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Vegetated riparian buffer areas are implemented as an intervention to intercept,
retain and process diffuse non-point source pollutants (NPS), including nitrate (NO3z"),
phosphorus (P), herbicides, and pesticides emitted from immediately adjacent
agricultural lands. Due to their location in landscapes, riparian buffers maintain high
organic matter (OM), increasing soil carbon (C) contents, retain high soil moisture from
the periodically high water table, and contain higher nitrogen (N) content intercepted
from upslope agricultural land. In turn, these conditions promote the production of
gases including nitric oxide (NO), nitrous oxide (N20), nitrogen gas (N2), methane
(CH4), and carbon dioxide (CO2) through various soil processes, including
denitrification, methanogenesis, and respiration. Earlier recommendations to the
Intergovernmental Panel for Climate Change (IPCC) suggested that greenhouse gas

(GHG) i.e., N20, inventories for agricultural lands could be improved by including gas
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measurements from riparian buffer areas. However, little information is available
regarding the dynamics of unintended emissions of soil gases in these commonplace
features of agroecosystems primarily installed for water quality functions and how the

dynamics compare to those for adjacent croplands.

In order to understand the dynamics and drivers of N2O in riparian buffers and
their immediately adjacent croplands, a meta-analysis of studies comparing N20
emissions and their drivers from riparian buffers and adjacent croplands was
conducted. It was identified that while there is growing literature quantifying N20
emissions from different types of riparian buffer vegetation, comparative assessments
of N20O emissions from riparian buffers and croplands remain limited. This was evident
in the literature database summarizing data from 13 studies, with 44 data points from
croplands: n = 22, and riparian buffers: n = 22, published between 1980 and 2021.
The meta-analysis showed that the croplands generated significantly greater N2O
emissions than the riparian buffers. In both the croplands and riparian buffers,
emissions of N20O were mainly driven by elevation (p = 0.029), land use (p <0.0001),
soil texture (p = 0.018), soil bulk density (BD) (p <0.0001), total carbon (C) (p <0.0001),

C: N ratio (p <0.0001), and NH4*-N (p <0.0001).

To further understand the dynamics of soil N2O, CHas, and CO:2 fluxes from
permanent pasture and maize (Zea mays L.) and contiguous riparian buffer strips with
different (grass, willow, and woodland) vegetation as well control with no buffer
vegetation, measurements on an existing experiment were carried out using the static
chamber technique on a replicated plot-scale facility. For the experiment, including a
permanent pasture, gas fluxes were measured periodically with soil and environmental
variables between June 2018 and February 2019 at North Wyke, United Kingdom.
During most of the sampling days, the no-buffer control treatment showed significantly

vii
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(p <0.05) greater N20 fluxes and cumulative N20 emissions than the other treatments.
The results also showed that the grass riparian buffer strip was a sink of N20
equivalent to -2310.2 g N ha? (95% confidence intervals: -535.5-492). Event-based
water quality results obtained during storms showed that the willow riparian buffer
treatment had the highest flow-weighted mean N concentrations (FWMC-N) of 0.041
+ 0.022 and 0.031 + 0.015 mg N L during the 12 November 2018 and 11 February

2019 storms, respectively, when compared to the other treatments.

Soils under all treatments were sinks of soil CHa, with the willow riparian buffer
strip (-2555 + 318.7 g ha!) being the largest soil CHa sink followed by the grass riparian
buffer (-2532 + 318.7 g ha'), woodland riparian buffer (-2318.0 + 246.4 g ha), no-
buffer strip control (-1938.0 + 374.4 g ha'), and lastly the upslope pasture (-1328.0 +
89.0 g hal). Cumulative soil CO2 fluxes as affected by the treatments followed the
descending order: woodland riparian buffer; 11927.8 + 1987.9 kg ha? > no buffer
control; 11101.3 + 3700.4 kg ha? > grass riparian buffer; 10826.4 + 2551.8 kg ha >
upslope pasture; 10554.6 + 879.5 kg ha! > willow riparian buffer; 9294.9 + 1549.2 5
kg hal. There was, however, no evidence of significant differences in cumulative CO2
amongst all treatments of the current study. Despite the lack of significant differences,
the results showed that the woodland riparian buffer might emit the larger soil CO2
compared to the remainder of the other riparian buffers as well as the upslope pasture

it serves.

After the upslope area was converted from permanent pasture to maize
(riparian buffers left untouched), the N20O, CH4, and CO2 measurements done between
May and October 2019 showed that the no-buffer control generated the largest
cumulative N20 emissions of 18 929 g N ha (95% confidence intervals: 524.1 - 63
643) while the maize crop upslope generated the largest cumulative CH4 emissions of

viii
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5 050 * 875 g hal. On the other hand, the woodland (322.9 + 3.1 kg ha!) and grass
(285 + 2.7 kg ha™?) riparian buffer treatments (not significant to each other) generated

significantly (p =<0.0001) the largest CO2 compared to the rest of the treatments.

A laboratory incubation experiment of the soils sourced from cropland, grass
riparian buffer, willow riparian, and woodland riparian buffer using a specialized
Denitrification System (DENIS) showed that the grass riparian buffer soils had the
highest potential for emissions of NO (2.9 + 0.31 mg m2), and N20 (1413.4 + 448.3
mg m-2), and the willow riparian buffer treatment showed the highest potential for N2

(698.1 = 270.3 mg N m2), and CO2 (27558.3 + 128.9 mg m) emissions.

The results on permanent pasture show that the grass riparian buffer may be
an N20 sink, and on the other hand, the willow riparian buffer may be a larger sink for
CH4 and emit lower CO2 when introduced for water quality protection measures in an
ungrazed permanent pasture. On the other hand, the results of the fodder maize
experiments suggest that fodder maize production in general, and situations where
such cropping is not undertaken in tandem with a riparian buffer strip, result in
atmospheric CH4 and N20 concerns. Also, the woodland and grass riparian buffers
serving a maize crop may pose a CO:zthreat. Lastly, the laboratory incubation results
show that soils developed under the grass riparian buffer can potentially emit higher
NO and N20, while soils under willow riparian buffers can potentially emit larger N2

and CO:a.

The results of the study point to the need to take into consideration the
disbenefits of greenhouse gas emissions by mitigation measures conventionally

implemented for improving the sustainability of water resources. Further experiments
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are suggested particularly with different crops under varying soils and environmental

settings to validate the findings of the current study.

Keywords: permanent pasture, fodder maize, riparian buffers, grass, willow,

woodland.
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CHAPTER 1.0

GENERAL INTRODUCTION

1.1 Background Information

Worldwide, water quality problems are associated with non-point source (NPS)
pollutants, including nitrogen (N) and phosphorus (P) (Carpenter et al., 1998; Valkama
et al.,, 2019; Xia et al., 2020), as well as herbicides and pesticides (Duda, 1993;
Tonderski, 1996). The Water Framework Directive was launched across the European
Member States in 2000 to ensure that water bodies achieve ‘good ecological status.’
According to Scheure and Naus (2010), installing riparian buffer strips is essential for
some waterbodies to help achieve such status.

Vegetated riparian buffer strips (Figure 1.1), defined as transitionary boundaries
disconnecting direct interaction between freshwater ecosystems and utilized
agricultural land (Naiman et al., 2010), may include various vegetation types, including
single species or a combination of shrubs, trees, grasses, and forbs (Schultz et al.,
2004) (Figure 1.2). Riparian buffer strips are commonly seen as practical interventions
for soil and water resource conservation in agroecosystems (Lowrance et al., 2002)
(Figure 1.1). Numerous studies, particularly Hubbard et al. (2004), Mitsch et al. (2001),
and Sabater et al. (2003), have advocated for riparian buffer strips as practical tools

to effectively control NPS pollution.
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Habitat for wildlife

Water Buffer zone Crop field

Figure 1. 1: An illustration of a riparian buffer strip between a cropland and a

freshwater ecosystem (Ma, 2016).

The inclusion of riparian buffer strips into agroecosystems has been shown to
improve carbon (C) sequestration, water quality, and soil's physical, chemical, and
biological properties (Paudel et al., 2011; Udawatta et al., 2009) (Figure 1.1). Previous
studies have shown that riparian buffer strips can reduce N fluxes by up to 90%
through a range of processes (Dukes et al., 2002; Kuusemets et al., 2001; Zhao et al.,
2009), including plant uptake, denitrification, storage, immobilization, and other
transformation mechanisms (Figure 1.2) impacting on the chemical inputs from utilized
agricultural land (Gundersen et al., 2010; Jaynes and Isenhart, 2014; Schultz et al.,

2000).

Riparian buffer strips are often flooded given their juxtaposition to
watercourses, sustain high moisture contents from high water tables, and recycle
organic matter elevating soil organic C concentrations (Tufekcioglu et al., 2001)
(Figure 1.2). These conditions all of which promote microbial processes that produce
some gases, i.e., denitrification; nitric oxide (NO), nitrous oxide (N20), and carbon
dioxide (CO2), and methanogenesis; methane (CH4), some of which are

environmentally harmful GHGs.
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Figure 1. 2: Schematic representation of N and C flows and gas-producing
processes in a riparian buffer and an immediately adjacent cropland (Dlamini,
2022).

Utilized agricultural land can be a significant source of nitrate (NO3z’) in rivers
and estuaries (Figure 1.2) (Howarth et al., 2012; Schultz et al., 2000; Zhang et al.,
2014). On the other hand, vegetated riparian buffer strips can help to intercept and
process NOs-rich surface run-off and subsurface lateral flow from utilized agricultural
land (Groffman et al., 1998; Hefting et al., 2003; Mitsch et al., 2001; Reay et al., 2012),
which would otherwise enter freshwaters. Denitrification has been shown to increase
following increases in soil organic C and N since they are an energy source and
substrate for microbial reactions, respectively (Choi et al., 2006; Dlamini et al., 2020;
Garcia and Tiedje, 1982).

Denitrification is a bacterially-mediated process whereby NOs is transformed
to nitrite (NO2’), NO, N20, and finally nitrogen gas (N2) (Figure 1.2 & 1.3), under limited

oxygen (O2) by facultative anaerobes (Lowrance, 1992; Robertson and Groffman,
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2007). It is an effective mechanism for NOs removal in riparian buffer strips, with rates
ranging between 2 and 7 g N m*? year?! (Groffman and Hanson, 1997; Kim et al.,
2009a; Watts and Seitzinger, 2000). Currently, N2O emissions from agroecosystems
represent about 60% of all anthropogenic-derived N20O emissions (Smith et al., 2007).
As soils become anoxic, a significant fraction of N2O produced via denitrification is
further reduced into N2 before leaving the soil, which is a good thing as N2 is not a

GHG (Davidson, 2009; Robertson and Groffman, 2007).

DENITRIFICATION

Nitrate Nitrite Nitric oxide Nitrous oxide
reductase reductase reductase reductase
=> NO; NO, > NO N,O N
3 narGHI 2 nirsS norB8 2 nosz 2
nopAB nirk norVW
nasA
Nitrite
reductase
nasC
nrfA

Figure 1. 3: An illustration of the denitrification and nitrification processes in
the soil (Alvarez et al., 2014).

Most denitrifying bacteria couple NO3s™ reduction with organic C oxidation to gain
energy, making C-supply a usual requirement for denitrification to occur, a process
which further produces carbon dioxide (CO2) (Beauchamp et al., 1989; Knowles,
1982). On the other hand, riparian buffers recycle high organic matter and
consequently elevate C, which may have highly labile fractions, resulting in higher CO2
emissions (Groh et al., 2015; Jacinthe et al., 2015). Methane is formed through the

breakdown of organic compounds strictly under anaerobic conditions at a very low
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redox potential in a process called methanogenesis (Smith et al., 2018). Therefore,
large CHa fluxes are typical in environments where anoxic fermentation is favoured.
The aforementioned conditions are prevailing in riparian buffer areas since they are
often flooded and have a seasonally high water tables (Groh et al., 2015; Jacinthe et
al., 2015).

Some of the gases produced through denitrification and other processes
dominant in riparian buffers areas, i.e., NO, N20, CHs, and CO2 are of great
environmental concern (Kulkarni et al., 2008). Annual global NO emissions from soils
are in the order of 10 Tg NO-N (Davidson and Kingerlee, 1997). Besides fossil fuel
combustion, biomass burning, and lightning, NO is mainly produced in soils (Laville et
al., 2011). Nitric oxide is a precursor of tropospheric ozone (Os) contributing to global
warming (IPCC, 2007b). Globally, N2O has been increasing at a rate of 3.8 - 5.1% per
annum since the 1990s, and it is the most ozone-depleting substance of the 21t
century (Ravishankara et al., 2009; Reay et al., 2012). Nitrous oxide is a potent
greenhouse gas (GHG) with a global warming potential (GWP) 298-times that of CO:2
over a 100-year timescale (IPCC, 2007a).

Carbon dioxide is one of the most critical GHGs emitted from soils (Xiong and
Khalil, 2009), and atmospheric concentrations increased from a pre-industrial value of
280 ppm to 379 ppm in 2005 (IPCC, 2007a). Soil processes are the largest source of
CO: additions into the atmosphere, contributing considerably to the greenhouse effect
(Paustian et al., 2000; Raich and Potter, 1995). Human activities have resulted in an
increase in atmospheric CHs4 concentrations compared to pre-industrial values
(700ppb in 1750 to 1782ppb in 2006) (Borrel et al., 2011), with about 40% of CHa

fluxes to the atmosphere originating in soils (Prather, 1995). Generally, CHsis emitted
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in smaller quantities than COz2, but, over a 100-year period, 1-kg of CH4 has a GWP
28-times than CO2 (IPCC, 2014).

Considering that NO is a precursor of tropospheric Oz contributing to global
warming (IPCC, 2007b), the role of N2O, CHa4, and CO:2 in ozone depletion and global
warming (Ravishankara et al., 2009) as well as the importance of riparian buffer areas
in the production (Bradley et al., 2011; Fisher et al., 2014) and subsequent emissions
of the aforementioned gases may result in unintended trade-offs between emissions
to water and air (Groffman et al., 2000; Groffman et al., 1998). Therefore, it is critical
to evaluate, compare, and understand the extent of the emissions of these gases from
riparian buffer strips and utilized agricultural land through a replicated field and
laboratory-based experimental measurements. The findings of the current theses may
further be helpful in the assessment of full riparian buffer vegetation GHG (particularly

N20 and CHas) budgets, which remain critically scant.

1.2 Thesis Problem Statement

Riparian buffer areas represent a valuable practice for conserving water and
soil resources (Lowrance et al., 2002), especially NPS pollution associated with N
fluxes (Kuusemets et al., 2001; Zhao et al., 2009). Nitrogen and C transformations
within buffers receiving high NO3z  loads from utilized upslope agricultural lands
consequently result in significant GHG emissions (Fisher et al., 2014; Groffman et al.,
1998). However, there is limited literature on the influence of downslope buffers on the
total GHG emissions (Groffman et al., 1991; Kim et al., 2009b) compared to the utilized
agricultural lands. Also, Groffman et al. (2002) suggested that the IPCC’s inventory

might be improved by including additional measurements from riparian buffers. Thus,
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it is critical to determine, through measurements, if they are relevant currently and

further explore their potential for further emissions if they are widely implemented.

1.3 Thesis Aim and Objectives

1.3.1 Overall aim

To quantify N and C losses to air and water from fertilized croplands in a temperate

climate and their potential for emissions of NO, N20O, N2, CH4, and CO2 as well as in

downslope riparian buffers with varying vegetation (grass, willow, and woodland).

Vi.

1.3.2 Objectives

To measure N20 emissions and their soil and environmental controls from a
cropland with permanent upslope pasture and downslope riparian buffer strips
with varying vegetation.

To investigate the extent of CHa4 fluxes from a cropland with a permanent
upslope pasture and downslope riparian buffers.

To quantify COz2 fluxes from a cropland with a permanent upslope pasture and

downslope riparian buffers.

. To understand N20 and CH4 emissions and their global warming potential in

conjunction with fodder maize production with and without riparian buffer strips
of differing vegetation.

To investigate the dynamics of soil CO2 fluxes in fodder maize production with
and without riparian buffer strips of varying vegetation.

To estimate the potential of NO, N20, N2, and CO2 emissions in soils sourced

from the cropland and downslope riparian buffers with varying vegetation.
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1.4 Thesis Outline and Chapter Details

This thesis comprises nine chapters, six of which (chapters 2, and 4 to 8) are
prepared and presented as journal article manuscripts, with the authorship and
progress (prepared, submitted, under review, accepted, or published) provided on the

title page of each chapter.

Chapter 2: “Nitrous oxide emissions from croplands and their adjacent riparian
buffer areas: A global meta-analysis.” This chapter reviews current global research
regarding (i) Soil and environmental controls of N2O emissions from cereal croplands
and their adjacent vegetated riparian buffer areas, and (ii) Comparison of the N20O
emitted from the croplands and their adjacent riparian buffer areas, and (iii) Exploring

knowledge gaps in the understanding of N2O emissions from such agro systems.

Chapter 3: Materials and Methods. This chapter details the materials and
methods used to carry-out the experiments whose results are reported in the different

chapters.

Chapter 4: “Buffer strips influence nitrogen losses as nitrous oxide and leached
N from permanent grassland.” This chapter explores N2O and run-off N dynamics in
upslope pasture and downslope riparian buffers with varying vegetation. It maps the
interaction between permanent upslope pasture and downslope riparian buffers with

respect N20O emissions and run-off N.

Chapter 5: “Soil methane (CHa) fluxes in a cropland with a permanent pasture
and riparian buffer strips with different vegetation”. This chapter interrogates the
controls of CHas fluxes in upslope permanent pasture in comparison with downslope

riparian buffers areas with different vegetation.
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Chapter 6: “Soil CO: fluxes in a cropland with permanent pasture and riparian
buffer strips with different vegetation”. This chapter interrogates the controls of CHa
fluxes in upslope permanent and downslope riparian buffers areas with different

vegetation.

Chapter 7: “Soil NoO and CHs in fodder maize production with and without
riparian buffer strips of varying vegetation”. This chapter explores the unintended N2O
and CHs consequences and their global warming potential in fodder maize with and
without riparian buffers of varying vegetation primarily introduced for water quality

purposes.

Chapter 8: “Soil CO2 in fodder maize production with and without riparian buffer
strips of varying vegetation”. This chapter investigates the dynamics and soil and
environmental controls of soil CO: fluxes in fodder maize with and without riparian

buffer strips of varying vegetation.

Chapter 9: “Emissions of NO, N20, N2, and CO2 from soils sourced from a
cropland and riparian buffer soils with different vegetation”. This chapter explores the
potential of denitrification to produce NO, N20, N2, and CO: in soils sourced from the
upslope cropland and downslope riparian buffer with different vegetation. A
specialized Denitrification System (DENIS) that enables the incubation of different

amended soils was used for the current chapter’s experiments.

Chapter 10: “Synthesis and recommendations.” This chapter synthesizes the
findings of the thesis, provides general conclusions on the set objectives and provides

recommendations for future research.
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Abstract

Riparian buffer strips, transitionary boundaries between utilized agricultural
land and water bodies, are widely used to intercept, and process surface and
subsurface NPS including N run-off. The N-processing in riparian buffers may result
in increased production of environmentally harmful greenhouse gases including N20.
In 2006, the IPCC advised that GHG inventories for agricultural lands could be
improved by including additional measurements from riparian buffers to help identify
key controls and the extent and magnitude of these emissions from riparian buffers.
Here, a meta-analysis of studies was conducted comparing N2O emissions from
riparian buffers and their adjacent utilized agricultural land they serve and further
explored the controlling factors. It was identified that while there is growing literature
guantifying N2O emissions from different land uses, comparative assessments of N2O
emissions from riparian buffers and adjacent croplands remain limited. This was
evident in our literature database that synthesized data from 13 studies published
between 1980-2021: 44 data points with n = 22 from croplands and n = 22 for riparian
buffers. The results of the meta-analysis showed that croplands generated significantly
higher N2O emissions compared to the riparian buffers. The emissions of N2O were
driven by elevation (p = 0.029), land use (p <0.0001), soil texture (p = 0.018), soil bulk
density (BD) (p <0.0001), total carbon (C) (p <0.0001), C: N ratio (p <0.0001), and
ammonium N (NH4*-N) (p <0.0001). Although lower than in the croplands, the extent
of the N20 emissions in the riparian buffers (32% of the croplands N20) shows that
riparian buffers may require attention when accounting for N20 budgets from

agricultural land.
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2.1 Introduction

Riparian buffers are transitionary areas disconnecting utilized agricultural land
and water bodies (Naiman et al., 2010). They deliver a wide range of ecosystem
services, including regulation of erosion and water quality, and serve as important
habitats in support of biodiversity; thus, they are common features in most
agroecosystems worldwide especially since agricultural policy instruments in many
countries have driven their installation (Gundersen et al., 2010; Naiman et al., 2010).
The unique location of riparian buffers in the landscape (usually in the foot slope
between utilized agricultural land and freshwater) is critical for their capacity to
moderate the delivery of pollutants such as N, P (O'donnell and Jones, 2006) and
pesticides (Tonderski, 1996) derived from upslope agricultural land to freshwater
ecosystems (Hubbard et al., 2004).

Some studies have advocated riparian buffers as practical tools for effectively
controlling NPS pollution (Mitsch et al., 2001) and have underscored the use of buffers
as an effective intervention for soil and water resource conservation (Lowrance et al.,
2002). Riparian buffers can moderate chemical inputs from adjacent utilized
agricultural land through storage, immobilization, transformation, and filtration, and by
retention of sediments before they reach freshwater ecosystems (Schultz et al., 2000).
Soil properties (i.e., reported in the meta-analysis herein) such as soil bulk density,
soil organic and mineral N, and C developing under the riparian buffer vegetation have
been reported to play a significant role in facilitating these regulatory functions
(Groffman et al., 1998; Seobi et al., 2005; Tufekcioglu et al., 2001).

The impacts of riparian buffers on water quality and soil conservation have been
studied extensively (Sabater et al., 2003), but their quantitative role in total GHG

emissions, including N20, is still not well understood (Gundersen et al., 2010; Hefting
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et al.,, 2003; Soosaar et al.,, 2011; Teiter and Mander, 2005) and, in particular,
comparisons with emissions from immediately adjacent croplands remain especially
scant (Kim et al., 2009).

Seasonally variable water tables are an important characteristic of riparian
buffer ecosystems, which through constant contact with different soil layers, may
influence biological activities that stimulate N2O production (Jacinthe et al., 2015;
McLain and Martens, 2006). During wet seasons, riparian buffers are subject to
constant nutrient replenishment due to surface and subsurface run-off and leaching
from adjacent agricultural land (Fisher et al., 2014). Compared to utilized agricultural
land, riparian buffer vegetation may influence some soil properties suitable for the
production of N2O (Berglund and Berglund, 2011; Mukherjee et al., 2014). For
instance, riparian buffer vegetation recycles organic matter, elevating soil C, which,
together with the commonplace significant NOs loads from adjacent utilized
agricultural fields, stimulates N2O emissions from such riparian buffer areas (Groffman
et al., 1998; Mitsch et al., 2001).

Nitrous oxide is a radiative air pollutant of primary environmental concern, with
agriculture representing about 60% of total global anthropogenic N2O emissions
(Syakila and Kroeze, 2011). Atmospheric N2O plays a pivotal role as a precursor in
ozone layer depletion and contributes to the greenhouse effect (IPCC, 2008; 2014).
Although N20 is emitted in relatively smaller amounts than COg, it has a high GWP;
i.e., 298-times more powerful than that of CO2 over a 100-year horizon (Forster et al.,
2007; IPCC, 2006). Given that riparian buffers may be hotspots for environmentally
harmful gases such as N20, it is evident that trade-offs may counter their benefits for
water quality protection for atmospheric emissions (Groffman et al., 2000). Further,

Groffman et al. (2002) recommended that N2O inventories might be improved by
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including additional measurements from riparian buffers to identify the extent of such
emissions and their key controlling factors. Accordingly, the objectives of this study
were to: (i) compare the extent of N2O emissions for croplands and their adjacent

riparian buffers, and (ii) distinguish biophysical factors controlling N20 in both

croplands and riparian buffers through a meta-analysis of available global data.

2.2 Materials and Methods

2.2.1 The database

The literature search on the Web of Science (https://webofknowledge.com/), Scopus,

and Science Direct, only included studies conducted and published between 1980 and
2021. The search was performed using the keywords: "agricultural land, OR, cropland
AND, nitrous oxide, OR N20*, AND, grass riparian buffer, OR woodland riparian buffer,
OR willow riparian buffer, OR riparian filter strips”. A total of 61 manuscripts, of which
only 13 manuscripts compared N20 emissions between croplands and their adjacent
riparian buffers. From these studies 44 observations (n = 22 for both croplands and
riparian buffers) were obtained.

To be included in the database, the study had to meet the following criteria:

I. A study where the source of N-pollutants intercepted by the riparian
buffer vegetation was an adjacent agricultural field planted with cereal
crops and non-grazed fodder pastures.

. The study assessed N20 emissions in both the utilized cropland and its
adjacent riparian buffers.

iii. The study had appropriate vegetation in the buffer areas: e.g., (a)

grassland riparian buffer and (b) forest riparian buffer.
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iv. Values of N20 were recorded as either original data for each year of
experimentation, or as sample replicates, or as a mean of each
treatment (e.g., for grassland riparian buffer) with sample size and
standard deviation (SD) or standard error (SE).

V. The riparian buffer was not fertilized directly.

2.2.2 Objective of the meta-analysis
The objectives of the meta-analysis are to: (i) combine information from different
studies to identify explanatory variables that showed evidence of relationships with
N20. Moreover, (i) to fit a meta-regression model and further use it to estimate
expected N20 for each level of the different explanatory variables, particularly to

determine if there were differences as influenced by land use.

2.2.3 Explanatory variables
The explanatory variables considered were: (i) humber of experimental years, (ii)
Kdppen climate classification, (iii) latitude, (iv) longitude, (v) elevation, (vi) mean
annual precipitation (MAP), (vii) mean annual temperature (MAT), (viii)) land use in the
upslope of the riparian buffers, (ix) vegetation type, and (X) soil texture. The other
explanatory variables considered were soil pH, bulk density (BD), total C, total N, C:
N ratio, NO3s™-N, and NH4*-N. Variables including microbial biomass N and C, fertilizer
type and rates used in the croplands, dissolved organic C, N and C mineralization, soil
temperature, and water-filled pore spaces or soil moisture were only reported by some

studies and thus were discarded from the meta-analysis.

2.2.4 Data processing and analysis

R version 4.0.2. (https://www.r-project.org/) was used to perform all statistical

analysis.
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2.2.4.1 Model details
The metafor package was used to fit weighted linear regression models, with a random
structure (Ref/ob) accounting for variation between studies that were not accounted
for by the variables included in the fixed structure of the model and accounting for
paired observations (i.e., cropland and riparian buffer from the same study). For each
model mentioned below, the response variable was Log(N2O) — N2O was log-
transformed to satisfy the assumptions of the analysis. The fixed structure of each
model included one or more of the explanatory variables (a different subset for each
model considered) as detailed in the model outputs below. Each observation was
weighted by the inverse of its standard error — meaning that observations with
substantial uncertainty (sizeable standard error) had a lower contribution to fitted

models than those with less uncertainty (minor standard errors).

2.2.4.2 Simple analyses of each variable
In the initial step of the analysis, each explanatory variable was considered separately;
thus, each model contained only one explanatory variable. For each model, p-values
of the test of moderators were used to indicate whether each explanatory variable

displayed a relationship with log (N20).

2.2.4.3 Main analysis-combined model for significant variables
The main analysis aimed to build a model containing multiple explanatory variables
that could predict the value of log (N20) for values of each variable. Variables showing
evidence of a relationship in the above step were included in the model selection
process, and interactions between variables were considered. The model was
selected based on an exhaustive search using bias-corrected Akaike's information
criterion (AICc) (Fitzmaurice et al.,, 2012). There was evidence that including an

interaction between elevation and land use was beneficial (AlCc decreased from 152.5
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to 149.5). However, one study had an extremely high elevation value, which may have
significantly influenced the fitted model. When this extreme value was excluded, the
effect of elevation was no longer statistically significant, and the best model included
land use, soil texture, and interaction. This was also the best model if the elevation
was excluded from the selection procedure. Therefore, the final model presented was

Log (N20) ~ Land use + texture + Land use: texture.

2.2.4.4 Supplementary analyses of excluded variables
Each excluded explanatory variable (mentioned in section 2.2.4.3) was considered
separately (where possible) using the same model form as detailed in section 2.2.4.2.
The p—values from the test of moderator variables indicated whether each variable
showed evidence of a relationship with log (N2O). Since these variables had some
missing values, these models were fitted to smaller datasets and are less reliable.

Therefore, more evidence is required to support any of the relationships indicated.

2.3 Results

2.3.1 Data availability
Only 21.3% of the 61 observations found in the literature were used for analysis, and
the remainder were discarded on the basis that they did not compare N2O emissions
between croplands and adjacent riparian buffers but, instead, compared emissions
amongst different riparian buffer vegetation (77%) or were compromised for the
purposes of our meta-analysis by missing information including the standard error of
the mean (SEM) (2%). Table 2.1 shows a list of publications used in the meta-analysis.
Of all the campaigns, 46% were from the USA, 23% from Canada, 8% from Chile, 8%

from the Netherlands, 8% from Thailand, and 8% from France.
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Table 2. 1: Publications (1980-2021; n=13) gathered for the systematic review

and passed the screening criteria for data extraction.

Author Year Country Journal Volume Pages
Baskerville et al. 2021 Canada EM 67 371-383
Bradley et al. 2008 Canada ASE 47 6-13
Cuevas et al. 2020 Chile JSSPN 20 1859-1879
Davis et al. 2019 USA JEQ 48 261-269
Fisher et al. 2014 USA JEQ 43 338-348
Groh et al. 2015 USA JEQ 44 1001-1010
Hefting et al. 2003 Netherlands JEQ 32 1194-1203
Igbal et al. 2015 USA SSSAJ 79 239-250
Kachenchart et al. 2012 Thailand AEE 158 15-30
Kim et al. 2009 USA BD 6 607-650
Mafa-Attoye et al. 2020 Canada STOTEN 724 138-148
Salehin et al. 2020 USA S 12 6014
Vilain et al. 2010 France AFM 150 1192-1202

Note: EM (Environmental Management: n= 1); ASE (Applied Soil Ecology: n = 1); JSSPN (Journal of Soil Science and
Plant Nutrition: n= 1); JEQ (Journal of Environmental Quality: n= 3); SSSAJ (Soil Science Society of America Journal:
N=1); AEE (Agriculture, Ecosystem and Environment: n=1); BD (Biogeosciences Discussions: n=1); STOTEN (Science

of the Total Environment: n=1); S (Sustainability: n=1); AFM (Agricultural and Forest Meteorology: n=1).

2.3.2 N20 range and proxy measurements
In the croplands, soil N2O emissions ranged from 1.16 (Baskerville et al., 2021) to 24.0
kg hat year! (Kim et al.,, 2009). On the other hand, in the riparian buffers, N20
emissions ranged from 0.08 (Mafa-Attoye et al., 2020) to 9.3 kg ha! year!(Bradley et
al., 2011) (Figure 2.1). Table 2.2 shows that soil pH ranged from 5.7 (Cuevas et al.,
2020) to 7.8 (Salehin et al., 2020) in the croplands and from 5.1 (Cuevas et al., 2020)
to 7.8 (Mafa-Attoye et al., 2020) in the riparian buffers. Soil BD ranged from 0.7
(Cuevas et al., 2020) to 1.7 (Kim et al., 2009) g cm2in the croplands and from 0.6
(Baskerville et al., 2021) to 1.4 (Kachenchart et al., 2012) g cm in the riparian buffers.
Total C ranged from 12.5 (Vilain et al., 2010) to 62 (Cuevas et al., 2020) g kg in the
croplands and from 16.9 (Vilain et al., 2010) to 91 (Cuevas et al., 2020) g kg in the
riparian buffers. Total N ranged from 0.9 (Kachenchart et al., 2012) to 29.7 (Mafa-
Attoye et al., 2020) g kg in the croplands and from 1.2 (Kachenchart et al., 2012) to

19.6 (Mafa-Attoye et al., 2020) g kg in the riparian buffers. In the croplands, the soil
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C: N ratio ranged from 1.5 (Mafa-Attoye et al., 2020) to 20.5 (Cuevas et al., 2020),
while in the riparian buffers, ratios ranged from 2.2 (Mafa-Attoye et al., 2020) to 18.5
(Cuevas et al., 2020). Soil NOs ranged from 1.2 (Kim et al., 2009) to 53.8 (Mafa-Attoye
etal., 2020) mg kg in the croplands and from 0.2 (Kim et al., 2009) to 46.4 (Baskerville
et al., 2021) mg kg in the riparian buffers. Soil NH4*-N ranged from 1.7 (Kim et al.,
2009) to 11.1 (Igbal et al., 2015) mg kg* in the croplands and from 3.1 (Bradley et al.,

2011) to 8.7 (Igbal et al., 2015) in the riparian buffers.

Table 2. 2: Descriptive statistics of the soil variables whose relationships were tested

against log (N20)

Cropland Riparian Buffer

Variable Mean Min. Max. Mean Min. Max.
pH 6.7 5.7 7.8 6.9 5.1 7.8
BD (g cm3) 1.4 0.7 1.7 1.04 0.6 14
Total C (g kg™?) 28.8 12.5 62 45.4 16.9 91
Total N (g kg™?) 6.9 0.9 29.7 6.1 1.2 19.6
C:N 10.9 15 20.5 111 2.2 18.5
NOs -N (mg kg™) 21.6 1.2 53.8 11.6 0.2 46.4
NH4*-N (mg kg™) 5.1 1.7 11.1 5.8 3.11 8.7

Soil N2O was shown to be influenced by loamy soils in both the croplands and

riparian buffers compared to sandy and clayey soils (Figure 2.1).
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Figure 2. 1: Predicted soil texture influences on log (N20) in the cropland and
the riparian buffers with 95% confidence intervals.

The mean soil N20 from the croplands was 7.8 £ 1.6 kg N ha! year?, while the

corresponding mean from the riparian buffers was 2.5 + 0.5 kg N ha! year? (Figure

2.2).
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Figure 2. 2: Land use effects on observed N20 emissions in the
croplands (n=22) and the riparian buffers (n=22). Whiskers denote 95%
confidence interval and dots denote outliers.
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2.3.3 Initial single moderator models and model selection
Table 2.3 shows the results of the initial single moderator model. Only three variables
exhibited statistically significant effects at a 5% significance level from all the factors
analysed. These were elevation (p = 0.029), land use (p <0.0001) and soil texture (p

= 0.018).

Table 2. 3: p-values indicating evidence of relationships for explanatory variables

with log (N20) in simple models described in section 2.2.4.2.

Explanatory variables p-value for test of moderator model
Number of experiment years 0.4904
Koppen Geiger climate class 0.0649
Latitude 0.6042
Longitude 0.9867
Elevation 0.02861
MAP 0.3196
MAT 0.9756
Land use <0.0001
Buffer type 0.9841
Soil texture 0.0182

TBold explanatory variables and their values are significant

Table 2.4 shows the supplementary simple analysis results for the variables
excluded from the main analysis, and of all the collected variables, only four factors
were significant at the 5% significance level. These were soil BD (p <0.0001), total C

(p <0.0001), C: N ratio (p <0.0001) and NH4*-N (p <0.0001).
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Table 2. 4: p-values from models described in section 2.2.4.4 indicating soil
explanatory variables' relationship with log (N20).

Soil explanatory variables p-values
pH 0.5819
BD <0.0001*f
Total C <0.0001
Total N 0.3881
C:N <0.0001
NOs -N 0.0771
NH4* -N <0.0001

TBold explanatory variables and their values are significant

2.4 Discussion

2.4.1 Limitations in reported data
Although all the publications used in the current meta-analysis reported soil N2O
emissions from croplands and adjacent riparian buffers, some essential soil and
environmental variables were often lacking in some of the studies. All studies
described factors including climate, elevation, MAP, MAT, land use type, and soll
texture, but not all the studies considered critical factors such as soil BD, total C, and
N, NOs™-N, and NH4*-N. Only a few studies reported microbial biomass N and C,
fertilizer type and rates used in the croplands, dissolved organic C, N and C
mineralization, soil temperature, and water-filled pore space or soil moisture; hence

these variables were excluded from the meta-analysis.

2.4.2 Reported N20 and its drivers within the different land-uses
Elevation directly influences soil N20O emissions (Martinson et al., 2013; Sousa Neto
et al.,, 2011; Teh et al., 2014). Elevation was significantly correlated with soil N2O
emissions in the current meta-analysis; however, this was driven by one extreme
study, so more evidence is needed to confirm this effect (Table 2.3). For instance, the
aforementioned authors observed that lower soil elevations increased plant litter fall

input (increasing N and C for microbial reactions), maintained higher soil temperature,
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and had more significant soil moisture contents, promoting denitrification and,

consequently, higher N20O emissions; all of which declined with increasing altitudes.

Land use has been recognized to influence soil N2O emissions by numerous
authors, particularly Kachenchart et al. (2012), Alvaro-Fuentes et al. (2017), and
Leifeld (2018). Similar to these previous studies, the current meta-analysis found a
significant effect of different land-uses on soil N2O (Table 2.3). The previous studies
reported that soil properties prevailing under different land uses were significant
drivers of soil N20. For instance, Alvaro-Fuentes et al. (2017) credited the direct
application of N fertilizer to cropland as one of the primary drivers of the high N20
emissions compared to unfertilized abandoned and afforested lands in riparian zones
which had lower emissions. Like the previous author, Leifeld (2018) also reported
higher N2O emissions in cropland compared to both a forest and grassland, crediting
the higher N20 in the cropland to the application of N fertilizer. Contrary to the previous
authors, however, Kachenchart et al. (2012) reported significantly high N2O emissions
from leguminous afforestation compared to a fertilized maize crop and credited high
soil moisture, increased denitrification, and microbial biomass C, but not nitrification
as drivers of the high N20 in the leguminous afforestation. This highlights that N-
fertilized croplands may emit more N20 than unfertilized lands, but some prevailing
conditions in the non-directly fertilized riparian lands may promote processes such as

denitrification, which elevate N2O emissions.

Several authors, including Skiba and Ball (2002), Harrison-Kirk et al. (2013),
and Yu et al. (2019), have studied soil texture as one of the drivers of soil N20O. Similar
to these authors, the current meta-analysis showed that loamy soils significantly
elevated N20 losses, leading to higher emissions than from clayey and sandy soils in
both the croplands and the riparian buffers (Figure 2.1). Also, the meta-analysis
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revealed a significant relationship between soil texture and N20O (Table 2.3). For
instance, Yu et al. (2019) reported higher N20O emissions from a sandy clay loam and
credited it to enhanced N mineralization and fungal denitrification rates and
comparatively lower N20 in silty clay loam soils. Harrison-Kirk et al. (2013) reported
that higher N20 emissions from a clay loam soil compared with a silt loam resulted
from available C (i.e., high organic matter content) and sufficiently high soil moisture
content for microbial processes.

Soil BD showed a significant relationship with soil N2O, which shows that soil
BD was one of the significant drivers of N2O across the different land uses (Table 2.4),
similar to observations reported by Simek et al. (2006) and Klefoth et al. (2014). The
aforementioned authors observed that low soil BD improved soil gas diffusivity from
production microsites to the soil surface, whilst higher soil BD impeded soil gas
diffusivity, which further reduced N20 to N2 before it could reach the soil surface.
Contrary to the observations of the previous authors, however, the current meta-
analysis showed that the croplands, which had a higher range and mean soil BD,
exhibited significantly higher soil N2O emissions than the riparian buffers, which had a
lower range and mean soil BD (Table 2.2 and Figure 2.2). This signifies that other soil
variables and factors could have masked the role of soil BD in influencing soil N2O
emissions, as reported by Wang et al. (2018) and Mazzetto et al. (2020), who
recognized soil pH and N fertilizer, respectively, to be chief modifiers of soil N20.

Denitrification is one of the significant N2O-producing microbial reactions; it is
carried out by facultative anaerobes and involves an electron transfer between N and
C, thus making a supply of C a usual requirement for the process (Hume et al., 2002;
Mitchell et al., 2013). In the current meta-analysis, significant relationships were found

between total C and N20 emissions (Table 2.4). For instance, (Mitchell et al., 2013)
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reported that C, especially with a highly labile fraction, was an essential control for
N20 emissions in soils. To further reiterate the role of C in N2O emissions, Li et al.
(2005) observed that C sequestration in arable soils increased soil N20, thus
counteracting the effort to reduce radiative forcing from arable systems. On the
contrary to these authors, however, in the current meta-analysis, the riparian buffers
had a higher range and mean total C than the croplands, but the latter generated
higher N2O emissions. This could mean that the croplands recycled highly labile C,
which promoted N20-producing reactions, including denitrification, similar to Dlamini
et al. (2020), but the information on C fractions was not available from the reviewed
studies to confirm this in the current meta-analysis.

Low soil C: N ratios have been recognized to increase soil N2O emissions in
several studies including, for example, Huang et al. 2004; Ernfors et al. (2007), Chen
et al. (2013) and Shan and Yan (2013). The findings of the current meta-analysis were
in line with the findings of these specific studies, since the croplands, which had a
lower mean C: N ratio (10.9), exhibited a significantly higher N2O emission compared
to the riparian buffers, which had a higher mean C: N ratio (11.1) (Table 2.2 and Figure
2.2). A low C: N ratio in the soil suggests that N-rich substrates are found in the soll
for N2O-producing microbial reactions; i.e., denitrification and nitrification (Baggs et al.,
2000; Millar and Baggs, 2005), hence the resultant increase in N20O emissions. These
relationships have been further attested to negative correlations between soil N2O
emissions and C: N ratios in many studies (Huang et al., 2004; Toma and Hatano,
2007).

Soil N2O was found to be significantly related to soil NH4*-N (Table 2.4), similar
to other studies including, for instance, Singh et al. (2013) and Harty et al. (2016).

These authors observed that NH4*-N increased N20O emissions in soils, especially
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when other factors, i.e., soil moisture, were not limiting to the N20-producing
processes. From the current analysis, the cropland with a more extensive range and
mean soil NH4*-N generated significantly higher N2O emissions than the riparian
buffers, which had a lower range and mean soil NH4*-N. The findings of the current
meta-analysis are in line with the work of other authors, including Venterea et al.
(2005) and Hink et al. (2018), who credited greater N2O emissions to high soil NH4*-
N supply. Soil NH4*-N is one of the major substrates for N2O-producing microbes, i.e.,
denitrifiers and nitrifiers; hence its increase in soils stimulates soil N2O emissions
(Harty et al., 2016; Webb et al., 2014).
2.4.3 Implications for N20O inventories of croplands

In order to be considered an air quality threat, riparian buffers must emit significantly
greater N2O emissions than adjacent croplands (Fisher et al., 2014). The current
review revealed that riparian buffers are generally a less important air quality threat
compared to adjacent croplands. However, considering that riparian buffers are not
directly N-fertilized they still emitted ~32% of the total N2O obtained from the N-
fertilized croplands. This signifies that although N2O emissions from riparian buffers
are generally lower than in croplands, they have the potential to contribute significantly
to the total N2O budgets for agricultural land, especially where they are introduced
extensively for protecting water quality and other ecosystem services. Overall, despite
emitting significantly less N2O compared to adjacent croplands, this review shows that
N20 emissions from riparian buffers are relevant, and that their emissions should be
taken into account where they are implemented extensively (Figure 2.2). This supports

the recommendation of the IPCC (2006).
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2.5 Conclusion

The findings of the meta-analysis showed that elevation, land-use differences,
total C, C: N ratio, and NH4* N were major drivers of N2O emissions from both the
croplands and riparian buffers. The results of the meta-analysis further revealed that
croplands generate significantly higher N2O emissions compared to the adjacent
riparian buffers. Despite being characterized by lower N2O emissions, the analysis
shows that further attention must be given to including values from riparian buffers
when accounting for N20 budgets from agricultural land to improve existing

inventories.
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CHAPTER 3.0

MATERIALS AND METHODS

3.1 Study Site Description

The replicated bounded plots used in this experiment are located at
Rothamsted Research, North Wyke, Devon, United Kingdom (50°46" 10N, 3°
54’05 "E). The facility is situated at an altitude of 177 m above sea level, has a 36-
year (from 1982 to 2018) mean annual precipitation (MAP) of 1033 mm and a mean
annual temperature (MAT) of 10.1°C (Orr et al., 2016). The slope is 8°, and soils
primarily belong to the Hallsworth series (Clayden and Hollis, 1985), but with dystric
gleysols (FAO, 2006); a stony clay loam topsoil comprising 15.7% sand, 47.7% clay,
and 36.6% silt (Armstrong and Garwood, 1991), overlying a mottled stony clay, derived
from Carboniferous Culm rocks. Below the topsolil layer, the subsoil is impermeable to
water and is seasonally waterlogged; most excess water moves by surface and sub-
surface lateral flow across the clay layer (Orr et al., 2016), which made the site suitable
for the current experiments. Some soil parameters at the commencement of the
current experiment in June 2018, are shown in Table 3.1. This experiment forms part
of a project investigating the environmental and economic efficiency of diverse types

of vegetated buffer strips. The treatments were established in 2016.

3.2 Experimental Design and Treatments
The experiment was laid out as three blocks of four plots, with four treatments
replicated three times on the twelve plots (Figure 3.1). The four treatments comprised

three different riparian buffer strip vegetation (grass, willow, and woodland, riparian
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buffers) and a no-buffer control, each with a permanent upslope pasture (Figure 3.1).
Each plot consisted of the main crop area and a control (no buffer) area or a buffer
(sown with one of three riparian buffer vegetation covers) area. Each plot was 46-m in
length and 10 m wide; the main upslope pasture (area ‘a’ in Figure 3.1) being 34 m in
length (340-m?) and the buffer strip being 12-m (120-m?) (areas ‘b’ and ‘¢’ in Figure
3.1, see description below). Area “b” was planted with three different riparian buffer

vegetation types (10-m x 10-m). Area “c” was an untouched strip of existing vegetation

measuring 2-m x 10-m.

Area s’
1op & bottom chambers

plastic lined/gravel
backfilled trench  12m buffer strip

Key “

. grass or fodder maize
m v-notch weir and sampling point .

D interceptor drains

[y

1 plot number

Figure 3. 1: Schematic of the replicated plot, treatment, and chamber layout, and their

location at NorthWyke, United Kingdom.
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In order to hydrologically isolate each plot, a plastic-lined and gravel-filled
trench was installed to a depth of 1.40m to avoid the lateral flow of water and
associated pollutants, including nutrients (Figure 3.1). The upslope plot was managed
as a three-cut silage crop, with a permanent pasture dominated by ryegrass (Lolium
perenne L.), Yorkshire fog (Holcus lanatus L.), and creeping bentgrass (Agrostis
stolonifera L.). Fertilizer N (as NH4"-N; Nitram), P (as P20s, triple superphosphate),
and potassium (K; as K20; muriate of potash) were previously split-applied into three
silage cutting events, with annual rates of 180 (split: 80, 50, 50), 140 (split: 100, 25,
and 15) and 290 (split: 80, 100, and 80 and autumn: 30) kg ha™!, respectively. During
the current study, fertilizer was applied all at once in the upslope pasture at 50, 15,
and 80 kg ha? for N, P, and K, respectively, which were initially recommended by
routine soil analysis. Fertilizers were only applied to the upslope pasture and no buffer
control areas, with no fertilizer application occurring in the three vegetated riparian
buffer strips. Further details for the treatments are listed below:

i) No-Buffer control: plots with no-buffer strip at the base of the
hydrologically isolated slope. The area of land described as a no-buffer
control was always managed in exactly the same way as what is
described for the areas used for the upslope permanent pasture.

i) Grass Buffer: Novel grass buffer (Festulolium loliaceum cv. Prior) - The
novel grass was planted at the end of 2016 at a seeding rate of 5 kg ha
1. a recommended seeding rate for the species for the Devon area. The
novel grass hybrid was developed to be a dual-use grass species that
provides efficient forage production and could help mitigate flooding by

increasing water infiltration (Macleod et al., 2013). During the current
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study, the 3-year-old hybrid grass was about 80-cm tall and had never
been cut since planting in 2016.

Woodland Buffer: Deciduous woodland - Six species, namely
Pedunculate oak (Quercus robur L.), hazel (Corylus avellana L.),
Hornbeam (Carpinus betulus L.), Small-leaved lime (Tilia cordata Mill.),
Sweet chestnut (Castanea sativa Mill.) and Wych elm (Ulmus glabra
Huds.) were planted in the woodland buffer strips. Five individual plants
(each 40 cm in height and bare rooted) of each species were planted 1.6
m apart in rows 2-m apart in December 2016 in the 10 x 10-m area, with
1.5-m tall protection tubes used to remove risk of browsing by wild
herbivores (e.g., deer). Planting was done at a density of 3000 plants ha
1: a recommended planting density for the Devon area. The woodland
species were chosen for their ability to respond well to coppicing (where
the wood is cut to near ground level and the tree sends out new shoots
to form a stool the next growing season). The choice was also based on
financial incentives for planting woodland along riparian buffer zones
and, as well as it's potential for water quality improvement (Sydes and
Grime, 1981). This choice also fitted with the local agri-environment
payment scheme available at the time (Countryside Stewardship) for a
riparian buffer zone, so it would be something that farmers with
watercourses would be able to receive a payment for, in terms of getting
money to plant the trees in their riparian areas. During the current
experiment, the 3-year-old woodland trees were 1.6 m tall and had never

been cut since planting in 2016.
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iv) Willow Buffer: Bio-energy crop — Five willow cultivars, namely Cheviot,
Mourne, Hambleton, Endurance and Terra Nova (all Salix spp.); the first
three being newly developed cultivars and the latter being older ones.
Whips of willow approximately 30 cm in length were inserted flush into
the ground in May of 2016 at a population of 200 plants per 10 m x 10 m
area: a recommended planting density for willows in the Devon area.
The willow cultivars were chosen from the National Willow Collection
based at Rothamsted Research, Harpenden site to be suitable for
growing in the wet clay-rich soils of the Devon site. They were also
chosen based on their high capacity for pollutant uptake and their use
for soil bioremediation (Aronsson and Perttu, 2001). During the current
experiment, the 3-year-old willow trees were about 3-m tall and had not

been cut since planting in 2016.

Area ‘c’ is a requirement for cross-compliance in England whereby farmers with
watercourses must adhere to GAEC (Good Agricultural and Environmental Condition)
rule 1; establishment of buffer strips along watercourses (DEFRA, 2019). All the areas
within the 10 m x 10 m (10 m length is a GAEC recommended N fertilizer application
distance away from surface waters) managed riparian buffer strips were sprayed with
glyphosate to remove the existing vegetation in spring 2016. The grass riparian buffer
strips were cultivated, and the seed was sown as described above, while the willow

and woodland buffers had the trees planted within the swathe of dead grass.

3.2.1 Sampling design
Each plot consisted of the main crop area with one chamber and either a control (no-

buffer) area with a single chamber or a buffer area (sown with one of three riparian

50



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02’&

buffer vegetation covers) that had two chambers (upper and lower). The three no-
buffer control plots on the experiment had a chamber box situated at a similar position
on the slope to where the buffer strip boxes were, but they were still part of the fertilized

crop area (Figure 3.1).

3.3 Measurements

3.3.1 Gas measurement and laboratory analysis

3.3.1.1 Field sampling and laboratory analysis
Nitrous oxide, CHa, and CO2 fluxes were measured using the static chamber technique
(Chadwick et al., 2014; De Klein and Harvey, 2012). The polyvinyl chloride (PVC)
chambers were square frames with lids (40 cm width x 40 cm length x 25 cm height)
with an internal base area of 0.16 m2. Thirty-three chamber collars were inserted to a
depth of 5 cm below the soil surface using a steel base, and installation points were
marked using a hand-held global positioning system (GPS; Trimble, California, USA)
so that they could be reinserted into the same positions after removing them during
some agronomic practices i.e., silage cutting, tillage, seed drilling. In the woodland
and willow riparian buffers, chambers were installed in-between two rows, while in the
no-buffer control, and grass riparian buffer treatments, and the upslope pasture,
chambers were installed in pre-determined positions (Figure 3.1). The chambers were
installed in the following configuration: (i) in area ‘a’ there was one chamber on the top
of the plot (called area “a” top chamber); in the no-buffer control plots there was an
additional chamber near the bottom of the plot (called area “a” bottom chamber); (ii) in
area ‘b’ there were 2 chambers, one on the top and one on the bottom of the treatment

buffer strip (called area ‘b’ top and bottom chambers, respectively).
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Gas sampling was conducted periodically from June 2018 to October 2019 (18
sampling events in permanent pasture between June 2018 to March 2019 and 16
sampling events in maize between May and October 2019), between 10:00 and 13:00,
using 60-mL syringes and pre-evacuated 22-ml vials fitted with butyl rubber septa. At
each sampling occasion, samples were collected at four-time intervals (0, 20, 40, and
60 minutes) from three chambers to account for the non-linear increase in gas
concentration with deployment time and to adequately assess the quality of the
calculated flux (Grandy et al., 2006; Kaiser et al., 1996). The remaining chambers were
sampled terminally at 40 minutes after closure (Chadwick et al., 2014). Additionally,
ten ambient gas samples were collected adjacent to the experimental area: five at the
start and another five at the end of each sampling event. A Perkin Elmer Clarus 500
gas chromatograph (Perkin Elmer Instruments, Beaconsfield, UK) fitted with a
Turbomatrix 110 automated headspace sampler with an electron capture detector
(ECD) set at 300°C was used for N2O analysis and a flame ionization detector (FID)
was used for CHs and CO2 analysis, after applying a 5-standard linear regression
calibration. Separation was achieved by Perkin Elmer Elite-PLOT mega bore capillary
column, 30 m long and 0.53 mm Column Inside Diameter (ID), maintained at 35°C; N2
was used as a carrier gas (Cardenas et al., 2016).

3.3.1.2 Gas flux determination
As suggested by Conen and Smith (2000), soil gas fluxes were calculated based on
the rate of change in concentration (ppm) within the chamber, which was estimated as
the slope of a linear regression between concentration and chamber closure time. Gas
fluxes were computed using the Livingston and Hutchinson (1995) model (equation

3.1):
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(Eq.3.1)

Where: 6Cn/&: is the rate of change in gas concentration (umol mol™' min~1); V
is the chamber headspace volume; M is the molecular weight of each measured gas;
A is the base area of the chamber, and Vmo is the volume of one mole of each
measured gas at 20°C (0.024 m?3).

The quality of a calculated flux was adequately assessed using the goodness
of fit test and/or by visual inspection; plateauing of gas concentration over time, and

data that failed to meet the linearity standards were rejected (Collier et al.,2014).

3.3.1.3 Cumulative flux determination and global warming potential (GWP)
calculation
Cumulative N20, CHa4, and CO:2 fluxes were estimated by calculating the area under
the gas flux curve after linear interpolation between sampling points (Mosier et al.,
1996). The GWP of CH4 and N20 are respectively 28 and 310 times that of CO2 (IPCC,
2014). Therefore, GWP was estimated by multiplying total CH4 and N20 fluxes by 28,

and 310, respectively (Del Grosso et al., 2008).

3.3.2 Soil analyses
Soil pH was measured with a pH meter (Jenway, Stafforshire, UK) using a soil
suspension (1:2.5 soil: water ratio), and soil organic matter (OM) was determined
using the loss-on-ignition (LOI) technique (Wilke, 2005). Composite soil samples (0—
10 cm), made up of four random sub-samples, were collected monthly within 1 m of
each chamber using a soil corer with a semi-cylindrical gouge auger (2—3 cm diameter)
(Poulton et al., 2018). Total oxidized N (TO-N) [nitrite (NO2") and nitrate (NO3z’)] and

ammonium N (NH4*) were quantified by extracting field-moist 20 g soil samples using
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2 M KCl and a 1:5 soil: extractant ratio; analysis was performed using an AquakemTM

analyser (Thermo Fisher Scientific, Finland).

3.3.3 Percent water-filled pore space (% WFPS)
At every gas sampling occasion, composite soil samples (0-10 cm) made of four
random sub-samples were collected within 1-m from each chamber using a soil corer
for gravimetric soil moisture determination. Dry bulk density was determined at the
start of the experiment next to each chamber using the core-cutter method (Amirinejad
et al., 2011) and was used to convert the gravimetric moisture determined during each

gas sampling event into percent %WFPS using equation 3.2 below:

%WFPS = x100  (Eq. 3.2)

BD
1-3%p

Where, WFPS is the water-filled pore spaces (expressed as %); VWC is the
volumetric water content (expressed as vol. %); BD is the soil bulk density (g cm);
PD is the soil particle density (2.65 g cm3) (Fichtner et al., 2019). The volumetric water

content was determined using the following equations 3.3 and 3.4 below:

VWC = @g (gg~1) * soil BD (Eq.3.3)

89 (gg) = 1wy M, (Eq.3.4)
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Where, @g (gg~1) is the gravimetric moisture content and My, (g) and Ms (g)

are the mass of water lost upon oven drying and the mass of the dry soil, respectively.

3.3.4 Soil temperature
Soil surface temperature was measured using a digital thermometer (Fischer
Scientific, UK) during each gas-sampling event.

3.3.5 Meteorological data
Average daily soil temperature at 10 and 30 cm depth, average daily precipitation,
minimum and maximum daily temperature, total daily solar radiation, and average
daily humidity were calculated from data measured at hourly intervals by an automatic
weather station near the replicated plot facility, courtesy of the Environmental Change
Network (ECN), at Rowden, Rothamsted Research, North Wyke (Lane, 1997; Rennie
et al., 2020).

3.3.6 Flow and water N
Surface run-off and sub-surface lateral flow from each of the hydrologically isolated
plots (i.e., combining riparian buffer and upslope pasture) was collected using
SampSys autosamplers (ENVITECH, UK) installed at 1.4 m below the soil surface
(Figure 3.2) in collection pits. Water samples were collected during storm events and
analysed for TON using photometric analysis. Flow-weighted mean N concentrations
(FWMC) were calculated by dividing the total N load over the experimental period
(concentration x time x flow) by the total flow (Davis et al., 2019; Mueller and Spabhr,

2005).
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Figure 3. 2: The automated SampSys samplers installed at the end of each

replicated plot (A) and the weirs for measuring run-off (B).
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Abstract

Riparian buffer strips can significantly reduce N transfers from agricultural land
to freshwater primarily via denitrification and plant uptake processes, but an
unintended trade-off can be elevated N20 production. Against this context, a replicated
bounded plot scale study investigated N2O emissions from un-grazed ryegrass
pasture served by three types of riparian buffer strips with different vegetation,
comprising: (i) novel deep-rooting grass, (ii) willow (establishment phase), and (iii)
deciduous woodland (also establishment phase). The experimental control was
ryegrass pasture with no buffer strip. Nitrous oxide emissions were measured
simultaneously as total oxidized N in run-off, and soil and environmental
characteristics in the riparian buffer strips and the upslope permanent pasture between
2018 and 2019. During most sampling days, the no-buffer control showed significantly
(p <0.05) greater N20 fluxes and a resultant cumulative N2O emissions than the
remainder of the treatments. The results of the current study also showed that the
grass riparian buffer strip was a sink of N2O equivalent to -2310.2 g ha' (95%
confidence interval: -535.5-492). Event-based water quality results obtained during
storms (12 November 2018 and 11 February 2019) showed that the willow riparian
buffer treatment had the highest flow-weighted mean N concentrations (FWMC) of
0.041 + 0.022 and 0.031 + 0.015 mg N L' when compared to the other treatments.
Riparian buffer strips with novel deep-rooting grass can therefore potentially address

emissions to both water and air.
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4.1 Introduction

Vegetated riparian buffer strips situated between agricultural fields and fresh
waterbodies are commonly seen as practical interventions for soil and water resource
conservation in agroecosystems (Lowrance et al., 2002). Numerous studies have
advocated riparian buffer strips as practical tools for controlling NPS pollution
effectively (Hubbard et al., 2004; Lowrance et al., 1984; Mitsch et al., 2001; Sabater
et al., 2003).

The inclusion of riparian buffer strips into agroecosystems has improved C
sequestration, water quality, and soil physical, chemical, and biological properties
(Paudel et al., 2011; Udawatta et al., 2009). Studies have shown that riparian buffer
strips can reduce N fluxes by up to 90% through a range of processes (Dukes et al.,
2002; Kuusemets et al., 2001; Zhao et al., 2009), including plant uptake, denitrification,
storage, immobilization and other transformation mechanisms impacting on the
chemical inputs from upslope utilized agricultural land (Gundersen et al., 2010; Jaynes
and Isenhart, 2014; Schultz et al., 2000).

Agricultural soils are an essential source of N20O, a potent GHG with a global
warming potential 298 times that of CO2 over a 100-year timescale (IPCC, 2007). The
soil and environmental factors driving major N2O producing processes, i.e.,
denitrification and nitrification, include the quantity and quality of labile C, hydrological
status, N availability, and Oz concentration (Firestone, 1982; Groffman et al., 1998).
Riparian buffer strips are often flooded given their juxtaposition to watercourses,
sustain high moisture contents from high water tables, and recycle organic matter
elevating soil organic C concentrations (Tufekcioglu et al., 2001), all of which promote
microbial denitrification. Agricultural land can be a significant source of NOs" in rivers

and estuaries (Howarth et al., 2012; Schultz et al., 2000; Zhang et al., 2014), and
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riparian buffer strip vegetation can help to intercept and process NOs™-rich surface
runoff and subsurface lateral flow from adjacent agricultural land (Groffman et al.,
1998; Hefting et al., 2003; Mitsch et al., 2001; Reay et al., 2012), which would
otherwise enter freshwaters. Production rates of N2O have been shown to increase
following increases in soil organic C and N since they are an energy source and
substrate for microbial N2O production, respectively (Choi et al., 2006; Garcia and
Tiedje, 1982). Denitrification; an anaerobic process whereby soil microbes use NO3z
under O:2 limitation to produce N20 and N2 (Lowrance, 1992), is an effective
mechanism for NOs  removal in riparian buffer strips, with rates ranging between 2 and
7 g N m2year? (Groffman and Hanson, 1997; Kim et al., 2009a; Watts and Seitzinger,
2000). Thus, N transformation within riparian buffer strips with high NOs" loads from
intensively managed adjacent agricultural land may result in considerable N20
emissions (Groffman et al., 1998).

Globally, N2O has been increasing at a rate of 3.8 - 5.1% per annum since the
1990s, and it is the most ozone-depleting substance of the 215t century (Ravishankara
et al., 2009; Reay et al., 2012). Currently, N2O emissions from agroecosystems
represent about 60% of all anthropogenic-derived N2O emissions (Smith et al., 2007).
Considering the role of N2O in ozone depletion (Ravishankara et al., 2009), and the
importance of denitrification on N20 production in riparian buffer strips (Bradley et al.,
2011), the increased denitrification rates associated with the insertion of riparian buffer
strips may result in unintended trade-offs between emissions to water and air
(Groffman et al., 2000; Groffman et al., 1998). Therefore, it is critical to evaluate,
compare and understand the extent of N2O emissions from riparian buffer strips and

upslope agricultural land through replicated experimental field measurements.
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Accordingly, the study hypothesized that riparian buffer strips are a source of
N20 emissions due to the movement of fertilizer N downslope that accumulates within
the riparian buffer area. The objectives of this study were to: (a) investigate soil and
environmental factors contributing to N2O emissions from both riparian buffer strips
with different vegetation and upslope permanent pasture; (b) test whether there is a
difference in daily N20 fluxes and cumulative N2O emissions between riparian buffers
strips with different vegetation and upslope permanent pasture, and; (c) identify if a
particular riparian buffer strip vegetation provides more significant reductions in N

transfers from agricultural land as leached N and N20O emissions.

4.2 Materials and Methods

Information on the chapter’s (i) study site description, (ii) experimental design
and treatments, and (iii) field measurements are detailed in Chapter 3 (section 3.2).
The methodology described below (Statistical methods) is specific to this chapter,

which is not presented under chapter 3.

4.2.1 Statistical analysis
Linear mixed models (LMMs) were used to determine whether the measured soil
variables (BD, pH, NH4*, TON, and %WFPS) or cumulative N20 differed with
treatment. NH4* and TON were logio transformed, and cumulative N2O was square
root transformed to satisfy the homogeneity of variance assumption of the analysis.
The random structure of each model (accounting for the structure of the experiment)
was block/plot/chamber. The fixed structure (accounting for treatment effects) was
areal(treatment crop*buffer area), where area is a comparison of the upslope pasture,
no-buffer-control and riparian buffer areas of the plots, and buffer area is a comparison

of the chambers in the upper and lower area of the buffers.
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LMMs were also used to assess the relationship between each measured
variable and the cumulative N20O emissions. The data required a square root
transformation (with an offset) to meet the analysis's homogeneity of variance
assumption. In each of the models, the random structure of the models (accounting
for the structure of the experiment) was block/plot/chamber, and the fixed structure
(accounting for treatments effects) was one of the measured soil variables (BD, pH,
NHa4*, TON or %WFPS).

Pearson’s correlation coefficient (r) was used to indicate the strength of
relationships between soil and environmental factors and N2O emissions. This was
tested more formally in the LMMs described above. If LMMs indicated that treatment
differences were present, least significant differences (LSD) were calculated to
determine which specific pairs of treatments resulted in the significant differences in
N20 emissions. All graphs were generated using SigmaPlot (Systat Software Inc., CA,

USA).

4.3 Results

4.3.1. Meteorological data
The total rainfall during the experimental period was 699 mm. The highest daily rainfall
event (27.3 mm) was recorded at the end of September 2018. Before this event, the
highest daily rainfall events were 13.2, 13.3, and 18.9 mm collected in June, August,
and September 2018, respectively. The highest rainfall event was followed by low
rainfall events, with the highest (3.5 mm) recorded in November 2018. Daily average
air temperature ranged from -3.2 to 21.4°C and soil surface temperatures ranged
between 10.1 and 24.0°C. At 10 cm soil depth, temperatures ranged from 2.93 to

19.2°C and, at 30 cm, from 3.84 to 17.7°C (Figure 4.1).
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Figure 4. 1. Average daily rainfall, air temperature, soil temperature at 10 cm,
30 cm, and the soil surface during the experimental period. The dots (e)
represent an average soil surface temperature (n=3) measured during each gas

sampling event.

4.3.2 Soil and environmental soil conditions
Soil BD ranged from 1.09 + 0.05 to 1.21 + 0.07 g cm3, with the highest soil BD of 1.21
+ 0.07 g cm™ occurring in the upslope pasture and the no-buffer strip control
treatments. This was significantly larger than the willow and woodland riparian buffer
treatments, but not the riparian grass buffer strip (LSD = 0.14). Soil pH ranged from
5.4 + 0.09 to 5.7 £ 0.24, and there was no evidence of significant differences (LSD =
0.38) between all the treatments. The highest concentration of soil OM occurred in the
willow riparian buffer (14.1 + 0.4%) treatment, which was not significantly higher than
the grass (13.1 = 0.6%) or woodland (13.9 *+ 0.4%) riparian buffer treatments but was
significantly different to the no-buffer control (10.0 + 0.7%) treatment and the upslope

pasture (9.4 £ 0.3%) (LSD =1.92) (Table 4.1).
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Table 4. 1: Mean values (£standard error) of soil characteristics of the upslope pasture
and the riparian buffer treatments before the commencement of the current experiment
in 2018.

Parameter Upslope No-buffer Grass Willow Woodland LSD
pasture control buffer buffer buffer

pH 55+0.4 5.5+£0.38 5.4+041 55+0.43 54+0.44 0.5

BD (g cm) 1.2+0.03 1.2+£0.07 1.2+£0.05 1.2+0.03 1.2+£0.07 0.2

Total C (%) 43+0.9 43+1.1 42+1.0 45+0.9 46+0.6 0.3

Total N (%) 0.46 £ 0.01 0.46 £ 0.01 0.47 £0.03 0.48+0.03 0.52 + 0.05 0.13

C:N 9.2+0.9 9.2+1.0 8.9+0.7 9.4+0.6 8.9+0.7 0.37

4.3.3 Flow and water N
Two storm and flow discharge events (on the 12t of November 2018 and the 11" of
February 2019) were observed during the current experimental period (Table 4.2).
During the first storm, the willow riparian buffer had the highest total TON load of
18653.7 + 9404.8 mg (LSD=192395), and a higher FWMC of 0.041 + 0.022 mg N L*
(LSD=0.059), whereas the woodland riparian buffer recorded a larger flow (497484 +
23569 L, LSD=303482). All the previous parameters remained insignificant between
all the treatments during this storm. During the second storm, TON loads were ~5-
times lower than during the first storm, with the largest emitted from the willow riparian
buffer (4581 + 2476.6 mg, LSD=21284). Also, the total flow was ~3.5 times lower than
recorded during the first storm, with the willow riparian buffer having the highest runoff
of 148903 + 7918 L, LSD =137754). FWMC concentrations ranged from 0.021 £ 0.011
to 0.031 + 0.015 mg N L (LSD = 0.025), with the highest (0.031 + 0.015 mg N L)
recorded in the willow riparian buffer. Similar to the first storm, all the parameters were

insignificant between treatments.
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Table 4. 2: Mean (xstandard error) TON concentrations, total flow, and flow weighted
mean N concentrations during storm events in the no-buffer control and the different

downslope riparian buffer treatments.

Storm Date Parameter No-buffer Grass buffer Willow buffer Woodland LSD
control buffer

12/11/2018 Total TON (mg)  15391.9 £ 5431.1 11076.9+3849.1 18653.7 + 9404.8 12343.5+9613.1 192395
Total flow (L) 494825 + 22186 431947 + 23071 470371 + 18893 497484 + 23569 303482
FWMC (mg N L?) 0.031 +£0.012 0.026 + 0.0096 0.041 +0.022 0.024 +0.018 0.059

11/02/ 2019 Total TON (mg) 3370.1 +584.5 2621.5+991.1 4581 + 2476.6 3152.4 + 1576.2 21284
Total flow (L) 132152 + 1884.1 113176 + 14451 147964 + 5631.3 148903 + 7918 137754
FWMC (mg N L) 0.026 + 0.0044 0.022 + 0.0058 0.031 +£0.015 0.021 +0.011 0.0251

4.3.4 Soil mineral N dynamics
Figure 4.2 shows the soil N concentrations determined during sampling days. Figure
4.2 (A) shows that soil TON concentrations during the sampling period were similar
between all treatments during the first sampling event prior to the first silage cut and
fertilizer application. During the first sampling day after fertilizer application, an
increase in soil TON concentration was detected in all the treatments. The most
considerable increase of about 10-fold was recorded in the no-buffer control treatment,
which showed TON concentrations between 5 and 18 times higher than in the
vegetated riparian buffer treatments. Following this, the peak soil TON concentrations
decreased to pre-fertilizer application levels for the grass, woodland, and willow
riparian buffer treatments. However, they stayed elevated for a more extended period
in the no-buffer control treatment and the upslope pasture, which reached similar
levels. As shown in Figure 4.2 (B), the soil NH4*-N concentrations during the
experimental period behaved the same way as soil TON, except that there was no
increase in NH4™-N in the grass riparian buffer treatment at the sampling time

immediately after fertilizer application.
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Figure 4. 2: Soil TON (A) and NH4*-N (B) dynamics for the upslope
pasture and the downslope riparian buffers with different vegetation
treatments during the experimental period; data points and error bars
represent the treatment means (upslope pasture: n=12, no-buffer
control: n=3, grass, woodland, and willow riparian buffer: n=6) and SE
during each sampling event.

4.3.5 Water-filled pore spaces
Table 4.3 shows the mean %WFPS for the whole experimental period, and Figure 4.3
(A) shows %WFPS dynamics during the sampling occasions. The mean %WFPS

ranged from 56.5 £ 5.1 % to 69.1 + 5.1%, with the grass riparian buffer treatment
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having the lowest mean %WFPS. Figure 4.3 (A) shows that %WFPS had a similar
temporal trend for all treatments. The most considerable increase in %WFPS was

observed after prolonged rainfall events during October 2018.

Table 4. 3: Predicted mean values (x standard error) of soil physical and chemical
properties of the upslope pasture and the riparian buffers between June 2018 and
February 2019.

Parameter Upslope  No-buffer Grass . Woodland LSD
Willow Buffer
pasture control Buffer Buffer
BD (g cm™) 1.21+0.028 1.21+0.05 1.09 +0.041 1.20 + 0.041 1.19+0.041 0.14
pH 55+0.16 55+0.20 54+0.17 5.5+0.17 54+017 038
WFPS (%) 66.1+427 61.0+6.33 56.5+5.10 63.0 £ 5.10 69.1+510 14.3
Logio NH4* 0.99+0.10 1.12+0.14 0.18+0.12 0.76 £0.12 0.48+0.12 0.32
Logio TON 0.99+0.13 1.2+0.16 0.23+0.14 0.68 + 0.14 059+0.14 0.24

4.3.6 Treatment effects on soil explanatory variables
Table 4.4 contains the p-values from the tests included in the LMMs for the soil
variables. The results indicate that there was no evidence that BD, pH, and %WFPS
differed with treatments. There were treatment differences in logio NH4*, with the
average of riparian buffer treatments different to the no-buffer control treatment and
upslope pasture; not significantly different to each other (LSD = 0.27). All the riparian
buffer treatments were different to each other (LSD = 0.12). There was no main effect
difference between upper and lower chambers, but there was an observed interaction
effect. The interaction effect indicated that the grass, willow, and woodland riparian
buffer treatments were significantly different in the upper chambers, and only the
willow riparian buffer treatment showed a difference between the upper and lower
chambers (LSD = 0.36) (Table 4.4). Significant differences in logio TON between
treatments were also observed. The average of the set of vegetated riparian buffer

treatments was different to the no-buffer control treatment and the upslope pasture;
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not significantly different to each other (LSD = 0.21). The willow and woodland riparian
buffers were both significantly different to the grass riparian buffer treatment, but not

to each other (LSD =0.19) (Table 4.4).

Table 4. 4: p-values for tests from linear mixed models (LMMs) on each soil variable.

BD pH logio NH4* logio TON %WFPS
Area 0.33 0.78 <0.001 <0.001 0.55
Area * Treatment crop 0.14 0.85 0.001 <0.001 0.11
Area * Buffer area 1 0.96 0.86 0.46 0.91
Area * Treatment crop * 1 0.25 0.034 0.69 0.94

Buffer area

4.3.7 N2O emissions

4.3.7.1 Daily fluxes
Figure 4.3 (A) shows N20 fluxes measured on the respective sampling days. During
most sampling days, the no-buffer control treatment showed higher fluxes than the
other treatments, closely followed by the upslope pasture. A slight increase in
emissions was detected after fertilizer application for all but the grass riparian buffer
treatment. After the first silage cut, N2O emissions increased for all but the grass buffer
treatment. While the upslope pasture and no-buffer control showed a further increase
at the second sampling after the silage cut, the vegetated riparian buffer treatments
decreased again and remained around the same level as before the silage cut. The
grass riparian buffer showed the most minor fluxes, which frequently were found to be

negative.
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Figure 4. 3: Daily %WFPS dynamics (A) and N20 fluxes (B) from the
upslope pasture and the downslope riparian buffers with different
vegetation treatments. Data points and error bars represent the
treatment means (upslope pasture: n=12, no-buffer control: n=3, grass,
woodland, and willow riparian buffer: n=6) and SE during each sampling

day.

4.3.7.2 Total cumulative emissions
Total cumulative emissions followed the descending order: no-buffer control; 1193.2
g N hal (95% confidence interval: -129.2-3430) > upslope pasture; 717.7 g N hat

(95% CI: 10.9-1713) > woodland riparian buffer; 306.3 g N ha* (95% CI: -392.9-1583)
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> willow riparian buffer; 255.1 g N ha? (95% CI: -413.8-1501) > grass riparian buffer;
-310.2 g N ha?l (95% CI:-535.5-492) (Figure 4.4). There was no evidence of
differences in N2O emissions between the upslope pasture, no-buffer control, and the
three vegetated riparian buffers (p = 0.11). Also, there was no evidence of a difference
amongst the three different vegetated riparian buffers (p = 0.36) and between the
upper and lower parts of the riparian buffer areas (p = 0.49). There was also no
evidence of a difference of an interaction between the riparian buffer vegetation and

the area within the riparian buffer vegetation (lower/upper) (p = 0.83).
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Figure 4. 4: Cumulative N20 emissions for the whole experimental
period from the upslope pasture and downslope riparian buffers with
different vegetation treatments. The error bars represent upper 95% limit

confidence intervals for the population values of the treatment means
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(upslope pasture: n=12, no-buffer control: n=3, grass, woodland, and

willow riparian buffer: n=6).

4.3.7.3 Relationships between cumulative N20O emissions and soll
environmental variables
Figure 4.5 and Table 4.5 show that cumulative N2O emissions were significantly
correlated with NH4*-N (r = 0.4; p = 0.041), soil TON (r=0.41; p = 0.052), pH (r = 0.13;
p = 0.079), and %WFPS (r = 0.27; p = 0.27). Figure 4.6 shows that the cumulative
N20 emissions increased with an increase in NH4*-N, soil TON, and %WFPS and

decreased with an increase in soil pH.
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Figure 4. 5: Scatterplots showing the relationships between variables soil BD, pH,
TON, and %WFPS for the upslope pasture and the downslope riparian buffers with

different vegetation treatments. r = Pearson’s correlation coefficient.

4.4 Discussion

4.4.1 N2O and soil-environmental conditions
The results of the study indicate that the largest N2O peak observed on the 10t of

November 2018 in the no-buffer control treatment and the upslope pasture coincided
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with the largest %WFPS observed across all the treatments (Figures 4.3 A and B).

Soil N20 emissions further showed to increase with increasing soil %WFPS (Figure

4.6).
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Figure 4. 6: Relationships between cumulative N2O emissions

versus each of the explanatory soil variables.

The findings of the current study are consistent with previous work, particularly

Castellano et al. (2010) and Keller and Reiners (1994), who reported that N20

production rates increased with increasing %WFPS when other factors are not finite.
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The currents study observed significant correlations between soil NH4*-N and N20
emissions (Figure 4.5 and Table 4.5) and a further increase in N2O emissions with
increasing soil mineral N (NH4*-N and TON) (Figure 4.6), similar to reports by other
authors, including Perego et al. (2016) and Ngoc Tuong Hoang and Maeda (2018).
High N20 production is known to increase when mineral N and %WFPS are not limiting
(Clayton et al., 1997; Dobbie and Smith, 2003). This was true for the current study
because, despite higher %WFPS in all the treatments coinciding with a larger N20
peak in the no-buffer control and the upslope pasture, the three vegetated riparian
buffer treatments exhibited lower N20 fluxes during this period (Figures 4.3 A and B).
This could have been because this period corresponded with lower mineral N within
the three vegetated buffer treatments and higher values in the no-buffer control and
the upslope pasture (Figure 4.2). The high mineral N in the no-buffer control treatment
and the upslope pasture was as a result of N fertilization and N that most likely moved
downslope from the upslope pasture via water transport, while the low mineral N in the
three vegetated riparian buffers was due to the fact that the buffer areas were not
fertilized directly. This contrasting behaviour of N20 fluxes between the three
vegetated riparian buffer treatments and the no-buffer control and upslope pasture
shows that favourable soil conditions may not translate into higher N2O production
when the main substrate (mineral N) of microbial N2O production is restricted. This
result is consistent with other studies reported in international literature (Fisher et al.,

2014; Linn and Doran, 1984; Sehy et al., 2003).
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Table 4. 5: p-values for the slope of the fitted line of the model.

Variable Intercept SE intercept Slope SE slope p-value
BD 30.19 4,001 39.56 32.640 0.235
pH 30.37 5.231 -2.983 10.8369 0.786
NH4* 30.06 3.859 0.9200 0.42779 0.041
TON 30.05 3.701 0.8305 0.40899 0.052
WFEPS (%) 30.30 4,129 0.3353 0.29743 0.268

In instances when there is no vegetation to facilitate plant N-uptake, high N2O
production may result (Kim et al., 2013; Snyder et al., 2009). This is due to abundant
mineral N being available for dominant microbial N2O production processes;
nitrification and denitrification, particularly when other soil and environmental N20O
production factors are not limiting (Drury et al., 2014; Muller et al., 2004; Sehy et al.,
2003). The current study's findings are in line with those of the previous authors since
the largest N20 flux followed immediately after silage cut in the no-buffer control and
the upslope pasture (Figure 4.3 B). High cumulative N2O emissions often coincide with
higher N fertilizer application rates (Rochette et al., 2010; Smith et al., 1998). The no-
buffer control in the lower part of the plot (area ‘@’ bottom chamber) had higher N2O
emissions than the upslope pasture (area ‘@’ top chamber) because it received N
fertilizer and N that most likely moved downslope from the upslope pasture via water
transport. The fact that the non-fertilized riparian buffers (grass, willow, and woodland)
had much lower N20 emissions even though they were effectively within the same
distance from the upslope pasture shows that higher emissions in the current
experiment were found in areas fertilized directly and receiving N via incoming water
from the upslope fertilized pasture area.

High soil moisture contents coupled with low mineral N have often been
reported to favour N2O consumption in various agroecosystems (Chapuis-Lardy et al.,

2007; Glatzel and Stahr, 2001; LaMontagne et al., 2003). The three vegetated riparian
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buffers had relatively low mineral N compared to the no-buffer control and the upslope
pasture, despite that all the treatments had a higher %WFPS in most of the
experimental period (Figures 4.2 A and B and 4.3 A). The negative N20 emissions in
the grass riparian buffer treatment (Figures 4.4) correspond to the lowest mineral N
values from all treatments (Figure 4.2). Some riparian buffer vegetation usually retain
higher soil moisture, and its deep rooting systems (mainly trees) reduce sub-surface
BD and increase soil OM compared to some upslope agricultural lands (Bharati et al.,
2002; Marquez et al., 1998). The phenomena of net N2O consumption (i.e., negative
fluxes) is also attributed to a reduced gas diffusivity (primarily associated with high
bulk density and waterlogging conditions), leading to N2O produced in the sub-surface
being reduced to N2 before reaching the soil surface (Arah et al., 1991; Klefoth et al.,
2014; Marquez et al., 1998). Thus, in the current study, it could happen that the
shallower rooting system of the grass riparian buffer (compared to willow and
woodland riparian buffers) could not reduce bulk density in the sub-surface layers but
only in the surface layers; thus, N2O produced in the sub-surface layers in the grass
riparian buffer might not have reached the soil surface but was reduced to N2 through
complete denitrification, similar to the findings reported by Arah et al. (1991) and
Klefoth et al. (2014). The phenomena of net N2O consumption in the grass riparian
buffer of the current experiment were, therefore, due to high %WFPS coupling with
low mineral N and the impediment of N20 diffusivity from subsurface layers.

Riparian buffer vegetation with low N-removal efficiencies from run-off water
have been reported to result in significantly increased N2O emissions compared to
areas with high N removal efficiencies (Hefting et al., 2006). The findings of the current

study were in agreement with such work since high runoff water N and higher N20
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emissions in the no-buffer control treatment and the lowest run-off N and negative N20O

emissions in the grass buffer treatment were recorded.

4.4.2 N20 emissions in the upslope pasture and downslope riparian

buffers

In order to be considered an air quality threat, riparian buffers must emit significantly
greater N2O than adjacent cropland (Fisher et al., 2014). The results of our study
herein suggest that the no-buffer control may be a justifiable concern for air quality
compared to the three vegetated buffer treatments. However, there is minor alarm for
the woodland and willow riparian buffers (which were at established phase), and there
is no concern regarding the grass buffer (fully established); as it was an N20 sink
during the experiment (Figure 4.4). No large N2O peaks were observed within the three
vegetated riparian buffers, which resulted in low N20 emissions compared to the
upslope pasture and the no-buffer control treatment, which had relatively higher N2O
peaks, similar to observations by Kim et al. (2009b) and Hefting et al. (2003). In the
current study herein, greater N2O emissions were observed from the upslope pasture
and no-buffer control compared to the 3-year-old (establishment phase for willow and
woodland) vegetated riparian buffers (Figure 4.4). The findings of the current study
were in line with findings by Kim et al. (2009b), who observed no differences amongst
different 15-year old (Schultz et al., 1995) riparian buffer vegetation types but found
emissions from these buffers to be significantly lower than from an adjacent maize
field they served. Additionally, Groh et al. (2015) observed more significant N2O
emissions in an upslope maize field compared to an 18-year old downslope grass
riparian buffer that serves it. The results of the current study and international literature
suggest that agricultural land may sometimes emit more N2O than neighbouring

vegetated riparian buffers regardless of their age.
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Comparing a grass riparian buffer and an adjacent maize field, Hefting et al.
(2003) reported emissions of 20 and 4 kg N20 hal, respectively, while respective
emissions of 3.3 and 2.2 kg N20 ha! were reported in a reforested riparian buffer area
and an adjacent maize field in another study (Kachenchart et al., 2012); similar to
findings of the current study. In the current study, this could been as a result of the N
fertilizer applied in the upslope pasture, and this was further attested to by a significant
correlation between mineral N and N20 (Figure 4.5). A study on forest and grass
riparian buffers in Indiana reported N2O emissions of 4.83 and 1.03 kg N20 ha%,
respectively, compared to values ranging between 6.3 and 7.8 kg N20O ha in the
adjacent maize fields (Fisher et al., 2014). The findings of the current study and
broader international literature suggest that the intensity of N2O emissions may vary
between upslope utilized land and riparian buffers and may be highly dependent on
the buffer vegetation (Fisher et al., 2014; Kim et al., 2009b).

4.4.3 N losses to water
Riparian buffer strips are fundamentally established to protect watercourses from
pollutants from agricultural lands (Groffman et al., 1991; Mitsch et al., 2001). The
willow riparian buffer (at establishment phase) proved to be of most concern for water
guality, compared to all other riparian buffers, since it maintained the highest N-FWMC
during both the sampled storm events. Although the willow riparian buffer had a high
N-FWMC during both the storms, the N-FWMC of the second storm was ~25% less
than that of the first storm. This could have been because most of the fertilizer N
applied in the upslope pasture had been washed down with the first storm as there
was no subsequent fertilization after the first storm. Therefore, the current study’s
findings were similar to those reported by Drewry et al. (2009) and Davis et al. (2019),

who observed higher N-FWMC during the first event and almost half in the subsequent
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event. In a 15-year old switch grass riparian buffer strip, Davis et al. (2019) reported
FWMC of up to 7.6 mg N L%, whereas the current study observed a maximum of 0.041
mg N L7, despite that majority of the riparian buffer treatments being at an
establishment phase. It could happen that with age, riparian buffer vegetation may
become a secondary N source since some N will be derived from litter mineralization,
but this was not formally tested in the current study. The current study further showed
that the novel grass riparian buffer strip was the most effective in reducing losses of N

to both water and air. This is because it had relatively low N-FWMC and consumed

N20 instead of emitting it like the other riparian buffer treatments.

4.4.4 Implications of the findings
Although the current study was undertaken on a replicated experimental facility, the
results have far-reaching implications for both research on non-point source pollution
and the development of mitigation measures in agro systems. For instance, DEFRA
(2019) and Natural England (2013) reported that some of the most common riparian
buffer vegetation in the UK includes a mixture or single stands of grass, trees (i.e.,
willows), and woodlands. Furthermore, Stutter et al. (2019) reported an increasing
interest in willows for their biomass energy, their effectiveness as a barrier for soil and
nutrient movement from agricultural land to watercourses, their vigorous re-growth
following coppicing, and their high adaptability to varying growing conditions. However,
the results of the current study point to some concerns for the willow riparian buffer
during the establishment phase. This is because in the current experiment, this
riparian buffer recorded the highest N-FWMC and emitted relatively copious amounts
of N20. Thus, the current results signal the need to consider some trade-offs for willow
riparian buffers during the establishment phase. Based on the current study results,

farmers can be advised to adopt the novel hybrid grass as a riparian buffer treatment
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to optimize multiple ecosystem co-benefits by mitigating both water and air quality

concerns.

4.4.5 Limitations of the findings
Since the experiments of the current study were undertaken using bounded replicate
plots, there are inevitably some limitations in scaling up the findings. The results
represent the soils, climatic conditions, and management practices associated with
the current study's pasture and downslope riparian buffers. Such conditions are
representative of 1843 km? of agricultural land across England with ruminant grazing
farms. Process-based modelling could be used to illustrate the implications of the new
experimental evidence on business-as-usual emissions to both water and air in those
parts of England. The findings reported herein relate to the establishment phases only
of the willow and woodland riparian buffers. Both treatments are likely to be viewed as
longer-term management options, especially given the increasing drive in the UK to

deliver public goods and services from the management of agricultural land.

4.5 Conclusion

The experimental plot scale results imply that careful selection of riparian buffer
vegetation is critical not to risk environmental disbenefits associated with N20
emissions. The results show that the grass riparian buffer was the best vegetation
treatment choice since it was an N20 sink, and reduced run-off N compared to the
other riparian buffer vegetations. Additional studies with different upslope crops and
varying soil/rainfall/slope conditions are required to confirm to policy if grass is
consistently the best riparian buffer treatment compared with the establishment
phases of willow or woodland riparian buffers. Strategic longer-term studies are also

required to explore the relative merits of the different vegetation treatments in the
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mature phases of willow and deciduous woodland. The current results, which cover
the establishment phase for both woodland riparian buffer treatments, clearly point to
the need to plan for the impacts of different vegetation types in finalizing the selection
of mitigation measures for improving sustainability and minimizing unintended trade-

offs within pastoral agroecosystems.
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CHAPTER 5.0

SOIL CH4 FLUXES IN A CROPLAND WITH AN UPSLOPE
PERMANENT PASTURE AND RIPARIAN BUFFER STRIPS

WITH VARYING VEGETATION
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Abstract

Methane has a GWP 28-times that of CO2 over a 100-year horizon. Riparian
buffers strips are widely implemented for their water quality protection functions along
agricultural land, but conditions prevailing within them may increase the production of
radiative GHGs, including CHa4. However, a few information is available regarding the
dynamics of unintended emissions of soil CHs4 in these commonplace features of
agroecosystems and how the dynamics compare to those for agricultural land. To
understand the dynamics of soil CHa4 fluxes from permanent pasture and contiguous
riparian buffer strips with different (grass, willow, and woodland) vegetation as well
controls with no buffer vegetation, an experiment was carried out using the static
chamber technique on a replicated plot-scale facility. Gas fluxes were measured
periodically with soil and environmental variables between June 2018 and February
2019 at North Wyke, United Kingdom. Soils under all treatments were sinks of CHa4
with the willow riparian buffer (-2555 + 318.7 g CH4 ha') having the lowest soil CH4
flux followed by the grass riparian buffer (-2532 + 318.7 g CH4 hat), woodland riparian
buffer (-2318.0 + 246.4 g CHa4 hat), no-buffer control (-1938.0 + 374.4 g CH4 ha'),
and lastly the upslope pasture (-1328.0 + 89.0 g CH4 ha') which had a higher flux.
The three vegetated riparian buffers were more substantial soil CH4 sinks, suggesting
that they may be useful in reducing soil CHs4 fluxes into the atmosphere in

agroecosystems.
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5.1 Introduction

Since the start of the Industrial Revolution, human activities have resulted in an
increase in atmospheric CHs4 concentrations compared to pre-industrial values
(700ppb in 1750 to 1782ppb in 2006) (Borrel et al., 2011), with a majority of CHa4 fluxes
to the atmosphere originating in soils (Ghosh et al., 2014). Generally, CH4is emitted
in smaller quantities than CO2, but, over a 100-year period, 1-kg of CH4 has a GWP

28-times than that of CO2 (IPCC, 2014).

Soils have often been documented as both sources and sinks of CH4 (Cameron
et al., 2021; Ghosh et al., 2014). In anaerobic soil conditions, CHa4 is formed through
the breakdown of organic compounds at a very low redox potential (Smith et al., 2018).
Therefore, large CH4 fluxes are typical in environments where anoxic fermentation is
favoured (Conrad, 2020; Philippot et al., 2009). On the other hand, well-drained,
aerobic soils have been identified as significant atmospheric CH4 sinks due to CHa4
oxidation by methanotrophic bacteria into methanol (CH3OH) for energy as well as into
CO2 in the presence of molecular Oz (Papen et al., 2001; Sadasivam and Reddy,
2014). This suggests that a net CHa flux from soils is a result of the balance between
methanotrophy (microbial consumption) and methanogenesis (microbial production
under anaerobic conditions) (Conrad, 2009; Dutaur and Verchot, 2007). In soils where
oxidation exceeds production, methanotrophy tends to be a dominant process
resulting in soil CH4 consumption (Reddy et al., 2014). Methane consumption may be
reduced by cultivation and NHa4*-N fertilizer application in cultivated soils, while
permanent forest and grassland soils are well documented as active CH4 sinks (Ball
et al., 2002; Merino et al., 2004; Tate et al., 2007). Methane-oxidizing bacteria (MOB)
are generally inhibited by NH4*-N fertilizer leading to reduced CHa4 oxidation and

resultant larger CH4 fluxes from fertilized and cultivated soils (Alam and Jia, 2012; Finn
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et al., 2020). In contrast, soils under permanent vegetation improve aeration which

increases soil CH4 oxidation and subsequently lowers soil CH4 fluxes (Butterbach-Bahl

and Papen, 2002; Veloso et al., 2019).

Riparian buffer strips are increasingly being used to protect the water quality of
surface waters by attenuating the transfer of pollutants from agricultural land into them
(Jacinthe, 2015). In the past two decades, riparian buffer strips' water quality protection
functions have been well documented (Lowrance et al., 2002; Polyakov et al., 2005;
Vidon and Hill, 2006). Some work on riparian buffer strips has studied GHGs, including
N20 emissions (Fisher et al., 2014; Igbal et al., 2015) in such agro systems. Little,
however, is reported about other radiative gases, including CH4, and how fluxes in
riparian buffers compare with fluxes from adjacent agricultural land they serve (Kim et
al., 2010). As a result of the location of riparian buffer strips in the landscape, they are
often seasonally inundated by floodwaters and often have high water tables, which
upon contact with upper soil layers, increases some biological activities, including
methanogenesis (Jacinthe et al., 2015). The anoxic conditions created by periodic
flooding as well as the accumulation of soil C and other organic compounds, increased
anaerobic conditions, and restricted O2 diffusivity, can be critical drivers of CHa fluxes
in riparian buffers (Ballantyne et al., 2014; Blazejewski et al., 2009). These processes
with the potential to increase CH4 may offset the environmental benefits to water
quality provided by riparian buffer strips. On the contrary, in the current study, CHas
measurements were done only for 8-9 months, and the topsoil were mostly aerated;
thus, their effect of soil CH4 fluxes could be overestimated. This could been because,
in aerobic topsoil conditions similar to the current study, soil CHa4 produced in the
deeper anoxic soil profiles may be oxidized to CO2 before reaching the soil surface

(Keppler et al., 2009; Nazaries et al., 2013).
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Against this context, soil CH4 fluxes were investigated from permanent pasture
and compared to those from riparian buffer strips with different vegetation in a
replicated large plot experiment established in 2016 for water quality purposes in the
UK. The objective of this study was to compare CHas fluxes in a permanent upslope
pasture and downslope riparian buffer strips with different vegetation. It was
hypothesized that different soil properties developed under the forested riparian buffer
strips (woodland and willow) due to their deep root systems would result in lower CHa
fluxes followed by the grass riparian buffer strips. In comparison, the permanent

upslope pasture and no-buffer control subject to regular NH4*-N fertilizer applications

will result in higher CHa fluxes from the soil to the atmosphere.

5.2 Materials and Methods

Information on the chapter’s (i) study site description, (ii) experimental design
and treatments, and (iii) field measurements are detailed in Chapter 3 (section 3.2).
The methodology described below (Statistical methods) is specific to this chapter,

which is not presented under chapter 3.

5.2.1 Statistical analysis
The data were analysed using LMMs in Genstat 20 (VSN International, Hemel
Hempstead, UK). Linear mixed models were used to determine whether cumulative
soil CHa fluxes or any of the measured soil variables (BD, pH, NH4*, TON, %WFPS,
and OM) differed with treatment. Soil NH4* and TON were logio transformed to satisfy
the homogeneity of variance assumption of the analysis. The random structure of each
model (accounting for the structure of the experiment) was block/plot/chamber. The
fixed structure (accounting for treatment effects) was area/(treatment crop*buffer

area). The structure gives the following four tests: (i) area-tests for any difference
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between main crop vs. control area vs. buffer, (ii) area*treatment*crop - tests for
differences between grass, willow and woodland riparian buffers, (iii) area*buffer area
- tests for the differences between upper and lower chambers within the riparian
buffers with differing vegetation, and (iv) area*treatment crop*buffer area - tests for
interaction between riparian buffer type and distance, i.e., whether the difference
between the upper and lower area of the riparian buffers differed depending on the
riparian buffer vegetation (or vice versa). Linear mixed models were also used to
assess the relationships between cumulative soil CH4 fluxes and each measured
variable.

Pearson’s correlation coefficient (r) was used to indicate the strength of
relationships between soil and environmental factors and cumulative soil CHas fluxes.
This was tested more formally in the linear mixed models described above. If the LMMs
indicated that treatment differences were present, LSDs were calculated to determine
which specific pairs of treatments resulted in the significant differences in cumulative
soil CHa4 fluxes. All graphs were generated using SigmaPlot V14.5 (Systat Software

Inc., CA, USA).

5.3 Results

5.3.1 Meteorological and soil characteristics
The minimum temperature ranged from 2.2°C (January 2019) to 14.1°C (July 2018),
while the maximum temperature ranged from 7.2°C (January 2019) to 23.3°C (July
2018). The mean temperature ranged from 4.6°C (January 2019) to 18.7°C (July 2018)
°C. On the other hand, soil surface temperature ranged from 10.1 (January 2019) to
19.3°C (July 2018) (Figure 5.1 A). Monthly rainfall ranged from 2 to 168 mm, and the

total rainfall during the experimental period was 699 mm. The highest rainfall of 168
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mm was received during November 2018, whilst the lowest of 2 mm was received in

June 2018 (Figure 5.1 B).
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Figure 5. 1: Monthly (A) minimum, maximum and soil surface temperatures,
and (B) rainfall in the site during the experimental period.
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5.3.2 Treatment effects on explanatory variables
Table 5.1 shows that there was evidence of treatment differences in logioNH4*-N, with
the no-buffer control having significantly larger logioNH4*-N concentrations compared
to the three differently vegetated riparian buffer strips (significantly different from each
other), which was however not significantly different to the upslope pasture. There was
no main effect significant difference between the upper and lower chambers within
each of the different vegetated riparian buffer strips, but there was an interaction effect.
This indicates that the riparian buffer vegetation treatments were only different in the
upper chambers. The willow riparian buffer was the only treatment with significant
differences between the upper and lower chambers. Similar to logioNH4*-N, there was
evidence of treatment differences in log10TON concentration, with the no-buffer control
treatment having the highest logioTON concentration compared to the differently
vegetated riparian buffer strips, which was however not significantly different to the

upslope pasture.

Table 5. 1: p-values for tests from LMMs on each soil variable.

BD pH logio NHs  1ogioTON  %WFPS oM
Area 0.33 0.78 <0.001 <0.001 0.55 <0.001
Area * Treatment 0.14 0.85 0.001 <0.001 0.11 0.36
Area * Buffer area 1 0.96 0.863 0.46 0.91 0.61
Area * Treatment * Buffer 1 0.25 0.034 0.69 0.94 0.82

area

5.3.3 Soil CH4 fluxes

5.3.3.1 Daily soil CHa fluxes
Daily CHas fluxes from all treatments during the study period were mostly negative,

reflecting soil CH4 consumption/uptake, except on three occasions in the upslope
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pasture and one occasion in the no-buffer control treatment (Figure 5.2). The largest
daily soil CHa flux was 7.0 + 1.4 g CHs ha! day* in the upslope pasture at the end of
September 2018 which was followed by a flux decline in all treatments. The lowest
daily soil CH4 flux was -22.9 + 0.9 g CHa ha! day in the no-buffer control treatment
in early October 2018. The average daily soil CHa4 fluxes for all the treatments ranged
from -5.1 £ 0.3 to -11.5 + 0.9 g CHs ha! day? with the upslope pasture exhibiting a

large mean daily soil CHa4 flux of -5.1 + 0.3 g CHs ha* day.
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Figure 5. 2: CHa fluxes from the upslope pasture and the downslope
riparian buffers with different vegetation treatments. Data points and
error bars represent the treatment means (upslope pasture: n=12, no-
buffer control: n=3, grass, wood, and willow riparian buffer: n=6) and SE
during each sampling day. The line at zero flux is included to indicate

mostly negative fluxes.
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5.3.3.2 Cumulative soil CHa4 fluxes
Cumulative soil CHa fluxes followed the ascending order: willow riparian buffer strip (-
2555 + 318.7 g hal) < grass riparian buffer (-2532 + 318.7 g ha!) < woodland riparian
buffer (-2318.0 + 318.7 g ha') < no-buffer control (-1938.0 + 279.7 g ha') < upslope
pasture (-1328.0 + 279.7 g hal) (Figure 5.3). The upslope pasture buffer had a
significantly (p = 0.0013) large cumulative soil CH4 flux compared to the remainder of
the treatments. But there were no differences in cumulative soil CHa fluxes between
the upper and lower buffer strip areas (p = 0.71). Also, there was no evidence of

interaction between the upslope pasture and the upper and lower riparian buffer areas.
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Figure 5. 3: Cumulative CHa4 fluxes for the whole experimental period
from the upslope pasture and downslope riparian buffers with different

vegetation treatments. Error bars represent 95% confidence intervals

104



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

(upslope pasture: n=12, no-buffer control: n=3, grass, wood, and willow
riparian buffers: n=6).

5.3.3.3 Relationships between cumulative soil CH4 fluxes and measured soil
variables including treatment effects
There were significant relationships between cumulative soil CH4 fluxes and NHa4* (r=
0.45; p =0.0023), TON (r=0.51; p =0.001), and OM (r =0.64; p = 0.001). (Figure 4.4
and Table 4.2). Cumulative soil CH4 fluxes increased with an increase in soil BD, pH,

NH4*, TON, and %WFPS and decreased with an increase in OM (Figure 4.5).

Table 5. 2: p-values for the slope of the fitted line of the models.

Variable Intercept SE intercept Slope SE slope p-value
BD -2676 1673 568.5 1398.04 0.69
pH -4010 2725 367.5 497.4 0.47
log10 NH4* -2677 277.6 919.7 277.8 0.002
l0g10 TON -2859 280.9 1151 301.9 <0.001
%WFPS -2245 908.8 3.8 13.7 0.79
oM 437.6 499.2 207.9 37.9 <0.001

5.4 Discussion

5.4.1 Soil CHa4 fluxes and measured soil variables
Results from this study show that daily incidences of soil CHa fluxes (Figure 5.2) were
similar to other authors, particularly Dutaur and Verchot (2007) and Reay et al. (2007),
who reported that soils could be both a sources and a sinks for soil CHa fluxes.
Furthermore, the results show daily soil CH4 fluxes after N fertilizer application, which
also coincided with an increase in soil %WFPS (Figure 5.5 A and 5.2). These results
are in agreement with the findings reported by Tate et al. (2007), Wang et al. (2014),

and Xingren et al. (2017) who observed that NH4*-N fertilizer inhibits CH4 oxidation to
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COg, thus reducing the soil CH4 sink capability, explaining the observed large daily soll
CHa4 fluxes after fertilizer application, particularly in the upslope pasture and no-buffer
control. In the current experiment, it is likely that the inhibitory role of NH4*-N on CHa4
oxidation to COz in the N-fertilized no buffer control and upslope pasture resulted in
the exponential increase in cumulative soil CHa fluxes associated with significant
correlations with soil mineral N (Figure 5.4) as well as increases in with increasing soil

mineral N (Figure 5.5).
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Figure 5. 4: Scatterplot showing the relationships between the variables soill
pH, NH4*-N, TON, %WFPS, OM, BD and cumulative CHa4 fluxes for the upslope
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pasture and the downslope riparian buffers with different vegetation treatments.

r = Pearson’s correlation coefficient.

The inhibitory effect of NH4™-N fertilizer addition on CHa4 oxidation could be
attributed to the fact that CH4 monooxygenase of methanotrophs can oxidize a variety
of substrates besides soil CH4 (Bian et al., 2019; Wang et al., 2014). Thus, the majority
higher soil CH4 fluxes in the upslope pasture compared to the downslope riparian
buffer during the experimental period (Figure 5.2 B) could have been a result of the N
fertilizer directly applied in the upslope pasture and the no-buffer control areas. On the
contrary, the riparian buffers only received secondary N leached downslope from the
upslope pasture in conjunction with runoff, which might not have necessarily been in
the form of NH4*-N, which is known to inhibit CH4 oxidation. It could happen that the
applied fertilizer N in upslope pasture and no-buffer control might have reduced the
capacity of the treatments to consume CHa, but this was not confirmed in the current

study.

Soil moisture content is well documented as a regulator of soil CH4 fluxes (Le
Mer and Roger, 2001; Natali et al., 2015; Veloso et al., 2019; Wang et al., 2017) since
increased soil moisture impedes O: diffusivity, which reduces methanotrophic
oxidation activities, thus allowing soil CHa4fluxes (Konda et al., 2010; Smith et al., 2018;
Wachiye et al., 2020). Similar to the previous studies, the current study observed that
soil CHa fluxes increased with increasing soil %WFPS (Figure 5.5). Higher soll
%WFPS is attributed to soil structural alterations including reduced macro-porosity,
increasing anaerobicity and reduced soil CH4 fluxes (Butterbach-Bahl and Papen,

2002; Veloso et al., 2019). The observed increases in cumulative soil CH4 fluxes with
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increasing soil BD in the current study (Figure 5.5) are consistent with the results of

the previous work cited above.
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Soil OM derived from plant litter is converted into soil organic C (an electron
donor), which microbes further convert into CH4 (Megonigal and Guenther, 2008); thus
it is expected that vegetation that produces a lot of OM (i.e. leaves) that enters the soil
will have a higher CHas fluxes. On the contrary, in the current experiment, the willow
riparian buffer, which had the highest mean OM concentration, had the lowest
cumulative soil CHa4 fluxes instead (Table 5.1 and Figure 5.3). There was also a
significant negative correlation between soil OM and cumulative soil CHa fluxes
(Figure 5.4), as well as a decrease in cumulative soil CHa4 fluxes with an increase in
soil OM (Figure 5.5). Itis possible that the OM derived of the litter of the willow riparian
buffer vegetation was of high quantity but low quality with regard to labile C content;
similar to other authors, particularly Dlamini et al. (2020) and Surey et al. (2020). The
aforementioned authors observed that organic material containing highly labile C

compounds is readily available for soil microbial degradation.

5.4.2 Soil CHa4 fluxes in upslope pasture and downslope riparian buffer

strips
The cumulative soil CHa4 fluxes in all treatments indicate that the soils under the
riparian buffers with different vegetation as well as in the upslope pasture and no-
buffer control functioned as a sink for soil CH4 fluxes. Similar findings were reported
by McLain and Martens (2006), Kim et al. (2010) and Jacinthe (2015). The upslope
pasture buffer had the largest quantities of cumulative soil CHa4 fluxes compared to the
other treatments, and willow riparian buffer had the least fluxes. Despite this, the
upslope pasture had lower cumulative soil CH4 fluxes (-1.3 kg CH4 ha) compared to
the values reported for maize (Zea mays L.) (-0.8 kg CH4 ha') by Kim et al. (2010) in
a loamy soils in lowa. Such comparisons highlight that repeated cultivation associated

with annual crops (i.e., maize ) as opposed to the less frequent cultivation associated
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with permanent pasture production (i.e., the upslope pasture in the current study) can
further reduce the capability of soil under maize production to reduce soil CHa4 fluxes

(Ball et al., 2002; Tate et al., 2007).

Despite the vegetation in the riparian buffer strips being only 3-years old, they
had lower soil CH4 flux (all below -2 kg CH4 hat) than both forested and grass riparian
buffer strips (between 7 and 17 years old, respectively) in the Bear Creek Watershed
of lowa (fluxes between -0.84 and 0.04 g CH4 ha?) reported by Kim et al. (2010). The
soil CH4 flux values observed in the vegetated riparian buffers of the current study
were similar to those reported in other studies; e.g. Robertson et al. (2000) and
Hernandez-Ramirez et al. (2009), who reported low soil CH4 fluxes when soil tillage
was limited. The phenomena of low soil CH4 fluxes in such systems is attributed to the
negative effects of tillage on methanotrophic activity (Hutsch, 2001) as well as the
more stable and porous soil structure typically associated with reduced tillage, which

facilitates soil CHa4 fluxes diffusion into oxidizing zones (Nan et al., 2020).

The significant soil CH4 fluxes in the upslope pasture and lower fluxes from the
vegetated riparian buffers agree with results reported by Merino et al. (2004) and Tate
et al. (2007) among others, who reported that forest riparian soils are the most active
sinks of soil CH4 fluxes followed by grasslands and cultivated soils. The inhibitory
effect of NH4*-N fertilizer addition to soils on CHa4 oxidation has been reported in soils
under different agricultural uses (Wang et al., 2014; Xingren et al., 2017). Thus, the
significant soil CHa4 fluxes in the upslope pasture of the current study could have been
a result of the applied NH4*-N fertilizer having increased the soil CHa4 fluxes, which is
also in agreement with previous studies (Butterbach-Bahl and Papen, 2002; Le Mer

and Roger, 2001).
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In some instances, instead of being CHa4 sinks, vegetated riparian buffers may
produce more CHa4 than the upslope agricultural land they serve. For example, in two
separate locations in Indiana, Jacinthe et al. (2015) observed higher soil CHa fluxes in
both forest (0.92 kg CH4 hat) and grass (1.08 kg CH4 hat) riparian buffers compared
to their respective upslope maize fields (0.05 and 0.04 kg CH4 hat, respectively). The
results of the current study suggest that perennial crops, (i.e., the upslope pasture and
no buffer control in the current experiment), may sometimes be sinks for soil CHa4, but
the grass, willow and woodland riparian buffer were larger sinks in the current study.
However, some literature suggests that annual crops (i.e., maize) and the riparian
buffer strips that serve them may sometimes be sources of CHg, illustrating that careful
assessment of the potential trade-offs for atmospheric emissions is required when
riparian buffers are used to target water quality issues, since co-benefits for both water

guality and gaseous emissions may not exist in all settings and at all times.

The current study further suggests that as well as providing beneficial water-
quality functions, grass, woodland, and willow riparian buffers serving a permanent
pasture may be significant sinks for CH4. The fact these riparian buffers consume CHas
in the current experiment suggests that these may simultaneously reduce water quality
threats while not posing atmospheric pollution concerns through increased soil CHa
fluxes, primarily when they serve permanent un-grazed pastures. Despite the current
study being carried out on plots situated on a single soil type, climatic zone and
agricultural system, the results reported supplies a basis for exploring the application

of different riparian buffer strips in areas with different soils and environmental settings.
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5.5 Conclusion

The hypothesis that the upslope pasture will have larger daily soil CH4 fluxes
and as a result higher cumulative soil CHas fluxes than forested (i.e., willow and
woodland) riparian buffers can be accepted because the results of the current study
show higher cumulative soil CH4 fluxes in the upslope pasture and lower fluxes in
forested riparian buffers. Despite that our database has limitations, these results
suggest that all the vegetation types for riparian buffers tested in this study may be
useful for soil CH4 flux mitigation in similar agroecosystems. More generally, the
results of the current study will be useful for policymakers as well as scientists requiring
calibrating mechanistic models that explore mitigation measures for soil CHa4 fluxes in

agroecosystems through the use of different riparian buffers.
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Abstract

Riparian buffers are primarily implemented for their water quality functions in
agroecosystems. Their location in the agricultural landscape allows them to intercept
and process pollutants from immediately adjacent agricultural land. Vegetated riparian
buffers recycle soil OM which elevates soil C, which upon mineralization in the soil
release COz2. The elevated soil C and seasonally anoxic environments associated with
riparian buffers promote processes including denitrification and fermentation which
further increases soil CO2 production. Against this context, a replicated plot-scale
experiment was established at North Wyke, UK to measure the extent of soil CO2
emissions in a permanent pasture served by a grass, willow, and woodland riparian
buffers as well as a no buffer control. Soil CO2 was measured using the static chamber
technique in conjunction with soil and environmental variables between June 2018
and February 2019. Cumulative soil CO:2 fluxes were in the descending order:
woodland riparian buffer; 11927.8 + 1987.9 kg ha' > no buffer control; 11101.3 +
3700.4 kg ha! > grass riparian buffer; 10826.4 + 2551.8 kg ha! > upslope pasture;
10554.6 + 879.5 kg hat > willow riparian buffer; 9294.9 + 1549.2 5 kg ha. There was,
however, no evidence of significant differences amongst all treatments of the current
study. Despite lack of statistical differences, the results of the study show that the
woodland riparian buffer may emit the larger soil CO2 compared to the remainder of
the other riparian buffers as well as the upslope pasture it serves. The findings may
be useful in developing soil CO2 mitigation strategies through careful selection of
riparian buffer vegetation and in calibrating mechanistic models for simulating CO2

emissions from similar agro systems.
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6.1 Introduction

Riparian buffer strips are best management practices for protecting freshwater
ecosystems from various pollutants, including N, P, pesticides and herbicides,
emanating from agricultural lands (Jacinthe et al., 2015; Tonderski, 1996; Valkama et
al., 2019). On top of providing various environmental and ecosystem services, the
juxtaposition of riparian buffer strips in an agricultural landscape allow them to abate
and process pollutants through a number of processes including mineralization and

denitrification amongst others (Jaynes and Isenhart, 2014; Naiman and Decamps,

1997).

Against the context of soil and water conservation benefits, through their
vegetation, vegetated riparian buffer strips recycle OM; elevating soil C (Blazejewski
et al., 2009) which accelerates soil CO2 production through C-mineralization and
microbial respiration in soils (Tufekcioglu et al., 2001). For instance Franzluebbers et
al. (2000), Harrison-Kirk et al. (2013), and Lundquist et al. (1999) reported that an
increase in soil SOC increases C mineralization and the resulting increased CO:
production and subsequent emissions from soils. This implies that although a
remarkable amount of atmospheric C in riparian buffer vegetation is sequestered in
the vegetative component via photosynthesis, the soil component can be a significant
source of COz through increased microbial respiration (Capon et al., 2013). A few
authors have raised concerns surrounding CO2 emissions from vegetated riparian
zones, which could invalidate their C sequestration potential (Vidon et al., 2016) as
well as their soil and water conservation roles (Mitsch et al., 2001; Sabater et al.,
2003). Atmospheric CO2, some of which is sourced from soils through respiration and
other processes, is one of the major greenhouse gases and has a major impact on the

global warming (Ray et al., 2020).
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Despite the role of COz2 in the greenhouse gas effect and the potential role of
riparian buffers in CO2 emissions, the understanding of the functional traits driving soll
respiration derived CO2 emissions in riparian buffer zones (De Carlo et al., 2019;
Soosaar et al., 2011) in comparison with emissions and drivers in adjacent agricultural
land remains elusive and poorly quantified (Jacinthe et al., 2015). The study aimed to
(i) identify soil and environmental drivers of soil respiration derived CO2 from an
upslope permanent pasture and downslope riparian buffers with varying vegetation,
and (i) quantify soil respiration derived CO2 emissions in an upslope permanent

pasture and downslope riparian buffers with varying vegetation.

6.2 Materials and Methods

Information on the chapter’s (i) study site description, (ii) experimental design
and treatments, and (iii) field measurements are detailed in Chapter 3 (section 3.2).
The methodology described below (Statistical methods) is specific to this chapter,

which is not presented under chapter 3.

6.2.1 Statistical analysis
The data were analysed using LMMs in Genstat 20 (VSN International, Hemel
Hempstead, UK). Linear mixed models were used to determine whether cumulative
soil COz2 fluxes or any of the measured soil variables (BD, pH, NH4*, TON, %WFPS,
and OM) differed with treatment. The random structure of each model (accounting for
the structure of the experiment) was block/plot. The fixed structure (accounting for
treatment effects) was area / (treatment crop*buffer area). The structure gives the
following four tests: (i) treatment area-tests for any difference between main crop vs.
control area vs. buffer, (ii) Treatment area*treatment crop -tests for differences

between grass, willow and woodland riparian buffers, (iii) Treatment area*buffer area
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-tests for the difference between upper and lower chambers within the riparian buffers
with differing vegetation, and (iv) Treatment area*treatment crop*buffer area -tests for
interaction between riparian buffer type and distance, i.e., whether the difference
between the upper and lower area of the buffers differed depending on the riparian
buffer vegetation (or vice versa). Linear mixed models were also used to assess the
relationship between cumulative soil COz2 fluxes and each measured soil variables.
Pearson’s correlation coefficient (r) was used to indicate the strength of
relationships between soil and environmental factors and cumulative soil CO: fluxes.
This was tested more formally in the linear mixed models described above. If the LMMs
indicated that treatment differences were present, LSDs were calculated to determine
which specific pairs of treatments resulted in the significant differences in cumulative
soil CO:2 fluxes. All graphs were generated using SigmaPlot (Systat Software Inc., CA,

USA).

6.3 Results

6.3.1 Variability of soil CO2 fluxes
At the commencement of experiment, CO2 fluxes were <160 kg ha! day* in all the
treatments, with the largest of 153.4 + 7.4 kg ha? day recorded in the grass riparian
buffer. At the second sampling event, CO: fluxes peaked up 212.7 + 30.3 kg ha! day
L in the no buffer control, which however spiralled downwards to 69.1 + 30.7 kg ha?
day? in the same treatment at the second sampling event but remained larger in the
rest of the treatments. A second peak was observed at the end of the August 2018,
with the largest flux of 228.1 + 93.1 kg ha? day?. Afterwards, CO: fluxes in all

treatments had a downward spiral until the end of the experiment (Figure 6.1).
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Figure 6. 1: Daily CO2 fluxes in the upslope pasture and downslope riparian
buffers. Data points and error bars represent the treatment means (upslope
pasture: n = 12, no-buffer control: n = 3, grass, woodland and willow riparian

buffers: n = 6) and SE during each sampling day.

6.3.2 Variability of cumulative soil CO2 emissions
There was no evidence of treatment differences in cumulative soil CO2 emissions in
the current study (Figure 6.2). Despite the lack of significant differences in treatments,
CO:z fluxes followed the descending order of woodland riparian buffer; 11899 + 1197
kg ha' > no buffer control; 11101.3 + 1435 kg ha > grass riparian buffer; 10954 +
1197 kg ha* > upslope pasture; 10554.6 + 989 kg ha > willow riparian buffer; 9196 +

1197 kg ha'™.
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Figure 6. 2: Cumulative CO2 emissions for the whole experimental
period from the upslope permanent pasture and different downslope
buffer vegetation. Error bars represent 95% confidence intervals
(upslope pasture: n = 12, no-buffer control: n = 3, grass, woodland and

willow riparian buffers: n = 6).

6.3.3 Relationships of cumulative CO2 and explanatory variables
There was no evidence of any significant linear relationships between cumulative soil
CO2 emissions and any of the measured soil and environmental variables (Table 6.1
and Figure 6.3). Although not significant, an increase was observed in cumulative soil
CO:2 emissions with every increase in soil pH, %WFPS, and OM, and a decrease with

every increase on soil BD, NH4*-N, and TON (Figure 6.4).
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Table 6. 1: p-values for the slope of the fitted line of the model for CO2 and measured

soil variables.

Variable Intercept Standard error intercept Slope Standard error slope  p-value

BD 14779 5052 -3463 4190.7 0.42
pH 8399 8325 417.1 1515.9 0.79
NH4*-N 10939 1047 -33.0 60.2 0.59
TON 10887 1064 -26.2 58.3 0.66
%WFPS 9993 2756 10.7 41.1 0.81
OM 10262 2023 35.4 155.0 0.82
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Figure 6. 3: Scatterplot showing the relationships between the variables soil pH, NH4*-
N, TON, %WFPS, OM, BD and cumulative CO2 emissions for the upslope permanent
pasture and the downslope riparian buffers with different vegetation treatments. r =

Pearson’s correlation coefficient.
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Figure 6. 4: Relationships between cumulative CO2 emissions and each
of the explanatory soil variables.
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6.4 Discussion

6.4.1 Soil and environmental variables and soil CO:2 fluxes
Soil moisture is well documented as one of the major drivers of soil CO2 fluxes by a
number of authors, particularly Reth et al. (2005), Dlamini et al. (2020), Ray et al.
(2020) and Adams et al. (2021). Similar to the aforementioned authors, large soil CO2
fluxes in all the treatments followed immediately after increases in soil %WFPS
particularly in the first four months of the current study. The previous authors,
particularly Dlamini et al. (2020) reported that denitrification; induced by high soll
moisture conditions, is carried-out by facultative anaerobes, producing free energy,
N2, and COz2, as a result of electron transfer between NO3z and C. This process is
known to be dependent on soil C-supply and accounts for about 37% of CO2 produced
in the soil respiration system (Rastogi et al., 2002). Also, Ray et al. (2020) found that
CO2-producing soil respiration increased with soil moisture following rainfall events,
similar to observations of the current study. The previous author credited such CO:
increase after rainfall and subsequent soil moisture increase to stimulated microbial

activities, including soil respiration.

Soil temperature is one of the most important factors of soil CO2 production
through the respiration process (Hou et al., 2014; Wang et al., 2019). Similar to the
previous authors, in all the treatments of the current study, a majority of the higher
CO2 fluxes coincided with higher atmospheric and soil surface temperatures, and
fluxes decreased with decreasing temperatures (Figures 5.1 A and 6.1). The previous
authors reported that high soil temperatures drove CO2z-producing soil microbial

reactions including soil respiration.
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6.4.2 Soil COz2 emissions in upslope pasture and different riparian

buffers
The woodland riparian buffer had larger cumulative CO2 emissions compared to the
remainder of the treatments as a result of its relatively higher soil OM, similar to reports
by other authors, particularly Ussiri and Lal (2009) and Setia et al. (2011). The previous
authors reported high CO2 as a result of OM mineralization, hence vegetation that
recycles higher OM is most likely to produce higher CO2. Also, soil NH4*-N is known
to inhibit soil methane oxidation into CO2 (Bian et al., 2019; Wang et al., 2014), thus
the higher soil CO2 fluxes were expected in the woodland riparian buffer since the
vegetated riparian buffers were not directly fertilized. The values observed in the
current study are in line with other authors, particularly Tufekcioglu et al. (2001) and
Jacinthe et al. (2015), who reported higher cumulative soil CO2 values in riparian
buffers compared to immediately adjacent croplands. For example, Jacinthe et al.
(2015) found soil CO2 emissions of 4850 and 8630 kg ha year? in tree and grass
riparian buffers, respectively, and 2560 and 4540 kg ha™ year? in their respective
immediately adjacent croplands in a Humid Subtropical and Cold Continental climates

respectively.

6.5 Conclusion

The findings of the current study show that the woodland riparian buffers
emitted larger soil CO2 compared to the other riparian buffer vegetation, as well as the
upslope pasture it serves. Thus, these findings suggest that the woodland riparian
buffers may not be the best choice for water quality services as it may risk trading its
water quality functions for CO2 emissions, but the willow riparian buffer which had the

lowest emissions. A further investigation also required on permanent pasture and
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riparian buffers in different climatic settings as this study found no evidence of a
statistically significant difference between treatments. Further investigations are
suggested with different crops, particularly in sites of different soils and environmental
conditions, in order to validate the current findings. The findings of the current study
are useful in developing CO2 mitigation through careful riparian buffer vegetation
selection and calibrating mechanistic models that explore CO2 mitigation measures in

cropping systems with different riparian buffers.
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Abstract

Nitrous oxide and CH4 are some of the most critical greenhouse gases of the
215t century. Vegetated riparian buffers are primarily implemented for their water
quality functions in agroecosystems, and their location in the agricultural landscape
allows them to intercept and process pollutants from immediately adjacent agricultural
land. They recycle OM, which increases soil C, intercept N-rich runoff from adjacent
croplands, and are seasonally anoxic, promoting processes producing
environmentally harmful gases, including N2O and CHa. Against this context, the study
guantified these atmospheric losses between a cropland and vegetated riparian
buffers of varying vegetation that serve it. The current study used the static chamber
technique to measure N20 and CH4 emissions simultaneously. Gas measurements
were done simultaneously with soil and environmental variables for a 6-month period
in a replicated plot-scale facility comprising of maize cropping served by three
vegetated riparian buffers, namely: (i) a novel grass riparian buffer; (ii) a willow riparian
buffer, and (iii) a woodland riparian buffer. These buffered treatments were compared
with a no-buffer control. The no-buffer control generated the largest cumulative N2O
emissions of 18 929 g N ha! (95% confidence intervals: 524.1 - 63 643) whilst the
maize crop upslope generated the largest cumulative CH4 emissions of 5 050 + 875 g
C hal. Soil N2O and CHas-based GWP were lower in the willow (1223.5 + 362.0 and
134.7 + 74.0 kg CO2-eq. ha! year?, respectively) and woodland (1771.3 + 800.5 and
3.4 + 35.9 kg CO2-eq. ha! year?, respectively) riparian buffers. The current findings
suggest that maize production in general, and in situations where such cropping is not
undertaken in tandem with a riparian buffer strip, result in atmospheric CH4 and N20O

concerns.
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7.1 Introduction

Nitrous oxide and CH4 are important GHGs that contribute more than 21% of
radiative forcing of the greenhouse effect (IPCC, 2006). Although N20O and CH4 are
less abundant than COz2 in the atmosphere, their respective GWPs over a 100-year
horizon are ~310 and ~28 times, respectively, that of CO2 (IPCC, 2014; Ramaswamy
et al., 2001). Soils play a vital role in the global N2O and CHa cycles (Conrad, 2007;
Firestone, 1982; IPCC, 2008). Soils of natural and semi-natural agroecosystems,
including croplands, grasslands, and forests, are significant global sources/sinks of
N20 and CHa4, and thus play a significant role in balancing atmospheric concentrations
of these gases (Dutaur and Verchot, 2007; Smith et al., 2000; Stehfest and Bouwman,
2006).

In soils N2O and CHa4 are produced and/or consumed as a result of microbial
processes (Ball et al., 1999; Conrad, 2007; Yao et al., 2017). N20 is predominantly
produced as a by-product of two microbial processes; nitrification and denitrification
(Bowden, 1986; Davidson, 2009). In the case of CHa, production occurs due to organic
material decomposition under anaerobic conditions by methanogens in soils (Smith et
al., 2018b; Yamulki and Jarvis, 2002). However, under such conditions and some
aerobic conditions, atmospheric CHa4 diffusing into the topsoil can be oxidized by
methanotrophs which subsequently result to CO2 (Jacinthe et al., 2015; Le Mer and
Roger, 2001).

Agronomic management practices associated with annual row crops may result
in soil disturbances that affect soil microbial communities (Friedel et al., 1996), soil
physical (Gronle et al., 2015), chemical properties (Neugschwandtner et al., 2014;
Wang et al.,, 2008), soil temperature (Shen et al., 2018), and moisture content

(Ouattara et al., 2006). These changes in agricultural land often result in substantial
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soil and nutrient runoff losses (Bechmann and Bge, 2021; Ulén, 1997), including,
where they are implemented, into riparian buffer strips. The implementation of riparian
buffers may further affect soil processes such as N-mineralization, N-uptake, leaching,
gaseous N emissions (particularly nitrification and denitrification) (Firestone, 1982;
Mdller et al., 2004; Reinsch et al., 2018), CH4 oxidation, and methanogenesis (Le Mer
and Roger, 2001; Luo et al., 2013; Megonigal and Guenther, 2008); all of which are
responsible for N2O and CHa4 production and/or uptake and subsequent exchanges
between the soil and atmosphere. Previous studies on N20 Jacinthe et al. (2012) and
CHa4 (Zhang et al., 2016) emissions from riparian buffers have focused on buffer
vegetation type and the understanding of soil and environmental drivers of these
gases. Despite previous work, understanding of N and C trace gas fluxes from
adjacent cropped land in comparison to fluxes from riparian buffer strips serving that
land remain elusive. Therefore, this study aimed to evaluate the unintended emissions
of N20 and CHa4 from maize production which had both buffered and un-buffered

downslope.

7.2 Materials and Methods

Information on the chapter’s (i) study site description, (ii) experimental design
and treatments, and (iii) field measurements are detailed in Chapter 3 (section 3.2).
The previous chapters (4, 5 and 6) described N20, CH4, and CO2 dynamics in a
permanent pasture which had been planted in 2016. And the current chapter describes
N20 and CH4 dynamics in an upslope maize and downslope riparian buffers of varying
vegetation. The maize crop was planted in plots that had been planted with permanent
pasture after ripping and ploughing on the 14" of May 2019 and the riparian buffer

vegetation areas remained untouched. Maize (Zea mays L.) was planted on the 17t
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of May 2019 for the experiment reported herein. Cattle slurry and inorganic fertilizer

were applied at times and rates summarised in Table 7.1.

Table 7. 1: Application rates of cattle slurry and inorganic fertilizer during the

cropping season.

Date Source N-input (kg ha) P-input (kg hal) K-input (kg ha?)
14 May 2019 Cattle slurry 20.8 12 46
17 May 2019 Inorganic fertilizer 100t 85¥ 205+

Nutrient sources: Nitrogen; TNitram (Ammonium nitrate), Phosphorus; ¥ triple superphosphate (P,0s), Potassium* muriate of

potash (K;0)

7.2.1 Data processing and statistical analysis
Linear mixed models in Genstat 20 (VSN International, Hemel Hempstead, United
Kingdom) were used to determine whether cumulative N2O and CHa differed with
treatment. The random structure of each model (accounting for the experiment
structure) was block/plot/chamber. The fixed structure (accounting for treatment
effects) was treatment type/(treatment*distance). This model gives the following four
tests in the output: (i) Treatment type — tests main maize cropped area vs. no-buffer
control vs. riparian buffers, (i) Treatment type*treatment — tests for differences
between grass, willow, and woodland riparian buffers, (iii) Treatment type*buffer
distance — tests for the difference between upper and lower riparian buffer areas, and
(iv) Treatment type*treatment*buffer distance — tests for interaction between riparian
buffer type and distance. A transformation was required to satisfy the equal variance
assumption of the analysis of N20O. Due to the large negative values present for N20,
a modified square root transformation was used; SIGN (N20) *V (abs (N20)). No

transformation was required for CH4 analysis.
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Linear mixed models with the same random and fixed structures as those used
for N2O and CH4 were used to determine whether any measured soil variables (BD,
pH, NH4*-N, TON, %WFPS, and OM) differed with treatment. Pearson’s correlation
coefficient (r) was used to indicate the strength of relationships between soil and
environmental factors and N2O/CH4 emissions. This was tested more formally in the
linear mixed models described above. If linear mixed models indicated the presence
of treatment differences, LSDs were calculated to determine which specific treatment
pairs resulted in the significant differences in N2O/CHa emissions. All graphs were

generated using Sigma Plot (Systat Software Inc., CA, USA).

7.3 Results

7.3.1 Meteorological and soil characteristics

7.3.1.1 Rainfall patterns
Figure 7.1 shows the total monthly rainfall during the experimental period. The total
rainfall for the whole experimental period was 492.2 mm, and the highest rainfall event
of 118.2 mm fell in October 2019. Before the highest rainfall in October, the second-
highest rainfall events of 96.6 and 96.2 mm were recorded in June and September

2019, respectively.
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Figure 7. 1: Total monthly rainfall during the experimental period.

7.3.1.2 Soil variables
Table 7.2 presents the average soil variable data during the experimental period. Soil
pH ranged from 5.1 + 0.17 and 5.5 + 0.17, with the highest pH of 5.5 + 0.17 (willow
riparian buffer), which was however, not significantly (LSD=0.29) different to the grass
or woodland riparian buffers. The largest soil BD of 1.2 + 0.05 g cm™3 was recorded in
the no-buffer control, which was not significantly different from the upslope maize and
the different vegetated riparian buffers (LSD=0.19). Soil OM ranged from 9.0 + 3.2 to
17.8 + 2.3%, with the largest %OM of 17.8 £ 2.3% recorded in the willow riparian
buffer, which was, however, not significantly (LSD=8.6) different to the woodland

riparian buffer (15.98 £ 2.3%).
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Table 7. 2: Summary of soil parameters (mean + standard error) in the upslope maize
and downslope riparian buffers with different vegetation (upslope maize: n=12, no-
buffer control: n=3 and grass, willow, and woodland riparian buffers: n=6) before the

commencement of the current experiment in May 2019.

Parameter Upslope No-buffer  Grass Willow Woodland LSD
maize control buffer buffer buffer
pH 51+0.17 51+£019 54017 55017 54+0.17 0.29
BD (g cm®) 1.21+0.03 1.21+005 1.1+x004 1.2x0.04 1.2+0.04 0.19
OM (% wiw) 9.9+13 9.0£3.2 122+23 17.8+23 16.0+£23 8.6
NHs*-N (mg kgt dry soil)  27.4+2.98 20.6+4.6 6.4+27 13.6+27 9.1+27 7.8
TON (mg kg dry soil) 55.7+1.7 428+37 13.6+30 4.99+3.0 10.9+£3.0 10.0
%WFPS (%) 86.9+5.3 81.7+9.9 86.7+72 1029+72 982+%7.2 18.6

7.3.1.3 Soil mineral N-dynamics
Figure 7.2 shows soil mineral N dynamics during the experimental period. At the
commencement of the experiment, NH4*-N was < 17 mg kg dry soil in all of the
treatments, with the largest of 16.7 + 3.5 mg kg dry soil observed in the upslope
maize. However, after the second sampling event, which had been preceded by two
fertilizer application events (Table 7.1), NH4*-N increased by almost 3-fold in the no-
buffer control and upslope maize but remained relatively low in the three vegetated
riparian buffers. Despite the high NH4*-N values in the no-buffer control and upslope
maize after fertilization, values dropped to <30 mg kg? dry soil after the fourth
sampling event and remained low until the end of the experimental period (Figure 7.2
A). The average NH4*-N for the whole experimental period ranged from 6.4 + 2.8 to
27.4 + 2.8 mg kg dry soil, with the largest value of 27.4 + 2.8 mg kg™ dry soil obtained
from the upslope maize, which was however, not significantly (LSD=7.8) different to
the no-buffer control. It was, however, significantly different (LSD=7.8) to the three

vegetated riparian buffers (Table 7.2).
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Figure 7. 2: Soil NH4* and TON in the upslope maize and downslope riparian

buffers during the experimental period.

Total oxidized N was <30 mg kg? dry soil in all the treatments at the
commencement of the experiment (Figure 7.2 B). However, after the second sampling

event, TON increased 4-fold in the upslope maize and no-buffer control but remained
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low in the three vegetated riparian buffers. Despite a drop to ~35 mg kg dry soil in
the upslope maize and no-buffer control during the fifth sampling event, the upslope
maize emerged with the highest TON of ~81 mg kg dry soil during the sixth sampling
event. However, these values dropped gradually up until the end of the experiment.
Average TON for the whole experimental period ranged from 4.99 + 3.0 to 55.7 £ 1.7
mg kg dry soil, with the highest value of 55.7 + 1.7 mg kg dry soil obtained from the
upslope maize. This value was significantly different (LSD = 10.0) to all other

treatments, except for the no-buffer control (Table 7.2).

7.3.1.4 Water filled-pore spaces
Soil %WFPS trends during the experimental period are shown in Figure 7.3 (A), and
Table 7.2 shows the average %WFPS for the whole season. The highest %WFPS was
observed during the fifth sampling event, with the overall highest estimate observed in
the woodland riparian buffer. The woodland riparian buffer maintained higher %WFPS
values than the remainder of the treatments during the experiment. The average
%WFPS for the whole experimental period ranged from 81.7 + 9.9 to 102.9 + 7.2%,
with the highest value recorded in the willow riparian buffer, which was however not
significantly (LSD = 18.6) different to the woodland riparian buffer treatment, or any of

the other treatments.
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Figure 7. 3: Daily (A) soil water-filled pore spaces, and (B) N20, (C) CHa,
in the upslope maize and downslope riparian buffers. Data points and
error bars represent the treatment means (upslope maize: n=12, no-
buffer control: n = 3, grass, woodland, and willow riparian buffers: n=6)
and SE during each sampling day. The vertical line in CH4 marks O

fluxes.
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7.3.2 Treatment effects on explanatory variables
Table 7.3 shows that soil OM differed between sampling areas; upslope and
downslope chambers (p < 0.05), but there was no evidence of any other differences
between treatments. Soil OM in the vegetated riparian buffer strips was different from
the upslope maize but not to the no-buffer control, which was not different from the
upslope maize. Soil NH4*-N also differed between areas, but there was no evidence
of any other differences between treatments. The NH4*-N in the vegetated riparian
buffers was different from the upslope maize and no-buffer control, and the upslope
maize and no-buffer control were not different from each other. Soil pH was different
between sampling areas, and there was an interaction between treatments and the
upper and lower riparian buffer areas. The pH in the vegetated riparian buffers was
different from the upslope maize and no-buffer control; but they were not different to
each other. Soil pH was different in the upper and lower areas of the willow and
woodland riparian buffer strips but not in the grass riparian buffer. TON was different
between areas, but there was no evidence of any other treatment differences. All three
riparian buffer vegetation types were different, and there was no evidence of any

treatment differences for BD or %WFPS (Table 7.2).

Table 7. 3: p-values for tests from LMMs on each of the measured soil variables.

Factors and interactions OM BD NH4-N pH TON %WFPS
Area 0.04 0.29 <0.001 <0.001 <0.001 0.23
Area * Treatment crop 0.31 0.13 0.16 0.238 0.173 0.24
Area * Buffer area 0.551 1 0.97 0.959 0.349 0.9
Area * Treatment crop *  0.079 1 0.77 0.05 0.5 0.84

Buffer area
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7.3.3 Gas emissions
7.3.3.1 Gas fluxes

a. Nitrous oxide
Nitrous oxide fluxes measured during each sampling event are shown in Figure 7.3
(B). The commencement of the experiment was marked by relatively low fluxes in all
of the treatments. These low fluxes were immediately followed by the highest peak in
all the treatments; observed after both fertilizer application events, with a maximum
mean flux of 721.1 + 464.3 g ha'! day* observed in the upslope maize. There was also
a smaller peak of up to 204 + 5.7 g hat day* observed in the upslope maize at around
the 15t of August 2019. After that, fluxes remained < 10 g ha' day? in all the
treatments, with the upslope maize and no-buffer control maintaining predominantly

larger fluxes until the end of the experiment.

b. Methane
Daily CHa fluxes, which were mostly positive and sometimes negative, are illustrated
in Figure 7.3 (C). Similar to N20 fluxes, the commencement of the experiment was
marked by low CHa fluxes, which increased up to ~40 g ha'* day* (in the upslope maize
and no-buffer control) immediately after fertilizer application. After these peaks, CHa
fluxes remained low and mostly negative in all the treatments until the end of the

experiment.

7.3.3.2 Cumulative gas emissions

a. Nitrous oxide
There was no evidence of significant treatment differences in N20O emissions between
the upslope maize, no-buffer control and the three vegetated riparian buffers (p = 0.67)

(Figure 7.4 A). Cumulative N20 emissions had a descending order: no-buffer control;
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Figure 7. 4: Cumulative (A) N20 and (B) CH4 emissions for the whole experimental
period from the upslope maize and different downslope buffer vegetation. Error bars
represent 95% confidence intervals (upslope maize: n=12, no-buffer control: n=3,
grass, woodland, and willow riparian buffers: n = 6). Vertical lines are 95% confidence

intervals.

b. Methane

The upslope maize and the no-buffer control (not significantly different from
each other) emitted significantly higher cumulative soil CH4 fluxes than the three
vegetated riparian buffers (p = 0.02) (Figure 7.4 B). Cumulative soil CH4 fluxes were

in the descending order: upslope maize: 5050 + 875 g ha' > no-buffer control: 4740 +
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1411 g hal > grass riparian buffer: 3289 + 1135 g ha* > willow riparian buffer: 2597 +

1135 g ha' > woodland riparian buffer: -102 + 1135 g ha.

7.3.3.3 Relationships between gas emissions and measured soil variables
Table 7.4 and Figure 7.5 show that none of the measured soil variables had a
significant relationship with cumulative N20, but a slight relationship with TON (r =
0.32; p=0.065). N2O emissions were shown to increase with an increase in soil BD,
NH4*-N, TON, and %WFPS and to decrease with an increase in pH and OM (Figure

7.6).

Table 7. 4: p-values for the slope of the fitted line of the model for N2O and measured

soil variables.

Variable Intercept Standard error Slope Standard error p-value
intercept slope
BD -172.6 142.1 201.9 119.98 0.126
pH 122.9 191.9 -10.56 36.194 0.786
NH,* 38.29 23.48 1.58 1.1513 0.18
TON 33.97 18.18 1.068 0.555 0.065
%WFPS 44.16 69.45 0.2518 0.75597 0.742
oM 69.7 29.76 -.2556 2.05029 0.902

150



s ORI N _
: a + Upslope maize
s x No-buffer control
I : o X a Grass buffer
* - 8o 41 o Willow buffer
o °,‘;£o o Woodiand buffer
2 X
_ % Jr=00] =051
2 7 =
(o] 4 3
E 1 <& "
7 oad W™ e
o o
T 5 - - o
< i3 &ﬂg -
N o [TFUZ5 x =0y 08T
? Ef' 5*) x| gsox x &;ig b
g "l X x xx |k % x ook
E ¥ = a alla a V-
- B
e n_ + Oy +0, & -DBO
“t_gdo || et Tllewa
2 Te002 =4 T 0 =002
= £ D&S *4 e * [i <
F . o e " oy + %
& : & o o "
LI B axat LAY | R PN
8 - o o
" £a? %4 n"’-r%o LI | M e
' -F A X & JLX,‘A + + KR 3 n"’k
g . . .
§ Jr=-001 r=0.22 ° ~€25 =037 r=0.21 o
-
= A - o o o o o
Eg q -
E: M £ % x = * o
I gmg@: R xR o2 8
£ T=028 T= 007 T=0.24 T=0.32 T=004 T= D02
g :.‘_ x x x £
N a A
g g 4 xg Qx L )kﬁ x a&{x dyxr.x" * o
F ok x4 o) aa " e a* #bD ap X o
] ,: © x x © ° X » x »Q
E B o
3 3
Y ™ T T TTTT T T T ™ T Tt e e LI B B
= = n TmoenTEe=aan § R ! B 238 % 3% £ 8% B8 7 ARRRRS

BD g env pH NH,-N (mg kg ) TON{mg kg ') WFPS{%) OM{%)

Figure 7. 5: Scatterplot showing the relationships between the variables soil
pH, NH4*-N, TON, %WFPS, OM, BD and cumulative N2O emissions for the
upslope maize and the downslope riparian buffers with different vegetation

treatments. r = Pearson’s correlation coefficient.
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Figure 7. 6: Relationships between cumulative N2O emissions and each of the
explanatory soil variables.
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Table 7.5 and Figure 7.7 show that pH (r = -0.44; p = 0.042), TON (r=0.44; p
=0.005), and NH4*-N (r = 0.33; p = 0.056) had significant relationships with cumulative
CHa4 emissions. Soil CH4 emissions increased with increasing soil BD, NH4*-N, and

TON and decreased with increasing in soil pH, %WFPS, and OM (Figure 7.8).

Table 7. 5: p-values for the slope of the fitted line of the model for CH4 and measured

soil variables.

Variable Intercept Standard error Slope Standard error p-value
intercept slope

BD -4469 6524 6575 5467.2 0.24

pH 26829 5813 -4447 1094.7 0.042
NH4* 1901 918.6 84.33 42.303 0.056
TON 1663 925.3 56.41 18.574 0.005
%WFPS 5265 2916 -21.41 30.548 0.489
oM 4861 1197 -122 74.55 0.113
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Figure 7. 7: Scatterplot showing the relationships between the variables soil
pH, NH4*-N, TON, %WFPS, OM, BD and cumulative CH4 emissions for the
upslope maize and the downslope riparian buffers with different vegetation

treatments. r = Pearson’s correlation coefficient.
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Figure 7. 8: Relationships between cumulative CH4 emissions and each

of the explanatory soil variables.
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7.3.3.4 Global warming potential

Soil N20O-based GWP ranged from 1223.5 + 362.0 (willow riparian buffer) to 10 225.1

+ 4735.7 (no buffer control) kg CO2-eq. ha' year? (Table 7.6). Significantly the highest

GWP was generated from the no-buffer control, which was, however not significantly

different from the upslope maize. On the other hand, soil CHs-based GWP ranged

from 3.4 + 35.9 (woodland riparian buffer) to 282.9 + 33.4 (no buffer control) kg CO2-

eq. ha' year?. Despite the large GWP found in the no buffer control, it was not

significantly different to the other treatments, but to the woodland riparian buffer.

(Table 7.6).

Table 7. 6: Land-use effects on global warming potential.

GWP (kg CO,-C equivalent ha' year?)

Land-use N.O CHg4
Upslope maize 6181.7 + 3545.5 ab 2829+334a
No-buffer control 10225.1 £+ 4735.6 a 273.8+42.2a
Grass Buffer 2518.3 + 1689.3 bc 177.5+68.1a
Willow Buffer 1223.5+362.0c 134.7 + 74.0 ab
Woodland Buffer 1771.3 + 800.5 bc 34+359b

TAll values are mean + standard error (upslope maize: n = 12, no-buffer control: n = 3, grass, woodland and willow

riparian buffers: n = 6).

*values with the same letter in a row are not statically different at 5% significance level.

7.4 Discussion

7.4.1 Gas emissions

7.4.1.1 Soil and environmental controls of gas fluxes

a. Nitrous oxide

The largest peak N20 flux observed in the upslope maize coincided largest %WFPS

in the treatment and followed N fertilizer application events in the upslope maize and

no buffer control (Figure 7.3 A and B). Soil N20 fluxes following N fertilizer application

events are known to increase with increasing soil water content; most rapidly above
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70% WFPS, wherein denitrification is a dominant process (Abbasi and Adams, 2000;
Dobbie et al., 1999; Granli and Bockman, 1994; Skiba and Ball, 2002). As one of the
major drivers of N2O production, soil moisture directly affects N2O production and
consumption through its influence on the N-substrate availability, soil aeration and
metabolic activity of N2O-producing microorganisms; all controlling the capacity of soil
to produce N20 (Di et al., 2014; Khalil and Baggs, 2005; Simona et al., 2004). Fertilizer
N increases soil mineral N availability; a substrate for dominant N2O microbial
producing reactions; nitrification and denitrification (Butterbach-Bahl et al., 2013;
Dobbie et al., 1999). Thus, the higher fluxes were expected after fertilizer N application
in the no-buffer control and the upslope maize of the current study, similar to other
studies; particularly Halvorson et al. (2008) and Van Groenigen et al. (2004), who
reported that soil N2O emissions increased linearly with increasing fertilizer N. This
was further attested to by an increase in N2O emissions with increasing soil TON and
NH4*-N (Figure 7.6). This was also in agreement with previous work, particularly
Mosier (1994), Mosier et al. (1996), and Barton and Schipper (2001). Notably, the
woodland and willow riparian buffers had the highest %WFPS but were characterised
by lower N2O emissions during the peak flux. On top of the low N substrate due to the
fact that the riparian buffers were not fertilized, this could have been due to reduced
diffusion in the high soil moisture causing a further reduction of N2O to N2 (Balaine et
al., 2013; Hamonts et al., 2013). On the other hand, the no-buffer control and upslope
maize had larger fluxes; which further highlights the interactive role of soil moisture
and mineral N in enhanced N20 production (Klemedtsson et al., 1988). The no buffer
control emitted 15.6% while the upslope maize 5.4%, which means that of the total
fertilizer N added, 21% was lost as N20 in the 6-month experimental period. The

current study, however, did not use stable isotopes to ascertain this.
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b. Methane
The overall positive CH4 emissions from all treatments are most likely the result of the
high %WFPS experienced during most of the experimental period. The upper values
(~5 kg C ha) are similar to those reported by Groh et al. (2015). A number of field
investigations have identified soil water content as one of the critical controls of CHa
production and consumption in soils from different ecosystems (Butterbach-Bahl and
Papen, 2002; Khalil and Baggs, 2005; Kim et al., 2010; Wu et al., 2010). Similarly, in
the current study, the peak CHa fluxes followed immediately after the highest %WFPS
(Figure 7.3 C). High soil moisture contents are documented drivers of CH4 production
and emissions in soils; as a group of strictly anaerobic bacteria biologically produce a
majority of CHa in reduced environments (Ehhalt et al., 2001; Ehhalt and Schmidt,
1978; Yang and Chang, 1998). Soil moisture directly affects the production of soil CHa
through its influence on C-substrate availability, soil aeration, and metabolic activity of
CHas producing microorganisms; all affecting the capacity of soil to produce or
consume CHa (Khalil and Baggs, 2005; Simona et al., 2004). Further, the role of soil
moisture in CH4 production and subsequent emissions was attested to by the low
(sometimes negative) CHa4 fluxes we observed; coinciding with low soil %WFPS at the
end of August (Figure 6.3 A); similar to Luo et al. (2013). The latter work observed that
soil moisture affected soil CH4 consumption through its effect on substrate availability

and redistribution, soil aeration, and the metabolic activity of microorganisms.

7.4.1.2 Gas emissions in upslope maize and downslope riparian buffers

a. Nitrous oxide
For a riparian buffer to be considered an atmospheric concern, it must emit more N20
than the cropland it serves (Fisher et al., 2014). In the current study, the no-buffer

control proved to be an atmospheric concern, since it generated the highest N20O
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emissions compared to the upslope maize and the three vegetated riparian buffers
(Figure 7.4 A). The maximum cumulative emissions of 20 kg N20O (~12 kg N ha) are
similar to Kim et al. (2009) (2-year study) and Groh et al. (2015) (1-year study), who
observed 24 and 14.8 kg N20 hal, respectively, in maize in a Humid Continental
climate. The high N2O emissions observed in the no-buffer control could have been
due to applied fertilizer N (particularly readily available inorganic N); which increased
mineral N availability for the N2O-producing nitrification and denitrification processes,
similar to the responses reported by other authors; particularly Dobbie et al. (1999)
and Butterbach-Bahl et al. (2013). In fact, the high N2O emissions in the no-buffer
control shows a downward movement of the fertilizer applied N with rainwater. This
was further attested to by the high mineral N (both TON and NHa4*) in the no-buffer
control compared to the remainder of the treatments (Table 7.2) and an increase in
N20 emissions with every increase in mineral N (Figure 7.7). The fact that the
vegetated riparian buffers had low N20 emissions shows that they served their
purpose of intercepting and processing N to N2 through denitrification induced by their
high soil moisture (Groffman et al., 1991; Knowles, 1982) before it was delivered off-
site. Interestingly, the vegetated riparian buffers had ideal conditions to promote full
denitrification, reducing N to N2, especially at the high moisture and in the case of
willow and woodland the high organic matter and potentially available C which explains
their low N2O compared to the upslope pasture and no buffer control. The low N20
emissions in the vegetated riparian buffers could also be a result of the fact that the
riparian buffer strips were not directly fertilized; further highlighting the role of fertilizer
N in increasing mineral N availability for N2O producing processes; similar to Davis et

al. (2019), Hefting et al. (2003) and Igbal et al. (2015). The second highest N20O
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emissions observed in the upslope maize could have also been due to the N fertilizer

applied.

b. Methane
The fact that the upslope maize and no-buffer control treatments exhibited high CHa4
emissions may have been a result of NH4*-N based fertilizer N applied in the two
treatments, since NH4*-N has been shown to inhibit CH4 oxidation to CO2 (Hditsch,
1998; Kravchenko et al., 2002; Tlustos et al., 1998); which often results in a net
increase in CH4 emitted from soil (Bronson and Mosier, 1994). This inhibition is thought
to be either a general salt effect (Gulledge and Schimel, 1998), a competition between
ammonia (NHs3) and CHs4 for methane monooxygenase enzymes (Bédard and
Knowles, 1989), or non-competitive inhibition by hydroxylamine (NH20H) or NO2
produced during NHs oxidation (King and Schnell, 1994). To further emphasize the
role of mineral N in inhibiting CH4 oxidation, the three vegetated and unfertilized
riparian buffers had significantly lower CH4 emissions than the upslope maize and the

no-buffer control (Figure 7.4 B).

7.4.1.3 Global warming potential
The high N2O and CHs-based GWP observed in the no buffer control shows that
growing a maize crop without implementing riparian buffer vegetation may increase
the risk of global warming potential. On a positive note, implementing the willow and
woodland riparian buffers in tandem with a maize crop may reduce the risk of global
warming potential while addressing water quality problems for which they are usually

implemented.
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7.4.2 Implications of the findings
The findings of the current study have a number of implications especially in research
and environmental policy. Although riparian buffer strips are conventionally
implemented to help tackle the widespread water quality issues in the UK, and
elsewhere globally, associated with intensive farming, the current work demonstrates
the co-benefits of their uptake for gaseous emissions. Many countries globally are
focussing on the urgent need to tackle the climate emergency and robust evidence on

the efficacy of interventions for reducing harmful gaseous emissions is critical for

engaging stakeholders including farmers.

The current findings also have implications for the calibration of process-based
models to simulate N2O and CH4 emissions from croplands and/ or riparian buffer
areas with varying vegetation, which has been challenging in the past due to lack of
data availability. Process-based models including the Riparian Ecosystem
Management Model (REMM) (Lowrance et al., 2000) have been calibrated to simulate
soil processes under riparian buffers. For example, REMM has been used to simulate
groundwater movement, water table depths, surface runoff and annual hydrological
budgets (Inamdar et al., 1999b) and N, P, and C cycling (Dukes and Evans, 2003;
Inamdar et al., 1999a) interactions between varying riparian buffer systems. Other
watershed models, such as the Soil and Water Assessment Tool (SWAT), have been
calibrated to assess the effectiveness of riparian buffers for reducing total organic N
in a watershed (Lee et al., 2020). A landscape model, the Morgan-Morgan-Finney
topographic wetness index (MMF-TWI), has been calibrated to simulate erosion
reduction using riparian buffers (Smith et al., 2018a). But, to the best knowledge, none
of these mechanistic models have been calibrated to simulate N2O and CH4 emissions

from riparian buffers and further compared with emissions from croplands. Whilst

161



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02’&

some process-based models, e.g., Denitrification-Decomposition (DNDC), have been
calibrated to simulate biogeochemical cycles including N2O emissions from different
grass riparian buffers in lllinois, USA (Gopalakrishnan et al., 2012), to the best of our
knowledge, this model has not been being calibrated to simulate N2O and CHa

emissions from riparian buffers in the UK.

7.4.3 Limitations of the study
One of the significant limitations of the current study is that it was based on a replicated
plot-scale experimental facility. This means that the findings represent the climate,
soil, and environmental conditions prevailing at the experimental site at North Wyke,
Devon, UK. Similar conditions in terms of annual rainfall, soils and farming systems,
are present in 1843 km? of farmed land across England (Collins et al., 2021). The
results provide robust data on short-term N and C gaseous emissions and clearly,
longer-term measurements would help in confirming the current findings. Although the
static chamber is cheaper and easy to use, further shortcomings may be associated
with it as it was used to trap the gases in the field for the current experiment. For
instance Healy et al. (1996) and Rochette (2011) reported that insertion of chambers
into the soil may limit lateral gas exchange. However, Rochette (2011) suggested that
such limitations may be overcome by inserting the chamber collars prior to chamber
use. But the same author argued that this practice may affect soil temperature by
shading the soil and affect soil moisture by preventing soil run-off as well as affect gas

exchange through formation of shrinkage cracks at the collar-soil interface.
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7.5 Conclusion

The replicated plot-scale facility experiment showed that the N-fertilized no-
buffer control and upslope areas used for maize cropping are significant N2O and CHa4
sources, respectively. Furthermore, the low N2O and CHas-based GWP from the willow
(11 and 49% that of no buffer control, respectively) and woodland (17 and 1.2% that
of no-buffer control) riparian buffers show that the willow mitigated global warming
potential when implemented for water quality protection purposes in this maize crop.
Accordingly, the results attest to the unintended benefits of riparian buffers for
reducing gaseous emissions, despite primarily being implemented as water quality
protection measures. The type of work undertaken in the current experiment herein
demonstrates the importance of gathering data for co-benefits and trade-offs

associated with the management of agroecosystems.
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Abstract

Vegetated land areas play a significant role in determining the fate of carbon in
the global carbon cycle. Riparian buffer vegetation is primarily implemented for water
quality purposes as they attenuate pollutants from immediately adjacent croplands
before reaching freshwater systems. However, their prevailing conditions promote
processes that produce soil CO2. Despite this, the understanding of soil CO2 emissions
from riparian buffer vegetation and a direct comparison with adjacent croplands they
serve remain elusive. In order to quantify the extent of CO2 emissions in such an agro
system, soil CO:2 emissions were measured simultaneously with soil and
environmental variables for six months in a replicated plot-scale facility comprising of
maize cropping served by three vegetated riparian buffers, namely: (i) a novel grass
riparian buffer; (ii) a willow riparian buffer, and (iii) a woodland riparian buffer. These
buffered treatments were compared with a no-buffer control. The woodland (322.9 +
3.1 kg ha't) and grass (285 * 2.7 kg ha') riparian buffer treatments (not significant to
each other) generated significantly (p =<0.0001) the largest CO2 compared to the
remainder of the treatments. The results of the current study suggest that during maize
production in general, the woodland and grass riparian buffers serving a maize crop
pose a CO:zthreat. The results of the current study further point to the need to consider
the disbenefits of CO2 emissions when choosing riparian buffer vegetation primarily

for improving the sustainability of water resources.
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8.1 Introduction

Vegetated land areas play a pivotal role in understanding C dynamics in the
global C cycle (Stauch et al., 2008). Vegetated riparian buffer strips are primarily
introduced between croplands and waterbodies to attenuate NPS pollutants from
agricultural lands from reaching freshwater ecosystems (Jaynes and Isenhart, 2014;
Lowrance et al., 2002; Valkama et al., 2018). The vegetated riparian buffers usually
recycle high organic matter that elevates soil C and are usually anoxic since they
sustain high soil moisture from seasonally high water tables (Jacinthe, 2015). These
conditions, as mentioned above, and the processing of the pollutants promote
biological processes including denitrification, mineralization, and fermentation,
produce greenhouse gases, including CO2 (Kayranli et al., 2010; Thangarajan et al.,
2013).

Soil CO2 production and subsequent emissions indicate soil respiration in the
biota, as both are influenced by factors controlling CO2 movement in the soil (Raich
and Potter, 1995; Raich and Schlesinger, 1992). Soil temperature and moisture are
considered the most dominant factors influencing soil CO2, as they influence CO2-
producing soil biological activities (Davidson et al., 1998). Soil organic matter provides
a substrate for soil CO2 producing microbial activities, and its decompaosition result in
CO:2 emissions (Harrison-Kirk et al., 2013); thus, it is expected that vegetation that
recycles the most organic matter might have high CO2 emissions. However, this may
be highly dependent on the labile C fraction in the organic matter, as Dlamini et al.
(2020) observed that soils containing highly labile C result in high COo..

Previous studies, De Carlo et al. (2019) and Jacinthe (2015), have compared
CO:2 emissions from different riparian buffer vegetation types. Despite previous works,

understanding of CO2 fluxes and their controlling soil and environmental variables
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riparian buffer strips and a direct comparison with the cropland they serve remain
elusive. Therefore, this study aimed to evaluate the unintended emissions of CO2 and
enrich the understanding of their soil and environmental controls from maize

production, which had both buffered and un-buffered downslope.

8.2 Materials and Methods
Information on the chapter’s (i) study site description, (ii) experimental design and
treatments, and (iii) field measurements are detailed in Chapter 3 (section 3.2). The

methodology described below (Statistical analysis) is specific to this chapter and is not
presented in Chapter 3. Further details on the management of the upslope maize crop
from which the soil CO2 was measured in conjunction with the different riparian buffer

vegetation are detailed in Chapter 7 (section 7.2).

8.2.1 Data processing and statistical analysis
Linear mixed models in Genstat 20 (VSN International, Hemel Hempstead, United
Kingdom) were used to determine whether cumulative CO:2 differed with treatment.
The random structure of each model (accounting for the experiment structure) was
block/plot/chamber. The fixed structure (accounting for treatment effects) was
treatment type/ (treatment*distance. This model gives the following four tests in the
output: (i) Treatment type — tests main maize cropped area vs. no-buffer control vs.
riparian buffers, (ii) Treatment type*treatment — tests for differences between grass,
willow, and woodland riparian buffers, (iii) Treatment type*buffer distance — tests for
the difference between upper and lower riparian buffer areas, and (iv) Treatment
type*treatment*buffer distance — tests for interaction between riparian buffer type and

distance.
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Linear mixed models with the same random and fixed structures as those used
for CO2 were used to determine whether any measured soil variables (BD, pH, NH4*,
TON, %WFPS, and OM) differed with treatment. Pearson’s correlation coefficient (r)
was used to indicate the strength of relationships between soil and environmental
factors and CO2 emissions. This was tested more formally in the linear mixed models
described above. If linear mixed models indicated that treatment differences were
present, LSDs were calculated to determine which specific treatment pairs resulted in
the significant differences in CO2 emissions. All graphs were generated using Sigma

Plot (Systat Software Inc., CA, USA).

8.3 Results

8.3.1 Soil COz2 fluxes
Figure 8.1 (B) shows daily CO: fluxes for the different treatment during the
experimental period. Soil CO2 fluxes were < 289.3 kg ha'day* at the commencement
of the experiment, with the largest of 289.3 + 14.5 kg ha'day? recorded in the
woodland riparian buffer. The woodland and grass riparian buffers maintained
predominately larger (up to 547.9 + 33.9 kg ha*day! from the woodland buffer on the
13t of September 2019) whilst the willow riparian buffer, no-buffer control and upslope
maize maintained lower fluxes throughout the experimental period. Prior to the larger
peak, two smaller peaks of 449 + 76.6 and 516.9 + 57.9 kg haday! were observed
in the woodland riparian buffer on the 4" of July and the 2" of August 2019,

respectively.
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Figure 8. 1: Daily (A) soil %WFPS, and (B) soil CO:2 fluxes, in the upslope
maize and downslope riparian buffers. Data points and error bars represent the
treatment means (upslope maize: n=12, no-buffer control: n = 3, grass,
woodland and willow riparian buffers: n=6) and SE during each sampling day.

8.3.2 Cumulative CO2 emissions
Figure 8.2 shows cumulative CO2 emissions in the descending order: woodland
riparian buffer: 322.9 + 3.1 kg hal > grass riparian buffer: 285 + 2.7 kg ha! > 182 +
1.9 kg ha? > upslope maize: 118 + 2.0 kg ha > no buffer control: 112.7 + 3.6 kg ha-

1, Significantly large (p =<0.0001) emissions were obtained from the woodland and
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grass riparian buffer treatments (not significant to each other) compared to the

remainder of the treatments.
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Figure 8. 2: Cumulative CO2 emissions for the whole experimental
period from the upslope maize and different downslope buffer
vegetation. Error bars represent 95% confidence intervals (upslope
maize: n=12, no-buffer control: n=3, grass, woodland and willow riparian

buffers: n=6). Vertical lines are 95% confidence intervals.

8.3.3 Relationships between CO2 emissions and measured soil variables
Soil pH (r = 0.14; p = 0.03), NH4*-N (r =-0.44; p = 0.003), and TON (r = -0.58; p =

<0.0001) had significant relationships with cumulative CO2 (Table 8.1 and Figure 8.3).
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Table 8. 1: p-values for the slope of the fitted line of the model for CO2 and measured

soil variables.

Variable Intercept  Standard error intercept  Slope Standard error p-value
slope
BD 51694 24844 -29098 20934.2 0.177
pH -74174 40215 17262 7531.9 0.030
NH4 26065 4046 -513.5 158.81 0.003
TON 25805 2916 -289.4 71.08 <0.001
%WFPS -417.9 10318 194.4 111.72 0.098
OM 10385 4328 543.2 287.85 0.071
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Figure 8. 3: Scatterplot showing the relationships between the variables soil
pH, NH4*-N, TON, %WFPS, OM, BD and cumulative CO2 emissions for the
upslope maize and the downslope riparian buffers with different vegetation

treatments. r = Pearson’s correlation coefficient.

Soil CO2 emissions increased with increasing soil pH, OM, and %WFPS, and

decreased with increasing soil BD, NH4*-N, and TON (Figure 8.4).
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8.4 Discussion
8.4.1 Soil CO2 emissions

8.4.1.1 Soil CO2 and environmental controls
Significantly higher CO2 were consistently measured in the grass and woodland
riparian buffers similar to previous studies which compared soil respiration between
croplands and riparian buffer systems, particularly Tufekcioglu et al. (2001), and
Jacinthe et al. (2015). The previous authors primarily linked the high CO:2 fluxes in the
vegetated riparian buffers compared to croplands to soil moisture and temperature
differences as influenced by land-use differences of the two systems. In the current
study, the consistently high CO: fluxes in the woodland riparian buffer is linked to the
higher soil moisture it maintained throughout the experimental period (Figure 8.1 A
and B). The findings of the current study are consistent with other authors particularly
Singh and Gupta (1977), Davidson et al. (1998), and Reth et al. (2005) who observed
that high soil moisture regulated soil CO2 diffusion, hence its pronounced influence on
soil respiration. Also, Sainju et al. (2010) reported a peak of CO:2 fluxes immediately
after a rainfall event (>10 mm), which further highlights the role of soil moisture in CO:2
production. The current study also observed an increase in CO2 with increasing soil

moisture (Figure 8.4).

Soil temperature is an environmental factor controlling CO2-producing microbial
reactions provided that other factors including soil moisture and C contents are not
limiting. For instance, Li et al. (2013) observed that only 26-34% of the seasonal
variations in soil CO2 fluxes could be explained by soil temperature in exponential
equations, implying that there were other factors affecting soil CO2. In the current
experiment the upslope maize and no-buffer control had a row crop which was mostly

bare and hence prone to higher temperatures compared to the permanently ground
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covered-riparian buffers, but the latter treatments had low soil OM and consequently
low COz2 fluxes. This then highlight the interactive role of soil C addition, temperature
and soil moisture in CO2 production, similar to other authors, particularly Davidson et

al. (1998), Epron et al. (1999), and Simek et al. (2004)

Denitrification is a process carried out by facultative anaerobes and free energy,
N2, and CO2 are produced as a result of electron transfer between NOs™ and C (Hume
et al., 2002; Tusneem, 1970). The process is highly dependent on the supply of readily
available C and accounts for about 37% of the CO2 from the soil respiration systems
(Ingersoll and Baker, 1998; Rastogi et al., 2002). Thus, the predominantly higher soill
moisture in the woodland riparian buffer coupled with high OM compared to the
remainder of the treatments during the experimental period (Figure 8.1 A and B) could
have promoted denitrification in the treatment which consequently increased CO2
fluxes similar to other authors, particularly Beauchamp et al. (1989) and Dlamini et al.

(2020).

8.4.1.2 Soil CO2 emissions in upslope maize and downslope riparian buffers
High CO2 emissions from the riparian buffers compared to croplands are linked to
differences in biomass, C inputs and density of plant roots in the two systems (Jacinthe
et al., 2015; Tufekcioglu et al., 2001). The relatively high soil OM in the woodland
riparian buffer may have resulted to increased C-priming effect hence the high CO:2
emissions in the treatment, similar to findings by Simek et al. (2004). Despite having
the largest amount of soil OM, the willow riparian buffer had low CO2 emissions, which
could imply that the treatment had a low labile C fraction similar to other studies
including Dlamini et al. (2020), but C fractions were not quantified in the current study.
The previous author reported that compounds with highly labile C (readily available for
microbial reactions) result to high CO2 compared to those with less labile C. Soll
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respiration is an indicator of total soil biological activity, and therefore an indicator of
overall soil quality (Tufekcioglu et al., 2001; Visser and Parkinson, 1992), and
vegetated riparian buffers have been reported to improve soil quality characteristics
compared to croplands (Musfig-Us-Salehin et al., 2020; Seobi et al., 2005; Udawatta
et al., 2009). Thus, the resultant higher soil CO2 emission from the grass and woodland
riparian buffers compared to the upslope maize and no-buffer control was expected in

the current experiment.

8.5 Conclusion

The replicated plot-scale facility experiment showed that when different riparian
buffer vegetation are introduced for water quality purposes in maize production, the
woodland and grass riparian buffers may pose a CO:2threat. Accordingly, the results
attest to the unintended effects of some riparian buffer vegetation in emitting soil COz,
particularly when primarily implemented for water quality protection measures. The
type of work undertaken in the experiment herein demonstrates the importance of
gathering data for co-benefits and trade-offs associated with the management of

agroecosystems.
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Abstract

Vegetated riparian buffer areas are implemented as an intervention to intercept
and retain diffuse NPS pollutants emanating from adjacent agricultural lands. Their
location in the agricultural landscapes allows riparian buffers areas to process
pollutants that would otherwise reach freshwater bodies and further maintain soll
conditions promoting soil processes including denitrification and respiration. The
processes dominant in the riparian buffer areas produce soil gases, including NO,
N20, N2 and CO2, some of which are environmentally harmful. To investigate the
magnitude of the emissions of the previous gases and further understand their soil
drivers, soil samples were collected from upslope cropland and downslope grass,
willow, and woodland riparian buffers in a replicated plot scale experimental facility.
The soils were re-packed into cores, an amendment containing potassium nitrate
(KNO3) and glucose (labile C) added, and after that incubated in a specialized
laboratory DENItrification System (DENIS). The resulting NO, N20O, N2, and CO:2
emissions were measured simultaneously, with the highest NO (2.9 + 0.31 mg N m-?),
and N20 (1413.4 + 448.3 mg N m) losses generated by the grass riparian buffer
treatment and the highest N2 (698.1 + 270.3 mg N m?2) and CO2 (27558.3 + 128.9 mg
C m2) produced by the willow riparian buffer treatment. Under the given soil conditions
(high soil moisture, N, and readily available C source), the results of the current study
showed that the grass riparian buffer produced 88.6%, 94.5%, and 92.4% more NO,
and 99.9%, 99.2 and 98.6% more N20 than the cropland, and willow and woodland
riparian buffers treatments, respectively. On the other hand, the willow riparian buffer
generated 19.8%, 13.1%, and 87.7% more CO2 and 29.9%, 11.6%, 9.8% more N2
than the cropland, and grass and woodland riparian buffers treatments, respectively.

Thus, the results show that careful selection of riparian buffer vegetation is essential
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for co-addressing water and air quality, especially in areas with similar conditions to
the current study. Further experiments are suggested at field setting and natural
environmental conditions can help understand the extent of NO, N20, N2, and CO:2

emissions in soils developing under varying land management practices.
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9.1 Introduction

A drastic increase in the loss of N compounds from agricultural land into surface
and shallow groundwater has been reported for many settings globally (Olsthoorn and
Fong, 1998; Xia et al., 2020). The installation of vegetated riparian buffer strips,
defined as transitionary boundaries disconnecting direct interaction between
freshwater ecosystems and agricultural land (Naiman et al., 2010), is a widely-used
mitigation measure for NPS pollution on the premise that such features can intercept
and remove N-inputs before delivery to freshwater ecosystems (Valkama et al., 2019;
Xia et al., 2020). The distinctive location of riparian buffer strips in the landscape is
vital for retaining excessive NOs" loads transferred from agricultural land (Gundersen
et al., 2010; Jaynes and Isenhart, 2014). Riparian buffers would likely have high
denitrification rates because of the high C, their high moisture content and the
relatively high supply of mineral N (particularly NOs’) from the intensively managed
upslope agricultural land they serve (Dlamini et al., 2020; Groffman and Crawford,
2003; Schultz et al., 2000; Valkama et al., 2019). Processes including C-mineralisation
and microbial respiration have been reported to increase CO2 production in riparian
buffers (Jacinthe et al., 2015: Tufekcioglu et al., 2001).

The production and subsequent emissions of gases have been studied in
riparian buffer systems (Lowrance, 1992; Silverthorn and Richardson, 2021; Watts and
Seitzinger, 2000); however, it has been mainly overlooked in the case of the actual
riparian buffer areas themselves, which receive substantial NOs (an additional
pollutant) loads from neighbouring agricultural land (Groffman et al., 1998). Moreover,
direct comparisons of soil drivers of these gases between agricultural land and riparian
buffers have received little attention (Davis et al., 2019; Igbal et al., 2015) thereby

underscoring the need to address this important evidence gap.
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Compared to agricultural land, riparian buffers improve soil characteristics, for
instance they increase soil C sequestration, soil physical (i.e., bulk density and
hydraulic conductivity), chemical (i.e., total N), and biological properties (i.e.,
enzymatic activity and microbial biomass N and C) (Paudel et al., 2011; Seobi et al.,
2005; Udawatta et al., 2009; Weerasekara et al., 2016) which affect soil gas production
and their subsequent emissions. It is well known that, significant NO3z™ loads from
agricultural lands seep into C-rich (increased by high OM deposited through plant
litter), and predominantly wet vegetated riparian buffers, and NOgs" is further removed
through denitrification (Fisher et al., 2014; Groffman et al., 1991; Groh et al., 2015;
Igbal et al., 2015). For example, in a forest riparian buffer, Pinay et al. (1993) observed
that denitrification was mediated by organic C energy source, anaerobiosis, and NO3z
supply; which are controlled by vegetation cover, soil moisture saturation and
topography. Also, Groh et al. (2019) observed that the potential for increased C
decomposition, mineralisation, and availability promoted denitrification in an
established grass riparian buffer. Denitrification is a bacterially-mediated process
whereby NOs is transformed to NO2, NO, N20O and finally N2, under limited Oz by
facultative anaerobes (Robertson and Groffman, 2007; Stevens et al., 1997). Most
denitrifying bacteria couple NOs™ reduction with organic C oxidation to gain energy,
making C-supply a usual requirement for denitrification to occur, a process which
further produces CO2 (Beauchamp et al., 1989). Furthermore, the OM decomposition
in vegetated riparian buffer may promote CO:2 production in such agro systems
(Tufekcioglu et al., 2001).

Considering the role of soil characteristics developed under different riparian
buffer vegetation and its prevailing environmental conditions in promoting the

production and the subsequent emissions of gases including NO, N20O, N2 and COg,
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through various processes i.e., denitrification, may result in their unintended trade-offs
between emissions to water and the atmosphere (Groffman et al., 2000; Jacinthe et
al., 2015).Further, Groffman et al. (2002) previously suggested the IPCC’s inventories
may be improved by including measurements from riparian buffer strips . Despite this,
there is still limited evidence in existing literature on GHG measurements from riparian
buffer areas and a concomitant lack of direct comparisons with corresponding
emissions from neighbouring agricultural land.

Given this important evidence gap, this study aimed to (i) compare NO, N:20,
N2 and CO2 emissions from incubated soils sourced from upslope cropland and
downslope grass, willow and woodland riparian buffer areas, in a replicated plot scale
experimental facility, and (i) correlate emissions with soil properties to better
understand the underlying processes driving the emissions, by measuring potential
denitrification under high soil water conditions (i.e., 85% WFPS). It was hypothesized
that high NO, N20 and N2 emissions will result in soil sourced from the cropland as a
result of residual N fertilizer from the permanent pasture and the grass riparian buffer
treatment will generate larger CO2 due to higher organic matter cycling and soil

moisture retention.

9.2 Materials and Methods

Information on the chapter’s (i) study site description, (ii) experimental design
and treatments, and (iii) field measurements are detailed in Chapter 3 (section 3.2).
The methodology used in this chapter is related to soil collection, experimental setup
of the incubation system, soil, and gas measurements, and statistical analyses used

in this chapter which is not presented in Chapter 3.
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9.2.1 Soil collection and preparation
Soil samples were collected at site and plots described in section 3.2.2 and Figure 3.1.
Two weeks before the experiment, soil samples (enough soil to fill a 25 kg plastic bag
per treatment) were collected along a zigzag pattern (Wollenhaupt and Wolkowski,
1994) from each replicated plot area (cropland: 340-m? and each riparian buffer strip:
100-m?) and the plots with no-buffer control were omitted for the current study (Figure
3.1). Samples were collected up to a depth of 10-cm using a soil corer, with a semi-
cylindrical gouge auger (2-3 cm diameter and 10-cm in length) (Poulton et al., 2018).
Samples from the different plots of the same treatment were mixed to generate four
composite samples that generated the following treatments: (i) cropland soil; (ii) grass
riparian buffer soil; (i) willow riparian buffer soil, and (iv) woodland riparian buffer soils.
After sampling, plant roots and residues and stones were removed, and the soils were
sieved to <2 mm using a wire-mesh sieve. Subsequently, samples were air-dried at
room temperature until the gravimetric soil moisture; a method that determines the
weight of water contained in the soil samples relative to weight of dry soil, reached
~30% H20 before core-packing, amendment application and subsequently the vessel
incubation. The gravimetric soil moisture analysis involved taking six sub-samples
from each of the sieved composite soils, accurately weighing them, completely drying
them out in an oven (i.e., 105°C until constant dry weight), and thereafter reweighing
the dry samples. Thereafter, moisture content in subsamples samples was determined

and expressed percentage (Equation 9.1).

w

W, _ D

w

(Eq.9.1)
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Where, %SM is the soil moisture content, Wy, is soil wet weight, and Dy is soill

dry weight.

9.2.2 Experimental set-up
The experiment was carried out using a specialized gas-flow-soil-core incubation
system; the DEN:itrification Incubation System (DENIS) (Cardenas et al., 2003) in
which environmental conditions can be controlled. The different soils were packed into
12-cylindrical stainless-steel vessels with a diameter of 14 cm up to a height of 6 cm
and to BD values to simulate those prevailing in the field of 1.3 g cm™ (cropland soil),
1.0 g cm3 (grass riparian buffer soil), and 1.2 g cm (willow and woodland riparian
buffer soils). After core packing, soil moisture was adjusted to 85% WFPS; taking the
amendment that was to be applied later into consideration, similar to values used in
other authors (Bergstermann et al., 2011; Loick et al., 2017; Loick et al., 2016; Meijide
et al., 2010) studying potential denitrification. The native atmosphere was removed by
flushing the soil cores from the bottom using a mixture of He: O2 (80:20) at a flow rate
of 30 ml min-t for 14 hours, in order to facilitate N> measurement. Thereafter, flow rates
were decreased to 12 ml mint, and the flow re-directed over the surface of the soll
cores for three days before amendment application in order to measure baseline
emissions. Since the objective of the study was to investigate potential denitrification
as a result of high %WFPS, Oz was kept at atmospheric levels in the gas mixture

(20%).

In order to promote potential denitrification, KNO3 was added as an N source
and glucose as a C source (Morley and Baggs, 2010). The amendment was applied
at a rate equivalent to 400 kg C ha (i.e., 1583.6 mg kg dry soil) and N at a rate
equivalent to 75 kg N ha (i.e., 857.3 mg kg dry soil), similar to previous studies
(Bergstermann et al., 2011; Loick et al., 2017; Loick et al., 2016; Meijide et al., 2010).
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The C and N amendments were applied to each vessel with 45 ml distilled water
(taking into consideration the amount of water added earlier, thus making-up the 85%
WFPS incubation soil moisture) and vessels incubated at 20°C for the 16-day

experimental period (NO analysis was terminated at day-15 as a result of equipment

malfunction).

9.2.3 Gas analyses
The DENIS is a flow-through system, where continuously flowing gas samples are
analysed from each incubation vessel in turn. A new vessel was sampled every 8-
minutes for the duration of the experimental period resulting in the same vessel being
measured every 96 minutes. CO2 and N20 fluxes were quantified using a Perkin EImer
Clarus 500 gas chromatograph (Perkin Elmer Instruments, Beaconsfield, UK),
equipped with an ECD. Concentrations of NO were determined by chemiluminescence
(Sievers NOA280i, GE Instruments, Colorado, USA), and N2 fluxes measured by gas
chromatography fitted with a helium ionization detector (VICI AG International,
Schenkon, Switzerland) (Cardenas et al., 2003). Concentrations for each gas were
corrected for the core surface area, and the daily-measured flow rates passing through
each vessel. Gas fluxes and emissions were calculated on an mg C and N m2 hr't and

mg C and N m? (cumulative for the whole experimental period) basis, respectively.

9.2.4 Soil analyses
Before incubation, three replicate samples were taken from each of the sieved
composite soils (cropland, and grass, willow and woodland riparian buffers), and, after
incubation, soils from each vessel (corresponding with each treatment) were mixed
and a sub-sample was taken and analysed as a replicate. From each replicate soil pH,
OM, TON, and NH4*-N were determined. Soil pH [within-lab precision: 0.015] was
measured in a soil: water suspension of 1:2.5 (Jenway pH meter, Staffordshire, UK)
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and OM was determined using the LOI technique (Wilke, 2005). TON [comprised of
NO2 and NOs, the former considered to be negligible] and NH4*-N [within-lab
precision (RSD%): 7.2%] were quantified following the method by Searle (1984). For
this, 20 g moist soil samples were mixed with 2 M KClI at a ratio of 1:5, filtered using
Whatman 2V filter paper, and thereafter soil extracts colometrically analysed using

Aquakem™ analyser (Thermo Fisher Scientific, Finland).

9.2.5 Data processing and statistical analysis
Genstat 20" edition (VSN International Ltd, Hemel Hempstead, UK) was used to
perform statistical analysis. The cumulative CO2, N20O, NO, and Nz emissions were
estimated by calculating the area under the curve after linear interpolation between
sampling points for the length of the peak of gas fluxes (i.e., 0-48 hours for NO, 0-72
hours for N20, 60-384 hours for N2 and 0-144 hours for COz2). Prior to statistical tests,
the data was checked for normal distribution using the Shapiro-Wilk test (D'Agostino,
2017; Welham et al., 2014). ANOVA at p < 0.05 was performed according to the GLM
procedure when the Shapiro-Wilk test was significant (p > 0.05) in order to assess
differences in cumulative emissions of each gas and measured soil characteristics
between treatments. Fisher's LSD test was used to ascertain differences among
treatments when treatment effects proved to be significant. The relationships between
cumulative gas emissions and measured soil variables (OM, TO-N, NH4*-N, pH, BD,
and %WFPS) were investigated using Pearson correlation (Statistix. Inc., Talahassee,

USA). All tests were performed at the 5% probability level.
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9.3 Results

9.3.1 Soil characteristics
Before incubation, the soil pH was higher (p = 0.0001) in the woodland riparian buffer
(5.1 £ 0.01), compared to the cropland, and the grass and the willow riparian buffer
treatments (Table 9.1). Similar to the status before incubation, at post-incubation, the
woodland riparian buffer (5.1 + 0.02) maintained higher (p = 0.0003) soil pH compared
to the cropland, and the grass and the willow riparian buffer treatments. Soil BD did
not change before and after incubation, with values of 1.3 g cm (cropland), 1.0 g cm"
3 (grass riparian buffer), and 1.2 g cm-2 (willow and woodland riparian buffers) (Table
8.1). Prior to incubation, the soil TON was greater (p = 0.0003) in the cropland (62.5 +
1.3 mg kg dry soil) compared to all the three riparian buffer treatments. Even after
incubation, the soil TON remained higher (p = 0.0001) in the cropland (156.7 = 2.2 mg
kg dry soil) compared to the three riparian buffer treatments. Also, after incubation,
soil TON had increased by 2.5 and 19 to 22.5-fold for the cropland and the three
different riparian buffer treatments, respectively, from the status before incubation.
Compared to the status before incubation, soil TON in the cropland had increased by
9.4% and the increase in riparian buffer treatments were almost similar, with the grass,
willow, and woodland riparian buffers increasing by 124%, 134% and 115%,
respectively. Notably, the riparian buffer treatments started from much lower values at
around 5 mg N kg™ dry soil whilst the cropland had values >60 mg N kg™ dry soil
(Table 8.1). Also, after incubation, the soil TON was significantly correlated with OM

(r=-0.70; p=0.012).

Similar to soil TON before incubation, soil NH4* was higher (p = 0.0001) in the
cropland (27.1 + 0.58 mg kg* dry soil), compared to the three riparian buffer

treatments (ranging between 93.6 + 7.2 and 106.4 + 1.6 mg N kg dry soil). After
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incubation, the soil NH4* in the cropland treatment decreased by 6.9%, whilst, in the
riparian buffer treatments NH4* increases between 5% and 16% were observed. The
soil NH4* was higher (p = 0.0003) in the willow riparian buffer (14.6 + 0.32 mg N kg

dry soil) compared to other treatments and the increase was 3.5-fold from the soil NH4*

status pre-incubation (Table 9.1).

Table 9. 1: Soil characteristics before and after the incubation experiment.

Treatment

Parameter Cropland Grass buffer  Willow buffer Woodland
buffer

Before Incubation
pH Water (1:2.5) 4.7 £0.041 d¢ 5.0£0.02b 49+0.02c 51+0.01a
BD (g cm3) 1.3+0.0a 1.0+x0.0c 12+0.0b 12+00b
TON (mg kg dry sail) 625+1.3a 45+£0.22b 46+1.30b 55+0.78 b
NH4*-N (mg kgt dry soil) 27.1+0.58a 3.1+£0.07b 41+£0.23b 3.6+0.24b
OM (% wiw) 10.1+0.09c 11.4+0.32b 12.8+0.04 a 12.7+0.04 a
%WFPS (%) 85.0+0.0a 85.0+0.0a 85.0+0.0a 85.0+0.0a
After Incubation
pH water (1:2.5) 46+0.01c 49+0.03b 49+0.01b 5.0+£0.02 a
BD (g cm3) 1.3+0.0a 1.0+x0.0c 12+0.0b 12+00b
TON (mg kg dry soil) 156.7+2.2a 93.6+7.2cC 103.5+2.30b 106.4+16b
NH4*-N (mg kgt dry soil) 13.5+0.28b 5.7+0.08 d 146 +£0.32a 6.7+0.29c¢c
OM (% wiw) 10.1+£0.17c 11.7+0.17b 12.8+0.06 a 12.4+0.07 a
%WFPS (%) 82.3+0.61a 828+12la 83.7+0.68a 81.4+0.71a

T Mean + standard error (n=3).

* Different letters within a row indicate significant differences between treatments (n=3, p<0.05).

The soil OM before incubation was the highest in the willow (12.8 + 0.04%) and
the woodland (12.7 = 0.04%) riparian buffer treatments (not different from each other),
but both treatments had higher (p = 0.0001) soil OM than the cropland and grass
riparian buffer treatments (Table 9.1). After incubation, soil OM remained within the
same range (between 10.1 = 0.17% and 12.8 £ 0.06%) in all the treatments as the

status before incubation, with the willow and woodland riparian buffers maintaining the
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highest (p = 0.0001) soil OM (Table 9.1). All treatments had 85.0 £ 0.0% %WFPS
before incubation, whilst post-incubation, they were at 82.3 £ 0.61, 82.8 + 1.21, 83.7
+ 0.68, and 81.4 + 0.71% for the cropland, and the grass, willow and woodland riparian

buffers, respectively and all treatments were not different from each other (Table 9.1).

9.3.2 Gases

9.3.2.1 Gas fluxes
Soil NO fluxes peaked within the first 24-hours after amendment application in all the
treatments, with the largest flux of 0.123 + 0.011 mg N m? hr! observed in the grass
riparian buffer treatment at 17.3-hours after amendment application (Figure 9.1). While
the grass riparian buffer had a large NO flux, fluxes stayed below 0.02 + 0.0003 mg N
m-2 hrt in the other treatments. The times of the NO maxima were 2.9, 6.5, 6.5, and
17.3-hours after amendment application for the willow riparian buffer, cropland,
woodland riparian buffer and grass riparian buffer treatments, respectively. At 24 hours
after amendment application, NO fluxes were negligible in all treatments until the end

of the experimental period.

Soil N20 fluxes increased immediately after amendment application; in almost
a similar pattern to the NO fluxes (Figure 9.1). N2O fluxes peaked at 10.1-hours after
amendment application and showed only small peaks of 0.26 + 0.003, 0.25 + 0.098
and 0.77 £ 0.32 mg N m2 hr?, for the cropland, and the willow and woodland riparian
buffers, respectively. In contrast to this, the grass riparian buffer treatment showed
much larger values in a double peak, reaching a first high at 35-hours after amendment
application with 10 + 1.5 mg N m2 hr! (close in time to the NO peak), followed by a
second high at 69.1-hours after amendment application reaching 17.4 + 5.6 mg N m~

hrt.
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Gaseous N2 fluxes followed a similar pattern in all treatments from the day of
amendment application until the end of the experiment (Figure 9.1). In all the
treatments, soil N2 fluxes above 2.4 + 1.8 mg N m2 hr'! were observed within the first
60-hours after amendment application, which then declined to 0. After this period, the
cropland, and the grass and willow riparian buffer treatments had fluxes not exceeding
2.3 1 mg N m? hrtin, and the willow riparian buffer treatment had fluxes not

exceeding 0.5 £ 0.1 mg N m2 hr?, until the end of the experiment.

Carbon dioxide fluxes increased immediately after the amendment application
in all the treatments (Figure 9.1). The largest peak of 430 + 17 mg C m2 hr! was
observed in the willow riparian buffer treatment at 28-hours after amendment
application. Thereafter, fluxes decreased gradually until the grass, willow, and
woodland riparian buffer treatments maintained fluxes of ~100 + 11 mg C m=2 hr! and
the cropland with fluxes of ~50 + 5 mg C m™ hr! from 72-hours after amendment

application until the end of the experiment.
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Figure 9. 1. Gaseous emissions during the experimental period. Error
bars are standard errors of treatment mean (n=3).
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9.3.2.2 Cumulative gas emissions
Table 9.2 shows cumulative emissions of the measured gases in the cropland, and
the grass, willow, and woodland riparian buffer treatments. Total NO emissions ranged
from 0.16 + 0.023 to 2.9 + 0.31 mg N m? and were greater (p = 0.0002) from the grass
riparian buffer treatment (2.9 + 0.31 mg N m-2) compared to the cropland and the other
riparian buffer treatments. Cumulative NO emissions were significantly correlated with
OM (r = 0.70; p = 0.012), TO-N (r = - 0.59; p = 0.042), and BD (r = - 0.89; p = 0.0001)

(Figure 9.2).

Table 9. 2: Cumulative emissions of NO, N20, N2 and CO: for each treatment.

Treatment
Gas Cropland Grass buffer Willow buffer Woodland buffer
NO (mgNm?)  0.33+0.005tb¥f 29+03la 0.16 +0.023 b 0.22+0.074 b
N2O (mgNm?2) 0.39+0.48b 1413.4 £ 448.3 a 10.3£69Db 18.4+9.8Db

Nz (mg N m2) 559.2+476.9a 606.6 +488.9a 698.1 + 270.3 a 113.6+47.1a
CO,(mgCm?) 19310+7353c 24372.6+233.2b 27558.3+1289a 24842.8+503.7b

T Mean + standard error (n=3).

* Different letters indicate a significant difference between treatments for each measured gas (n=3, p < 0.05).

Similar to NO emissions, cumulative N2O emissions were significantly greater
(p =0.0178) in the grass riparian buffer treatment (1413.4 + 448.3 mg N m?) compared
to the cropland (0.39 + 0.48 mg N mm-2), and the willow (10.3 + 6.9 mg N m), and
woodland (18.4+ 9.8 mg N m-?) riparian buffer treatments (Table 9.2). The cumulative
N20 emissions were significantly correlated with OM (r = 0.7; p = 0.012), TO-N (r = -
0.74; p = 0.006), and BD (r = - 0.83; p = 0.0008) (Figure 9.2). The cumulative N2O
emissions during the experiment represented 0.0052, 18.8%, 0.13% and 0.24% of the
amendment applied N in the cropland, and the grass, willow, and woodland riparian
buffer treatments, respectively. Cumulative N2 ranged from 113.6 + 47.1 to 698.1 £
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270.3 mg N m there were no differences (p = 0.93) between all the treatments (Table
9.2). The willow riparian buffer (27558.3 + 128.9 mg C m?) had significantly the highest
(p = 0.0001) CO2 emissions compared to the cropland, and the grass, and woodland

riparian buffer treatments (Table 9.2). Cumulative CO2 emissions were significantly
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correlated with NH4*-N (r = 0.98; p = 0.0) after incubation (Figure 9.2).
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9.4 Discussion

9.4.1. Soil Cand N
The increase in soil TON in all the treatments was primarily as a result of the NOgz
introduced with the amendment. This increase in soil TON in all the treatments could
also indicate mineralisation of soil OM to NH4* followed by small amount of nitrification
to NO2 and further to NOs immediately after the incubation (since the headspace
volume was having 20% O32), however, this amount would have been small due to high
%WFPS causing primarily favouring anaerobic N2O production (Bridgham and Ye,
2013; Burt and Haycock, 1991). Since soil extraction for TON analysis was done on
the day the experiment was terminated, it would not be assumed that nitrification had
much influence on TON immediately after incubation. The decrease in soil NH4* in the
cropland treatment did not correspond to the change in soil TON (increase was 7 times
larger; Table 9.1); which partially confirms that a majority of the TON came from the
addition of NOs with the amendment. It is also possible that the current study did not
observe the decrease in soil NHs4* as it was being produced simultaneously from
mineralisation while it was being slightly nitrified immediately after incubation. The
slight increase in soil NH4" in the grass, willow and woodland riparian buffer treatments
could have been as a result of dissimilatory nitrate reduction to NH4* of the NO3z
introduced by the amendment during incubation, as described by Tiedje (1988). The
previous author described this process as one regulated by Oz, thus, well suited to
anaerobic environments, similar to conditions of the current study. This slight increase
in soil NH4* in the buffer treatments could also have been as a result of soil OM
mineralisation that did not proceed to nitrification due to anaerobic conditions, similarly
to other authors, particularly Clark et al. (2020) and (Hgjberg et al., 1996). The

previous authors studied mineralisation and nitrification in soils under grasslands
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(Clark et al., 2020) and young barley (Hgjberg et al., 1996), and reported nitrification
after mineralisation to be a two-step oxidation process of NH4"-N or NHs to NO3"; which
does not seem to have been the case in the current study, since NH4* accumulated

instead.

9.4.2 Land uses and gases

9.4.2.1 Nitric oxide
The NO increase observed immediately after N application in all the treatments of the
current study (Figure 9.1) indicates that the majority of NO was a result of
denitrification of NOs™ at the relatively high soil moisture content (85% WFPS) during
the experiment. In soils, NO is produced by microbial nitrification and denitrification
processes (Medinets et al., 2015; Skiba et al., 1997). During denitrification, NO is an
obligatory intermediate between NO2 and N20 (Ye et al., 1994). In line with findings
of the current study, studies by Russow et al. (2009) and Wang et al. (2011) also
established that NO emissions from soils are promoted by denitrification. Several
studies have also previously observed increasing NO emissions immediately after N
fertilizer/amendment application under high soil moisture conditions (Cui et al., 2012;
Liu et al., 2011, Loick et al., 2016), similarly to the current study. The current study
observed a significant correlation between NO emissions and OM (p = 0.012) after
incubation (Figure 8.2), in line with studies by Stliven et al. (1992) and Homyak et al.
(2017) which reported that soils with increased OM were vulnerable to N losses via
NO as soil OM may be composed of organic substances that are suitable electron

donors for NO production by some denitrifiers.

The fact that all the treatments had the same %WFPS and received the same
amount of N shows that soil BD was a major driver of NO emissions in the current

study, as the grass riparian buffer strip with the lowest soil BD had the highest
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cumulative NO emissions and vice versa for the treatments with high soil BD. Also,
the riparian buffers had the same (statistically) TON and NH4*-N at the start, so there
was no influence of inorganic N on these three treatments, but it was different in the
cropland. OM was different between treatments at the start, so this would have made
an impact, as the current study found a correlation between OM and NO. The negative
correlation between NO and BD was consistent with previous authors, particularly
Skiba et al. (1997), Stehfest and Bouwman (2006), and Zhang et al. (2016) that
reported that high soil BD restricts gas diffusivity in the soil and may consequently
reduce NO emissions. This then explains the significantly high NO emissions from the
grass riparian buffer treatment compared to the remainder of the treatments as it had
the lowest BD (Table 9.2). The results show that soil BD was a major driver of NO
emissions in the current study, as the grass riparian buffer strip with the lowest soil BD

had the highest cumulative NO emissions.

9.4.2.2 Nitrous oxide
The peak N20 fluxes in all the treatments immediately after incubation are in line with
field (Bouwman et al., 2002; Scheer et al., 2008) and laboratory (Wang et al., 2011)
studies, which observed peak N20 immediately after N-fertilisation and at high soil
moisture contents; conditions prevailing in our study. As a substrate for N2O producing
microorganisms, mineral N content is one of the significant drivers of N2O emissions
in soils (Ball, 2013; Schmid et al., 2001). In addition to stimulating soil microbes, soill
moisture influences gas diffusivity, which controls the movement of gas between the
soil and the atmosphere, thus influencing the capacity of soil to produce and consume
N20 (Smith et al., 2003). When high %WFPS prevails and soil gas diffusivity is
impeded, NO is further reduced to N2O before reaching the atmosphere (Russow et

al., 2009; Smith et al., 2003), thus the larger N20 fluxes in the current study. The large
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peak in all treatments immediately after incubation could mean both nitrification and
denitrification contributed to the N20 flux; but this was not confirmed in the current

study.

Soil BD is widely recognized as one of the major drivers of soil N2O emissions,
since low BD is known to facilitate N20O diffusivity from production microsites to the soll
surface (Balaine et al., 2013; Skiba and Ball, 2002; Smith et al., 2018). Similarly, to
the previous authors, the significantly large soil N2O emissions in the grass riparian
buffer treatment of the current study were driven by low soil BD, since the treatment
had lower soil BD compared to the remainder of the treatments. These findings are
further supported by the significant relationships between N20 and BD in the current
experiment (Figure 9.2). A high soil BD is known to increase the chances of N2O being
reduced to N2 (Del Grosso et al., 2000; Hamonts et al., 2013). These findings are in
line with findings by Ball (2013) and Smith et al. (2018), which reported that N20
emissions decreased with increasing soil BD since it reduces soil gas diffusivity. The
current study further shows a significant correlation between N20O emissions and OM
(P =0.012) after incubation (Figure 9.2), in agreement with Harrison-Kirk et al. (2013),
who reported that higher N2O emissions were associated with higher soil OM. Despite
the significant correlation observed between N20O and OM in the current study (Figure
9.3), the grass riparian buffer treatment which had significantly higher N2O emissions
had relatively lower OM. Thus, it is evident that low BD was a major driver of N20
emissions in the current study, similar to other authors including Ball (2013) and Smith

et al. (2018).

Regarding the source processes, denitrification was likely to be the main
source, but some N20 could have also been due to some small nitrification
immediately after incubation near the surface due to the aerobic headspace; a process
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limited in anaerobic conditions similar to conditions prevailing in the current study
(Abbasi and Adams, 2000; Khalil et al., 2004), but this was not ascertained since stable
isotopes like other authors who confirmed this using isotope techniques i.e., Loick et
al. (2016). However, the double N2O peak observed could have been that, initially
there was a small contribution to N2O from nitrification, followed by a larger pulse of
N20 from denitrification; an N20O producing process dominant in anaerobic conditions
similar to the current study (Abbasi and Adams, 2000; Dlamini et al., 2020; Li et al.,
2016). This could also be as a result of insufficient denitrifying bacteria present at the
commencement of the experiment, which then took advantage of the presence of

readily available NOs™ to reproduce and multiply within the first two days of the

experiment.

9.4.2.3 Nitrogen gas
The high N2 fluxes in all treatments immediately after the amendment application were
most likely due to the release of N2dissolved in the amendment into the vessels, which
was being flushed-out during the first 60-hours, and decreasing N2 concentrations to
background levels, before an actual N2 peak commenced. Although the current study
did not use a *°N labelled amendment to confirm the source of the N2, but previous
authors particularly Bergstermann et al. (2011), Cardenas et al. (2007), and Meijide et
al. (2010) used labelled amendments to confirm that most of the dissolved N2 in the
amendment gets flushed-out within 2.5-3 days after incubation. After flushing the
amendment dissolved Nz (48 hours), the willow riparian maintained relatively larger N2
fluxes compared to the remainder of the treatments, which could mean that its
relatively high soil BD could have facilitated complete denitrification to N2 (Aulakh et
al., 1992; Firestone, 1982). Nonetheless, high N2 fluxes and subsequent emissions

were expected from the cropland soil which had a higher soil BD compared to the
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remainder of the treatments. The findings of the current study were consistent with
those by Smith et al. (2018b), who reported that if an N2O molecule cannot readily
diffuse from a site of production into an oxygenated pore, it has a good chance of

being reduced into N2 before being emitted into the atmosphere.

The addition of an available C-source, the addition of N and as well as high soil
moisture content favoured Nz production through potential denitrification in all
treatments in the current study, similar to other authors, particularly Bergstermann et
al. (2011) and Obia et al. (2015). This was expected, since N2 is the final product of
denitrification and the wet soil conditions (85% WFPS in the current study) favoured
N2 production through denitrification. The N20: (N2 + N20) ratios are typically around
0.1 (less for the grass riparian buffer), which indicated that about 90% (or more for the
grass riparian buffer) of denitrification tends to be complete denitrification to N2 (Ciarlo

et al., 2008).

9.4.2.4 Carbon dioxide
The initial increase in COz2 fluxes in all the treatments within the first 72-hours after
incubation reflects aerobic respiration in the current study, similar to Lopez-Aizpun et
al. (2018) and Loick et al. (2021). The previous authors reported that high CO:2 fluxes
and emissions indicate microbial respiration and activity. The large COz2 flux in all the
treatments within the first 72-hours after amendment application was also as a result
of a “priming effect’; accelerated soil OM mineralization when stimulated by the
addition of new substrates (i.e., labile C source in the current case), similar to the
review of field and laboratory studies by Kuzyakov et al. (2000). Some authors,
including Kudeyarov, (1988) and Pascual et al., (1998) reported that priming effect
arose shortly or immediately after addition of a specific subtance to the soil. This then
explains the peak CO: fluxes immediatley after amendment application, which curved
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downwards and remained low until the end of the experiment at about 2 days post
amendment application before decreasing to what was assumend to be baseline
emissions; which could mean that the majority of the added labile C which resulted to
the priming effect was exhausted within the first 72-hours of the experiment. The
findings of the current study were similar to other authors, particularly Dlamini et al.
(2020) who reported that highly labile C compounds including glucose get exhausted

within the first 3 days after incubation under high soil moisture conditions.

The priming effect is known to be larger in C and N-rich soils as opposed to C
and N-poor soils (Hart et al., 1986) and NH4*-N causes significant priming effects
compared to NOs" -N in soils (Steele et al., 1980; Stout, 1995). Since the same N and
C was added across treatments in the current experiment, the larger OM in the willow
riparian buffer (Table 9.1) explains the significantly large CO2 emissions in the
treatment (i.e., Simek et al., 2004) compared the cropland and the grass riparian
buffers but not to the woodland riparian buffer, as there were no significant differences
in OM between these two treatments (Table 9.2). The significantly large CO:2
emissions in the willow treatment (Table 9.2) compared to the remainder of the
treatments is explained by the significantly large NH4*-N (known to increase priming
effect) in the willow riparian buffer compared to the remainder of the treatments (Table
9.1). The findings of the current study are in line with other authors, particularly Steele
et al. (1980), who reported that NH4* -N caused more priming effects compared to

NO3s -N in soils.
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9.4.3 Implications of the findings
The findings of the current study have several implications for an array of research
fields. This study suggests that there is potential for higher NO and N20 emissions
from the grass riparian buffer, and larger N2 and CO2 from the willow riparian buffer

under these conditions, however these may be different in field setting.

In the UK, some of the most commonly used riparian buffer vegetation include
single stands or a mixture of grass, trees and woodlands (DEFRA, 2019; Natural
England, 2013). Given that the grass riparian buffer displayed a larger potential to
produce environmentally harmful gases i.e., NO and N20 through in the current study.
And the evidence that the grass riparian buffer is amongst the widely used buffer
vegetation in England, shows that there is a need for intervention. Thus, the findings
may also be useful in the recommending mitigation measures through careful buffer
choices i.e., avoiding the use of grass riparian buffers in order to mitigate NO and N20

production in similar agroecosystems with prevailing high soil moisture.

9.5 Conclusion

The study hypothesized that high NO, N2O and N2 emissions in soil from the
cropland would occur as a result of residual N fertilizer while the riparian buffer
treatments generally have lower labile N concentrations, also that the grass riparian
buffer treatment will generate larger CO2 due to higher organic matter cycling
compared to the remainder of the treatments. The hypotheses were rejected since the
results showed that larger NO and N20 were produced in the grass riparian buffer
treatment and high N2 and CO2 generation in the willow riparian buffer treatment.
These results provide some information to help address an evidence gap previously

highlighted by Groffman et al. (2002) to the IPCC. The results of the current study
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further highlight the need for similar research in a range of environmental conditions
and field settings to enrich the understanding of the extent of NO, N20O, N2 and CO2
emissions as a result of certain soil properties affected by various land management
practices. Further, future research combing molecular tools with isotopic analyses may

be useful to expand the findings of the current study.
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CHAPTER 10.0

SYNTHESIS AND RECOMMENDATIONS

10.1 Synthesis

Vegetated riparian buffers are primarily introduced to agricultural lands for
water quality functions. Their position in the landscape allows them to intercept and
process NOs-rich sub-surface and surface runoff which would otherwise reach
freshwater ecosystems. They are seasonally inundated from high water tables, recycle
OM which increases soil C, and retain N intercepted from the upslope agricultural
lands. The decomposition of N- and C-rich pollutants (organic and inorganic) and
processes dominant within riparian buffer zones result in the production of gases such

as NO, N20, N2, CH4, and CO..

Based on field results from this study, riparian buffers, which are primarily
installed to improve water quality in permanent pasture and maize, emit less of the
highly radiative greenhouse gases (i.e., N2O and CHa) than croplands and the no-
buffer control. This finding is in agreement with the meta-analysis, which found that
buffer strips from different vegetation emit approximately one-third of the total amount

of N20 recorded on adjacent croplands.

Although riparian buffers emitted significantly more CO:2 than the crop land they
serve and the no-buffer control, this difference was insignificant when compared with
the permanent pastures. Nonetheless, total CO2-equivalent GHG emissions from
riparian buffers were lower than those from croplands they serve and a no-buffer

control. The study concludes that riparian buffers installed for water quality protection
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have an unintended benefit of reducing greenhouse gas emissions, despite being

primarily designed to protect water quality.

10.2 Recommendations

Greenhouse gas emission is a function of the availability, abundance, and quality of

substrates (organic matter and source of nitrogen) and abiotic factors (climatic and

edaphic factors). The current study was conducted in a temperate region using riparian

buffer vegetation adapted to the region. In light of this, it is recommended that:

1.

2.

A similar long-term study should be conducted in the tropics using
indigenous riparian vegetation in order to reach conclusive
recommendations.

A long-term study should be conducted in temperate regions in order to
understand the role of buffer age in water quality functions and greenhouse
gases emission dynamics.

In future riparian buffer studies (both in temperate and tropical regions),
isotopic analysis should be conducted in order to understand how
microbiology contributes to GHG emissions, which may inform mitigation

measures.
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