indicated greater mineralization rates under hedgerows (Isaac et al., 2003). Initial rates and 

composition of litter inputs strongly influence soil organic matter (SOM) under shelterbelts, 

analogous to hedgerow, including decomposition and carbon levels compared to open fields 

(Dhillon et al., 2017). Additionally, carbon was found to be stored in more recalcitrant micro-
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aggregates under a long term silvo-pastoral agroforestry system, which may be replicated 

under hedgerows (Fornara et al., 2018).  

Distribution of SOC at depth is an important consideration in soil carbon storage estimation. 

In the uppermost 0-5 cm soil layer particulate organic matter (POM) levels have been 

reported to increase with increased trimming frequency (Barreto et al., 2012). Carbon 

content typically increases with depth through the top 10 cm of soil before declining with 

increased depth within the lower 10-30 cm layer (Follain et al., 2007). The greatest soil carbon 

addition within agroforestry systems is usually within the top 30 cm layer (Cardinali et al., 

2014). A silvopastoral system can have higher SOC stocks in the upper soil layers but lower 

SOC stocks in the lower layers (150 cm) (Upson and Burgess, 2013). Thus, the greatest 

influence on SOC stocks is thought to be aboveground inputs. Tree roots at lower depths bring 

nutrients up to the surface layers (Makumba et al., 2009) accounting for, or adding to the 

depth discrepancy. In agricultural settings the hedgerow area can be extended beyond the 

reach of the branches, which are periodically trimmed. Un-cultivated field margins may be 

left between hedges and cropped areas primarily for wildlife habitat creation (Pywell et al., 

2015), where they can also have an impact on carbon sequestration and storage rates. Carbon 

sequestration rates are higher with increasing areas of uncultivated hedgerow margins. Of 

three candidate field margin widths (2m, 6m, and 20m) the 6m width may be optimal for soil 

carbon storage with approximately 1000 t C ha-1 over 50 years, though increases may not be 

proportional to the amount of land used (Falloon et al., 2004). Other benefits included 

reductions in emissions of nitrous oxide (N2O) due to less fertiliser usage. Set aside margins 

(up to 9m) in large fields may not have significant effects on crop yield during a five-year 

rotation (Pywell et al., 2015) while still exhibiting positive ecosystem services. This may have 

economic effects on farms with smaller field sizes. The optimum field size with hedgerows 

and verges providing optimal food production and ecosystem services is yet to be 

determined.  
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Soils under hedgerows can be viewed more analogous to forestry or agroforestry systems, 

with higher carbon input than the surrounding agricultural land. These inputs arise from 

several sources both aboveground and belowground; aboveground inputs may be the most 

influential drivers of increasing carbon however uncertainty exists. Hedgerow soils remain 

undisturbed and show differing characteristics to soils in the surrounding area. There is a lack 

of data as to the characteristics deeper into the soil layers. Further work is needed to quantify 

the carbon cycle of a hedgerow system; estimates of inputs from leaves and trimmed 

branches combined with changes to soil structure and potential leaching of soil nutrients, 

would provide beneficial evidence as to the potential of these features to enhance carbon 

storage at farm and landscape scales.  

 

The Barrier Effect 

Soil erosion is a major factor affecting SOC content on sloping lands (Lal et al., 2011) which 

hedgerows may limit. Vegetation has been used in the past to act as a barrier to soils and 

water, to prevent agrochemical run off (Berendse et al., 2015) and prevent erosion (Alvarez 

et al., 2012) by binding soil particles more tightly together and intertwining roots. These 

barriers also increase storage of soil nutrients, including carbon stocks (Zhou et al., 2016, 

Chen et al., 2013, Agus et al., 1997, Angima et al., 2002, Xia et al., 2013). Approximately half 

of hedgerows act as barriers due to their position in the landscape (Merot, 1999). By 

modelling soil isotopes (137Cs), Lacoste et al., (2014b) concluded that the barrier effect from 

hedgerows could help in slowing soil erosion rates, especially in situations where erosion was 

likely to increase, such as from a tillage event. 

There may be a pronounced effect on soil structure and carbon storage up to 60m from a 

hedgerow up-slope in a hilly situation (Walter et al., 2003). The soils ‘A’ horizon may be thicker 
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and more developed up-slope with significantly higher levels of carbon, compared to down-

slope. This thickening has been observed in the top 30cm layer, however not in lower layers 

(Lenka et al., 2012). Modelling suggests deeper horizons may be important reservoirs for SOC 

stocks accounting for approx. 33% in situations of soil accumulation uphill from hedges 

(Lacoste et al., 2014a). Organic matter has been reported 5-7 times higher in hedgerow plots; 

runoff reduced by 17 - 71% and erosion rates by 18 - 70% (Chong-Feng et al., 2008). A further 

increased rate of SOC accumulation (44 - 48%) has been observed under hedges when a ditch 

(i.e. a trench) is also present (Adhikary et al., 2017). 

Interconnectedness of hedgerow systems provides a lateral barrier that is important in 

landscape soil dynamics. Chaowen et al., (2007) found no barrier effect despite planting 

Vetiver (Vetiveria zizaniodes) and False Indigo (Amorpha fruticosa) hedgerows. Soil clay and 

SOM particles accumulated at the hedgerow base but eroded laterally thus exhibiting a 

limited barrier effect. Other studies, e.g. Walter et al., (2003), Lenka et al., (2012), of 

hedgerow barrier effects were conducted in a landscape context, where hedgerows formed 

networks. Thus, the interconnectedness is an important feature of preservation of soils and 

their minerals.  

Hedgerow interactions show a significant temporal effect in soil evolution. Thickening of soil 

horizons remain in the landscape decades after removal of hedgerow (Follain et al., 2009). 

The A-horizons may be significantly younger than the lower horizons with soils still subject to 

wider landscape processes. Simulations of soil thickness integrating hedgerows suggest a 

modification of soil distribution and landforms over simulations without hedgerows (Follain 

et al., 2007). 

Hedgerows may act to have positive benefits on soil formation factors, provided that the 

conditions are right, i.e. in sloping land where soil has a barrier to accumulate against and 

prevent erosion. A thicker soil horizon contains more material, and hence more carbon, than 
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thinner more eroded soils. This phenomenon is related to the interconnectedness of the 

hedgerow network, which prevents lateral flow and has a marked temporal effect. Land 

managers searching for options to maintain and enhance carbon stocks of soils should 

consider the positive effects a network of hedgerows can have on soil carbon storage. 

 

Fluxes 

CO2 flux is higher from a hedgerow than surrounding cropland; higher rates being observed 

during the growing season (Thiel et al., 2017). Reported flux rates 0.1845 +-0.02 g CO2 m-2 hr-

1 (16.17 ± 2.1 t CO2 ha-1 yr-1) and 0.1845+-0.15433 g CO2 m-2 hr-1 (13.52 ± 1.8 t CO2 ha-1 yr-1), 

planted and remnant hedgerows respectively) are in good agreement with agroforestry alley 

cropping (Thiel et al., 2017). Reasons for higher fluxes have been attributed to root systems. 

Higher belowground biomass may lead to higher root respiration rates. Microbial activity may 

be stimulated due to increased root exudation and decomposition from aboveground litter 

inputs. Hedgerow CO2 flux may be lower than silvopasture (Baah-Acheamfour et al., 2016) 

due to differences in species and management. Thiel et al., (2017) reported no significant 

difference between flux rates of methane (CH4) and nitrous oxide (N2O) across two different 

hedge types (older remnant hedgerows and newly planted). However, one-year old hedges 

had a significantly higher emission than seven-year-old hedges for these gasses (Magcale-

Macandog et al., 2011) 

Removal of hedgerow may affect energy budgets and hence flux rates (Sanchez et al., 2015). 

Higher net radiation levels lead to higher ground heat flux (decreased latent; increased 

sensible) affecting water fluxes as water becomes a limiting factor. With the possibility of 

energy budgets being affected by hedge removal and the decreasing amounts of hedge across 

many landscapes GHG and carbon sequestration assessments may be significantly affected 
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by the removal of hedge. Further work to quantify any changes would provide information 

for more accurate models.  

The low number of studies reporting flux rates from hedgerow makes it difficult to draw any 

firm conclusions as to possible impacts on landscape scale fluxes. Hedgerows were large 

emitters of CO2 however, this was not balanced with estimates of photosynthesis to give net 

flux rates from hedgerows. Effects on radiation budgets may also show a marked difference, 

e.g. albedo of hedge vs albedo of farmland. Therefore, further work is needed to characterise 

flux rates from hedgerows which can be compared to the farmed area. Studies of farmland 

flux have tended to focus on the field scale. Therefore, the inclusion of hedgerow flux 

estimates will lead to more accurate reports of CO2 exchange over larger landscape scales. 

This is likely to have more significance for areas with higher hedgerow landscape density.  

 

5.3.4 Assessments of carbon storage 

Assessing carbon storage requires accurate measurements of hedgerow length, composition, 

and biomass content. Hedgerows are major features of some landscapes, for example, in 

parts of the United Kingdom hedges can cover approximately 3% of the land area (McCann, 

2012). To gather accurate information on the biomass of hedgerows either physical 

destructive testing and model development or landscape remote-sensing is required. The two 

techniques should be combined for accurate determinations across a large geographical area. 

The literature search did not return any examples of this being done. Hedgerows have been 

incorporated into models (such as RothC or Landsoil) to investigate the influence of hedgerow 

on SOC evolution (Lacoste et al., 2016).    
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Modelling carbon storage 

Modelling may provide estimates of carbon stores without the need for destructive sampling 

however, the underlying assumptions must be based on accurate empirically derived data to 

lessen uncertainty and increase precision. Frequently carbon contents and sequestration of 

hedgerows is assumed using rates derived from forestry practices. Using assumptions from 

short rotation coppice Poplar (Populus spp.) Taylor et al., (2010) reported that hedges on farm 

likely sequester 5% of farm emissions. Nevertheless, assumptions derived from different 

species may lead to large uncertainties and discrepancy between studies. For example, 

English hedges tend to have greater densities of tree species (Walter et al., 2003) with an 

ability to grow faster and hence sequester more carbon, while Irish hedges are heavily 

managed monocultures, usually consisting of Blackthorn (Prunus spinosa) or Hawthorn 

(Crataegus monogyna) (McCann, 2007, McCann, 2012). 

Empirically derived data from destructive sampling is often the best option on which to base 

assumptions. Allometry is used in forestry to provide equations to predict standing biomass 

(Picard et al., 2012). Development of allometric equations result from destructive sampling; 

which is necessarily species specific. If allometric equations are developed and applied to 

hedge stem basal area (as opposed to diameter at breast height which is typical of forestry as 

this is more readily accessible in a hedge situation) carbon stocks could be assessed without 

the need for future destructive sampling. Care would have to be taken as growth 

characteristics vary among species (Makungwa et al., 2013, Picard et al., 2012). Species 

diversity of hedgerows makes the task of model development difficult. Nevertheless, such 

models have been deployed, for example by Makungwa et al., (2013), to estimate the biomass 

of Jatropha (Jatropha sp.) trees in hedgerows on small holder farms in Malawi but are of 

limited use more broadly. Management options regarding hedges would also provide 
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differential growth characteristics, providing further uncertainty as to the reliability of hedge 

allometric models.  

Incorporation of hedgerows into process-based models have been used to study SOC on 

landscape scales. Hedgerows prevented erosion, increased deposition uphill, and increased 

carbon input from above and belowground sources when two such models (RothC and 

Landsoil) were coupled (Lacoste et al., 2014a). Similarly, lower water and nitrogen loss from 

a watershed was predicted when the TNT2 (topography-based nitrogen transfer) model was 

adapted to incorporate hedgerows (Benhamou et al., 2013). These predictions are in good 

agreement with observed effects of hedgerow on landscape scales and can be used to further 

inform policy of hedgerow and soil management. 

Modelling as a technique lessens the need for empirical studies in the long run however to 

lessen uncertainty assumptions must be based on accurate assessment. Destructive sampling 

is the most reliable method to gain information on carbon content of hedges, particularly 

considering the anthropogenic nature of the system. Building models to derive this 

information from non-destructive sampling is difficult, due to difficulties arising from species 

composition, growth form, and species-specific features. Process based models have 

however showed some good agreement with empirical data on landscape scales of soil 

processes. However, more work is needed to apply aboveground biomass estimates on these 

scales.  

 

Landscape assessments 

Rapid assessment of landscape features over a large geographic area may provide detailed 

data on an area’s carbon storage potential. Remote-sensing, including satellite imagery, 

stereographic aerial photogrammetry, TerraSAR X imagery and LiDAR have all been applied to 



 

123 
 

landscapes with hedges (Black et al., 2014; Czerepowicz et al., 2012). Estimates of 

aboveground biomass of P. radiata shelterbelts in New Zealand were increased by 6t C ha-1 

using satellite imagery (Czerepowicz et al., 2012). These techniques offer many advantages 

such as producing maps of hedge presence which can determine changes in hedge 

distribution and structure if used over time; additionally, there are time and cost savings 

when cataloguing landscape features.  

While remote-sensing provides rapid assessments of large areas there are disadvantages. Van 

der Zanden et al., (2013) produced 1 km2 resolution maps of linear features across Europe 

using satellite imagery in conjunction with digital mapping and ground-truthing. The 

explanatory strength of the results suggests a high uncertainty. LiDAR was considered the 

most reliable remote-sensing option by Black et al., (2014) due to the ability to provide height 

information making biomass volume assessments more effective. The underlying models 

used in the analysis were derived from forestry inventories and as such may overestimate 

biomass, as ground truthing studies were not performed in conjunction with this work. LiDAR 

assessments currently only estimate above ground biomass storage and have no links or 

incorporated models to estimate belowground biomass or carbon transfers to soil. 

Similar to modelling, remote-sensing can provide rapid assessments of landscape scale 

carbon storage incorporating hedges. However, the assumptions underlying the biomass 

content must be based on empirically derived information, which is difficult to obtain, 

therefore, the estimates of hedge biomass content are subject to large uncertainties. As LiDAR 

incorporates height information it would seem to be the most suitable option for performing 

these rapid assessments. LiDAR can be expensive, limiting the land cover, or number of passes 

per project. Coupling of empirically derived and model data will enhance the accuracy of 

these techniques.  
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5.4. Conclusions 

It has been shown that hedgerow agroforestry shows great potential to sequester and store 

carbon on landscape scales. Aboveground storage of carbon is primarily in the woody tissue 

of hedge species. Sequestration rates are determined by differing rates of (re)growth 

depending on incorporated speceis. Declines in hedge length have resulted in reducing 

sequestration and storage potential at the regional and National scale, influenced by land 

management factors. Assessment of hedge biomass is difficult and differing techniques 

exhibit differing results with estimates ranging from 5 to 131 t C ha-1 for aboveground woody 

vegetation and 5 to 250 t C ha-1 for soils under hedgerows, the addition of root biomass could 

add to this figure. Empirically-derived data is the most accurate in providing estimates of 

biomass and carbon storage but destructive sampling has seldom been done which would 

otherwise greatly improve the accuracy of remote-sensing and modelling options.  

The belowground component of hedgerows act to change soil conditions, showing similar 

properties to forested areas rather than agricultural soils, for example, soils thicken when 

hedgerows are placed across contours reducing soil erosion. SOC accumulation is 

concentrated in the top layers of soil, with changes to soil nutrients and inputs of carbon. Soil 

aggregates are also increased as disturbances under the hedgerow itself are kept to a 

minimum. The interconnectedness of the hedgerow network is important in changing soil 

profiles and has implications for soils further into an agricultural field and given the right 

conditions this can be considerable. Soils under hedgerow contain more carbon than in the 

surrounding landscape.  

Hedgerows in the landscape can cover large areas and, therefore, the effects of hedge carbon 

storage are  high. This is important for accurate assessments of landscape scale carbon 

storage and the influence that agricultural management options have on carbon cycles. 

Currently the role of hedgerows in carbon capture and storage are missing from greenhouse 

gas inventories.  
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Hedgerows should be left in situ and effects to carbon sequestration incorporated into 

regional models of carbon sequestration.  
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Chapter 6 

 

The potential of hedgerows to sequester and 
store carbon in agricultural landscapes 

 

 

 

 



 

127 
 

Abstract 

 

Hedgerows are ubiquitous features in agricultural landscapes used for stock retention and 

field demarcation, yet hedgerows also provide ecosystem services including carbon 

sequestration. Landscape assessments of carbon storage and sequestration rates currently 

fail to incorporate hedgerows into their accounting. This study aims to empirically quantify 

hedgerows carbon sequestration rates and storage by destructive sampling to directly 

measure hedge biomass and growth rates. Hedges on two farms were mapped using a Global 

Information System (GIS) to estimate hedgerow landscape density i.e. total length per unit 

area. These data were used to extrapolate measurements of average hedge height and width 

to estimate total hedge volume per farm. Ten samples (1m in length) were removed from 

selected hedges and weighed for biomass. Hedges were allowed to grow as normal for one 

year and the new growth material was cut and weighed to determine sequestration 

potential. Hedge leaf growth, verge vegetation and soil carbon were also collected. Farms 

occupying different landscapes varied by a factor of x1.7 storing 44.15 t C ha-1 (at Farm #1, 

Crossnacreevy) and 73.27 t C ha-1 (at Farm #2, Loughgall) while carbon sequestered varied by 

a factor of x2 absorbing 1.52 t C (at Crossnacreevy) and 3.02 t C (at Loughgall) over one year 

of growth. Differing hedgerow components added to the overall carbon store and cycling, 

with hedge verges adding an average 2.7 t C per farm. Soils under hedgerows had significantly 

higher levels of carbon and nitrogen than further into the adjacent field. These results suggest 

that hedgerows, under appropriate management i.e. trimming activities that do not remove 

more biomass than the previous year’s growth, could be used as a climate mitigation 

technique, storing and sequestering carbon in farmland. To sequester carbon, hedges should 

be trimmed on a two- or three-year cycle rather than annually which would also have added 

benefits for biodiversity and delivery of other associated ecosystem services. Hedgerows 

should be included in landscape-level inventories of carbon storage.  
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6.1 Introduction 

 

Agricultural landscapes act as either a carbon sink or source depending on the management 

regime. Comparatively high CO2 emissions have been attributed to farming due to frequent 

disturbance of soils and applications of fertilisers (Bennetzen et al., 2016; Tubiello et al., 

2015). ‘Land sharing’ options allow for both the production of food or products and the 

provision of ecosystem services, including carbon sequestration (Heck et al., 2018). 

Agroforestry is where woody biomass is grown on the same land as food (Torralba et al., 

2016). Whilst not a commonly held example, hedgerows could be viewed as one type of 

agroforestry; composed of woody biomass integrated into an agricultural landscape usually 

producing food. Aside from their primary purpose of delineation of ownership and livestock 

retention, hedgerows form networks delivering a wide range of ecosystem services. These 

include, but are not limited to: provisioning services e.g. enhancing adjacent crop 

productivity or livestock growth rates by providing shelter, producing non-food crops (nuts, 

berries) and fuel (timber); regulating services e.g. flood mitigation or prevention of soil 

erosion, supporting services e.g. crop pollinating insects and biosecurity; or cultural services 

e.g. enhancing wellbeing and creating idiosyncratic regional identity (Baudry et al., 2000; 

Pywell et al., 2015; Ferrarini et al., 2017). Hedgerows can also sequester and store carbon, 

providing climate mitigation options to farmers and land managers to offset emissions from 

farming activities (Van Vooren et al., 2017); a component part of the route to carbon 

neutrality (‘net zero’ emissions) by e.g. 2030 or 2050, depending on how landscapes are 

managed. National, regional and local carbon inventories depend on accurate estimates of 

emission fluxes yet there is a paucity of empirical carbon storage estimates for agricultural 

hedgerows (Buys et al., 2018).  

Research suggests the carbon content of hedgerows may be considerable, but estimates are 

accompanied by high uncertainty (low precision) with large ranges (See Chapter 5). No 
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standard method exists to estimate hedge carbon content with little empirical research. 

Previously estimates have been based on literature review or obtained using averaged data 

from agricultural set-a-side (Falloon et al., 2004) or woodland biomass (Robertson et al., 

2012). Though attempts have been made to increase the accuracy and precision by using 

remote-sensing e.g. LiDAR (Black et al., 2014).  

Hedgerows are actively managed requiring cutting and shaping. Carbon sequestration 

involves transfers from above- to belowground components including roots and soil (Holden 

et al., 2019). Soils immediately under a hedge can have higher levels of carbon than soils 

further into the adjacent cropped field (Foilain et al., 2007). Most farmers use mechanical 

flails to cut hedges as other methods may be more labour intensive (Britt et al., 2011). 

Trimming results in an unnatural growth form i.e. a box shape which may not be analogous 

to other growth forms of trees, thus extrapolation of carbon storage values from scrub and 

woodland may not be advisable. Empirical investigation of real-world carbon content values 

of hedgerows is therefore, warranted to inform carbon inventories and landscape 

management policy.  

This study aimed to assess the potential of farmed landscapes to store and sequester carbon 

in hedgerows by measuring hedge carbon content rather than relying on meta-reviews or 

modelled estimates. The specific objectives were to: i) map hedges on two working farms 

assessing landscape density; ii) measure hedge biomass by destructive sampling quantifying 

annual carbon uptake by measuring annual growth since last cutting and iii) estimating 

carbon content of the wider hedgerow i.e. understory field edge margin and soil carbon 

stores. The goal was to produce estimates encompassing the entire carbon cycle of two case 

study examples of hedgerow agroecosystems. 
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6.2 Methods 

6.2.1 Study sites 

Hedgerows were selected from two research farms (Figure 6.1) owned and operated by the 

Agri-Food and Biosciences Institute (AFBI), Northern Ireland, UK. Farm #1 at Crossnacreevy 

(54o 33’ 2.9” N 5o 50’ 55.5” W) consisted of three distinct land parcels (groups of ≥1 field(s)) 

mostly arable farming of wheat, other crops and varieties of grass. Hedgerows have been 

present on site and annually trimmed using a mechanical flail cutter for at least 40 years 

(Ethyl White, pers. comm.). Farm #2 at Loughgall (54o 24’ 27.4” N 6o 35’ 49.8” W) consisted 

of eight land parcels and was a pastoral farm with beef, sheep and silage production. Also 

present on site were areas of agroforestry and forestry plantations for scientific research. 

Hedgerows at Loughgall have also been similarly trimmed annually with a mechanical flail 

cutter for at least 40 years (David Johnston, pers. comm.). Both sites follow regulatory 

guidelines for trimming of hedgerows (Department of Agriculture, Environment & Rural 

Affairs (DAERA), Northern Ireland). Ten hedgerows were selected at Crossnacreevy for basic 

height and width measurements with a further five being more thoroughly investigated (see 

below). Five hedgerows were selected for basic metrics only at Loughgall. Species 

composition of woody material for each selected hedge was determined and recorded. 

Hedgerows were randomly selected without disrupting farm activity with none bordering a 

road or farm property to ensure management was uniform on all sides. See Figure 6.2. for 

examples of hedgerows studied.  
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Figure 6.1. Location of study farmland parcels with mapped hedges in red. a) Crossnacreevy 
b) Loughgall.  

 

a) 

b) 
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Figure 6.2 Photographs of example hedgerows from both study sites, Crossnacreevy and 
Loughgall.  
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6.2.2 Estimating landscape hedge density  

Maps detailing farmland parcels and field boundaries were acquired from farm records at the 

two sites. An Ordinance Survey (OS) base map, aerial photography, satellite imagery and the 

provided farm maps were imported into and georeferenced in ArcMap 10.3 (ESRI, California, 

USA). Each selected hedge was identified and measured for total length (metres). The end 

points (or nodes) of a hedgerow were defined as any point of connection between two or 

more hedgerows (including where a hedgerow from a neighbouring farm connected with 

hedgerow on the study farm) or other features; the point at which a hedgerow stopped with 

a gap of >20m; or the point at which a hedgerow linked to a woodland.  

Each hedgerow was classified as either ‘internal’, ‘external’ or ‘road’. Internal hedges were 

defined as those whose lengths were wholly inside the overall boundary of the farm, external 

hedges were those where one side was located on a neighbouring farm or other feature not 

relating to the study farm (potentially under different management). Road hedges bordered 

a vehicular thoroughfare and were usually managed differently to field hedges being 

trimmed regularly throughout the year. The ratio of internal to external hedges was 

calculated. Hedgerow landscape density, the length of hedgerows per unit area (i.e. km/km2) 

was determined by adding all hedgerow lengths and dividing by the area of each farm.  

 

6.2.3 Estimating standing biomass 

Due to the requirement for stock retention, destructive sampling of hedges was limited to 

the Crossnacreevy site. For determination of sections for removal each of the five hedges 

selected for destructive sampling was sub-divided into 1m stretches of which two were 

randomly selected for removal (n=10) and the species noted. Hedges were removed in March 

2018. Vertical cuts were made through all material either side of the selected 1m section 

separating it from the rest of the hedge. Stems were cut as low to the ground as possible. All 
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material from each section was removed, weighed wet and then dried at 80oC until constant 

mass before being weighed dry. Samples were sorted into stems and branches. Stems were 

defined as the main woody component connected directly to the ground whereas branches 

were defined as woody material originating from the stem or other branches. Estimated 

variables are reported using standard units per m3.  

Condition assessments were carried out for each of the selected hedges at both sites, based 

on criteria from DEFRA (2007). This was undertaken to give an indication of the management 

of hedges in the selected farms and determine if this had any bearing on carbon content. 

Assessment criteria were: a) trimmed and dense, b) intensively managed, c) untrimmed, d) 

tall and leggy, e) untrimmed with outgrowths, f) recently coppiced and g) recently laid (see 

Hedgerow Survey Handbook DEFRA 2007, pp 58 - 59 for more detailed descriptions of 

categories).  

Hedge height and width was measured in September to October 2016 at three points 

selected at random along each 1m sample before averaging. Height was determined using a 

measuring pole, from the base of woody stems to the top of the canopy. To more accurately 

determine shape, and thus volume, hedge width was measured at three points: one third up 

from the hedge bottom, two thirds up and just below maximum height before averaging. A 

measuring pole was used to determine the width by being placed through the hedge. 

Measurements were conducted in triplicate for each 1m sample.  

Hedge volume (m3) was derived from the cross-sectional area (individual sample height 

multiplied by width) and GIS-derived hedge length extrapolated to all hedges in the measured 

landscape divided by the total field extent (m3/ha).  
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6.2.4 Estimating hedge growth  

To assess the annual incremental increase in biomass, and hence carbon accumulation, new 

growth material was collected from the selected hedges. Hedges were trimmed with a 

tractor-mounted mechanical flail in October to November 2016. Hedges were cut into a 

rectangular box-shaped profile as is idiosyncratic for the region. Immediately after flailing 

markers were placed, on both sides of the hedge, at the trim line to denote the old growth 

material. The height of the flailed hedge was recorded using a measuring pole. Markers were 

placed into the ground so as not to be moved during growth.  

At the end of a one-year growing cycle, sections extending 50cm from each side of the 

marker, were measured making a 1m section for branch removal where the species was 

determined and recorded. For each branch, the position of the previous flail was identified, 

and the new growth material was cut at that point. All branches in the 1m sample were 

removed. This was repeated for the same position on the opposite side of the hedge and on 

the horizontal top of the hedge. The distinction between the top of the hedge and the side 

of the hedge was determined as the point where the obtuse angle from the horizontal met 

the obtuse angle from the vertical, which was 135o. Anything below that angle was deemed 

hedge side and anything above the angle was deemed hedge top.  

Cut new growth sections were dried, at 80oC, until constant mass and weighed to determine 

the biomass content. The extent of change in new growth of the hedge was measured as the 

length of each of the cut branches; averaged per sample. For each hedge, aspect (North, 

South, East or West) and position (side or top of hedge) were recorded.  

 

 

 



 

136 
 

6.2.5 Leaf Area Index 

Five hedgerows per farm and two randomly selected points along the length of each 

hedgerow were used for determination of Leaf Area Index (LAI). Leaf samples were taken at 

three sections of the hedge: bottom, middle and top (locations determined using the same 

methodology for determining hedge widths; see above, for the hedge vertical sides. A further 

section was selected on the horizontal top of the hedge for comparison between hedge sides 

and tops. All leaves within a 400 cm2 quadrat were sampled. Leaf area was measured using a 

LI 3100 area meter (Li-Cor biosciences Lincoln Nebraska, USA). Leaf Area Index was calculated 

by dividing the total area by 400. Leaf Area Index values were then compared between farms 

and by position in the hedge. After leaf area determination the leaves were dried at 80oC 

until constant mass and weighed to gain an estimate of the leaf biomass per section of hedge.  

 

6.2.6 Understory  

The field edge margin or verge (the area of land between the hedge and cropped field) was 

cut at ground level using a hand cutter (Stihl, Surrey UK) and the cut area recorded, each 

sample being taken from a 1m length. Samples were taken at the same time as hedge 

biomass removal, species determined and separated and dried at 80oC until constant mass 

was reached and the weight recorded. Results were converted to be representative of 1 m2 

for comparison between hedge verges. As the width of verges of individual hedges varied 

from 0.4m to 1.2m the results were converted to be representative of 1m2 for comparison 

purposes.  
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6.2.7 Carbon content 

For comparison purposes carbon content of dried material was determined by applying 

multiplicative factors as derived by Ma et al., (2018), for various component hedgerow parts, 

due to the variability in species composition of hedges and hedge verges: 0.4769 was applied 

for woody sections, stems and branches for deciduous broad-leaved species, 0.4725 was 

applied to the leaves of woody plants, and 0.4241 was applied to the biomass of herbaceous 

plants (Ma et al., 2018). Carbon content of hedges per farm was calculated by determining 

the carbon per volume of hedge section and multiplying this figure by the length of hedges 

on each farm. Carbon content of the field edge margin was then calculated per farm and 

added to the final figure to provide an estimate of the extra carbon storage from a 1m buffer 

around each hedge. This buffer was determined for each side of the hedges. Finally, these 

figures were converted to a per hectare basis for comparison between studies. Where hedge 

volume was included in the calculations the per hectare value assumed a hedge height of 1m.  

 

6.2.8 Soil carbon 

Soil samples were taken in order to compare soils under the hedge with soils in the cropped 

field. Five sampled hedges were also selected for soil sampling. Two random sections along 

the hedge length were selected, using the same sampling procedure detailed above. At each 

point a sample was extracted using a hand auger to a depth of 10cm, to give an indication of 

carbon content in the top layers of the soil, replicated in triplicate and bulked for analysis. A 

secondary position was sampled at the same point along the hedge length and 10m into the 

field. This distance was chosen to provide sufficient buffer between soils in the hedge and 

soils in the field. Soils closer than this can be influenced by the high SOC content variability 

of hedges (Follian et al., 2007). Samples were dried at 105oC until constant mass, sieved at 
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2mm spacing and ball milled. For each sample, carbon (C) and nitrogen (N) content (%) was 

determined using a dry combustion chamber (leo Trumac, Stockport, UK). 

 

 

 

6.2.10 Statistical analysis 

Descriptive statistics (mean ± s.e. and percentage values) were used to capture variation in 

hedge, leaf and carbon metrics. Measured components (Biomass, New Growth Material, Leaf 

Area Index, Leaf Biomass, Verge Biomass, Soil carbon/nitrogen levels) were analysed using a 

two-way ANOVA with the measurement as the dependent variable, were appropriate 

independent variables were farm, aspect, position in the hedge or species. Model residuals 

were normally distributed (Gaussian), except hedge verge vegetation and hedge leaf weight. 

Data that was not normally distributed were log10 transformed prior to analysis. Fisher’s Least 

Square Difference (LSD) was used to identify post-hoc differences between factor levels. All 

statistical analysis was carried out using IBM SPSS v25.  
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6.3 Results 

6.3.1 Landscape hedge density 

Crossnacreevy had 78 separate hedgerows ranging in length from 34m to 697m with a mean 

length of 166.3m. There were 32 hedgerows (41%) external to the farm bordering 

neighbouring farmland, only one of which bordered buildings. A further 15 hedgerows (19%) 

bordered roads with 31 hedgerows (40%) were fully internal to the farm, six of these 

bordered farm buildings. In total, there was 13.0 km of hedge on an area of 0.69 km2 resulting 

in a landscape hedge density of 18.7 km/km2.  

Loughgall had 178 separate hedgerows ranging in length from 23m to 1,057m with a mean 

length of 145.0m. There were 82 hedgerows (46%) external to the farm bordering 

neighbouring farmland, only one of which bordered buildings. A further 8 hedgerows (5%) 

bordered roads with 88 hedgerows (49%) fully internal to the farm, six of these bordered 

farm buildings. In total, there was 25.3 km of hedge on an area of 1.19 km2 resulting in a 

landscape hedge density of 21.6 km/km2. 

 

6.3.2 Hedge dimensions  

Species composition in the measured hedgerows across both sites was 11 Hawthorn 

(Crataegus monogyna) (Crossnacreevy 7; Loughgall 4), three Gorse (Ulex sp.) (Crossnacreevy 

3; Loughgall 0) and one Blackthorn (Prunus spinosa) (Crossnacreevy 0; Loughgall 1). All 

hedgerows at Crossnacreevy were classed as Trimmed and Dense, three hedgerows at 

Loughgall were classed as Trimmed and Dense (2 Hawthorn, 1 Blackthorn) and two 

hedgerows were classed as Intensively Managed (both Hawthorn).  

The overall mean height of hedges across the two farms and all species was 176.8 ± 10.2 cm. 

The mean height of hedges at the Crossnacreevy site was 159.8 ± 7.3 cm and the mean height 
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of hedges at the Loughgall site was 208.5 ± 17.4 cm. There was a significant difference in 

hedge height between the two farms (Fd.f. = 1 = 33.372, p < 0.001) (Figure 6.3). Mean height 

per species was Hawthorn = 182.3 ± 13.0 cm, Gorse = 153.2 ± 12.5 cm and Blackthorn = 190.3 

± 22.9 cm. There was no significant difference for height between species (Fd.f. = 2 = 1.640, p = 

0.207).  

Overall the mean width for hedges at each height were: top 144.2 ± 14.0 cm; middle 176.5 ± 

18.4 cm; bottom 175.0 ± 16.8 cm with significant differences between hedges for top (F d.f. = 

14 = 18.69, p = <0.001); middle (F d.f. = 14 = 7.23, p = <0.001); bottom (F d.f. =14 = 9.58, p = <0.001). 

Mean widths for hedges by species and position are shown in Table 6.1. Different species 

showed significant differences (Fd.f. =2 = 8.192, p = 0.001) when position in hedge was not 

taken into account, with gorse hedges being wider. However, when analysed by position 

there was no significant difference (top, Fd.f. = 2 = 0.521, p = 0.598; middle, Fd.f. = 2 =0.997, p = 

0.378; bottom, Fd.f. = 2 = 2.750, p = 0.077). Only one measured hedge was composed of 

Blackthorn (located at Loughgall) and two were of Gorse (located at Crossnacreevy).  

Widths for hedges at Crossnacreevy were, top = 124.1 ± 14.6 cm; middle = 149.6 ± 18.0 cm; 

bottom = 158.3 ± 20.6 cm, and for Loughgall were top = 172.0 ± 18.9 cm; middle = 206.1 ± 

23.2 cm; bottom = 190.3 ± 6.2 cm. Analysis also showed a significant difference across the 

two farms for hedge widths (Fd.f. = 1 = 7.206, p = 0.011) (Figure 6.4).  
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Figure 6.3. Mean heights of hedges as measured across the two farms, Crossnacreevy and 
Loughgall. There was a statistically significant difference in the height of hedges across the 
two farms with hedges at Loughgall being taller than those at Crossnacreevy. 
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Table 6.1. Mean widths (cm) of hedge broken down by species and position in 
hedge proportional to height; Top 99 % hedge height, Middle 66 % hedge 
height, Bottom 33 %  

Variable Species Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

Top Blackthorn 133.67 25.89 81.25 186.08 

Gorse 158.13 15.86 126.03 190.22 

Hawthorn 141.53 8.19 124.96 158.11 

Middle Blackthorn 189.33 29.90 128.82 249.85 

Gorse 191.38 18.30 154.32 228.43 

Hawthorn 165.07 9.45 145.93 184.20 

Bottom Blackthorn 198.67 28.80 140.38 256.96 

Gorse 201.38 17.63 165.68 237.07 

Hawthorn 159.43 9.11 141.00 177.87 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 6.4. Hedge widths at three different heights proportional to the hedge height, top 
99%, middle 66% and bottom 33% measured across the two study farms Crossnacreevy and 
Loughgall. Error bars are standard error. There was a significant difference across the two 
farms for hedge width.  
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6.3.3 Hedge growth  

There were four species recorded in new growth material: hawthorn (Crataegus monogyna), 

blackthorn (Prunus spinosa), ash (Fraxinus excelsior) and elm (Ulmus procera). Overall mean 

weight of new growth material was 246.1 ± 27.6 g (117.4 ± 12.8g C) which grew over one 

year. Analysis suggested no statistically significant differences for any of the factors 

considered: Farm (Fd.f. = 1 = 1.562, p = 0.216); Position (Fd.f. = 1 = 1.928, p = 0.17); or Species (Fd.f. 

= 3 = 0.326, p = 0.575).  

Mean length of new growth material for Crossnacreevy was 41.94 ± 4.97 cm and Loughgall 

was 28.5 ± 5.12 cm, with a range 3.2 – 119.4 cm for the one year of growth. Statistical 

analyses indicated that the difference in means across the two farms was not significant (F 

d.f. = 1 = 3.648, p = 0.056). Hedgerow aspect did show a significant difference (F d.f. = 7 = 2.477, p 

= 0.015) with post-hoc tests suggesting that south-east facing hedges sides (mean = 59.1 ± 

24.0 cm) had longer new growth lengths than sides facing other aspects or the top of the 

hedge (Figure 6.5). 

 

 

 

 

 

 

 

Figure 6.5. Polar plot showing the direction of new growth material over a one year period. 
South East facing aspects had a higher overall mean than any other aspect 
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6.3.4 Leaf Area Index 

 

Total Leaf Area Index was significantly higher at the Crossnacreevy site than the Loughgall 

site (F d.f. = 1 = 8.23, p = 0.001). There was a significant difference between the position in the 

hedge (F d.f. = 3 = 28.23, p = <0.001), with the horizontal top of hedge position showing the 

greatest leaf area index and the bottom showing the lowest (Figure 6.6), the other two 

positions, middle and top, were not significantly different from one another. Hedge aspect 

also showed significant differences (F d.f. = 6 = 6.46, p = <0.001), post-hoc tests showed that 

the South East (Mean = 1.85 ± 0.3) and Top of hedge (Mean = 2.44 ± 0.3) positions had higher 

LAI than other aspects, while North East facing aspects had lower LAI than other aspects 

(Figure 6.7) 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Leaf area index (LAI) for each of the two farms, Crossnacreevy and Loughgall and 
by position in the hedge. Crossnacreevy showed significantly higher LAI than Loughgall (F d.f. 

= 1 = 8.23, p = 0.001) and the Top of hedge position showed significantly higher LAI than the 
other three positions, while bottom showed significantly lower LAI (F d.f. = 3 = 28.23, p = < 1).  
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Figure 6.7. Polar plot showing the direction of mean Leaf Area Index (LAI). South East 
facing aspects (Mean = 1.85 ± 0.3) had a higher LAI than others, as did Top of Hedge 
(Mean = 2.44 ± 0.3 not shown) than other aspects.  
 

 

6.3.5 Field edge margin 

Eleven species were recovered from the understory verges of cut hedges (bramble  Rubus 

sp.; buttercup  Ranunculus sp.; gorse  Ulex europaeus; horse tail  Equisetum sp.; cleavers  

Galium aparine; N=nettles  Urtica dioica; S=soft rush  Juncus effusus; common Ivy  Hedera 

helix; grass  Lolium sp.; dandelion  Taraxacum officinale; vetch  Vicia sp.). The highest dry 

mass recorded was from a single gorse bush that was growing in a verge. Grass was observed 

at all sites and constituted the second greatest dry mass (Figure 6.8). There was no 

statistically significant difference in field edge margin biomass between hedges (Fd.f. = 4 = 

2.039, p = 0.102).  
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Figure 6.8. Mean dry mass of vegetation m-2 hedge verge. The greatest contribution was from 
one gorse bush growing in hedge 2. Discounting this one species, that has high weight due to 
lignin components, the greatest contribution to hedge vegetation was from grass.  

 

6.3.6 Hedge Carbon content 

When all components were combined, the total mean carbon content of hedgerows was 2.7 

± 1.75 kg C m-3 (27 ± 17.5 t C ha-1) This was composed of Stems = 0.52 ± 0.21 kg C m3 (5.2 ± 

2.1 t C ha-1)_, Internal hedge branches = 2.06 ± 0.34 kg C m3 (20.6 ± 3.4 t C ha-1_ New-growth 

branches = 0.12 ± 0.01 kg C m3 (1.2 ± 0.1 t C ha-1_, and Leaves = 0.07 ± 0.01 kg C m3 (0.7 ± 0.1 

t C ha-1_. Statistical analysis suggested no significant difference between the measured 

hedges (Fd.f. = 4 = 2.89, p = 0.079). There was a significant difference between the two woody 

components with branches accounting for more biomass carbon than stems (Fd.f. = 1 = 81.75, 

p = <0.001). Crossnacreevy had 88.64 tonnes C stored in its hedges or 44.15 t C ha-1. Loughgall 

had 292.99 tonnes C stored in its hedges or 73.27 t C ha-1, an independent t-test suggested 

there to be a significant difference between the two farms (t d.f. = 254 = 3.250, p = 0.001). The 

sequestration value i.e. the amount of carbon uptake per year was 1.52 t C yr-1 

(Crossnacreevy) and 3.02 t C yr-1 (Loughgall), with no significant difference between the two 
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farms (t d.f. = 254 = -1.238, p = 0.217). Vegetation in the field edge margin contained 0.08 kg C 

m-2 which equated to 1.35 t C for Crossnacreevy, on 1.68 ha, and 3.01 t C for Loughgall on an 

area of 3.76 ha. At the Crossnacreevy site if hedgerows were given a 1m verge of vegetation 

the entire system would cover an area of 4.2 hectares and contain 89.99 t C. The Loughgall 

site would cover an area of 7.09 hectares and contain 296.00 t C.  

 

6.3.7 Soil  

Carbon 

Mean soil carbon levels were 9.57 ± 1.43 % directly under hedge and 5.44 ± 1.35 % ten meters 

from hedge edge. There was a significant difference between position of soil sampling (Fd.f. = 

1 = 17.134, p = <0.001). Overall mean carbon for the Crossnacreevy site was 7.59 ± 1.74 % 

and for Loughgall site was 7.41 ± 1.75 %. There was no significant difference across the two 

farms (Fd.f. = 1 = 0.032, p = 0.86) (Figure 6.6).  

 

Nitrogen 

Mean soil nitrogen levels were 0.74 ± 0.69 % directly under hedge and 0.45 ± 0.39 % ten 

meters from hedge edge. There was a significant difference between position of soil sampling 

(Fd.f. = 1 = 14.265 p = 0.001). Overall mean Nitrogen for the Crossnacreevy site was 0.544 ± 

0.125 %) and for Loughgall site was 0.646 ± 0.123 %. There was no significant difference 

across the two farms (Fd.f. = 1 = 1.719, p = 0.198) (Figure 6.9).  
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Figure 6.9. Boxplots showing levels of soil total carbon (a) and nitrogen (b) in two positions, 
directly under the hedge and 10 m from the edge of the hedge. Data is shown for the two 
farms Loughgall top and Crossnacreevy bottom. There was a significant difference between 
the two positions but not between the two farms.  
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6.4 Discussion 

Hedges in this study contained 44.15 - 73.27 t C ha-1 and sequestered 3.7 – 13.0 t C over 

one year of growth. This is comparable to other estimates of carbon storage at 52.39 +- 

27.7 t C ha-1 and sequestration 4.7 ± 5.9 (see chapter 5) with most growth occurring in a 

south east direction. The mean carbon content was 2.7 ± 1.75 kg C m-3 (this metric used for 

easier comparison with other hedges). with the greatest carbon content occurring in the 

internal branches of the hedge.   Hedgerow landscape density is an important factor to 

determine the landscape’s ability to store carbon in hedgerows, here the farmland 

landscape density (18.7 – 21.6 km / km2) was significantly higher than the average for 

Northern Ireland as a whole (8.7 km / km2).  

The land sharing paradigm permits food production on agricultural land whilst 

simultaneously delivering ecosystem services from the same area, for example, carbon 

sequestration. Here, the carbon content and sequestering value of hedgerows on two 

working farms were empirically measured providing case study examples allowing greater 

precision in landscape carbon inventories. Hedgerows contain large quantities of carbon and 

their retention and creation in agricultural landscapes could act as a carbon mitigation 

strategy for the farming industry if managed appropriately. 

 

6.4.1 Biomass carbon storage 

Hedgerow carbon storage per unit area for the current study (Crossnacreevy = 44.15 t C ha-

1, Loughgall = 73.27 t C ha-1) was comparable with that of previously published estimates (Axe 

et al., (2017) Crossland (2015) Falloon et al., 2004; Wolton et al., 2014),although there was a 

substantial difference between the two farms, due to factors such as size of farm unit and 

average volume of hedge between farms. Modelling methods rely on assumptions based on 



 

150 
 

forestry-derived data with different growth forms of trees that are not influenced by 

management, such as trimming.  

Carbon content was determined by sampling biomass from hedges then applying a covariate 

to arrive at a final figure. This covariate, 0.4769, for woody material, was derived from many 

samples of wood carbon content, providing an average that can be applied to various species, 

including those found in hedges (Ma et al., 2018). The figure used here compares with that 

of Axe et al., (2017) who measured carbon content of Hawthorn, deriving a figure of 0.4836. 

Although Axe et al., (2017) found a significant difference in carbon content between 

hawthorn and blackthorn (0.482 – 0.495), from a limited number of samples and difference 

in growth patterns, Ma et al., (2018) provided information as to average carbon content for 

several woody species using information from thousands of samples. Thus, the covariate 

used here can be applied to hedges with varying species composition. 

 

6.4.2 Hedge growth (sequestration) 

There was a large range in the length of new growth branches in the current study ranging 

from 3.2 – 119.4 cm, adding 0.12 kg C m3 of hedge per year (equivalent to 1.174 t C ha-1 yr-1). 

New growth of hedges may contribute more carbon, between 3.7 and 6.2 t C ha-1 in the 

second year of growth and 4.4 t C ha-1 in the third year of growth (Axe et al., 2017), than in 

the first. Therefore, to sequester carbon hedges should be trimmed on a two- or three-year 

cycle rather than annually which would have added benefits to biodiversity and delivery of 

associated ecosystem services.  

There were significant differences in new growth length and leaf area index across aspect 

with the highest values both at the Top of hedge and on South East aspects. As the study sites 

were in the northern hemisphere, they had higher light levels in a southerly aspect during 

the growing season. The Top of hedge would receive higher light levels than other positions. 
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This may be important in hedgerow ecotone carbon cycling; with a larger reach in the 

southerly aspect carbon distribution from leaf fall and trimming activities may be distributed 

more widely (Peichl et al., 2006) affecting soil carbon sequestration rates. Differences in 

growth rates may also be due to differing species growth rates and interspecific competition 

(Kuppers 1985), differences in environmental or genetic factors also cause variation in 

growth rates (Jones et al., 2001), however, these were not detected in the present study.  

 

6.4.3 Landscape hedgerow carbon storage  

The hedgerow networks in the two areas studied here (18.7km/km2 for Crossnacreevy and 

21.3km/km2 for Loughgall) are more than double the average for the region (Northern 

Ireland) of 8.6 km/km2 (Cooper et al., 2008). Hedgerow densities are 5.4 km/km2 in Ireland 

and 4.3 km/km2 in England (McCann et al., 2007; Carey et al., 2008) indicating that hedgerow 

carbon storage is more substantial in Northern Ireland than in other UK regions raising its 

importance in the UK carbon inventory (if such variation was taken into account). 

Countrywide estimates often include uncultivated land and urban areas, while the results 

from this study are only from agricultural land. Models of landscape hedgerow density need 

to incorporate detailed regional data to be an effective tool for land managers (Schofield et 

al., 2016). Differences in the published landscape densities of hedgerows stem from the 

differing socio-economic factors. Northern Ireland and Ireland both have high levels of 

pastoral farming with smaller farm and field sizes than those found in England (DEFRA 2010). 

Increasing hedgerow density in landscapes with low densities could substantially increase 

their capacity for carbon sequestration but may alter the local idiosyncratic aesthetic.  

Eleven species of plants were recorded within the understory field edge margin, which added 

on average 1.9 t C per farm. Verges, up to 6m between a field and the hedgerow, have been 

estimated to add 20 t C per farm in England (equivalent to 3.3 t C for comparable 1m verges) 
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(Falloon et al., 2004). Differences here may be due to farm sizes and estimation techniques. 

Multi-species plant communities have been demonstrated to act as carbon sinks due to 

greater belowground carbon input from differing root depths and seasonal interactions of 

the individual plants (Fornara and Tillman 2008). Hedge verges may act as an enhancer to 

carbon accumulation in hedgerow ecosystems. Establishment of verges in pastoral systems 

may be challenging as animal browsing and grazing may impact understory diversity and may 

thus require hedgerows to be fenced which would also reduce disturbance of the soil re: 

carbon storage (Ford et al., 2019). 

 

6.4.4 Hedge measurements 

 The frequency of trimming is likely to be a major driver of the differences in the observed 

hedge widths, heights and condition of hedges across the two farms surveyed (Warner 2011). 

The observed heights and widths here were smaller than those reported by Axe et al., (2017) 

(1.9 – 3.5 m height, 2.6 – 4.2 m width). As an anthropogenic feature, hedge volume is 

determined by management practices. This is evidenced in the significant differences 

observed across farm, width and height. The top position was the narrowest of the three, 

therefore, reduced trimming at the top of hedges would increase biomass as would raising 

the height of trimming; particularly in areas where ‘A’ shaped trimming is applied (Hedge 

survey handbook DEFRA 2011). Intense trimming may have contributed to hedges at 

Loughgall having less integrity than Crossnacreevy as it is a direct manipulation of the hedge 

growth and form. Repeated trimming may have an influence on hedge biometrics and 

regrowth. Further work would be needed to quantify the change in hedge volume over time 

with repeated measures. The frequency of trimming also influences biomass in hedges; 

triannual trimming lead to higher biomass than those trimmed annually or biannually (Axe et 

al., 2017). Differences in biometrics due to species composition resulted from differing 
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(re)growth rates and patterns (Westaway et al., 2016) with gorse showing a tendency to grow 

wider than other species. Further work will be needed to quantify the regrowth rates. In 

order to increase biomass and hence carbon storage in hedges reduced frequency and 

intensity of trimming is required. Further work will quantify the growth of different species 

and over time faster growing species may be encouraged to optimise sequestration rates. 

 

6.4.5 Soil analysis 

Soil Organic Carbon (SOC) stocks have been found to be higher adjacent to hedgerow 

(D’Acunto et al., 2014; Van Vooren et al., 2017; Ford et al., 2019). Soil conditions, including 

levels of carbon, are directly influenced by the presence of hedgerow (See Chapter 5). Results 

here suggest that levels of carbon and nitrogen were significantly higher under the hedgerow 

than in the surrounding fields. There was no significant difference between farms or 

production types (pastoral or arable), suggesting that undisturbed soils retain more carbon 

and nitrogen than those under agricultural management. Similar results have been reported 

by Follain et al., (2007) who found 16.6 kg C m-2 under hedge compared with 13.3 kg C m-2 

further into the field. Higher levels of lignin present in the organic litter matter, from hedge 

trimming, affects soil nutrient uptake (Chae et al., 2016). Fine root turnover has also been 

proposed as a significant influence on soil accumulation of carbon (Crossland 2015). Removal 

of biomass causes fine root decreases in forested ecosystems (Montagnoli et al., 2012; Crow 

and Houston, 2004) and may have a similar effect in hedgerows.  

Decomposition processes store carbon in soil aggregates where SOC can become removed 

from further breakdown. Fornara et al., (2018) found that carbon under undisturbed 

agroforestry systems was stored in more recalcitrant micro-aggregates when compared to 

an adjacent grassland field. Soil samples in the present study were taken from the top layer 

of soil (10cm) which accumulates more carbon than lower layers (Baker et al., 2007). In 
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silvopastoral agroforestry systems, carbon levels dropped with increased depth to such an 

extent that the overall carbon levels were not significantly different to an adjacent grassland 

field (Upson and Burgess., 2013). It would be prudent to undertake analysis of carbon 

aggregate levels at various depths under hedgerow and compare to an agricultural situation 

to determine if the carbon levels decrease with depth and if they are stored in a more 

recalcitrant manner.  

On the landscape-scale, increases in soil carbon could prove to be significant, especially in 

areas of high hedgerow density. Coupled with the ‘barrier effect’ where hedgerows can 

prevent soil erosion and deepen soil horizons for some distance into surrounding fields 

(Walter et al., 2003), hedgerows exhibit positive effects on soil carbon sequestration at 

landscape scales. Further to this the C:N ratio may play an important role in the functioning 

of soils under hedgerows as they generally co-accumulate in direct proportion to one another 

(Meena et al., 2018). Agriculture generally uses N-based fertilisers that may accumulate 

under the hedgerow network. Hedgerow soils also promoted water infiltration, stored runoff 

and increased diversity of soil organisms leading to a more functional soil ecosystem (Holden 

et al., 2019).  

A major limitation of this work was the fact that soil bulk density measurements were not 

taken therefore, it is not possible to infer carbon density. Thus, the utility of the results for 

comparison to other studies is limited. Nevertheless, the soils tested in this experiment prove 

the hypothesis that carbon and nitrogen levels are higher under hedgerows than in the 

surrounding fields where land use is different. Further work should incorporate bulk density 

measurements in combination with a higher number of hedge soil samples to provide a more 

robust picture of these soils.  
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6.4.6 Study limitations and further work 

Hedgerow carbon storage was estimated based on a small number of samples (due to the 

logistical difficulties and undesirability of destructive sampling) at just one farm representing 

an idiosyncratic case study. Applying case study values in models of larger areas may not be 

representative. Application of multi-stage cluster sampling could provide a useful tool in 

informing models of hedge biomass (Allen et al., 2002). To estimate e.g. country-level data, 

it is necessary to extend sampling effort. It would be conceivable to devise a sampling regime 

with five levels, 1. Country, 2. County, 3. Farm, 4. Hedge and 5. Within Hedge to study carbon 

storage at hierarchical levels of spatial organisation.  

Here, estimating the carbon content of various hedge components included leaves and 

annual new growth material. Leaves are added to the ground on an annual basis (for 

deciduous species), with trimmed material added directly beneath hedgerow on an annual, 

biannual or triannual basis, dependent on the management regime (Axe et al., 2017). 

Decomposition rates play a direct part in soil carbon sequestration and ecosystem 

functioning (Mungai et al., 2006; Muñoz-Rojas et al., 2015). It has been shown that soils 

under hedgerows contain significantly higher levels of both carbon and nitrogen. Further 

analysis of the decay rate and nutrient cycling will provide estimates for carbon turnover 

rates. In addition to deeper soil sampling, as discussed above, this would close the hedgerow 

ecosystem biogeochemical cycle.  

Although belowground biomass couldn’t be measured in the current study because of strict 

farm policy restrictions, other similar studies have demonstrated that this component has 

the capacity to store much carbon. The root systems of hawthorn hedges had carbon stores 

of 38.2 t C ha-1 (Axe et al., 2017). This figure would add an extra 52 - 86% of the aboveground 

carbon storage to the hedgerow system in this study. Future work should, therefore, not 

ignore belowground biomass in hedgerow systems. 
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6.5 Conclusions 

Hedgerows contain large quantities of stored carbon and sequester large amounts of CO2 

from the atmosphere annually. Constituent parts of a hedgerow ecosystem can add to the 

overall carbon storage, e.g. field edge margins, aspect orientation of the hedge and trimming 

frequency. Hedgerows should be treated as component part of the agroecosystem in terms 

of biogeochemical cycling at the landscape level and managed accordingly (not just for stock 

retention). Currently estimates of hedgerow carbon storage are missing from national, 

regional and local carbon inventories. The retention and creation of new hedgerow in 

agricultural systems would enhance landscape carbon sequestration providing a climate 

mitigation option to offset farm emissions due to other land uses and management practices. 

Management techniques for treating hedges as carbon sinks would simultaneously delivery 

benefits for biodiversity in the wider countryside where losses have been pronounced 

compared to protected areas (land sparing) networks. 
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Chapter 7 

General Discussion 
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7.1 Overview 

This research thesis aimed to investigate questions regarding the impacts land management 

decisions have on carbon sequestration and greenhouse gas releases due to physical 

management of the landscape. Physical management includes disruptions to soil by 

ploughing and the control of growth of biomass. The work was ordered into two broad 

themes: disruption to soils (by ploughing and reseeding of grasslands or their conversion to 

cropland) and storage of carbon in standing biomass (in the hedgerows). The rationale for 

the work was to gather data on carbon sequestration and emissions from pasture-based 

livestock production (which predominates locally in Northern Ireland) in order to suggest 

improvements in accuracy and precision of the Land Use, Land Use Change and Forestry 

(LULUCF) Greenhouse Gas (GHG) inventory.  

Land is both a source and a sink for CO2 operating simultaneously. It is, therefore, difficult to 

decipher natural flux rates from anthropogenic flux rates; nevertheless, during the period 

2007 – 2016 anthropogenically-induced environmental change was thought to account for a 

sink of 11.2 Gt CO2 yr-1, equivalent to 29% of total CO2 emissions (Ameth et al., 2019). 

However, the need to provide food and fibre for an increasing human population necessitates 

evermore environmental disruption with predictions that meat consumption will increase 

and operate beyond a ‘safe operating space’ for the environment (Pelletier and Tyedmers 

2010). Disruptions to land that lead to net emissions, or a smaller net sink, therefore, should 

be discouraged. Storage of carbon on agricultural land, both above- and belowground, will 

become ever more important in the task to feed people whilst simultaneously lessen impacts 

on the environment, most notably climate increasing the sustainability of agriculture 

(Wollenburg et al., 2016). Separation of the differing drivers of emissions is, therefore, 

essential to target emissions reductions and sequestration opportunities.  

 



 

159 
 

Key Findings 

* Grasslands in Northern Ireland sequestered an average 2.09 t CO2 ha-1 yr-1 (0.57 t C ha-1 yr-1) 

* Autumn ploughing of grasslands lost 0.0102 t CO2 ha-1 dy-1 (3.723 t CO2 ha-1 yr-1) 

* Spring ploughing of grasslands lost 0.0168 t CO2 ha-1 dy-1 (6.132 t CO2 ha-1 yr-1) 

* Recovery of vegetation was more rapid in spring (total lost 0.67 t CO2 ha-1 over 40 days) 

than in autumn (total lost 1.02 t CO2 ha-1 over 100 days) 

* Summer ploughing produced similar results with losses of 0.05 g m-2 hr-1 (4.38 t CO2 ha-1 yr-1) 

* Climate change is likely to lead to higher emissions as altered weather patterns affect the 

timings of farm operations leading to unintended fallow periods 

* Hedgerows contain a large store of carbon however; current estimates of carbon storage 

show a large range and uncertainty; 52.39 ± 27.7 t C ha-1 

* Measured hedges stored 44.15 – 73.27 t C ha-1 and sequestered 3.7 - 13.0 t C over one year 

 

7.2 Grassland rejuvenation 

Flux data from Chapters 2 and 3 suggest that temperate grassland ecosystems (in Northern 

Ireland) will sequester an average of 2.09 t CO2 ha-1 yr-1 (or 0.57 t C ha-1 yr-1). Estimates from 

flux measurements may overrepresent actual sequestration as not all the carbon measured 

from flux readings will end up in soil. Assimilated carbon is assigned to differing pools within 

the system: 30-50% belowground, of which 50% goes into roots, 33% to root exudates and 

17% to Soil Organic Matter (SOM) (Lal 2004). For agriculture to act as a climate mitigation 

technique soil carbon stocks must be increased. Aboveground carbon is consumed and 

vegetatively respired in the short term. Nevertheless, the figure is comparable to estimates 

from soil carbon stock changes, as measured at the long-term (50 year) experiment at the 
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Agri-Food & Biosciences (AFBI) research farm at Hillsborough, County Down, which suggests 

soils gained carbon at a rate of 0.31 - 1.28 t C ha-1 yr-1 (Laidlaw et al., unpublished). The large 

range is the result of additional carbon entering the soil from varying fertiliser application 

procedures.  

The grasslands in the current study were net sinks for CO2 when no disruption to soils 

occurred i.e. if left unploughed. Releases of CO2 after soil disruption by ploughing were 

investigated during an autumn ploughing event in Chapter 2 and a spring ploughing event in 

Chapter 3. In both cases, grasslands were net sinks for CO2 before ploughing and became 

sources for CO2 after ploughing due to the loss of photosynthetic vegetative cover. Autumn 

ploughing lost 1.02 t CO2 ha-1 over a period of approx. 100 days (0.0102 t CO2 ha-1 day-1) and 

spring ploughing lost approx. 0.67 t CO2 ha-1 over a period of approx. 40 days (0.0168 t CO2 

ha-1 day-1). This suggested that CO2 emissions rates were largely similar but the period over 

which emissions took place was substantially shorter after spring ploughing due to rapid grass 

growth and re-establishment of photosynthetic vegetative cover.  

At sequestration rates of 2.09 t CO2 ha-1 yr-1 the ecosystem would regain the lost carbon after 

approx. 5.9 months after autumn ploughing and approx. 4 months for spring ploughing. 

Applying the carbon partition rates discussed above, soils would sequester the lost carbon 

after 2.8 years from autumn ploughing and 1.8 years from spring ploughing. Therefore, 

ploughing and reseeding grasslands in spring minimises loss of soil CO2 and reverts to being 

a net sink in a shorter period. Grasslands are a little disturbed system, in terms of soil, and so 

build up large reserves of carbon. Thus, lengthening the interval between grassland 

rejuvenation would further reduce emissions from ploughing practices.  
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7.3 Land use change 

Land use changes from grassland to cropland, as discussed in chapter 4, showed that soil 

disruptions converted the system from a net sink of CO2 to a net source. Grassland cover 

showed an average sink capacity of -0.08 ± 0.01 g m-2 hr-1 while ploughing disruptions showed 

average releases of 0.05 ± 0.02 g m-2 hr-1. Emissions of CO2 resulted primarily from the loss of 

vegetation. The fallow period in this work was not intended from the outset resulting from 

weather conditions preventing the safe establishment of the secondary land cover. Under 

future climate change projections, the British Isles is likely to see more of this type of weather 

pattern, resulting in future fallow periods. It was observed here that vegetation cover will re-

establish without anthropogenic interference, however this was insufficient to reverse 

emissions trends. The establishment of wheat crops did not lead to a net carbon 

sequestration and instead releases were similar to that of the fallow period.  

Although there is much debate about the validity of reducing meat in diets to limit CO2 

emissions a large-scale shift from pasture-based agricultural practice to arable-based 

agriculture will incur unintended emissions from the soil and lessen the land’s ability to store 

carbon (Moxley et al., 2014). The problem is exacerbated when there is a long fallow period 

where vegetation is not present in the field. Although the ecology of the area will act to 

establish vegetative cover, this is in the form of agricultural weeds that would be seen by 

farmers as non-productive and incur increased costs. Although the reductions in emissions 

from changing diets is likely to be larger than emissions from cropland establishment it 

should be noted that repeated tillage of the soil leads to further soil degradation. Soil erosion 

rates are increased leading to less carbon storage (Lal 2014). Methods of land use change 

should maintain a vegetative cover at all times to maintain carbon sink capacities.  
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7.4 Hedgerows and their management 

Chapter 5 dealt with the potential of hedgerows to sequester atmospheric carbon with 

biomass acting as a significant store in the landscape. A comprehensive literature review was 

conducted assessing the state of current knowledge pertaining to carbon stocks in 

agricultural hedgerows. This is the first time that a review of the storage and sequestration 

values has been undertaken and it highlighted the potential that hedgerows contain as a 

carbon mitigation technique. Assessing hedgerows as ecosystems, information was provided 

as to the partitioning of carbon and of the potential of hedgerows to influence surrounding 

conditions that impacts on carbon storage or releases. The review made recommendations 

as to future research directions, particularly to investigate not only the aboveground biomass 

storage capacity but also the belowground processes particularly the carbon storage of soils 

under hedgerows. The review found a paucity of empirical data on carbon storage in 

hedgerow systems. Published estimates suggest an overall mean carbon storage of 52.2 ± 

27.7 t C ha-1, with large uncertainties depending on the estimation method; destructive 

sampling mean 76.80 ± 43.3 t C ha-1; literature review mean 64.06 ± 49.8 t C ha-1; and other 

methods mean 35.34 ± 11.7 t C ha-1. There were also large ranges in estimates of the two 

main hedgerow components aboveground (5 to 131 t C ha-1) and belowground (5 to 250 t C 

ha-1).  

Chapter 6 attempted to provide empirical estimates of carbon storage in hedgerows based 

on physical measurement in real-world working farms, rather than relying on models or 

other forms of estimation. Hedges, in the current study, stored 44.15 t C ha-1 (at 

Crossnacreevy) and 73.27 t C ha-1 (at Loughgall) and sequestered 3.7 t C and 13.0 t C 

respectively over one year. These results are comparable with other studies on carbon 

storage with an average of 52.39 t C ha-1 stored and 4.7 t C ha-1 sequestered annually (see 

above). Hedge management played an important role in carbon storage. The average hedge 
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height was 176.79 ± 10.23 cm; the widths of hedges varied dependent on species and 

location and varied from 133.67 cm – 201.38 cm. Hedge carbon storage increased with 

increasing height and width (Axe et al., 2017).  

 
It should be noted that the hedges studied in this work were of considerable age, being 

shown on maps going back to the 1860’s and are particularly good examples of hedgerows 

in Northern Ireland. Both farms showed similar levels of hedge landscape density, 18.7 km / 

km2 at Crossnacreevy and 21.6 km / km2 at Loughgall. This is greater than the average at 8 km 

/ km2 (Carey et al., 2007) for Northern Ireland as a whole, though this includes non-

agricultural areas. Nevertheless, Northern Ireland has substantially higher hedgerow 

densities than other regions in the UK. Policy, therefore, should be guided towards increasing 

the biomass within hedges. Encouraging longer periods between trimming hedges would 

allow for extra sequestration of carbon in hedgerows, in addition to other ecosystem services 

such as biodiversity provision. For example, moving away from the annually flailed small box 

hedge typical in Northern Ireland to taller, wider so-called ‘A-frame’ hedgerows with more 

standard trees more typically of traditionally managed parts of, for example, Devon in 

England would capture and store greater amounts of carbon whilst benefiting biodiversity 

more generally.  

  

7.5 Updates to the LULUCF 

At present in Northern Ireland ploughing grassland stands at approx. 3% per annum. There 

are calls to increase this to 10% per annum to improve grassland swards (David Johnston 

pers. comms.). If this was the case, then significant amounts of CO2 will be released into the 

atmosphere from ploughing events. Ploughing is likely a relatively small-scale driver of GHG 

release from farming, with fertiliser application being much more substantial. Also, releases 

of other GHGs such as methane from ruminant animals is a major consideration, although 
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this is dealt with in the agriculture section of the IPCC reports and is not directly related to 

land use per se. Nevertheless, such is the magnitude of the climate breakdown global 

emergency and the extreme hazard of the risk associated with major climate change that 

every effort needs to be made to dramatically reduce GHG emissions including addressing 

fluxes from ploughing whilst increasing farmland ability to sequester and store carbon. 

Land management options can have multiple functions, for example, an agroforestry system 

produces both food and fibre on the same land. This option is taken seriously in the literature, 

for multiple ecosystem services, including carbon sequestration however, uptake has been 

low. Hedgerows provide a bridge between conventional agriculture and newer forms of land 

management, such as agroforestry. These multi-use systems are difficult to integrate into 

LULUCF however, as has been shown in chapter 5 and chapter 6 hedgerows contain a large 

potential to sequester and store carbon on landscape scales. Hedgerows should be explicitly 

incorporated into the LULUCF. The amount of hedge in the landscape is a large factor in 

determining the carbon storage potential on the scales necessary for LULUCF. Conversion of 

landscape density to a total land coverage (i.e. biomass per hectare) should allow for the 

integration of hedgerow into LULUCF as an ecosystem in their own right. It must be noted 

that hedgerows currently are not considered in the LULUCF and thus an equivalent reduction 

in grassland and croplands will need to be applied.  

 

7.6 Placing this work into the wider context 

Multiple drivers of GHG releases exist in agricultural systems. In those that are highly reliant 

on pastoral livestock farming, emissions are dominated by methane (CH4) and nitrous oxide 

(N2O), both of which are more potent GHGs than CO2 (McGettigan et al., 2010). Releases are 

observed from such activities as enteric fermentation, fertiliser use, on farm fossil fuel use 

(Herrero et al., 2016), releases incurred from imported feed (including releases from 
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deforestation in secondary countries due to production of feed) and other farm inputs and 

land use options (Murphy et al., 2013; Casey and Holden 2006). Emissions from agriculture 

in Northern Ireland account for circa 28% of total emissions (approx. 5780 t CO2-e). Of the 

agricultural emissions, 65% was from CH4, 26% from N2O and only 9% from CO2. These figures 

are comparable with emissions from agriculture in the Republic of Ireland with very similar 

land use and agricultural policies, (agricultural emissions accounting for 29.1% of total 

emissions) (Conant et al., 2010). Policies should, therefore, focus on reducing emissions from 

this sector and information relating to the differing drivers further investigated.  

It is important to understand all the drivers and emissions pathways in addition to 

sequestration opportunities in order to provide robust information for policy makers and 

land managers. Enteric fermentation releases methane, CH4, (its global warming potential is 

25 times higher than CO2) directly from ruminant animals and is the largest emission of GHGs 

from the livestock sector with emissions directly related to the density of cattle (Caro et al., 

2014). Dumortier et al., (2017) reported emissions of 2.25 – 2.75 t CO2-e ha-1 yr-1 solely from 

this source. Fertiliser use releases N2O, a potent GHG (its global warming potential is 298 

times higher than CO2) with large peaks of emission associated with fertiliser spread or soil 

disturbance. Krol et al., (2016) reported average emissions from temperate grasslands of 0.26 

t CO2-e ha-1 yr-1 from nitrogen fertiliser use, not inclusive of the larger emissions associated 

with spread or disturbance. As discussed above, grassland ecosystems sequester an average 

2.09 t CO2 ha-1 yr-1, leaving agriculture responsible for approx. 0.44 – 0.94 t CO2-e ha-1 yr-1.  

The figures stated here illustrate the differing drivers of releases of GHGs and would require 

much more intensive work to reduce levels of estimated uncertainty. It is difficult to integrate 

sequestration rates with estimates of emissions from livestock as the units are completely 

different. Typically, carbon footprint analysis, or Life Cycle Assessment, report emissions 

based on the final weight of product, or the liveweight of an animal. In Ireland, emissions 
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from beef cattle raised on pasture-based systems emitted 11.26 kg CO2 liveweight yr−1; with 

differences observed between beef and dairy cattle (Casey and Holden 2006). Differences 

between the choice of functional units and system limits can also alter emissions estimates 

(McAuliffe et al., 2017). The inclusion of sequestration data is, therefore, highly reliant on 

stocking densities. A further question of the use of manure additions to soils also arises as 

manure both produces GHG and adds to the sequestration ability of the soil (Morgansen et 

al., 2014).  

A large and sustained research effort is needed to understand not only the influence of each 

driver and effort to reduce emissions from these systems but also the interactive effect 

between drivers. Ploughing and reseeding grasslands in this study suggest that the main 

releases occurred from lack of vegetative cover. There was a substantive release of CO2 from 

ploughing, however, the carbon lost from the soil is predicted to be replaced within approx. 

2 years. This work did not take into consideration the releases from fertiliser additions. Krol 

et al., (2016) showed that emissions of N2O are increased when fertilised soils are ploughed. 

Policies and efforts to incentivise abatement of GHG emissions should ensure that efforts to 

reduce emissions from agriculture do not lead to inadvertent increases in emissions through 

carbon leakage (Schulte et al., 2011). 

It is important also to understand the wider impact of emissions from livestock production. 

While policy makers in temperate regions can act to reduce an individual animal’s emissions, 

for example, through techniques to reduce CH4 release from enteric fermentation, the role 

of off farm emissions should also be considered. Feed production in secondary countries can 

lead to large areas of deforestation of long-established woodland. Globally deforestation for 

feed production accounts for 9% of livestock emissions while feed production and processing 

itself accounts for 45% of livestock emissions (Gerber et al., 2013). Policy makers, therefore, 

should be wary of simply shipping emissions to secondary countries.  
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7.7 Conclusions and recommendations 

Agriculture is a major emitter of greenhouse gasses, adding to the problem of climate change 

however, agriculture is necessary to provide food and fibre for the human population. With 

projections of increases in numbers to approx. 10 billion people by 2050, methods to reduce 

environmental impacts from agriculture are evermore necessary. This work has looked at the 

effects of physical land modifications on landscape scale carbon storage and sequestration. 

The work was presented in two main themes 1. disruptions to soils by ploughing and effects 

on CO2 emissions and carbon storage and 2. carbon storage and sequestration potential of 

hedgerows, as ubiquitous aboveground features (particularly in Northern Ireland).   

Grasslands in Northern Ireland sequestered an average 2.09 t C ha-1 yr-1 (0.57 t C ha-1 yr-1), in 

line with other estimates of carbon sequestration in the region. Practices that maintain a 

grass cover during re-seeding of grasslands should be encouraged. Ploughing of soils resulted 

in losses of CO2 with different release rates being observed at different times of the year; 

Autumn releases = 0.0102 t CO2 ha-1 dy-1 (3.723 t CO2 ha-1 yr-1), Spring releases = 0.0168 t CO2 

ha-1 dy-1 (6.132 t CO2 ha-1 yr-1). The major driver of losses from ploughed soils was the removal 

of photosynthetic vegetative cover. More rapid vegetative re-establishment, in spring, led to 

lower losses in soil carbon overall with spring treatments recovering lost carbon after 1.8 

years, compared with 2.8 years for Autumn ploughing. Treatments that maintained a grass 

sward cover did not lose soil carbon.  

The density of hedgerows in the landscape in Northern Ireland is the highest in the British 

Isles, at 8.04 km / km2. Hedgerows here stored 44.15 – 73.27 t C ha-1 and sequestered 3.7 – 

13.0 t C ha-1. Hedgerows remain a little studied system in terms of carbon storage potential 

and estimates of carbon storage show a large range; 52.39 ± 27.7 t C ha-1. Further work is 

needed to more accurately quantify the biomass, and thus carbon storage, of hedgerows. 
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Nevertheless, policies should be enacted to encourage the retention and growth of 

hedgerows in the landscape.  

Anthropogenic modifications of the landscape have led to major emissions of greenhouse 

gasses in the past, altering biophysical feedbacks and impacting upon the climate. It is 

possible however, to provide the food necessary for human survival and lessen those impacts 

by using agriculture as a mitigation tool for current climatic changes by enacting policies to 

preserve and increase permanent on farm biomass and minimising soil disruptions.  
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Appendix 1 

Supplementary material for chapter 2.  

Figure A.1.1. Times-series showing environmental for a. air temperature, b. rainfall, c. soil 
temperature at 10 and 30cm depths and d. soil moisture content. Atmospheric variables 
were measured at adjacent weather station. 
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Table A.1.1. Summary statistics for soil analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Element Treatment Mean S.D. S.E. 
C mg / L T1 2.28 0.33 0.15 

 T2 3.20 0.65 0.29 

 T3 3.32 0.12 0.05 

 T4 3.09 0.35 0.16 
N mg / L T1 0.29 0.04 0.02 

 T2 0.31 0.07 0.03 

 T3 0.32 0.02 0.01 

 T4 0.30 0.04 0.02 
P mg / L T1 7.66 2.59 1.16 

 T2 7.20 3.20 1.43 

 T3 6.04 0.96 0.43 

 T4 5.92 1.36 0.61 
K mg / L T1 53.00 23.61 10.56 

 T2 46.00 8.22 3.67 

 T3 42.00 5.70 2.55 

 T4 51.00 24.60 11.00 
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Appendix 2 

Supplementary material for chapter 3.  

 

 

Figure A.2.1. Soil moisture (%) levels as measured in plot for depths of a. 2cm, b. 10cm, c. 
20cm. There were no significant differences across treatment for any of the three depths, 
however there were significant differences across time, representing changes in seasonal 
variation.  
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Figure A.2.2. Soil temperature (oC) profiles for two depths, a. 2cm, b. 10cm as measured in 
plot. There were no significant differences across treatment, however there were significant 
differences across time showing seasonal variations.  
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Figure A.2.3 mean LAI results. As measured in plot by removing all grass within a 20cm by 
10cm quadrat as close to the ground as possible by hand cutting. Grass leaf area was then 
determined by passing through a LI3100 area meter (LiCor Biosciences, Lincoln Nebraska, 
USA). LAI was determined by dividing the total leaf area by the area of the quadrat.  
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Table A.2.1. showing the significance results for soil sampling, across the two time periods, 
across depth and treatment. 

 

Temporal    
Nutrient F d.f. Sig 

carbon 25.67 1 <0.001 

nitrogen 18.01 1 <0.001 

potassium 11.945 1 <0.001 

phosphorus 30.772 1   0.001 

Depth    
Nutrient F d.f. Sig 

carbon 604.8 2 <0.001 

nitrogen 553.9 2 <0.001 

potassium 5.13 2 <0.001 

phosphorus 210.413 2   0.001 

Treatment    
Nutrient F d.f. Sig 

carbon 0.319 3 0.811 

nitrogen 0.096 3 0.962 

potassium 3.339 3 0.027 

phosphorus 0.721 3 0.544 
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Appendix 3 

Supplementary material for chapter 4 

  

Figure A.3.1. ToviR output for soil temperature (K) at two depths a. 10 cm and b. 30 cm. 
Statistical analysis showed there was a significant difference between the two depths. 
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Figure A.3.2. ToviR output for soil moisture (%) at three different depths, 10 cm, 30 cm and 
40 cm. There were significant differences between the three depths 10cm, 30cm and 40cm. 
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Figure A.3.3. Time series of soil temperature (oC) as measured at each chamber 
measurement point across two sections of the study field. Two depths are displayed a. 2 cm 
depth and b. 10 cm depth.  

 

 

Figure A.3.4. Time series of soil moisture (%) as measured at each chamber deployment point 
across the two sections of the study field. Two depths are displayed a. 2 cm and b. 10 cm 
depth.  
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