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Abstract

Limiting greenhouse gas emissions is of global importance to address the
climate and biodiversity crises. Aquatic ecosystems include some of the
world’s most threatened habitats, making them a priority for ecological
restoration efforts. They are also a significant source of methane and nitrous
oxide, the second and third most potent greenhouse gases. Ecosystem
managers now face the challenge of balancing the need for habitat
restoration and biodiversity recovery with limiting exacerbations to
emissions of greenhouse gases. In this thesis | broadly set out to investigate
the variability of methane and nitrous oxide found in the surface waters of
rivers, estuaries and coastal waters, and to understand how ecosystem
restoration through nature-based solutions stands to influence this
variability. | first review the major biological pathways of methane and
nitrous oxide and identify knowledge gaps preventing a clear understanding
of the effects of nature-based solutions on greenhouse gas emissions
(Chapter 1). Next, | examine the methods used to estimate air-water fluxes
of greenhouse gases by comparing several commonly used empirical
models to estimate gas transfer velocity (Chapter 2), which informed the use
of these models during a river-to-coast investigation of the River Tamar to
identify opportunities for nature-based solutions (Chapter 3). This leads on
to a detailed case study of an intertidal wetland restoration project in the
Tamar Estuary, where | investigated the contribution of the wetland to
methane and nitrous oxide export to the connected estuary (Chapter 4).
This thesis adds to the growing body of knowledge that accounting for
methane and nitrous oxide complicates the effectiveness of nature-based
solutions to climate change mitigation. This work concludes with a call for
increased guidance and evidence-driven target setting to ensure ecosystem
managers are adequately supported in the spatial planning of nature-based
solutions whilst simultaneously working towards global biodiversity and

climate change commitments.
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Chapter 1: Introduction

1.1 Abrief introduction to greenhouse gas emission reduction targets

The future of the planet will be determined by our ability to turn the tide on
the climate and biodiversity crises. Global temperatures are expected to
exceed an increase of 1.5 °C by 2035, with the effects of this warming
already being experienced disproportionately around the world (Calvin et
al., 2023). Urgent action is needed to reduce greenhouse gas (GHG)
emissions if we are to prevent global warming beyond 2.5 °C by 2100 and
avoid crossing thresholds of positive climate feedback loops (Armstrong
McKay et al., 2022). After carbon dioxide (COz), methane (CHa4) and nitrous
oxide (N20) are the second and third most potent GHGs with a respective
lifespan of 9 + 0.9 years and 116 = 9 years (Prather et al., 2015, 2012).
Despite their comparatively shorter lifespans, the global warming potentials
(GWP) of CH4 and N20 were most recently estimated to be 27 and 273
times higher than COz, respectively, over a 100-year time horizon (Calvin et
al., 2023). Atmospheric concentrations of CH4 and N20O have maintained an
increasing trend since monitoring began (Lan et al., 2025), except for brief
stabilisation periods of CH4 growth rates in the early 1990s (Dlugokencky et
al., 1998) and the 2000s (Nisbet et al., 2016) (Figure 1.1). In addition to their
contributions to global climate change, the increasing concentrations of both
gases also present substantial threats to human health. Rising CHas
concentrations lead to reduced oxidation capacity of the atmosphere and
increased tropospheric ozone concentrations through the reaction with
hydroxyl radicals, overall increasing the presence of atmospheric pollutants
(Saunois et al., 2024a; Zhao et al., 2019). N2O is a major contributor to the
depletion of the stratospheric ozone layer, increasing risk of skin damage
through increased UV radiation exposure (Ravishankara et al., 2009).
However, our growing understanding of these gases has presented
opportunities to slow increasing global mean surface temperatures through

targeted solutions to reduce CHs4 and N20 emissions, securing the
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possibility of a world rich in biodiversity and protecting future generations

from the impacts of climate change.
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Figure 1.1. Globally averaged annual and monthly mean atmospheric
methane (A) and nitrous oxide (B) abundance determined from marine
surface sites by the Global Monitoring Division of NOAA’'s Earth System
Research Laboratory time-series starting in  1983. Atmospheric
concentrations are expressed as parts per billion (ppb). Data source: Lan et
al., (2022)
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Emissions of CH4 and N20 are governed by complex microbial processes
which could be limited by the availability of carbon (C), nitrogen (N),
phosphorus (P) or oxygen (O). These processes are explained in detail later
in this chapter. The atmospheric increase of both gases has been attributed
to the increased burning of fossil fuels since the industrial revolution in the
late 18th Century, and more recently to habitat degradation and land
reclamation for agricultural purposes, and perturbations to nutrient cycles
through applications of manure and synthetic fertilisers (Davidson, 2009;
Magazzino et al., 2024; Saunois et al., 2020a; W. Tian et al., 2019). Until
recently, most scientific and political attention, and therefore environmental
management practices, has been focused on CO2 emissions, with concepts
such as ‘carbon footprint’ becoming an incentive for reducing public and
private sector CO2 emissions. However, owing to the wealth of knowledge
shared largely through the International Panel on Climate Change (IPCC)
Reports, the importance of CH4 and N20 emissions, including those from
natural sources, are now becoming more widely recognised both in scientific

literature and policy (Figure 1.2).
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Figure 1.2 Number of publications related to nitrous oxide (N20) and
methane (CHa) in aquatic ecosystems per year between 1970 and 2024.
Results from search on Web of Science. Search criteria provided in
Appendix A. Blue dashed lines indicate dates of key global IPCC reports

and red lines indicate key international agreements
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In 1990, the IPCC published the First Assessment Report (FAR), presenting
the most up to date scientific evidence and global understanding of climate
change at the time. This report summarised the influence of human activities
on the climate, urging the scientific community to increase efforts towards
quantifying emissions of GHG. The FAR was the first major catalyst for
global cooperation and political strategies to tackle climate change. It was
shortly followed by the United Nations (UN) Framework Convention on
Climate Change in 1992, which was further implemented by the Kyoto
Protocol in 1997 and the Paris Agreement in 2015. Specific guidelines on
reporting GHG inventories have also been published, including the 2013
Supplement to the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories: Wetlands’ and the ‘2019 Refinement to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories’. These international
agreements and reports have informed formalised global commitments to
country-specific GHG emission reduction targets towards Net-Zero, and
near-term strategies known as Nationally Determined Contributions (NDCs)
(Smith et al., 2024). In the UK’s case, the NDCs aim to reduce all GHG
emissions by at least 81 % by 2035 compared to levels in 1990 (UK
Government, 2025). At the time of writing this thesis, the UK has 10 years
remaining to meet this target, however most existing strategies are
generally considered insufficient to achieve this due to lags between
research and its application via evidence-based targeted mitigation
measures (Anderson et al., 2019; Smith et al., 2024).

1.2 Balancing climate change mitigation with ecological restoration

Alongside reducing GHG emissions, we are also challenged with restoring
lost global biodiversity. Advances in long-term environmental monitoring,
satellite imagery and remote sensing capabilities has allowed for
impressive, and deeply concerning, quantifications of global and regional
biodiversity decline caused by the exploitation of natural resources and the
extent of habitat replaced by expansive transport networks, energy

production, urbanisation and agriculture (Fluet-Chouinard et al., 2023; Liu
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et al., 2025). Aquatic ecosystems are particularly vulnerable to human
activities and the increasing occurrence of extreme weather due to climate
change (Belletti et al., 2020; Bidlack et al., 2021; Murray et al., 2022). The
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES) Global Assessment 2019 Report published alarming
statistics including 75 % of the world’s available freshwater sources are
devoted to crop and livestock production, 80 % of global wastewater is
released into the environment untreated, and only 13 % of the wetlands
present in 1700 remained in 2000 (Diaz et al., 2019). At a regional scale,
the UK State of Nature 2023 Report highlighted that in the last decade, the
UK has failed to improve beyond 36 % of lakes, rivers and estuaries meeting
good ecological status (GES) under the Water Framework Directive (WFD)
and less than 50 % of UK saltmarsh is in good ecological condition (Burns
et al., 2023).

In December 2022, the Convention on Biological Diversity (CBD) COP15
Summit presented the Kunming-Montreal Global Biodiversity Framework,
which sets out 23 global biodiversity targets to be achieved by 2030. This
includes restoring 30 % of all degraded ecosystems (Target 2), conserving
30 % of land, water and seas (Target 3), and minimizing the impacts of
climate change on biodiversity and building resilience (Target 8)
(Convention on Biological Diversity, 2022). These targets are further
bolstered by specific actions required by the United Nations (UN)
Sustainable Development Goals (SDGs), namely Climate Action (Goal 13),
Life Below Water (Goal 14) and Life on Land (Goal 15) (Brooks et al., 2015).
In the UK, progress towards these targets are being driven by the Nature
Recovery Network, underpinned by the Environment Act 2021 and
Environmental Improvement Plan 2023, which commits to restoring or
creating 140,000 hectares of wildlife-rich habitat outside of protected sites
by 2028 compared to 2022, and restoring 75 % of terrestrial and freshwater
protected sites to favourable condition by 2042 (UK Gov, 2024).
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To complicate matters, aquatic ecosystems are also an important source of
CH4 and N20 (Saunois et al., 2024a; Tian et al., 2024). Our management,
and restoration, of them must therefore carefully avoid tipping the fine
balance between aquatic systems acting as a GHG source or a GHG sink.
However, there is a long way to go to implement specific management
guidelines or environmental frameworks which address this issue. Within
reports on climate change, biodiversity and the UK NDCs, there is seldom
recognition of the complex interdependencies between ecosystem health,
habitat restoration, and emissions of GHG from natural sources. Whilst the
IPBES report does highlight a data deficiency on the impacts of increasing
COz2 upon marine ecosystem functioning, there is no mention of CH4 or N20.
The UK State of Nature Report quotes a reduction in agricultural soil N2O
emissions in a case study of biodiversity restoration and refers to C
sequestration benefits of saltmarsh restoration, but there is no mention of
the impacts on N20 or CHs4 emissions. Traditional approaches to
environmental management and policy require improvement to better
integrate terrestrial and aquatic management practices if we are to balance
GHG reduction and biodiversity objectives. We must take opportunities to
translate the latest scientific advances in GHG budgeting into major reports
which are influencing conservation targets and strategies. Without this, we
could potentially under- or overestimate the effectiveness of nature recovery

towards slowing climate change.

1.3 Nature-based Solutions (NbS) to climate change

In the last two decades there has been a rapid adoption of nature-based
solutions (NbS) and ecosystem-based approaches to both halt biodiversity
declines and achieve Net-Zero emission targets, although there is debate
over the effectiveness of NbS in providing long-term climate benefits
(Fankhauser et al., 2022; Girardin et al., 2021). NbS often involve the
restoration or creation of lost habitats to reinstate depleted or entirely lost
ecosystem services (ES) (Nesshover et al., 2017; Williams et al., 2020). In

2021, two major reports on NbS to climate change in the UK were compiled
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to identify best management practices for reducing GHG emissions from
natural sources (Stafford et al., 2021; Thom and Doar, 2021). Both reports
provide valuable insights to management measures that can be adopted to
simultaneously restore biodiversity and halt GHG emissions that are
exacerbated by human activity. Focusing on aquatic ecosystems, these
NbS may include the restoration or rewetting of wetlands, such as peatlands
(Evans et al., 2021) and saltmarshes (Cadier et al., 2023; Temmink et al.,
2022), planting of seagrass meadows (Needelman et al., 2018), and
reintroduction of species referred to as ecosystem engineers, such as
European beaver (Castor fiber) (Brazier et al., 2021; Puttock et al., 2021).
Restoring ecosystem functioning and alleviating environmental stressors
from human activities can prevent aquatic ecosystems from deteriorating to
the point they become large emitters of GHG (Evans et al., 2021; Zou et al.,
2022). For example, Stutter et al., (2018) explore the potential of
reconnecting rivers with wetlands and riparian forests to achieve
stoichiometric rebalancing, whereby C:N:P ratios are altered by changing
the transport of organic C, to prevent eutrophication, improve water quality
and restore overall aquatic ecosystem health. Plankton and microbial
community shifts following lake restoration have also been shown to
eventually reduce GHG emissions associated with eutrophication due to a
reduced abundance of organic matter decomposers and an increased
abundance of autotrophs (He et al., 2025). However, a lack of in-situ
measurements of GHGs in natural systems, particularly in rivers and
restored wetlands, limit our full understanding of how long-term changes in
climate, land use, human populations and restoration schemes may alter
the N20 and CH4 from each habitat type.

1.4 The uncertainty of natural capital and carbon credits

Detailed evaluations of the earth’s ES have been completed to understand
the importance of ecological integrity and habitat connectivity to climate
change resilience, such as the Millennium Ecosystem Assessment (2005)
and the UK National Ecosystem Assessment (2011). This has supported
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political and financial incentives termed ‘natural capital’ or ‘carbon credits’
which aim to attract private investment in nature recovery (Costanza et al.,
1997; Smith et al., 2022). However, as GHG budgeting from natural sources
improves, there is increasing variability within reported emissions of CHas
and N20 following NbS interventions, calling into question the effectiveness
of natural capital and carbon crediting schemes in tackling climate change
(Bastviken et al., 2011; Rosentreter et al., 2021a; Zou et al., 2022). From
the perspective of restoration ecology, it is increasingly evident that there
may be a trade-off between NbS measures which best support biodiversity
recovery and those which will most effectively reduce GHG emissions,
particularly in the case of wetland restoration (Rosentreter et al., 2021a).
There is an important emerging conversation about the risk of relying
heavily on NbS to restore the provision of ES whilst working towards Net
Zero, with large uncertainties over the longevity of C storage and the
potential benefits offset by enhanced CH4 and N20 emissions following
ecological restoration (Rosentreter et al., 2021a). As we gather more
evidence, there is a need to better integrate the agendas between
biodiversity restoration and climate change mitigation to avoid
misrepresenting the contribution of carbon crediting or natural capital

schemes towards meeting Net Zero (Arias-Ortiz et al., 2021).

1.5 Introducing the Land to Ocean Aquatic Continuum (LOAC)

The Land to Ocean Aquatic Continuum (LOAC) refers to the hydrologically
and biogeochemically connected series of aquatic systems, linking
terrestrial and marine ecosystems (Figure 1.3) (Beusen et al., 2022; Regnier
et al, 2022; Wurtsbaugh et al, 2019; Xenopoulos et al., 2017).
Improvements to knowledge sharing across scientific disciplines have
enabled substantial strides towards a holistic approach to ecosystem
management across the LOAC, with freshwater studies providing important
insights for coastal and marine systems (Hessen and Kaartvedt, 2014;
Xenopoulos et al., 2017). However, a remaining challenge is to address how

human development has drastically altered the hydrological connectivity of
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habitats along the LOAC. A global assessment of 12 million km of rivers
found only 23 % had capacity to flow uninterrupted to the ocean (Grill et al.,
2019). Belletti et al., (2020) warn about the severe impacts caused by even
relatively small barriers (> 2 m in height) to natural river flow regimes after
identifying at least 1.2 million instream barriers in rivers across 36 European
countries. In England, over 65 % of floodplains are devoted to intensive
agriculture, representing the loss of ecologically important fen, marsh,
swamp and bog wetland habitats (Entwistle et al., 2019).

Terrestrial
ecosystems

Coastal shelf

waters .

Open ocean

Figure 1.3. Schematic illustrating the connectivity of aquatic ecosystems

along the Land to Ocean Aquatic Continuum (LOAC)

Rivers serve as the direct link between terrestrial and marine habitats.
Changes to the transfer and transformation of organic matter and nutrients
between lakes, streams, rivers, wetlands, estuaries, coastal waters and
oceans can therefore have drastic consequences to biogeochemical cycling
of GHG at scales from local to global magnitude (Poff et al., 1997; Pringle,
2003). Human perturbations to the exchange of C and nutrients across the

LOAC have been estimated to increase the lateral C flux from land to ocean
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by 1.0 Pg C yr' since the pre-industrial era (Regnier et al., 2013). By
considering the aquatic continuum as one and characterising the
interactions between freshwater and coastal systems, improvements have
been made in understanding the transformation of organic material into CO2
and better constraining the outgassing of GHG from surface waters (Drake
et al.,, 2018; Mwanake et al., 2023a; Ward et al., 2017). For example, Marcé
et al., (2019) identify potentially underrepresented fluxes of atmospheric C
from inland waters which experience dry phases, such as ephemeral or
intermittent streams and seasonally dry reservoirs, noting the importance of
abstraction and water level management to CO2 emissions. Huggett et al.,
(2021a, 2021b) demonstrate that river flows as low as 2.5 m3 s increase
the flushing times of shallow estuaries and increase their vulnerability to
water quality deterioration by allowing the accumulation of nutrients and
plankton communities, leading to an increased susceptibility to GHG
producing phenomena such as eutrophication. These findings need to be
considered when developing aquatic ecosystems management plans and
identifying opportunities for NbS which balance restoring biodiversity and
mitigating GHG emissions. Meeting the climate and biodiversity targets
defined by international agreements, legislation and policy frameworks will
require a robust transdisciplinary understanding of the complexities
between biogeochemical cycling of GHG and ecological integrity along the
LOAC. The remainder of this chapter will introduce the major biological
pathways of CH4 and N20 cycling in aquatic ecosystems, focusing on rivers,
wetlands, estuaries and coastal waters. The literature reviewed enables a
better understanding of the role of NbS in tackling issues of water quality,
nutrient management, biodiversity restoration and subsequently emissions
of CHs4 and N20 from aquatic ecosystems. The remaining structure of this

thesis is defined in section 1.8.
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1.6 Methane pathways

Responsible for 23 % of warming induced by long-lived GHGs, CH4 reduces
the oxidising capacity of the atmosphere and increases tropospheric ozone
concentrations by reacting with hydroxyl radicals (Tian et al., 2019). Sources
of atmospheric CH4 can be placed into three main categories: biogenic,
thermogenic and pyrogenic (Figure 1.4). Here we will focus on biogenic
sources. The discovery of a unique group of anaerobic archaebacteria
named methanogens led to significant advances in the understanding of
CH4 production pathways. Methanogens are found in anoxic conditions
such as aquatic sediments, waterlogged soils, the gastrointestinal tract of
animals and sewage systems, and can withstand extremes in temperature,
hypersalinity and pH (Capelle, 2016; Cicerone and Oremland, 1988; O’Neill,
1998). Methanogens, and therefore the production of CHas through
methanogenesis, relies on complex microbial interactions to provide
available substrates to feed on, such as methylamines, dimethysulphide
and methanol. These interactions can be competitive or symbiotic and play
a key role in the development of aquatic ecosystems. Considering the
anoxic conditions favoured by methanogens, the presence of CH4 in oxic
environments has been a key interest of research. Feeding experiments
have shown that anaerobic microniches within the digestive tracts of
zooplankton feeding on phytoplankton provide ideal conditions for
methanogen activity and can make a significant contribution to the CHa4
concentrations found in oxic oceanic subsurface waters (de Angelis and
Lee, 1994). CH4 producing bacteria have also been shown to be present in

the gastrointestinal tract of some marine fish species (Oremland, 1979).

28



Biogenic Thermogenic Pyrogenic

' | geological processes

fossilfue
eeps
/s

organic waste

mﬂg@r
| ) -
- ¢ CHy /) "@ =
oxygen’ ga
(Y

depleted methanotrophs
waterbodies D

B
' oflbiofuelsi

/

Figure 1.4. Schematic showing the methane sources broadly grouped into
three categories: biogenic (microbial), thermogenic, and pyrogenic based

on descriptions by the NOAA Global Monitoring Laboratory

An estimated 85 % of atmospheric CH4 molecules are removed by oxidation
in the troposphere during a reaction with the hydroxyl radical HO*,
eventually leading to the production of CO2 and H20 (Cicerone and
Oremland, 1988; O’Neill, 1998). The oxidation of CH4 involves five key
intermediates (CH3s, CH302, CH30, CH20, and HCO) and is affected by the
presence of O(1D), Cl, NO, NO2, HO2, and O2 (Dlugokencky et al., 1994).
In soils and sediments, CH4 is removed by methanotrophs, a group of
microbes which can use CHas as a source of C and energy to produce CO:2
and Hz20 in oxic conditions (aerobic methanotrophy) and utilise CH4 as an
electron acceptor in anoxic conditions (anaerobic methane oxidation
(AMO)) (Yang et al., 2021). By tracing isotopic enrichment of '*C, Gauci et
al., (2024) found methanotrophic bacteria on tree surfaces in the Amazonian
floodplains are also important for atmospheric CH4 oxidation, particularly
during extreme dry seasons. Methanotrophs therefore play a major role in
mitigating CH4 sources in a range of habitat types, though there remains
uncertainty in precise estimates of how much methanotrophy mitigates CH4

production from methanogenesis. Even after CH4 has been removed from
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the atmosphere, a radiative effect continues through the production of CO:2
and H20 which are both GHG. Increasing concentrations of CH4 and other
pollutants also increases the competition for HO* which reduces the
oxidative capacity of the atmosphere and hinders its ability to process other
pollutants (O’Neill, 1998).

Global anthropogenic emissions of CH4 for the 2010 — 2019 decade are
estimated at 369 Tg CHas yr~' (Saunois et al., 2024b), but, as shown in Figure
1.1, the growth rate in CH4 emissions has not been constant. Between the
industrial revolution and the 1970s, Etheridge et al., (1992) reported an
increase in CH4 emission rates of 14 ppb yr, with the exception of years
1920-1945 when growth rates stabilised at approximately 5 ppb yr'.
Dlugokencky et al., (1998) reported another stable period with little to no
increase in CH4 emissions between 1984 to 1996. However, CH4 emissions
began rising again in 2007 with a particularly strong growth in 2014 of 12.5
+ 0.4 ppb across all latitudes, especially in the equatorial belt (Nisbet et al.,
2016). Saunois et al., (2020b) presented an estimated mean annual total
emission between 2008 — 2017 29 Tg CHas yr' larger than the previous
decade (2009- 2012) and 24 Tg CHa yr' larger than 2003-2012. It has been
suggested that due to its relatively short lifespan, reducing emissions of CH4
can have rapid results in limiting global warming and preventing adverse

effects of climate change (Shindell et al., 2012).

Whilst the instability of atmospheric CH4 concentrations and growth rates
has presented challenges in reviewing the global budget, more recent
publications have improved estimates with the inclusion of complex
biogeochemical cycling in both natural ecosystem processes and human
activities (Saunois et al., 2024a). However, large uncertainties persist in the
temporal and seasonal variation in CH4 sources and sinks. Saunois et al.,
(2024a) report relative uncertainties of 20 % - 35 % for anthropogenic
emissions (agriculture, waste and burning of fossil fuels), 50 % for biomass

burning and natural wetlands, and as high as 100 % for other natural
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sources such as inland waters and geological sources. Approximately 40 %
of global CH4 emissions are from natural sources, but work remains to fully
understand how ecosystem management can influence the microbial
processes which govern CHas cycling and the relative contributions of

aquatic ecosystems to the global C budget.

1.6.1 Methane in rivers, wetlands and estuaries

The most recent budgeting exercise reported that of the global total natural
and indirect sources of CH4 (305 [108-44] Tg yr') between 2000 to 2009,
50 % were from wetlands (153 [116 — 189] Tg yr'), and 36 % from inland
waters (112 [49 — 202] Tg yr'), minus double counting (-23 [-9 to -36] Tg yr
) (Saunois et al., 2024a). There has been a high degree of variability in CH4
emissions reported in rivers and estuaries over recent decades. Stanley et
al., (2015) report most fluvial systems to be supersaturated with CH4, with
an annual global emission of 26.8 Tg yr' equivalent to 15 % of wetland and
40 % lake fluxes. This contrasts with the study by Bastviken et al., (2011)
which estimates freshwater CH4 emissions at 103 Tg yr' based on data
from 474 freshwater ecosystems, highlighting the uncertainty in CHa4
emission rates and the importance of considering systems with varying
environmental factors and stoichiometric characterisations. There are also
disparities in how aquatic ecosystems are categorised, making

comparisons between reports challenging.

Environmental factors are reported to strongly influence the contribution of
a waterbody to CH4 emissions. Bange et al., (2019b) found an inverse
relationship with rainfall and CHa4 concentrations in rivers in northwest
Borneo, suggesting CH4 oxidation combined with increased river flow were
responsible for a decrease in CHs4 concentrations. This could also be
explained by an increased dilution or flushing of a CH4 source from river
sediments or terrestrial inputs under high river flow conditions. In contrast,

changes to the rates of sedimentation and reduced river flows due to river
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obstructions such as dams have been suggested to increase freshwater
emission rates by 7% (Maeck et al., 2013). This effect can also be observed
from continuous measurements of surface water CH4 concentrations of the
German Elbe River, ranging from 40 — 1,456 nmol CH4 L', with hotspots
occurring at weirs and harbours (Bussmann et al., 2022). These results
highlight the need for further continuous measurements along river and
estuarine environments to provide accurate spatial representations of CH4
variability, particularly to understand how future planned obstructions to
natural river flows, or the removal of them, may change future emission
scenarios (Bednafrik et al., 2017; DelSontro et al., 2016).

Dissolved CH4 concentrations in estuaries are largely dominated by riverine
inputs and conservative mixing, with records of non-conservative mixing
due to methanotrophs and outgassing to the atmosphere (Abril et al., 2007,
Abril and Iversen, 2002; Upstill-Goddard and Barnes, 2016). Upstill-
Goddard and Barnes (2016) reported total CH4 emissions for estuaries in
the UK and Europe at 5.8 + 5.8 x 10° g yr' and 2.7+ 6.8 x 10" g yr
respectively, with maximal CH4 concentrations found in the low salinity
Turbidity Maximum Zone (TMZ) of some estuaries considered. This agrees
with previous research into the same estuaries by Upstill-Goddard et al,,
(2000) where highest concentrations of CHs4 (~190 — 670 nmol L)

correlated with low salinities in the TMZ.

Wetlands such as intertidal saltmarsh play an important role in cycling C
received from terrestrial and freshwater inputs and can act as a large
contributor to CH4 emissions (Ho et al., 2024; Saunois et al., 2024a). The
complex variability and interaction between physical parameters such as
temperature, dissolved oxygen and salinity over tidal cycles in estuaries and
coastal wetlands cause seasonal and diurnal cycles in CHs4 production
linked to soil salinity, vegetation growth, decomposition of organic matter
(Jiang et al., 2012; Rosentreter et al., 2023). Salinity plays a particularly

important role on the ecological community structure of methanogens and
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methanotrophs by effecting ion availability. Under high salinity, an
abundance of ions favours nitrate (NO3°), sulphate (SO4?%), and iron (Fe3*)
reducing microbes allowing them to outcompete methanogens for labile C
substrates and hydrogen ions (La et al., 2022; Sivan et al., 2016; Soued et
al., 2024). Salinity has also been shown to suppress CH4 concentrations by
changing nutrient and dissolved organic carbon (DOC) availability linked to
solute accumulation, leading to inhibited methanogenesis (Soued et al.,
2024). Vegetation structure can also impact CH4 production. Tong et al.,
(2010) found a saltmarsh dominated by common reed (Phragmites
australis) in the Min River estuary, south-east China, was a net source of
CH4 (32.59 CH4 m yr') with considerable monthly variation and linked to
the tidal cycle.

1.6.2 Methane in coastal waters and shelf seas

Saunois et al., (2024) report that of the global total natural and indirect
sources of CH4 between 2000 — 2009, 4 % (12 [6-20] Tg yr') were from
coastal and oceanic sources. European coastal waters alone have been
reported to contribute 0.35 - 0.75 Tg C yr' to global oceanic CH4 emissions
(Bange, 2006). In comparison, storage of CH4 in deep marine sediments
and the small differences between gross production (methanogenesis) and
gross consumption (methanotrophy) acts to prevent large emissions of CH4
from the open ocean to the atmosphere. However, high CH4 surface
saturations have been reported in the shelf and central deep basins of the
Arctic Ocean (Kitidis et al., 2010; Rees et al., 2022), suggesting it is a source
of atmospheric CH4 due to methanogenesis in sediments, gas hydrates and
diffusion from geological dissolution in shelf areas, with potential for
increased emissions with climate change related to increases in
temperature, increased river melt inputs and reductions in ice cover
(Shakhova et al., 2019, 2010).
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1.7 Nitrous oxide pathways

The production of N20 is controlled by a series of microbial reduction and
oxidative transformations of N species in soils, sediments and water (Figure
1.5). These processes are limited by a large range of factors including
changes in oxygen, temperature, acidity, biological activity or availability of
organic C, ammonium, nitrate, iron and P (Bange et al., 2019b; Gruber and
Galloway, 2008; Stein and Klotz, 2016). Direct anthropogenic production of
N20 includes biomass burning and combustion in industrial processes (Tian
et al., 2024). The breakdown of atmospheric N20 takes place via
stratospheric UV photolysis and the reaction with excited oxygen atoms
O(1D) to create NOx (Minschwaner and Siskind, 1993). Studies into the
production pathways of N2O have partly been driven by efforts to increase
the efficiency of agricultural systems and reduce N losses during the
application of N-based fertilisers, and the adoption of wastewater treatment
techniques such as OLAND (Oxygen-Limited Autotrophic Nitrification-
Denitrification) and ANAMMOX (anaerobic ammonium oxidation) to
encourage biological degradation of chemicals (Verstraete and Philips,
1998; Zhu et al., 2013)
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Figure 1.5. Major N20 pathways in aquatic sediments and surface waters.
Adapted from Webb et al., (2019).

Incomplete denitrification is understood to be the dominant N2O production
pathway. During this process, NOs is reduced to nitrite (NO2") before being
returned to the atmosphere in the gaseous form of N2, with NO and N20
released as intermediates under low oxygen conditions and in the presence
of the denitrifying enzyme nitrite reductase (Tian et al., 2020; Zhang et al.,
2020). The second common N20 pathway is nitrification, where ammonia-
oxidising bacteria (AOB) and ammonia-oxidising archaea (AOA) convert
ammonium (NH4%) into NO2 and then NOs™ (Casciotti et al., 2011). Yoshida
and Alexander (1970) observed a fraction of N was lost in the gaseous form
of N20 during the oxidation of NH4* to NO2 by the nitrifying bacteria
Nitrosomonas europaea. Farquharson (2016) reports 0.03 % - 1 % of N
associated with nitrification in agricultural soils is released as N20O, with NH4*
and pH acting as key controlling factors. This increasing body of evidence
has suggested nitrification is a particularly important contributor to N20

inventories in sediments and aquatic ecosystems (Tian et al., 2024).
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In soils, nitrifier-denitrification (ammonia (NH3s) oxidised to NO2™ then to NO,
N20 and N2) carried out by AOB is thought to be a significant contributor to
the loss of NH4" in the form of NO and N20, particularly under low oxygen
conditions and following high NO2" additions from fertilizers (Storch et al.,
2023; Wrage-Monnig et al.,, 2018). A ‘hybrid formation’ has also been
reported where AOA utilise N from both NO2" and NH4* to produce N20
(Trimmer et al., 2016). This has been suggested as an important source of
oceanic N20 (Ji and Ward, 2017) which could be enhanced under low
dissolved oxygen concentrations (Kelly et al., 2024) and therefore could be
an increasingly important source of N20 in oxygen depleted waters.
Advances in the use of isotopes continue to unveil more complex

interactions leading to the production of N20O.

Approximately 60% of N20 emissions are from natural sources including
soils, rivers, estuaries and oceans, with a 30% increase in global human-
induced emissions over a 40-year period largely due to N additions for crop
production (Tian et al., 2024). The IPCC inventory methods include
estimates of indirect N2O emissions caused by the transport of terrestrial
nitrogen into aquatic habitats such as rivers, estuaries or wetlands. This
occurs as leached or nitrogen carried by runoff enters groundwater or
surface waters which is then converted into N2O through nitrification or
denitrification. The 2013 Wetland Supplement to the 2006 IPCC guidelines
further improved the characterization of wetland and aquatic environments,
encouraging an approach which considers indirect N2O emissions from
water a result of land-based nitrogen losses downstream. Between 2007-
16, the IPCC reported that agricultural production of crop and livestock
within the farm gate alone indirectly produced 8.0 + 2.5 Tg N20 yr' (Shukla
et al., 2019). Quantifications of natural sources of N20 have shown
terrestrial environments act as major contributors to emissions across the
LOAC due to artificially fertilised agricultural soils entering inland waters

(Bouwman et al., 2013; Tian et al., 2024). Significant correlations found
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between NOz2, NOs", NH4" and N20O concentrations in aquatic ecosystems
suggest estuaries are also a significant source of N2O emissions (Barnes
and Upstill-Goddard, 2011; Dong et al, 2005; Law et al, 1992). The
complexity of N20O production and consumption pathways, together with
large spatial and temporal variability in N2O emissions, create challenges in
determining whether an aquatic ecosystem acts as a source or sink of this
GHG (Tian et al., 2024), justifying the need for temporally and spatially

extensive monitoring of N2O across the LOAC.

1.7.1 Nitrous oxide in rivers, wetlands and estuaries

Of the total natural emissions of N20 (1.8 [1.0 — 3.0] Tg N yr') between
1980 - 2020, inland waters, estuaries and coastal vegetation account for 0.1
Tg yr' (Tian et al., 2024). The connectivity between these ecosystems has
large implications for their relative contributions to N20O emissions. Kroeze
and Seitzinger (1998) reported that global exports of dissolved inorganic
nitrogen (DIN) from rivers to estuaries were 20.8 Tg N yr', of which 75%
were from anthropogenic sources such as fertiliser and sewage effluent.
This same study estimated that 1% of these anthropogenic N inputs to
watersheds are lost as N20 from rivers and estuaries at a rate of 1.2 Tg N
yr', making rivers and estuaries accountable for ~25% of global
anthropogenic N20 emissions, which at the time of study were in the range
of 4 - 5 Tg N yr' (Kroeze and Seitzinger, 1998). Improvements to N
modelling have since reported DIN export to coastal waters of between 18.9
- 25 Tg N yr', with future increases or reductions of this number largely
attributed to regional efficiency of fertiliser applications (Dumont et al., 2005;
Mayorga et al., 2010; Seitzinger et al., 2010). More recent studies have
shown that rivers are increasingly important hotspots of N2O, with 50 % of
global emissions attributed to streams less than 10 m wide (Marzadri et al.,
2021). These studies uncover uncertainties in river nutrient loading over the
next 25 years but highlight that rivers and estuaries could become
increasingly important sources of global N20 emissions if active solutions to

reduce surplus biologically available N are not implemented.
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The factors controlling N2O pathways are influenced by site specific climatic
conditions and surrounding land-use and land cover (Que et al., 2023;
Upadhyay et al., 2023). N20 production in rivers is dominantly driven by
nitrification, though denitrification can also play a role depending on site
specific DIN and DOM loadings, water quality, water residence times and
river hydromorphology (Beaulieu et al., 2011; Marzadri et al., 2021). In
estuaries, nitrification is the main pathway for production (Maavara et al.,
2019). In wetlands, the rich availability of organic matter (OM) and anoxic
conditions often favours the anaerobic microbial process of denitrification,
which has been harnessed in constructed wetlands to remove excess NO3"

for water quality improvements (Martinez-Espinosa et al., 2021).

It should also be noted there is often a geographic bias towards studies
being carried out in catchments with existing conservation and water quality
issues often related to urbanisation or agricultural practices, and therefore
the data used to inform N20 models may not accurately represent
biogeochemical pathways in pristine ecosystems (Borges et al., 2018;
Logozzo et al., 2025). Bias towards timing of sampling can also effect global
quantification of dominant N20 biogeochemical pathways in aquatic
ecosystems, causing a lack of spatial heterogeneity of measurements and
limiting observations of extreme hydrological events or diel cycles

(Woodrow and White, 2023), particularly when site accessibility is limited.

1.7.2 Nitrous oxide in coastal waters and open shelf seas

Bange (2006) reported European shelf waters contribute up to 26% of global
oceanic N20 emissions, with future emissions from coastal areas likely to
be determined by the degree of eutrophication. Oceanic N20 production can
occur through microbial nitrification, partial denitrification and, under low
oxygen conditions, nitrifier-denitrification, though there is discrepancy over

the contribution of each process to global N2O emissions (Bange, 2006;
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Grundle et al., 2017). Syakila and Kroeze (2011) estimated natural ocean
emissions of N20 to be 3.5 Tg N yr', with an additional 1 Tg N yr due to
anthropogenic sources of atmospheric N deposition as a result of increasing
NOx emissions. Compared to freshwater, concentrations and emissions of
N20 in oceanic waters are more limited by nutrient availability, mixing and
upwelling processes which affect phytoplankton growth, with ocean-
atmosphere exchange playing the dominant role in surface concentrations
(Wanninkhof, 2014; Zhang et al., 2020).

In recent years there have been increasing investigations into N fixation
(diazotrophy) in marine and coastal waters which has furthered scientific
understanding of N20 reduction in these environments. Rees et al., (2009)
show evidence of N fixation (upper limit of 20 nmol N L' d) in the
mesotrophic waters of the Western English Channel (WEC) acting to meet
requirements of phytoplankton during summer conditions of thermal
stratification and nutrient limitation. Further reconsideration of limitations on
the N cycle, coupled with findings of waters sub-saturated with N2O, have
led to discoveries of biological mechanisms in which N20 is consumed
during N fixation. Cornejo-D’Ottone et al., (2015) carried out in-situ
experiments in surface waters labelled with 15N20 which highlighted active
biological fixation (0.43 — 87.34 nmol L' d"') with highest rates associated
with the Sub Antarctic Water Mass (SAAW). Biological N20
fixation/consumption has been reported in several waterbodies including
the Atlantic (Rees et al., 2021), Southern Ocean (Cornejo-D’Ottone et al.,
2015)and Nordic Seas (Bange et al, 2019a). The presence of N20
reductase genes nosZ has been highlighted in the South-Eastern Indian
Ocean, suggesting canonical denitrification (N2O used as an electron
acceptor in lieu of dissolved O2) was responsible for sub-saturated N20O
concentrations (Farias et al., 2013; Raes et al.,, 2016). However, Rees et
al., (2021) show evidence of N20O removal under fully oxygenated conditions
in the presence of bacteria with novel atypical nosZ gene sequences
important for the reduction of N20O to N2, suggesting canonical denitrification

does not always require anoxic conditions.
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1.8 Thesis outline

Understanding of CH4 and N20O cycling pathways is continuously evolving
with the development of new scientific monitoring equipment and access to
previously underrepresented freshwater and marine systems. The
challenge now is to ensure that understanding is being effectively translated
into management practices which will ensure long-term climate benefits.
Increasing collaboration between the fields of biogeochemistry, restoration
ecology, and biodiversity conservation, while maximising engagement with
policy- and decision-makers, is vital to ensure continued progress towards

GHG emission reduction targets.

The overarching aim of this thesis is to better understand the potential
impact of restoring aquatic ecosystems on the production and transport of
N20 and CHs4 across the LOAC. The concentrations of both gases
discussed throughout this thesis were collected during the Land-Ocean
Carbon Transfer (LOCATE) (locate.ac.uk) and AgZero+ (agzeroplus.org.uk)
projects, which are large monitoring programmes taking place across the
UK to improve understanding of land management practices on carbon and
GHG cycling processes. Measurements taken from routine monitoring at
Station L4 by the Western Channel Observatory (WCO)
(westernchannelobservatory.org.uk) are also included in the analysis to
present the full spectrum between freshwater, estuarine, coastal and shelf
sea waters (Brown and Rees, in prep). This thesis contains 3 research

chapters, outlined below, followed by a final discussion and outlook.

Chapter 2 introduces a total of 11 empirical models commonly used to
estimate the gas transfer velocity (k) of N2O and CH4 when calculating
emissions from river and estuary surface waters. These models are applied
to measurements of dissolved N2O and CH4 concentrations taken along a
freshwater to estuary axial transect of the River Tamar and River Dart. The

results inform the use of these models in Chapter 3.
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Chapter 3 will introduce the Tamar catchment in more detail, presenting the
results from an extensive monitoring programme which took place between
2019 and 2020 along a transect from near the source of the Tamar to its
coastal waters. Estimates of N2O and CH4 flux from surface waters to the
atmosphere are used to identify targeted NbS to reduce natural sources of
GHG.

Chapter 4 continues exploring hydrological connectivity by zooming into the
Calstock Intertidal Wetland, an example of a NbS in the Tamar with the
objectives of reconnecting the river with its floodplain to alleviate flood risk
and enhancing biodiversity and carbon storage of the local area.
Measurements of N2O and CH4 and other relevant variables took place from
the initial creation of the wetland. Results are discussed to evaluate the
impact of wetland restoration on estuarine and coastal emissions of N20O
and CHa.

Chapter 5 summarises the thesis findings through a general discussion and
conclusion, identifying key takeaways for decision makers in ecosystem

restoration.
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Chapter 2: A comparison of empirical
models of gas transfer velocity for
estimating N2O and CH, air-water
fluxes

Abstract

To understand the relative contributions of aquatic ecosystems to
atmospheric concentrations of greenhouse gases (GHG), it is first
necessary to select a method for estimating air-water fluxes. This chapter
explores the use of empirical models for estimating gas transfer velocity (k)
to assist with calculating air-water fluxes of nitrous oxide (N2O) and methane
(CHa) from river and estuary surface waters. Commonly used models were
applied to measurements of dissolved concentrations of N2O and CHa4
sampled from river and estuary locations in the River Tamar and River Dart
in southwest England. It was found that river models present considerable
variability in estimates of k, ranging by a magnitude of 5 in the Tamar and
by 20 in the Dart. This finding was not surprising as it agreed with previous
applications of river-based empirical models and highlighted the sensitivity
of gas flux estimations to hydrological variables. This was therefore carefully
considered in the approach to estimating of air-water fluxes of GHG from
river surface waters. Windspeed-based models typically applied to estuary
and coastal waters presented far less variability and overall showed better
agreement. By including river models to calculate air-water fluxes from
freshwaters, the overall calculation of GHG emissions from the estuaries
were larger than previously reported. This demonstrated the importance of
considering the hydrological drivers of GHG emissions and their export from
rivers into estuary surface waters. The understanding gained from this
exercise was used to inform the use of empirical models in Chapter 3, where
a full river-to-coast investigation of N2O and CHa4 fluxes is applied to the

Tamar Catchment.
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2.1 Introduction

Aquatic ecosystems, such as inland waters, estuaries, and wetlands, are
responsible for approximately 60% of natural nitrous oxide (N20) sources
and 80% of natural methane (CH4) sources (Saunois et al., 2024a; Tian et
al., 2024). Ecological and hydrological processes play an important role in
the exchange of these greenhouse gases (GHG) between surface waters
and the atmosphere (Tian et al., 2019). However, accurately quantifying
natural emissions of N2O and CH4 remains a challenge. Air-water gas
exchange is dependent on the dissolved concentration of the gas, the
atmospheric concentration, and the rate at which the gas moves across the
air-water interface, known as the piston or gas transfer velocity (k) (Jahne
and Haulecker, 1998; Raymond and Cole, 2001). The dominant factors
driving kin surface waters are illustrated in Figure 2.1. In river environments,
k is driven by complex hydrological interactions between river channel
slope, depth, discharge, and velocity which leads to bubble production and
turbulent mixing at the air-water interface (Alin et al., 2011; Hall Jr. and
Ulseth, 2020; Raymond et al, 2012). It has been shown that these
interactions are highly site specific with even small changes leading to large
variations in k and the resulting calculated GHG emissions (DelSontro et al.,
2016; Raymond et al., 2012; Wallin et al., 2011). In steeper flowing waters,
such as high-energy mountain streams, the consideration of bubble
entrainment can also enhance k by several orders of magnitude, particularly
when there are instream features such as cascades or waterfalls leading to
large hydraulic jumps (Cirpka et al., 1993). However, the sensitivity of
bubble entrainment to site-specific flow conditions complicates the
application of bubble models to other studies (Klaus et al., 2022). Gas
exchange in estuaries on the other hand is dominantly driven by windspeed
and, though strong tidal influences can also lead to site specific variability
in estimated k, there is overall less disagreement over the model
parameterizations controlling gas exchange in estuarine and coastal
systems (Wanninkhof et al., 2009)
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Figure 2.1. Diagram showing the dominant factors controlling air-water gas

exchange in river and estuary surface waters

The emissions of GHG from aquatic ecosystems scales several orders of
magnitudes, making comparisons between locations along a water
continuum difficult, particularly when there is high discrepancy between
methods specific to different aquatic habitat types (Billett and Moore, 2008;
DelSontro et al., 2016; Jonsson et al., 2008; Lorke et al., 2019; Nightingale
et al., 2000). Nevertheless, there is an increasingly urgent need to quantify
the relative contributions of aquatic ecosystems to reliably inform GHG

budgets, climate change forecasting and impactful mitigation practices.

Whilst direct measurements of k produce results with considerably lower
standard errors, they rely on time-consuming discrete gas measurements
which is not always feasible during a river-to-coast study. Alternatively,
empirical models of k, informed by gas tracer experiments and direct
measurements of gas exchange between surface waters and the
atmosphere, enable estimates of GHG emissions at a larger catchment
scale (Raymond and Cole, 2001; Wanninkhof, 2014). Whilst it is
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acknowledged these models can lead to significantly larger errors, they
have in part satisfied the immediate need for a better understanding of the
role of surrounding land use practices and water management frameworks
in controlling emissions of GHG from aquatic ecosystems (Logozzo et al.,
2025; Rosentreter et al., 2021b).

This study takes place in the Tamar and Dart estuaries in southwest
England. The purpose of this investigation is to compare several empirical
models commonly used to estimate k in assessments of N2O and CH4
emissions from river and estuary surface waters. The results of this study
provide an understanding of the limitations in reporting on GHG emissions
from aquatic ecosystems in this way and informs the application of these

models in a river-to-coast transect of the Tamar in Chapter 3.

2.2 Methods

2.2.1 Study location

This study investigates data from Pickard et al., (2022), focusing on the
River Tamar and River Dart in southwest England which were sampled
during four freshwater-to-estuary axial transects along a practical salinity
gradient of 0 — 35 in April and July 2017 and January and April 2018 (Figure
2.2, Table S2.1) (Tye et al., 2020). This timeframe allows a seasonal
comparison between GHG emissions in spring (2 x April), summer (July)

and winter (January).

The Tamar catchment is located between the county borders of Devon and
Cornwall in southwest England. The Tamar catchment drains a total area of
1800 km? dominated by agricultural land use with small areas of woodland
and is influenced by the weather systems created over moorland
landscapes of the Bodmin Moors and Dartmoor (Morton et al., 2024). The
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catchment suffers from diffusive pollution of nutrients caused by nitrogen
(N) and phosphorus (P) runoff from agricultural fertiliser usage (Uncles et
al., 2002), and metal legacy pollutants from historic mining activity (Price,
2002), which combined with issues of water abstraction have resulted in a
moderate ecological status under Water Framework Directive (WFD)
assessments (Environment Agency, 2025a). The main River Tamar flows
south for 98 km towards the coastal waters of Plymouth Sound and
eventually mixing with the Western English Channel (WEC) (McEvoy et al.,
2023). The Tamar is a gently sloping river (0.2%) with a moderate annual
average flow rate of 22.9 m3 s and is characterised by its reactive flash
floods during storm events (National River Flow Archive, 2025a). These
waters drain into the Tamar Estuary, a well-mixed drowned river valley, or
ria, where a strong tidal influence can lead to saline intrusion upstream until
the tidal limit of Gunnislake Weir approximately 30 km upstream (Uncles
and Stephens, 2010). Low river flow events can also lead to stratification in
these upper estuary regions (Uncles and Stephens, 1993). The tidal
amplitude of the estuary is approximately 5 m during spring tides and 2 m

during neap tides (Yang et al., 2016).
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Figure 2.2. Map showing the location of A) Tamar and South Devon
Management Catchments defined by the Environment Agency in southwest
England, highlighting the main River Tamar and River Dart and the locations
of sampled sites in the Tamar and Dart Estuaries. B) Magnified positions of
Dart Estuary sampled positions C) Magnified positions of Tamar Estuary

sampled positions.

The River Dart and Estuary sit within the South Devon Management
Catchment, neighbouring the Tamar Catchment in southwest England. The
River Dart drains a comparatively smaller area of 475 km?, with two main
sources on Dartmoor, the East Dart and West Dart. The Dart is more heavily
influenced by moorland and grassland habitats in its upper catchment
before reaching agricultural and urban areas in the lower reaches (Morton
et al., 2024). The Dart has less historical issues of pollution from mining
activity, but its water quality has suffered similarly from localised agricultural
inputs of N and P, vulnerability to sedimentation and acidification (Evans et
al., 2001; Schuwerack et al., 2007), and changes to its natural hydrological
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regime through artificial barriers or water abstraction. The Dart also
therefore has an overall moderate ecological WFD status (Environment
Agency, 2025b). The main body of the River Dart flows south for 39 km until
reaching its coastal waters in Dartmouth, again eventually mixing with the
WEC (Environment Agency, 2025b). The Dart is a slightly steeper river
(slope 0.8%) compared to the Tamar, with a higher flashy response to
rainfall and storm events though a lower average annual flow of 11.5 m3s-’
(National River Flow Archive, 2025b). The Dart Estuary, also a ria, has a
narrower and more sheltered geomorphology compared to the Tamar, with
an artificial tidal limit at Totnes Weir, approximately 20 km upstream of
Dartmouth. The tidal amplitude has a mean range of 4.3 m on spring tides

and 1.8 on neap tides (Campos et al., 2011).

Table 2.1. Summary of main River Tamar and River Dart characteristics

(Source: Environment Agency Catchment Data Explorer)

River Tamar River Dart
Length 80 km 39 km
Catchment Drainage Area 1800 km? 475 km?
Slope 0.2 % 0.8 %
Average annual discharge 229 m3s™ 11.5m3 s
Average annual mean rainfall | 1319 mm yr’ 1984 mm yr’
WEFD Ecological Status Moderate Moderate

2.2.2 Sample Collection

Freshwater samples were collected from mid-channel where accessible
from a bridge or riverbank and estuary samples were collected based on a
target practical salinity range of 0 to 35 from a rigid inflatable boat (RIB).
The location of estuary samples therefore varied with salinity. Salinity, water
temperature and pH were measured using a multiparameter YSI sonde (YSI
PRO30) placed directly into the estuary water or into a bucket of sampled
freshwater. River and estuary samples were collected from the surface (<

48



30 cm) using a thrice-rinsed bucket before being decanted into the
appropriate container. For N20O and CHg4, this was a 500 ml borosilicate glass
bottle, which was allowed to overflow to remove gas bubbles and poisoned
with 100 pl saturated mercuric chloride solution before sealing with a glass

stopper.
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Table 2.2 Summary of hydrological and hydrochemical conditions sampled in the Tamar and Dart Estuaries. S = river slope, Q = river

discharge, D = river depth, W = river width, V = river velocity (calculated as V = Q/ (D*W)), U1o = windspeed

River | Date Station | Salinity | Temp (°C) | S(%) | Q(m3s") |[D(m) | V(ms") | U (ms™)
Tamar | 2017-04-24 | FW 0 10.5 0.05 6.28 0.45 0.351 3.75
1 1.82 13.2
4.7 13.3
9.83 13.5
15.1 13.6
4A 19.3 13.6
25 13.5
29.3 13.5
34.2 11.9
2017-07-24 | FW 0 15.3 0.05 8.35 0.54 0.390 5.41
2 2.1 18.6
3 5.5 18.8
10.8 18.8
15 18.9
5A 20.8 21.8
6 24.8 21.5




6A 29.2 21.5
2018-01-21 | FW 0 9.4 0.05 97.63 1.63 1.494 6.36
2 2 9.2
4.9 9.6
10.6 9.4
5 15 9.4
5A 19.9 9.5
6 24.4 9.6
6A 30.3 10
2018-04-16 | FW 0 10.7 0.05 21.44 0.89 0.603 6.87
2 11.5
4.8 12.9
10.5 13.8
15.4 13.3
5A 20.4 10.3
6 26.1 10.3
6A 20.7 10.3
Dart 2017-04-26 | FW 0 10.5 0.4 3.61 0.42 0.287 3.68
1 2.7 9.6
2 5 10.5
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3 10.6 11.2
14.5 11.4

4A 19.1 11.3
23.9 11.4
31.9 11.5

2017-07-19 | FW 0 18.2 0.4 3.87 0.42 0.309 4.93

1.7 19.3
5.2 20.1
10.4 20.7

5 15 21.1

5A 19 21

6 25.5 21.1

6A 31.5 19.9

2018-01-21 | FW 0 13.7 0.4 31.05 0.95 1.088 6.36

1.3 13.4
3.7 13.5
10.5 13.9
16 14.2

5A 211 14.3

6 26.9 14.7
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2018-04-17

FW 0 11.1 0.4 25.85 0.79 1.091 11.14
2 1.6 12.7
4.2 13
11.6 12
5 16.1 11.4
5A 19.9 10.4
6 27.7 9.9
6A 32.7 9.6
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2.2.3 Dissolved Gas Concentrations

Samples were analysed in triplicate by single-phase equilibration gas
chromatography using electron capture detection for N2O and flame
ionisation detection for CH4 similar to the methods described by Upstill-
Goddard et al, (1996). Samples were calibrated with three certified
standards (Air Products Ltd.; mixing ratios 317.4, 406.4, 496.7 ppb N20 and
1.009, 2.058, 3.04 ppm CH4 in synthetic air; calibrated against NOAA
primaries). Aqueous CH4 and N20 concentrations were calculated from the
solubility tables of Wiesenburg and Guinasso (1979) and Weiss and Price

(1980) respectively.

2.2.4 Empirical models of k and gas flux calculations

Because k was not measured directly during the collection of water
samples, commonly applied empirical models were selected by reviewing
literature reporting on N20O and CH4 emissions from similar temperate rivers
and estuary environments. It is acknowledged that models of gas transfer
in rivers and estuaries are uncertain compared to direct measurements,
however it is viewed that these results offer the best available insight to
GHG emissions where direct measurements of k are unavailable. The

empirical models compared in this study are detailed in Table 2.2.

The diffusive flux of N2O and CH4 from surface waters to the atmosphere

are calculated using Equation 2.1:
feHe = keHe * (Cw - Ceq) (Eq 2.1)

where feHg is the diffusive gas flux at the air-water interface, keHg is the gas
transfer velocity of the relevant gas, Cw is the measured concentration of
the dissolved gas in the water, and Ceq is the equilibrium concentration of

gas in the water based on solubilities calculated with atmospheric partial



pressure and Henry’'s Law (Weiss and Price, 1980; Wiesenburg and
Guinasso, 1979). All k models and gas flux calculations were performed

using functions written in RStudio Version 2024.12.0.

Estimates of k in freshwater locations were obtained using a model
described by Borges et al., (2004) (B04), and 7 models described by
Raymond et al., (2012) (R1 — R7). The Borges et al., (2004) model
calculates k as a function of river depth (D) and velocity (V), whilst the 7
models from Raymond et al., (2012) introduce additional parameters such
as river slope (S) and discharge (Q). By comparing these 8 models | aim to
assess variability in the estimated k caused by different physical river
parameters driving gas exchange at the water surface. As river D, Q, and V
were not measured directly during sample collection, values were obtained
from records published by the National River Flow Archive at stations
Gunnislake (Tamar) (National River Flow Archive, 2025a) and Austins
Bridge (Dart) (National River Flow Archive, 2025b). River S was measured
along a 500 m section of the river (250 upstream and 250 downstream of
the sampled location) following the guidelines of the River Habitat Survey
(Environment Agency, 2022), using shapefiles obtained from the
Environment Agency Catchment Data Explorer
(https://environment.data.gov.uk/catchment-planning/) with the Elevation
Profile tool in QGIS (Geographic Information System), version 3.32.3. All
river models were normalised to a Schmidt number (Sc) of 600, a
dimensionless number which represents the kinematic viscosity of a gas,
according to the coefficients expressed in Wanninkhof (2014). This is used

to describe the change in the rate of gas exchange at different temperatures.

Wind-dependent models developed by Clark et al, (1995) (C95),
Nightingale et al., (2000) (NOO) and Wanninkhof (2014) (W14) were
compared in estimating k in estuary locations. Each of these models are
driven by windspeed which was obtained from (Rame Head NCI, (www.nci-

ramehead.org.uk) and normalised to 10 metres above sea level (U1o) using
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the ‘wind.scale.base’ function in the ‘LakeMetabolizer’ R package (Winslow
et al., 2016). Estuary models were normalised to a Sc of 600, except for
W14 which uses a higher Sc of 660, which translates to a slower diffusive
rate, relevant to the Sc of CO2 at seawater temperatures (Wanninkhof,
2014).
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Table 2.3. Models to estimate gas transfer velocity (kgng) based on average

daily wind speed measured at Rame Head (U1o,in m s'), daily average river

discharge (Q in m3s™') and river depth (D in m), river velocity (V in m s,

calculated as V = Q / (D*W), river slope (S), and Froude number (Fr =

V/(gD)°%). Values of k are normalised to a Schmidt number (SceHg) to

account for the different effects of water temperature and salinity on gas

exchange relative to other gases of interest (Wanninkhof, 2014).

Model | Author(s) Unit [ Model equation

C95 | Clark et al., (1995) cm h' | kghg = (2.0 + (0.24 * Us0)?) * (Scarc / 600)°5

NOO Nightingale et al., (2000) |cm h™' | kgng =(0.222 * Uso® + 0.333 * U+o) * (Scehc /
600)°5

W14 | Wanninkhof (2014) M d1 | kgng=0.24 x 0.251 x Us? (Scars / 660)°°

B04 Borges et al., (2004) md' | kgng=0.24 x 17.19 x (V/ D)*® (Scens / 600)°°

R1 Raymond et al., (2012) |md™" | kgng=5037 x (SV)*# * D°5* (Scae / 600)°°

R2 Raymond et al., (2012) |md™" | kgng= 5937 x (1-2.54 x Fr?) (SV)*% D% (Scene
/ 600)°5

R3 Raymond et al., (2012) |md™" | kgng=1162 x S®77 V*# (Sceg / 600)°°

R4 Raymond et al., (2012) |md™" | kgng=951.5 x (SV)°7® (Scene / 600)°°

R5 Raymond et al., (2012) |md" | kgng=(2841 x (SV) +2.02) (Scene / 600)°°

R6 Raymond et al., (2012) |md" | kgng =929 x (SV)°7° * Q%" (Scene / 600)°°

R7 Raymond et al., (2012) |md" | kgng= 4725 x (SV)°# Q"% D*% (Scens / 600)°°
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2.3 Results

2.3.1 Environmental conditions

Water temperatures along the axial transect ranged from 9.2 °C to 21.8 °C
and windspeeds averaged 5.87 m s™' across the four respective survey
periods. Water V ranged from 0.35 m s’ to 1.49 m s’ on the Tamar and
0.287 ms™' to 1.09 m s™' on the Dart. Daily average Q ranged between 6.3
m?3 s1to 27.7 m3 s on the River Tamar and 3.6 m® s to 25.8 m3® s on the
River Dart, with lower flows recorded during the 2017 surveys compared to
2018 (Figure 2.3A).

2.3.2 Nitrous oxide dissolved concentrations

The concentration of N20 in the River Tamar Estuary displays spatial and
temporal variability along the salinity transect, ranging between 8.1 nmol L-
Tand 27.5 nmol L' (Figure 2.3B). A N2O maximum can be seen in the upper
to mid-estuary (salinity 5-20), with highest concentrations occurring during
spring conditions in April 2018 and lowest concentrations occurred when
winter river flows were higher in January 2018. In the River Dart Estuary,
N20 concentrations ranged between 7.7 nmol L' to 30.1 nmol L' (Figure
2.3C) and were generally higher in the lower salinity ranges (0-5) and
decreased towards higher salinities, the sharpest decline most notably in
July 2017. Highest concentrations were measured in summer (July 2017)

and lowest recorded in the winter (January 2018).

2.3.3 Methane dissolved concentrations

Concentrations of CH4 in the River Tamar Estuary ranged between 3.9 nmol
L' — 1040 nmol L' (Figure 2.3D). Results show a general decrease in CH4

between lower and higher salinity values in the Tamar Estuary, except for a
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steady increase throughout the estuary followed by a sharp decline at

salinity 30 in July 2018. CH4 concentrations in the Dart ranged between 9.9

nmol L-" and 1004 nmol L-! (Figure 2.3E) and show a relatively uniform trend

of decreasing concentrations moving from low to high salinities, with CH4

concentrations again highest in the summer and lowest in the winter.
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Figure 2.3. A) Sampled river discharge conditions. Dissolved concentrations

of N20 in the B) Tamar and C) Dart estuaries and dissolved concentrations
of CHas in the D) Tamar and E) Dart estuaries.
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2.3.4 Estimates of gas transfer velocity (k)

The estimated kcha and kn2o from each model is shown for the respective

freshwater samples from the River Dart and River Tamar in Figure 2.4. kcha

values ranged between 0.9 to 7.5 m d*! (median range 1.0 — 3.2 m d*") in

the Tamar (Figure 2.4A) and between 1.2 to 32.3 m d-' (median range 4.4 —
14.2 m d") in the Dart (Figure 2.4B). kn2o in the Tamar ranged from 0.9 to
7.3 m d' (median range 1.0 — 3.1 m d-') (Figure 2.4C) and 1.2 to0 31.8 m d"

' (median range 4.3 — 14.0 m d-') in the Dart (Figure 2.4D).
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Figure 2.4. Comparison of k values using river parameter-based k models
from Borges et al., (2004) (B04) and Raymond et al., (2012) (R1 — R7)

applied to the freshwater locations of the Tamar and Dart. Median values

are shown as red circles. A) kcna for the Tamar B) kcnha for the Dart C) knzo

for the Tamar D) kn2o for the Dart.
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The results from the BO4 model show little seasonal variation and produced
similar results for each sampling campaign (Tamar; kchs range 2.6 — 3.1 m
d', kn2o range 2.6 — 3.0 m d*', Dart; kcrsa range 2.6 — 3.8 m d-!, kn2o range
2.6 — 3.7 m d"), compared to the other models. In the Tamar, B04 produced
the largest values for the April and July 2017 surveys, and the smallest for
the Dart in January and April 2018 but were similar to the other results for
the rest of the surveys. The overall largest k values, and the greatest
variation between the 8 river models, occurred in January 2018, ranging by
a magnitude of 5 in the Tamar and by 20 in the Dart. This large variability is
driven by the results of R1, R2 and R7, which are the only Raymond et al.,
(2012) models to consider river D, demonstrating their sensitivity to
seasonal changes in hydrological parameters controlling gas exchange. R3,
R4, R5 and R6 showed closer agreement in each of the four surveys. The
median reduces the large effect of these outliers on the estimated k, whilst
retaining the seasonal effect of higher river flow conditions observed in

January and April 2018.

Modelled k in the estuaries were much lower than that of the river site, and
scale with windspeed in close agreement with one another (Figure 2.5).
ranging between 0.6 m d-' to 6.14 m d-'. C95 showed higher results during
low wind speeds compared to NOO and W14 but may slightly underestimate
k in higher wind speeds as seen in the spring 2017 results. The results for
knzo in the Dart showed the same pattern, ranging between 1.1 md-" to 59.0
m d-' in the freshwater location and 0.6 m d-' to 6.0 m d-' in the estuary. The
close agreement between estuary models ensure confidence with using the
most applied and most recent of the three, described by Wanninkhof (2014).
The results of Clark et al., (1995) which stand out from the others is not
entirely surprising as it was built upon site-specific dual-tracer gas release
experiments, as opposed to the wind parameterisations of Wanninkhof
(2014) and Nightingale et al., (2000) which make them more widely

applicable empirical windspeed-based models.
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Figure 2.5. Predicted gas transfer velocity of estuary concentrations of N2O

and CH4 (keHc) against wind speed (U1o)

2.3.5 Calculated GHG fluxes

An ensemble approach was used to calculate gas fluxes in the river by using
the median k value of all eight river models, with uncertainty quantified using
the interquartile range (25th—75th percentiles) of the model-derived flux
estimates. Gas fluxes in the estuary were calculated using the k values
derived from the model W14 only. N20 fluxes (fn20) mirror the spatial and
temporal variability of dissolved concentrations in the surface waters. In the
Tamar, the minimum fy2o was -10.3 pmol m=2 d-! at the freshwater location
in January 2018 (Figure 2.6C) and the maximum was 38.9 ymol m=2 d-' in
the mid salinity region (15) during April 2018 (Figure 2.6). Overall, the Tamar
generally acted as a source of N20 to the atmosphere, with the average fn2o
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across the whole estuary transect at 8.2 + 10.3 ymol m2 d-'. The Dart overall
fell within a similar range of positive fluxes within estuary waters but had
substantially larger freshwater fluxes of up to 139 ymol m2 d-' and a more
negative flux of -22 ymol m2 d-! in the mid estuary around salinity 11, both
of which occurred in April 2018 (Figure 2.6H). The average fn2o across the

estuary was 15.6 + 36 pmol m=2 d-'.
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Figure 2.6. Results for calculated N20 (MN20) flux along a salinity gradient
in the Tamar (A-D) and Dart (E-H) between January 2017 to April 2018.
Freshwater (salinity = 0) fluxes are estimated using an ensemble approach,

with points derived from the median value of eight river gas exchange
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velocity (k) models (B04 — R7); error bars show the interquartile range (25
— 75 percentiles) of model-derived flux estimates. Estuary (salinity = > 0)
fluxes are calculated using the k values derived from W14 only. Models are
described in Table 2.3. A dashed line signals 0 flux to ease visualisation of
when each waterbody is acting as a source (above 0 line) or sink (below 0
line) of N2O

The flux of CH4 (fcHa) in both the Tamar and Dart again reflect the spatial
and temporal variation of dissolved concentrations. Both consistently acted
as a source of CHs across the four surveys. In the Tamar fcra ranged from
0.3 ymol m2 d-'in January 2018 (Figure 2.7C) to 1880 pmol m-2 d-'in July
2017 (Figure 2.7B). fcha generally started smallerin the freshwater location
followed by a small spike in the upper reaches of the estuary (between
salinity 5 to 10) before reducing again, except for July 2017 where fcha
increased along the salinity gradient until a decline at salinity 25. Overall,
the average fchs across the Tamar was 431 + 424 ymol m? d-'. The Dart
showed larger fcHa values, highest being in the freshwater zone, and ranged
from 14.8 ymol m=2 d-'in January 2018 (Figure 2.7G) to 5770 pymol m=2 d-’
in July 2017 (Figure 2.7F). The fcHa values in the Dart were averaged 504 +

1060 umol m2 d-! across the estuary.
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Figure 2.7. Results for calculated CHa4 (fCHa4) flux along a salinity gradient in
the Tamar (A-D) and Dart (E-H) between January 2017 to April 2018.
Freshwater (salinity = 0) fluxes are estimated using an ensemble approach,
with points derived from the median value of eight river gas exchange

velocity (k) models (B04 — R7); error bars show the interquartile range (25%
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— 75™ percentiles) of model-derived flux estimates. Estuary (salinity = > 0)
fluxes are calculated using the k values derived from W14 only. Models are
described in Table 2.3. A dashed line signals 0 flux to ease visualisation of
when each waterbody is acting as a source (above 0 line) or sink (below 0
line) of CH4

2.4 Discussion

2.4.1 Model effectiveness for estimating kene and GHG fluxes

Rivers and estuaries are important sources of both N2O and CH4 (Saunois
et al., 2024a; Tian et al., 2024). Therefore, selecting an accurate method to
estimate k is of paramount scientific importance to provide reliable evidence
towards effective GHG emission mitigation measures. As shown, there was
considerable variability between the results of each river k model. This
variability was largely driven by outliers from the results of R1, R2 and R7,
which agrees with the findings of DelSontro et al., (2016). The depth-
dependent models from Raymond et al., (2012) were developed based on
a dataset with an average depth of 0.28 m. The average depths considered
in this study were 0.64 in the Dart and 0.88 m in the Tamar, therefore these
models should be appropriate for estimating k in these rivers. Using the
median of multiple river-based gas transfer models provides a central
estimate which reduces the influence of extreme predictions from individual
models. However, this ensemble approach treats each model equally which
may not accurately capture differences in their performance under specific
river conditions. Some models may capture hydrodynamic processes better
than others and combining them may smooth these differences. Despite
this, taking a median value for the river models allows us to account for the
dynamic effects of variable river parameters acting on k and provide a best
estimate to support robust flux calculations, providing these results are
interpreted as indicative rather than absolute values. This also allows for a
reasonable comparison alongside the results from W14, presenting a robust
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spatial assessment of N2O and CH4 fluxes from river to estuary and a

representative total annual emission from the estuary.

Table 2.4 compares the results from this study to CH4 and N20O emissions
reported by other studies, including the UK average. In this study, CH4 flux
densities were 2.87 g CH4 m? yr' in the Dart and 2.02 g CH4 m?2 yr' in the
Tamar. These values are above the UK average of 1.6 g CH4 m2 yr',
suggesting enhanced CH4 production in these systems driven by site-
specific hydrological and biogeochemical conditions. The calculated CHas
emissions for the Tamar are slightly higher than those reported by previous
studies in the Tamar (Brown et al., 2024; Upstill-Goddard and Barnes,
2016), which is expected due to the inclusion of the river-based models in
the calculations that account for the site specific hydrological conditions
affecting k across the river-estuary transition. In contrast, N2O flux densities
were 0.26 g N20 m?2 yr'in the Dart and 0.13 g N20 m?2 yr'in the Tamar,
which are similar to densities reported in these estuaries by Barnes and
Upstill-Goddard (2011) and below the UK average of 0.61 g N20 m=2 yr.
Both CH, and N,O flux densities are higher than estimates calculated from
average dissolved gas concentrations multiplied by estuary area (Brown et
al., 2024), highlighting the importance of incorporating daily average fluxes
and site-specific hydrodynamics to capture finer spatial and temporal

variability.
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Table 2.4. Reported CH4 and N20 emissions from the Tamar and Dart

estuaries compared to the UK average

Annual . Annual \
Location | emission ::IuéHde;i'tyr_1) emission ::Iu'\)l( ge:ﬁ;tyr_1)
(T CHqyr1) |l9%FaM7Y (T N20 yr-1) | {9 N2 y
UK
estuary | g g 1.6 42.6 0.61
average
(*)
Dart (1) 248 2.87 2.23 0.26
Dart (2) 8.40 0.98 0.880 0.1
Tamar (1) | 80.2 2.02 5.30 0.13
Tamar (2) | 47.0 1.19 3.90 0.1
(TB""Z‘)ar 62.0 1.8 5.80 0.13

(*) Average UK estuary emissions reported by Brown et al., (2024)
(1) This study

(2) Brown et al., (2024)

(3) Upstill-Goddard and Barnes (2016)
(4) Barnes and Upstill-Goddard (2011)

2.4.2 Spatial variability in GHG emissions along a salinity gradient

DelSontro et al., (2016) demonstrate the use of k values to explore

degassing along a river transect to determine the GHG transfer from one

site to another. The k value represents the length of time it should take for

a parcel of water to equilibrate with the atmosphere (Raymond et al., 2012).

By applying a similar approach here, we can consider the contribution of
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river GHG concentrations to estuary fluxes. For example, the average k
value in the Tamar was 1.9 m d', meaning than 1.9 m of water should
equilibrate with the atmosphere over 24 hours. The average depth of the
sampled river location was 0.9 m, which is 46 % of the average k. Therefore,
it should take approximately 11 hours (46 % of 24 hours) for the sampled
section of river to degas to the atmosphere. By taking the average Q during
the sampled period (33.4 m? s*') and estimating the volume of water that
would need to flow 8 km from the river station to the first sampled position
in the estuary (8 km x 40 m width x 0.9 m depth), it would take 140 minutes
for the water to pass from the river to the beginning of the sampled estuary
transect. Applying the same methods in the Dart, it would take
approximately 2 hours for the water to equilibrate with the atmosphere
based on an average k of 9.3 m d-', but only 26 minutes for the river water
to reach the first sampled position in the estuary (0.64m average depth, 30
m width, 1.29 km distance, 16.1 m3 s*! average Q). Therefore, the N2O and
CHa4 in theory have sufficient time to be transported downstream from the
river into the estuary without degassing to the atmosphere. This transport of
N20 and CHa4 could explain the accumulation of both gases in the Tamar
Estuary if we were to assume no other sources. But the Dart displays higher
river concentrations and fluxes compared to the estuary suggesting N20

and CHg4 are lost through river-estuary mixing or biological consumption.

2.5 Conclusion

River emissions of N20 and CHa4 vary more greatly depending on the applied
empirical model used to estimate k, compared to estuarine estimates of gas
fluxes where k models are in better agreement. This is due to the complexity
of river variables interacting to drive the transfer of gases across the water
surface into the atmosphere, whereas estuarine and coastal fluxes are
dominantly driven by surface wind conditions. Therefore, it is advisable to

take a median flux calculated from several river models to account for this
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variability and provide a best estimate of river emissions of N2O and CHa.
For estuary and coastal fluxes, the model described by Wanninkhof (2014)
has been demonstrated to be an effective tool for calculating GHG
emissions. Therefore, it is with confidence that Wanninkhof (2014) will be
taken forward to estimate N2O and CHa4 fluxes along an estuarine salinity
gradient and ensure comparable results with other similar studies. By
applying these methods to a river-to-coast catchment wide monitoring
programme, it should be possible to identify hot spots of GHG emissions in
freshwater and estuary waters which could inform a holistic approach to the

spatial targeting of NbS to natural sources of N2O and CHa.
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Chapter 3: Emissions of methane (CH,)
and nitrous oxide (N2O) along a river-
to-coast aquatic continuum and
opportunities for nature-based
solutions

Abstract:

This study presents observations of methane (CH4) and nitrous oxide (N20)
concentrations and estimates of their air-water fluxes through a river-to-
coast investigation of the Tamar Catchment, southwest England. Dissolved
concentrations ranged between 8 — 43 nmol N20 L' and 39 — 510 nmol CHa
L' in freshwaters; 9 — 22 nmol N2O L' and 17 — 737 nmol CHs L in the
estuary; and 7 — 13 nmol N2O L' and 1 — 12 nmol CH4 L' in the coastal
waters of the L4 station monitored by the Western Channel Observatory
(WCO). Estimated emissions revealed that the agriculturally dominated
upper headwaters of the Tamar Catchment act as hotspot of both N20O and
CHa4 (average 50.4 uymol N20O m2 d' + 87.3; and 1906.4 ymol CHs m2? d! +
697.9). In total, the combined annual emissions of the River Tamar and
Tamar Estuary were estimated to be 4.6 x 106 mol CH4 yr' and 6.6 x 10*
mol N20 yr'. Scaling up to the total area of UK estuaries revealed the
importance of these contributions compared to other UK sector greenhouse
gas (GHG) emissions, which is not currently considered in UK Nationally
Determined Contributions (NDC). This study reveals important
spatiotemporal variability in N2O and CH4 emissions from surface waters.
These findings can support evidence-based nature-based solutions (NbS)
and other management interventions which target areas most vulnerable to

becoming hotspots of GHG production.
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3.1 Introduction

Aquatic ecosystems provide extensive ecosystem services (ES) to
humanity, supporting biodiversity richness, providing habitat for
economically and culturally important fisheries (Wood et al., 2024), storing
and slowing floodwater (Puttock et al., 2021), retaining nutrients to alleviate
pollution (Puttock et al., 2018; Stutter et al., 2018), and providing climate
regulation (Zou et al., 2022). This plethora of ES provided also subjects
aquatic ecosystems to hubs of human development and modification,
making them among the habitats most vulnerable to land use and the
increasing severity of climate change, and are therefore a priority focus of
ecological restoration (Liu et al., 2025). However, the potential of these
habitats to become increasing sources of GHG needs to be carefully
considered in all stages of habitat restoration practices. The relative
contribution of rivers, estuaries and coastal habitats to atmospheric GHG
concentrations can be altered by the presence of human pressures in the
form of environmental pollution through excess nutrient loading (Beaulieu et
al., 2019; Upadhyay et al., 2023), modifications to river morphology (Borges
et al., 2018), changes to natural hydrological regimes and connectivity
(Borges et al.,, 2019; Wu et al.,, 2021; Xing et al., 2023), and indirect
feedback effects of climate change driven variability in temperature,
precipitation, drought and flooding (Dijkstra et al, 2012; Khalil and

Rasmussen, 1989).

As previously mentioned, Saunois et al., (2024) report that of the global total
natural and indirect sources of CH4 (305 [108-44] Tg yr') between 2000 to
2009, 50 % were from wetlands (153 [116 — 189]), 36 % from inland waters
(112 [49 - 202]), minus double counting (-23 [-9 to -36]), and 4 % from
coastal and oceanic sources (12 [6-20]). Of the total natural emissions of
N20 (1.8 [1.0 —3.0] Tg N yr") between 1980 - 2020, inland waters, estuaries
and coastal vegetation account for 0.1 Tg yr' (Tian et al., 2024).
Management of the hydrological connectivity between habitats along the

LOAC is increasingly recognised as important for GHG emissions, with
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rivers acting as important C and dissolved inorganic nitrogen (DIN) delivery
mechanisms to estuary and coastal ecosystems (Bouwman et al., 2013;
Drake et al, 2018; Tye et al., 2024). Over the last four decades,
anthropogenic N20 emissions from inland waters (rivers, lakes, and
reservoirs), estuaries and coastal vegetation has increased from 0.1 Tg N
yr'to 0.15 Tg N yr' due to N additions (Tian et al., 2024). Anthropogenic
causes of eutrophication and urban influences on organic matter and
nutrient loading is estimated to contribute 30 % to stream and river CHa4
fluxes (Saunois et al., 2024). Management practices of aquatic ecosystems
therefore have the potential to reduce emissions of N2O and CHg, if targeted
interventions are applied (Bhushan et al., 2024; Yang et al., 2020; Zou et
al., 2022).

However, challenges remain in accurately quantifying the relative
contributions of each aquatic ecosystem type to atmospheric GHG
concentrations and therefore limit our ability to identify opportunities to
reduce human perturbations to emissions from natural sources. This is
largely due to a lack of observations which capture the variability along a
river to coast aquatic continuum, often limited by logistical constraints: the
large spatial extent of a river system and difficulty accessing representative
sections of a watershed's freshwater and saltwater zones (Xenopoulos et
al., 2017). This study aims to constrain this variability through a
comprehensive monitoring programme of dissolved N20 and CH4
concentrations along a river to coast transect. These observations are used
to estimate the relative contribution of the river, estuary and coastal waters
to fluxes of N20O and CH4 to the atmosphere to inform the direction of
targeted ecosystem management strategies for controlling natural sources
of GHG.

74



3.2 Methods

3.2.1 Study location

As introduced in Chapter 2, the River Tamar flows south for 98 km from its
source towards Plymouth in Southwest England, draining a total catchment
area of 1800 km? at an average flow rate of 22.9 m3s-' (National River Flow
Archive, 2025a) (Figure 3.1A). The upper catchment is described as
responsive with rapid spikes in river flows after rainfall events due to its
granite bedrock in the east and west of the catchment (Rawlins et al., 2003).
In the lower Tamar, sandstone and mudstone with silt and clay deposits
increase towards the Tamar Estuary which is designated for its biodiversity
and rich mudflat habitats (Uncles et al., 2003). Much of the Tamar catchment
is agricultural with urban sprawl increasing around the Tamar Estuary which
borders the City of Plymouth (Morton et al., 2024). The River Tamar meets
the Tamar Estuary at an artificial barrier, Gunnislake weir, located 22 km
inland. The tidal amplitudes are approximately 5 m during spring tides and
2 m during neap tides (Yang et al., 2016). The Tamar’s waters eventually
mix with the western English Channel, the location of the long-term
monitoring stations of the Western Channel Observatory (WCO) (McEvoy
et al., 2023). The current study primarily focuses on samples collected
monthly from four freshwater stations along the main axis of the River Tamar
between April 2019 to March 2020, and 7 surveys of the Tamar Estuary
which took place in May, July, September, and November in 2019, and
February and March in 2020. One extra survey took place in July during an
intensive study. Mean measurements of seawater N20O and CHas
concentrations collected at Station L4 in the WCO between 2011 and 2018
are later considered to enable a comparison of estimated atmospheric
fluxes of freshwater and estuary N2O and CH4 with coastal records. The

locations of all sampling positions are displayed in Figure 3.1.

75



Tamar Catchment Boundary wm m ==
River Network

A)

Main River Tamar

NRFA station ¥

N Sampling station O
Mg Salinity (psu) 0

50.85°N—

s

50.70°N- -, 7
{ Druxton Bridge

L
C ﬂl{em‘ngton Park e

) ‘\\\\ ‘I
(o o
A b
W{/ J ¢
H

orsebridge \

50.55°N—{ A N
y T I - ~

\ Gunnislake! N

b §

N ¢ & X
N i+ \
\ , f7 Yy

\ J

50.40°N— « LT T
4 ""}%‘""If’fs; 7 ‘l\

i

o 5 10km

50.25°N-|

4.65°W 4.50°W 4.35°W 4.20°W 4.05°W 3.90°W

50.50°N+ 'B) Lf‘_}

Estuary Survey

+ RIB-1
¢+ RIB2
S0.45°N /X 4 RIB-3
A7 + RIB-4
\ T - + RIB-5
) AR
/\} { / RIB-6
50.40°N & f RIB-7
—miy % -

5035°N4 0 2 4 km ) g =
= y /
- . X ¢ {
L, <
)

T T T T T T
4.30°W 4.25°W 4.20°W 4.15°W 4.10°W 4.05°W

Figure 3.1. Overview of the Tamar Catchment location displaying A) NRFA
river gauges and sampled positions along the water continuum coloured by
salinity value, and B) sampled positions in the Tamar Estuary coloured by

sampling campaign (RIB-1 to RIB-7).

76



3.2.2 Environmental parameters

River depth (D in m), discharge (Q in m® s') and daily rainfall (mm) were
obtained from records provided by Defra Hydrology Data Explorer
(Environment Agency, www.environment.data.gov.uk/hydrology/explore) for
the closest National River Flow Archive (NRFA) gauges upstream of the
sampled locations on the main River Tamar; Crowford Bridge, Warrington
Park and Gunnislake (Figure 3.1A). To attain a catchment representation of
rainfall, the average of the three gauges was used. Daily, 3-day and 30-day
average rainfall were explored to account for the effects of variable runoff
conditions on river concentrations, and daily, 3-day and 10-day average Q
was used to account for mixing effects of variable water residence times in
the estuary. River width (W) was measured using Google Earth Pro and
river velocity (V in m s*') was calculated using the formula V= Q/ (D * W).
River slope (S) was measured using shapefiles obtained from the
Environment Agency Catchment Data Explorer with the Elevation Profile
tool in QGIS (Geographic Information System), version 3.32.3, along a 500
m stretch of the river (250 m upstream and downstream of the sample
location) based on guidelines of the River Habitat Survey (Environment
Agency, 2022). Each section of river sampled had a gentle S gradient (0.01
% to 0.35 %) (Figure 3.2). Average daily wind speed (m s') and atmospheric
pressure were calculated from measurements made by the Rame Head
National Coastwatch Institution (NCI) station (Rame Head NCI, www.nci-
ramehead.org.uk). Daily average atmospheric mixing ratios of N2O and CHa4
used in flux emission estimations were accessed from the Mace Head
station via the NOAA Global Monitoring Laboratory (NOAA,

www.gml.noaa.gov).
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Figure 3.2. Elevation profiles of sampled sections of the River Tamar,
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Sections have been magnified to better show slope of each section of river.
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Druxton Bridge (DB) (S = 0.19 %), D) Horsebridge (HB) (S = 0.01 %) and
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3.2.3 Sample water collection

Two field teams were deployed in the catchment to cover the upper
freshwater to the lower estuary waters of the Tamar on the same day.
Freshwater samples were collected from mid-channel where accessible
from a bridge or riverbank. Estuary samples were collected based on a
target practical salinity range of 0 to 35 identified using a YSI sonde (YSI
PRO30) from a rigid inflatable boat (RIB) (Figure 3.3). All estuary surveys
were completed on a falling (ebb) tide, except one of the surveys in July
(RIB-2) which took place on a rising (flood) tide and has been included in
this study for comparison. In some cases, the first sample was taken closer

to the high tide mark compared to others (Figure 3.4).
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completed in the Tamar Estuary between May 2019 to March 2020
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River and estuary samples were collected from the surface (within the upper
30 cm) using a thrice-rinsed bucket from which subsamples for individual
analytes were taken. For N20 and CHya, this was a 500 ml borosilicate glass
bottle, which was allowed to overflow to remove gas bubbles, and which
was poisoned with 100 pl saturated mercuric chloride solution before
sealing with a glass stopper. Seawater samples at L4 were collected from
surface waters (~ 1m depth) using Niskin bottles via clean Tygon tubing
following the deployment of a CTD Rosette on Research Vessel Plymouth

Quest (Brown and Rees, in prep).

3.2.4 Water chemistry measurements

Water temperature and pH were measured using a multiparameter YSI
sonde (Model PRO30) placed into a bucket of sampled freshwater or

directly into the estuary water.

3.2.5 Dissolved gas concentrations analysis

Samples were analysed in triplicate by single-phase equilibration gas
chromatography using electron capture detection for N2O and flame
ionisation detection for CH4 similar to the methods described by Upstill-
Goddard et al, (1996). Samples were calibrated with three certified
standards (Air Products Ltd.; mixing ratios 317.4, 406.4, 496.7 ppb N20 and
1.009, 2.058, 3.04 ppm CHas in synthetic air; calibrated against NOAA
primaries). Aqueous CH4 and N20 concentrations were calculated from the
solubility tables of Wiesenburg and Guinasso (1979) and Weiss and Price

(1980) respectively.
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3.2.6 Dissolved nutrient concentrations analysis

Thrice-rinsed plastic sample bottles were filled from the sampling bucket or
container and then transported back to the laboratory for filtering through a
0.45 pm cellulose acetate filter. Freshwater samples were analysed for
nutrients at the Centre for Ecology and Hydrology using methods described
by Tye et al., (2020) and were below detection for ammonium and nitrite.
Estuary and coastal samples were analysed at Plymouth Marine Laboratory
and determined using methods described by described by Mantoura and
Woodward (1983) for ammonium, Brewer and Riley (1967) for nitrate and
nitrite combined, GralRhoff (1976) for nitrate only, Zhang and Chi (2002) for
phosphate, and Kirkwood (1989) for silicate. Samples were handled with
nitrile gloves to prevent contamination, particularly in coastal waters where

nutrient concentrations are expected to be relatively low.

3.2.7 Coloured dissolved organic matter analysis

Thrice rinsed, 14 mL amber glass bottles were filled with filtrate (0.45 ym
cellulose acetate) for spectrophotometric determination of chromophoric
dissolved organic matter (CDOM) absorbance. Absorbance spectra were
collected on a VWR UV3100 PC with a 10 mm quartz cuvette. Spectra were
referenced against analytical grade water (Millipore, Milli-Q) and drift-
corrected by subtracting the average absorbance between 680-700 nm. The
decadic absorbance at 254 nm was used as a relative measure of CDOM

absorbance here.

3.2.8 Estimating air-water diffusive flux of N2O and CH4

The diffusive flux of N2O and CH4 across the air-water boundary was
calculated using Equation 2.1 as described in Chapter 2 section 2.2.4. The

parameters influencing the gas transfer velocity kcHc differ between river,
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estuary and coastal systems depending on whether the turbulence is
primarily induced by wind shear at the sea surface or bed shear at the
bottom of the water column in rivers and sheltered, shallow estuaries
(Raymond and Cole, 2001). Several empirical models have been developed
to estimate keHe and are widely used in calculations of gas fluxes from
aquatic ecosystems. Chapter 2 provided a comparison of models commonly
applied in scientific literature and gives the equations and key parameters

used for each model in Table 2.3.

In this study, estimates of keHc in freshwater locations were obtained using
the median keHe values of all 8 river-based models compared in Chapter 2.
The Borges et al., (2004) (B04) model calculates keHe as a function of D
and V, whilst the 7 models from Raymond et al., (2012) (R1 — R7) include
additional parameters such as S and Q. By taking the median value of these
models, | aim to account for variability in the dominant hydrological river
conditions driving gas exchange at the water surface at the time of

sampling.

For estuary and coastal stations, keHe was estimated using the windspeed-
based model described by Wanninkhof (2014) due to the little variability
found between it and other models commonly used to estimate estuary
GHG fluxes. The ratio of kinematic viscosity of water over the diffusivity of
the gas was calculated according to Wanninkhof (2014) to produce Schmidt
numbers (SceHac) for each gas under the temperature and salinity conditions

measured in the field.

3.2.9 Statistical analysis

A Shapiro-Wilk test was used to determine normality, followed by either a
Kruskal-Wallis test or ANOVA to assess statistically significant spatial and
seasonal differences in dissolved GHG concentrations measured along the
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main River Tamar and Tamar Estuary. Data were binned into seasons
defined as Spring (March — May), Summer (June — August), Autumn
(September — November) and Winter (December — February). A
Spearman's rank correlation was performed to assess relationships
between environmental and biogeochemical variables and N20O and CH4
concentrations respectively in river and estuary locations. A principal
component analysis (PCA) was applied to further identify key seasonal and
spatial relationships between environmental and biogeochemical variables
influencing observations of N20O and CH4 concentrations. All statistical tests
were performed in R version 2024.12.0 using the ‘Tidyverse’ (Wickham et

al., 2019) and ‘factoextra’ R packages (Kassambara and Mundt, 2020).

3.3 Results

3.3.1 Environmental variability

During the sampling period, Q ranged between 0.08 m3s™! and 255 m3s
across the three gauges considered along the main River Tamar (Figure
3.5A). Crowford Bridge and Werrington Park are in the upper part of the
catchment and therefore receive a considerably smaller proportion of the
catchment runoff. In contrast, Gunnislake drains an area of 917 km?, roughly
50 % of the total catchment area. Lowest flows were therefore
unsurprisingly recorded at the most upstream gauge, Crowford Bridge, in
July 2019 and highest were recorded at the most downstream gauge,
Gunnislake, in January 2020. A seasonal effect can be seen as a response
to the total daily average rainfall, which ranged from 0 mm to 47 mm. This
seasonal pattern generally reflects lower rainfall in spring and summer and
higher rainfall during autumn and winter. River water temperatures ranged
between 6.1 °C and 20.0 °C (Figure 3.5B and 3.5C), again showing a
seasonal pattern with temperatures increasing in June to September and
declining from October to March. Estuary temperatures displayed the same

pattern, ranging between 6.4 °C to 22.9 °C.

84



3.3.2 Spatiotemporal variability of N2O and CHa4

Mean dissolved concentrations of N2O and CH4 varied both temporally and
spatially across the water continuum. River N20 concentrations varied
between 8.2 and 42 nmol L' (Figure 3.5B) and CH4 between 38.8 and 510.4
nmol L' (Figure 3.5C). Spatially, N2O and CH4 concentrations most often
decreased moving from the upstream to downstream sites. At all four river
stations the highest N2O concentrations were measured in October 2019,
coinciding with an increase in both rainfall and Q, showing a markedly
higher concentration in the upper reaches of the catchment compared to
sites downstream. Whilst a Kruskal-Wallis test indicated no significant
differences between N20 concentrations among the sampled river stations
(x? = 1.86, df = 3, p = 0.6), there were significant differences between
seasons (X% = 24.93, df = 3, p = < 0.05). Specifically, N2O measurements
were significantly higher in autumn (September — November) (Z = 3.06, p =
0.01) and spring (March — May) (Z = 3.13. p =< 0.01) compared to summer
(June — August), and significantly lower in summer compared those in winter
(December — February) (Z=-4.7, p =< 0.01).

CHa4 concentrations showed greater variability between sites along the river,
with higher concentrations observed at the upstream sites, North Tamerton
and Druxton Bridge. Significant differences in measured CH4 concentrations
were found between sampled river stations (x?= 19.93, df = 3, p = < 0.05).
Post-hoc pairwise comparisons using Dunn’s test with Bonferroni correction
showed that the most upstream site, North Tamerton, had significantly
higher concentrations than Horsebridge (Z = -3.07, p = < 0.05) and
Gunnislake (Z = -4.22, p = < 0.05). No other significant differences were

found between other stations or seasons (p = >0.05).
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Figure 3.5. A) hydrological conditions during the sampling campaign. The
red line shows the annual mean discharge for the Tamar catchment at 22.9
m?3 s-1. B) dissolved N20 concentrations and mean water temperature, and
C) dissolved CH4 concentrations and mean water temperature measured at
the four freshwater sampling stations on the River Tamar. The stations are
shown in the figure legend in order from upstream to downstream; North
Tamerton, Druxton Bridge, Horsebridge and Gunnislake.
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Estuary N20 concentrations ranged between 8.8 and 21.6 nmol L' (Figure
3.6A) and CHa4 from 16.5 to 737 nmol L (Figure 3.6B). Other than in March
2020, estuary observations of both N2O and CH4 show an overall non-
conservative mixing behaviour, decreasing as the transect moved towards
higher salinity values. A production of N20 can be seen in the mid estuary
(salinity 10 — 15) in September and November 2019 and a production of
CH4 in the mid estuary in February 2020. A Kruskal-Wallis test showed
significant differences between N20 concentrations along the salinity
gradient (X2=19.41,df =5, p =< 0.05). Dunn’s post-hoc test with Bonferroni
correction confirmed N20 concentrations were significantly higher in
samples from within the salinity target 10 than salinity target 30 (Z = 3.02, p
= 0.04). An ANOVA revealed a significant seasonal effect on estuary N20O
concentrations (F(3, 29) = 3.30, p = 0.03), further identified through a
Turkey’s HSD post-hoc test as significantly lower summer concentrations
compared to autumn (mean difference = -4.05, p = 0.02). No significant
differences in CH4 concentrations were found among salinity targets (F(5,
27) = 0.51, p = 0.77), but concentrations were significantly lower in winter
compared to autumn (Z = -3.19, p-value = <0.01) and spring (Z =-2.76, p =
<0.05). These spikes in observed N20 and CHa4 concentrations coincide
with extremes in fluvial inputs to the estuary, with Q measuring 3.37 m3 s
on the sampled day in September 2019, less than half the annual average
river flow, and 67.3 m3 s™'in February 2020, almost four times above the

average river flow.
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Figure 3.6. Dissolved concentrations of A) N2O and B) CH4 measured

across 7 sampling campaigns in the Tamar Estuary between 2019 and 2020

3.3.3 Relationship of GHG concentrations to hydrological and

hydrochemical water variables

River data were grouped by station to explore differences in correlations of
river GHG concentrations with hydrological and hydrochemical variables at
the four represented sections of the River Tamar (Figure 3.7). Relationships

with N2O are shown in Figure 3.7A and those with CHa4 are in Figure 3.7B.
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At all river stations, mean N20 concentrations were negatively correlated
with water temperature (r = -0.65 to -0.76, p = < 0.05, n = > 10). N20O
concentrations were significantly negatively correlated with pH at North
Tamerton (r=-0.66, p = 0.03, n = 11), Druxton Bridge (r=-0.72, p =0.02, n
=10) and Horsebridge (r=-0.66, p = 0.02, n = 12) and conductivity at North
Tamerton (r = -0.72, p = 0.02, n = 11). All stations displayed significant
correlations between N20 concentrations and river discharge (Q) (r=>0.65,
p =<0.05. n=>10). N20 concentrations were most positively significantly
correlated with the 30-day average rainfall (r = >0.65, p = < 0.05, n = >10)
compared to the daily or 3-day average at all sites. Horsebridge and
Gunnislake, stations furthest downstream, showed a significantly positive
correlation with CDOM (r = >0.66, p = < 0.05, n =>11) and NOsz (r = >0.64,
p=<0.05 n=>11).

River CHs4 presented fewer significant relationships compared to
observations between N20 and environmental variables. No significant
correlations were found between CH4 and water temperature or pH. CH4
concentrations at Horsebridge show a significant strong positive
relationship with conductivity (r = 0.68, p = 0.02, n = 12), and significant
negative relationships with hydrological influences including Q (r=-0.62, p
=0.03,n=12), V(r=-0.64, p = 0.03, n = 12) and 30-day average rainfall (r
= -0.64, p = 0.03, n = 12). Significantly negative correlations were found
between NO3  and CH4 at North Tamerton (r = -0.69, p = 0.02, n = 11) and
Horsebridge (r=-0.61, p = 0.04, n = 12).
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Figure 3.7. Spearman’s Rank Correlation matrix of river samples.
Correlation coefficients of A) N2O concentrations with hydrological and
hydrochemical variables B) CHs4 concentrations with hydrological and
hydrochemical variables

* Correlation significant at the 0.05 probability level

** Correlation significant at the 0.01 probability level

In the estuary, CH4 concentrations were positively correlated with tidal
amplitude (r = 0.85, p = < 0.001, n = 35) and nitrite (r=0.38, p =0.02, n =
35), and negatively correlated with rainfall (r=-0.43, p = 0.01, n = 35). N2O
concentrations in the estuary showed a positive relationship with CDOM (r
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=0.60, p =< 0.001, n = 35), ammonium (r = 0.40, p = 0.02, n = 35), nitrate
(r=10.51, p=<0.001, n = 35) and silicate (r=0.46, p = 0.01, n = 35), and
were negatively correlated with salinity (r = -0.47, p = < 0.001, n = 35).
Estuary samples were then binned into salinity ‘targets’ of 0, 5, 10, 15, 20,
30 and 35 to identify any spatially important correlations along the sampled
salinity gradient. No further information was gained on correlations with CHa,
but this grouping did reveal that N20O concentrations strongly correlated with
the 10-day average river discharge at salinities in target 5 (r=0.79, p <0.05,
n =7), indicating freshwater inputs are important for concentrations in the
lower salinity region of the upper estuary. Whilst not statistically significant,
tidal amplitude showed an increasingly positive correlation with N20O at
higher salinity values. A strong positive relationship between N20 and PO4*

for samples in salinity target 15 (r = 0.89, p = 0.03, n = 6) was also identified.

3.3.4 Principal Component Analysis

The PCA provided further understanding of spatial and temporal variance in
relationships of GHG to hydrological and hydrochemical variables. After
data cleaning, 44 river observations were used, representing the four
stations on the main River Tamar (North Tamerton, n = 11; Druxton Bridge,
n = 10; Horsebridge, n = 12; Gunnislake, n = 11). These were also grouped
into spring (Mar — May, n = 8), summer (Jun — Aug, n = 15), autumn (Sept —
Nov, n =9), and winter (Dec — Feb, n = 12). A total of 65.9 % of the variance
can be explained (Dim1 42.9%, Dim2 23%) (Figure 3.8). Two key insights
can be taken from this figure. First, there is a contrast between conditions
correlated to observations in winter and summer samples. Winter conditions
can be characterised by higher river flows, rainfall and nitrate
concentrations, which also aligns with higher N20 concentrations, whereas
summer conditions leading to warmer water temperatures show closer
alignment with higher CH4 concentrations, phosphate and CDOM. The
loadings of spring and autumn are represented in all dimensions, likely
caused by variability in the river flows and temperatures sampled during
these months, rather than extreme differences in weather conditions as
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expected between summer and winter. Secondly, there is a difference
between the dominant mechanisms in the upper vs the lower catchment.
North Tamerton and Druxton Bridge (upstream sites) in the upper PCA
dimension aligned more closely with CDOM, phosphate and CHa
concentrations, whereas most Horsebridge and Gunnislake (downstream
sites) samples fall into the lower dimension and were more correlated to

river flows, nitrate and rainfall.
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Figure 3.8. Principal Component Analysis (PCA) biplot representing
freshwater samples. Seasons are indicated by green (spring; Mar - May),
yellow (summer; Jun - Aug), pink (autumn; Sept - Nov), and blue (winter;
Dec - Feb). River stations are differentiated by shape. The first two
dimensions explained 65.9 % of the total variance (Dim 1 42.9 %, Dim 23%).
The vectors (shown in black lines) direction and length indicate each

variables contribution to the first two dimensions.
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The estuary PCA was performed on 33 observations grouped by season
(spring, n = 9; summer, n = 9; autumn, n = 10; winter, n = 5). A total of 62.9
% of the variance can be explained (Dim1 34.8%, Dim2 28.1%) (Figure 3.9).
The most interesting findings that emerge are the close grouping of high
ammonium, CDOM and N20 concentrations. All nutrients, CDOM and GHG
concentrations were higher in the lower salinity values in the upper section
of the estuary, with nitrate and silicate also largely correlated to higher river
inputs and rainfall. A seasonal impact of water temperature can be seen,
with winter characterised by high river flows bringing cool, silicate- and
nitrate-rich freshwater into the estuary, whereas the PCA loadings for
summer samples indicate low freshwater inputs and warmer estuary
temperatures with higher nitrite concentrations. Again, spring and autumn
samples are more sporadically placed, indicating more variability in the

weather conditions sampled during those months.
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Figure 3.9. Principal Component Analysis (PCA) biplot representing estuary
samples. Seasons are indicated by green (spring; Mar - May), yellow
(summer; Jun - Aug), pink (autumn; Sept - Nov), and blue (winter; Dec -
Feb). The first two dimensions explained 62.9% of the total variance (Dim 1
34.8%, Dim 2 28.1%).
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3.3.5 Relative contributions to GHG fluxes

The emission fluxes for each sampling station are grouped by waterbody
type and displayed as a whisker plot to show the relative contribution of
river, estuary and coastal waters of the Tamar catchment to seasonal fluxes
of N2O (Figure 3.10A) and CHa4 (Figure 3.10B). A Signed-Log transformation
was applied to enable visual comparison and retain negative flux values. In
both cases, river and estuary surface waters more often acted as a source
rather than sink in contrast to coastal waters. The untransformed values for

each environment are summarised in text here and in Table 3.1.

The median values of all river stations show the largest N2O emissions in
the winter (11.1 umol m?2 d-' + 32.6), with the river overall acting as a small
sink during summer (-0.25 pmol m? d' + 9.55). The estuary was a
continuous source of N2O across all seasons, with smallest emissions in the
summer (median 0.87 pymol m?2 d' + 0.48) and largest in the autumn
(median 6.46 ymol m?2 d-'+ 3.02). Coastal waters of L4 are generally very
close to equilibrium with the atmosphere, overall acting as a small sink but
with a low, positive flux to the atmosphere in the summer (median 0.48 umol
m=2d'+0.9).

CH4 emissions were substantially higher in river and estuary waters
compared to the coast. Median river flux emissions were consistently
positive with little variation between seasons (range 151 ymol m=2 d-! + 737
to 314 ymol m2 d' + 894). Estuary CH4 emissions show greater seasonal
variability compared to N2O, smallest in summer (32.9 pmol m2 d-' + 30.3)
and largest during winter (1012 pymol m-2 d-1 £ 379). Flux emissions in
coastal waters behaved similarly to N20 in acting as a CH4 sink majority of
the time, reflecting the relatively low dissolved concentrations of CH4, with
a small flux to the atmosphere in summer (0.2 umol m2d-' + 1.1).
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Figure 3.10. Whisker plots showing seasonal variability in estimated fluxes
of A) N20O and B) CHa4 in river (green), estuary (brown) and coastal (blue)
waters. Boxes contain the 25th to 75th percentiles of the dataset with black
horizontal lines denoting the median value (50th percentile). Black whiskers
show the 5th to 95th percentile, with grey stars to symbolise outliers from
these bounds.
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Mapping the average fluxes (Figure 3.11) reveals the upper river catchment
was an important hotspot of both N20 and CH4 emissions and relatively little
emission contributions came from coastal waters. Average river fluxes were
largest at the northernmost river site at North Tamerton (N20 50.4 umol m-
d'+ 87.3; CHs4 1906 pmol m2 d' + 698) and smallest at Horsebridge (N20
1.0 ymol m2 d-'+ 2.2; CH4 61.3 ymol m2 d-! + 43.5).
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Figure 3.11. Spatial variability in average A) N20 and B) CH4 fluxes in the

Tamar catchment from river-to-coast
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Table 3.1. Range, average and standard deviation of environmental conditions, nitrous oxide (N20O) and methane (CHa) for

each study location. (Average +/- SD). Q = river discharge.

Station Type Water Salinity | Q N:O MN20 CH,4 fCH,
Temp (°C) m? s nmol L pmol m?d*' | nmol L™ pmol m2 d-!
North River 6.3-19.0 |0 0.1-5.91 8.2-42.8 -35.1-3114 | 119.1-5104 651.2 — 2877.5
Tamerton (1.75 % 1.90) (17.47 + 9.61) | (50.4+ 87.3) | (273.03 + (1906.4 + 697.9)
119.14)
Druxton River 6.1-20 0 0.13-14.7 9.9-30.8 0.0-46.8 68.6 - 328.7 98.3 — 1205.2
Bridge (3.29 + 4.36) (16.84 + 6.47) | (12.4+ 15.7) | (170.48 + 80.93) | (385.6 + 316.6)
Horsebridge | River 64-199 |0 3.07 - 99.8 9.0-21.0 -1.4-51 55.6 - 267.9 33.0-195.7
(27.36 £ 29.97) | (13.40+ 3.86) | (1.0% 2.2) (121.58 + 71.35) | (61.3 £ 43.5)
Gunnislake River 6.6-19.8 |0 3.07 - 99.8 3.7-19.9 -2.8-21.9 38.8 - 187.7 72.8 - 530.5
(27.36 £ 29.97) | (14.03+3.75) | (4.6+7.2) (81.79 + 44.26) | (175.6 + 120.2)
Tamar Estuary [6.4-229 |1.8- 3.07 - 67.3 8.8-21.6 -2.7-10.8 16.5 - 737 12.0 - 1236.9
Estuary 34.1 (24.35+ 26.44) | (14.69+3.34) | (3.3%3.2) (235.96 + (261.4 + 336.9)
194.07)
L4 Coast 8.0-176 | 33.5- - 7.08 - 13.76 -2.8-3.0 1.05-11.74 -20-8.6
35.7 (9.69%1.12) | (-0.1£0.9) | (2.92%1.57) (0.2 £ 1.5)
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3.4 Discussion

3.4.1 River-to-coast GHG variability

This study provides a valuable description of GHG variability along a river-
to-coast continuum, demonstrating the complexity in disentangling distinct
drivers of GHG production between river, estuary and coastal ecosystems.
The results agree with a growing number of observations that headwaters
are an important source of N2O and CHg4, supporting the case for spatial
targeting of site specific interventions to reduce river emissions (Borges et
al., 2019; Hu et al., 2016; Marzadri et al., 2021; Saunois et al., 2024a; Tian
et al., 2024). Both GHG concentrations were on average highest in the
upper freshwater reaches of the Tamar, which can be characterised by
relatively exposed, narrow and shallow river channels, lower river flows and
dominated by agricultural land use. Dissolved GHG produced by microbial
processes in agricultural soils can enter streams and rivers during high
precipitation and run off events (Lu et al., 2021; L. Tian et al., 2019). Tracer
experiments have found that the Upper Tamar receives sediment from
eroded river channels and pasture land (Smith and Blake, 2014) and
bankside erosion, poor soil management and poor nutrient management
continue to be Reasons for Not Achieving Good (RNAG) by the Water
Framework Directive (WFD) classification system. These inputs could
explain the higher average concentrations of both N2O and CHa4 in these
headwaters, or it could be a result of the shallow, exposed channels where
there is greater vulnerability to nutrient loading and increased summer water

temperatures driving microbial respiration.

Visual declines in GHG concentrations can be seen between the upstream
and downstream freshwater study locations. Significant correlations with
hydrological conditions suggest this is a result of dilution, gradual

outgassing and/or consumption of GHG moving along the river transect.
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N20 and CHas concentrations at Horsebridge and Gunnislake showed
greater correlation with NOs™ availability (Figure 3.7). This could suggest the
importance of riverine delivery of elevated nutrient inputs as we transition to
river sections draining a larger catchment area, or increasing sources of
urban wastewater which could lead to enhanced N20 via greater ammonium
availability for nitrifying bacteria, and increased substrate availability for CH4
production via anaerobic methanogenesis (Evans et al., 2019; Hanson and
Hanson, 1996) in the lower sections of the Tamar estuary. These findings
add to similar reports of N2O and CH4 across rural-urban interfaces, where
diffusive agricultural pollution, urban wastewater and varying hydrological
conditions have been found to drive variability in hotspots of GHG (Brown
et al., 2023; Que et al., 2023).

Freshwater flushing times in the Tamar Estuary range between 6.5 to 13.5
days, and can be twice as long during neap tides compared to spring tides
(Uncles and Torres, 2013). Our observations of estuarine GHG suggest
freshwater flushing of the estuary system is important for dissolved N20 and
CHa4 variability. Elevated N20O concentrations were observed, particularly in
in the upper to mid estuary regions within salinity values of 5 — 15, during
the September sampling event (Figure 3.6). This coincides with a small
increase in river flows, though they remained below average (Figure 3.5).
This observation is similar to previous observations in the Tamar (Law et al.,
1992; Upstill-Goddard and Barnes, 2016) and other mixed temperate
estuaries (Brown et al., 2022; Harley et al., 2015), where interactions
between variable freshwater inputs and the estuary Turbidity Maximum
Zones (TMZ) have been recognised as important for GHG cycling. The
Tamar TMZ retains suspended particulate matter (SPM) from fluvial sources
within lower salinity regions of the estuary, with increasing tidal range
leading to resuspension of bed sediments and enhanced levels of SPM
(Uncles and Stephens, 1993). Most of the estuary observations in this study
commenced at high tide and followed the tide out. Changes in hydrological
dynamics may lead to increased CHs oxidation (CHs removal) by

methanotrophs (Abril et al, 2007) and enhanced nitrification (N20
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production) (Barnes and Upstill-Goddard, 2011). Whilst freshwater input can
be an important source of estuarine N20, low summer river flows can
increase the flushing time of estuaries and reduce the dilution of nutrient
concentrations in the upper estuary region (Huggett et al., 2021b). Together
with warmer water temperatures and depleted oxygen, this could have
facilitated enhanced denitrification in estuary sediments and within the water
column resulting in an accumulation of N20 in the low salinity surface waters
of the estuary (Abril et al., 2000; Law et al., 1992).

Bioturbation under warmer temperatures during this time may also have
contributed to elevated N20 concentrations, driven by increased
sedimentation of organic material and increased microbial remineralization
of ammonium leading to nitrification (Law et al., 1991). Whilst exploring their
impact is beyond of the scope of this paper, the Tamar is also impacted by
the release of sewage and untreated wastewater during storm overflows
which can enhance levels of ammonium and particulates available for
nitrifying bacteria (Barnes and Upstill-Goddard, 2011; Law et al., 1992). The
strong positive relationship between N20 and PO43 could suggest an impact
of wastewater entering the upper to mid-estuary, where storm overflow
pipes are located and sewer flooding is known to occur (South West Water,
2023). Alternatively, this could be a result of rainfall and land runoff causing

the flushing of nutrients and N20 from terrestrial sources to surface waters.

Production of CH4 in the mid estuary in February suggests a seasonal shift
in microbial activity favouring methanogenesis, but with the observations
available, causes of this increase are more challenging to resolve. These
observations may be explained by an increased transport of river CH4 during
higher-than-average freshwater discharge to the estuary, leading to higher
availability of substrates for enhanced CH4 production within the water
column. Additionally, a particularly high tidal amplitude was observed during
the February sampling event. During the low tide, sedimentary production

of CH4 may have taken place followed by physical disturbance to the
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estuarine bed causing a release of trapped CH4 bubbles from estuarine
sediments into surface waters (Abril and lversen, 2002; Bussmann et al.,
2022; Rosentreter et al., 2021b). All but one of the estuary surveys were
completed on a falling tide, with the surveys commencing at high tide at the
top of the estuary. Correlations with tidal amplitude suggest this survey
timing and tidal mixing is important for observations of both CH4 and N20

dissolved concentrations.

3.4.2 Hotspots of GHG emissions

Mean river GHG flux densities were 632 + 295 ymol CHs m2d"'and 17.1 +
28.1 ymol N20O m2 d-' in the river, and 273 + 311 CH4 ymol m2 d-"' and 3.5
£+ 2.9 N20O pmol m? d' in the estuary. When combining the GHG
contributions of the river and estuary to give a catchment total, annual
emissions are estimated to be 4.6 x 10 mol CHs4yr" and 6.6 x 10* mol N2O
yr'. The river had a greater contribution to the Tamar’s total emissions,
largely driven by higher emissions from narrower river sites in the upper
catchment, particularly during winter and early spring where higher river
flows and elevated GHG concentrations led to enhanced air-water gas

exchange.

The vulnerability of the shallow, narrow upper reaches of river catchments
to human perturbations of biogeochemical cycling, oxygen availability and
hydrological connectivity affect their contributions to GHG budgets as a
source or sink (Aho et al., 2023; Mwanake et al., 2023b). In this study, the
river acted as a weak sink of N2O in the summer. This is driven by lower
river flow values applied to the empirical models used to predict k, which
may suggest decreased turbulence driving gas exchange with the
atmosphere. This may also be explained by net microbial N2O consumption
via denitrification, and lower rainfall causing reduced land run-off inputs of
dissolved gases from agricultural land to the river (Mwanake et al., 2023b;

Raymond et al., 2012). However, without being able to identify the exact
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source of the measured N20 concentrations, it is challenging to further

constrain this observation.

Nonetheless, it can be ascertained that the upper headwaters of the Tamar
were a hotspot of GHG production and emissions. In total, global inland
waters have been estimated to contribute 10.6 — 19.8 Gmol N yr' in the
form of N2O emissions via denitrification and nitrification (Maavara et al.,
2019) and 1.74 [1.04 — 2.48] Tmol yr' CH4 (Rocher-Ros et al., 2023). Small
streams less than 10 m wide, such as those in the Tamar’s headwaters,
have been highlighted as major hotspots of global river N2O emissions
despite covering a relatively small surface area (Marzadri et al., 2021).
Under business-as-usual scenarios, these contributions could increase with
growing demands for food production and urban sprawl into rural areas
increasing pressures on wastewater treatment works (WWT), adding to
already nutrient stressed inland waters (Brown et al., 2022; Mwanake et al.,
2023b; Nedwell et al., 2002; Que et al., 2023).

Seasonal changes in GHG fluxes from the estuary were expected due to
temperature variations affecting CH4 and N20 producing microbes, and
variable windspeed which is the main driver of gas exchange in open waters
(Upstill-Goddard and Barnes, 2016). Lower estimated estuary emissions
compared to freshwater agree with eddy covariance flux measurements in
the Tamar (Yang et al., 2016). Emissions of both N2O and CH4 were lowest
in the summer where wind conditions are relatively low compared to autumn
and winter when the southwest coast is impacted by south-westerly trade
winds and a high frequency of storms. Higher emissions in autumn and
winter months could also indicate an influence of increased fluvial transport
of GHG downstream, with export into the estuary increasing with higher river
flow conditions (Yan et al., 2012). Higher CH4 emissions from the Tamar
Estuary have also been linked to elevated CH4 concentrations in estuary
outflows driven by tidal mixing (Yang et al., 2016), which may have been

more turbulent during the winter surveys.
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3.4.3 Implications for river-to-coast management of aquatic ecosystems

This study agrees with previous reports that headwaters can act as hotspots
of N20 and CHs production and emissions to the atmosphere, providing
further evidence to support measures targeted at reducing GHG emissions
from inland aquatic ecosystems (Saunois et al., 2024b; Tian et al., 2024).
Despite the improved representation of natural and indirect sources of GHG
in global budgets, there is a distinct lack of government policies or ecological
guidance which specifically aims to reduce anthropogenic modifications to
emissions of non-CO2 gases such as N20 and CH4 from inland waters,
estuaries and coastal seas. There is no detailed consideration of human
exacerbations to aquatic GHG sources in the UK’'s 2035 Nationally
Determined Contribution (NDC) which proposes the UK’s strategies towards
reducing all GHG emissions by at least 81 % of 1990 levels by 2035 (UK
Government, 2025). Table 3.2 and 3.3. show the annual emissions of N20O
and CH4 from UK sectors reported in the NDC (1990 — 2022 mean), the
Tamar Estuary (0.002 kt N2O yr' and 0.06 kt CHs yr') and the total UK
estuaries (0.22 kt N2O yr' and 6.16 kt CHa yr'). The emissions from the
total UK estuaries were calculated by extrapolating emissions from the
Tamar Estuary to the 4225 km? combined area of UK inner and outer
estuaries (Barnes and Upstill-Goddard, 2011). We find that UK estuaries
emit 0.17 % CH4 and 0.23 % N20 of the mean total UK reported sector
emissions currently informing the NDC. When we compare the UK estuary
emissions to each individual sector, we see that N2O emissions from UK
estuaries are 1.5 times higher than emissions from 'Energy - fugitive
emissions from fuels' (Table 3.2), whilst CH4 UK estuary emissions are 7
times higher than emissions reported under 'Other (Production
Processes/Agriculture)' (Table 3.3). This warrants further investigation and
consideration of anthropogenic modifications to estuary and other inland

water sources of GHG in UK reduction targets and management strategies.
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Table 3.2 Annual emissions of N20 (kt) categorized by UK Nationally
Determined Contribution (NDC) sectors (1990 - 2022 mean), Tamar

Estuary, and Total UK Estuaries.

Category Annual N20 emissions (kt)
Agriculture - manure management 10.4
Agriculture - soils 442
Energy - fugitive emissions from fuels 0.14
Energy - Mobile Combustion 4.71
Energy - stationary combustion 4.75
Industrial processes and product use 22.5
Land use, land use change and forestry 5.84
Waste 4.70
Tamar Estuary 0.002
Total UK Estuaries 0.22
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Table 3.3 Annual emissions of CHas (kt) categorized by UK Nationally
Determined Contribution (NDC) sectors (1990 - 2022 mean), Tamar

Estuary, and Total UK Estuaries.

Category Annual CH4 emissions (kt)
Agriculture - enteric fermentation 906
Agriculture - manure management 159
Energy - fugitive emissions from fuels 576
Energy - Mobile Combustion 18.4
Energy - stationary combustion 49.9
Industrial processes and product use 6.25
Land use, land use change and forestry 200
Other (Production Processes/Agriculture) 0.85
Waste 1650
Tamar Estuary 0.06
Total UK Estuaries 6.16

The application of NbS and other measures towards ecosystem restoration
and protection have been recommended in the latest guidelines for
achieving NDCs (Nature4Climate Coalition, 2024; Seddon et al., 2020). The
‘2013 Supplement to the 2006 IPCC Guidelines for National Greenhouse
Gas Inventories: Wetlands’ also encourages the inclusion of wetlands in
national GHG inventories. This recognises the impacts of wetlands on
surrounding inland waters, for example identifying the high percentage of
peat-derived DOC which is remineralized in headwaters. These guidelines
could be extended further to identify specific measures to reduce human
modifications to N2O and CH4 emissions from river and estuary surface
waters and facilitate progress towards Net-Zero and commitments of the
NDCs.
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A key message for managers of the Tamar system and others like it is that
by managing water on a source-to-sea scale (Mathews et al., 2019),
preventing nutrient and C loading, and restoring natural hydrological
regimes in the upper catchment, can have wide-ranging benefits for
downstream ecosystems. This approach has been successfully
implemented through partnerships under the Catchment Based Approach
(CaBA) and others like it across UK catchments where nutrient
management has been prioritised to meet water quality targets (Collins et
al., 2020) (Rees et al., in prep). Recognising the potential of NbS, alongside
direct action towards improving farm nutrient storage, livestock
management and minimising applications of synthetic fertilisers, through
specific guidance and ‘payments for environmental goods and services’ in
programmes such as the Environmental Land Management (ELM) schemes
in the UK would be a significant step towards halting the growth of

atmospheric N20O and CHa.

3.4.4 Site selection for targeted nature-based solutions (NbS) to GHG
emissions

This study shows that the River Tamar’s upstream sites (North Tamerton
and Druxton Bridge) emerged as hotspots of both N2O and CHa4 production
and emissions, whereas the downstream sites (Horsebridge and
Gunnislake) appear more important for transporting GHG downstream into
the estuary. This would suggest most GHG cycling is happening in the upper
reaches of the catchment which is also mostly dominated by agricultural
land uses. NbS which restore habitats recognised for their role in key
ecosystem services (ES), such as flood prevention and nutrient retention,
also have significance for GHG cycling and the spatial variability of N2O and
CHg4 fluxes. This includes rewetting peatlands (Evans et al., 2021; Mander
et al., 2023), the return of European beaver (Castor fiber) engineered
wetlands (Nummi et al., 2018; Puttock et al., 2021, 2018), and intertidal
wetland restoration (Adams et al., 2012; Zou et al., 2022). Restoring these

ecosystems may improve the hydrological connectivity along the LOAC,
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preventing rapid changes in water table height, river flows, and frequency
of wetted areas which can control the delivery of nutrients and transport of

dissolved concentrations of N2O and CH4 downstream (Evans et al., 2021).

Simple interventions could also have drastic impacts. Preventing river
channel erosion through bank stabilisation or fencing are an effective
measure for reducing GHG in agriculturally impacted waters such as
drainage ditches and riparian zones, preventing nutrients entering rivers
through land runoff or livestock disturbance to sediments (Odebiri et al.,
2024; Paranaiba and Kosten, 2024; Wang et al., 2024). Targeting measures
which reduce nutrient and sediment loading in headwaters could limit
resources available for nitrification and methanogenesis, reducing microbial
production of N20 and CH4 and eventually limiting the export of GHG into
the estuary (Borges et al., 2018; Marzadri et al., 2021).

Rebalancing nutrient ratios by reconnecting rivers with their floodplains has
proved effective in preventing eutrophication and poor water quality (Stutter
et al., 2018) which would otherwise exacerbate N2O and CH4 emissions in
inland waters (Brown et al., 2023; Wang et al., 2022). However, unless
complete denitrification is achieved under anoxic conditions, there is
potential for enhanced N20 due to increased availability of organic matter
exported from floodplains and opportunities for incomplete denitrification
under variable low oxygen conditions created by water inundation. Further
work is needed to understand the specific N2O or CH4 pathways to facilitate

the spatial targeting of NbS.
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3.5 Conclusion

By constraining the spatial variability of N2O and CHja, this study enables the
identification of key areas in the Tamar Catchment which could benefit from
interventions focused on reducing hotspots of GHG emissions from natural
sources. The upper reaches of the Tamar catchment should be prioritised,
where shallower, narrower stretches of the river may be more vulnerable to
nutrient loading and temperature shifts that promote respiration of N2O and
CHs4 producing microbes. Furthermore, the transport of river GHG
concentrations into the estuary should also be considered when designing
river-to-coast catchment management plans. Existing designations of
sensitive areas, such as Nitrate Vulnerable Zones (NVZ), could be built
upon to identify risks of exacerbating GHG from inland waters. Another
important take away from this work is that anthropogenic modification to
natural sources of GHG emissions should be included in national emission
reduction targets such as the NDCs. This will help drive efforts to better
understand key biological pathways driving GHG emissions from natural
sources. Further research into the specific GHG cycling pathways using
stable isotopic signatures of N and C would enable a better understanding
of how NbS and management interventions could minimise GHG production
under changing land use practices and climate conditions. Overall, this
continued effort towards understanding the impact of GHG from natural
sources will improve the effectiveness of environmental policy and

international efforts towards climate change mitigation.

108



Chapter 4: Monitoring the
effectiveness of intertidal wetland
restoration for climate change
mitigation

Abstract

Wetlands are an internationally important carbon (C) store, but their global
extent has suffered a net loss of 21 % due to land conversion since the 18
century. Wetland restoration has become a large focus towards restoring
biodiversity richness and enhancing C sequestration to offset anthropogenic
greenhouse gas (GHG) emissions. However, wetlands are also a
substantial source of methane (CH4) and nitrous oxide (N20), the second
and third most potent GHGs after carbon dioxide (CO:2), which have the
potential to offset the C sequestration benefits of wetland restoration. This
study presents relatively high-resolution biogeochemical monitoring during
the initial 12 months following the restoration of an intertidal wetland in the
Tamar Estuary, southwest England. Dissolved concentrations in water
draining out of the wetland ranged between 17 — 57 nmol N2O L' and 91 —
932 nmol CH4 L-'. Calculated daily changes in concentrations reveal that
the restored wetland overall acted as a source of both N20O and CHa4. Crude
estimates show that the GHG concentrations exported from the wetland into
the estuary were 4 x more N20 and 20 x more CH4 per km? compared to
concentrations transported from the river into the estuary. This study
strongly emphasises the need for early high-resolution GHG monitoring to
be included in ecological restoration management plans to accurately
forecast the climate change mitigation benefits of restored wetlands, and to
set realistic targets for environmental managers through evidence-based
environmental frameworks. More fine scale measurements of N2O and CHg4
fluxes from restored wetlands will continue to constrain the variability in the
effectiveness of wetland restoration to climate change mitigation and has
potential to inform interventions integrated into restoration plans which

prevent exacerbating natural sources of GHG.
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4.1 Introduction

Nature-based solutions (NbS) and natural climate solutions (NCS) refer to
environmental management options which encourage the protection and
restoration of ecosystems to simultaneously tackle the biodiversity and
climate crises (Anderson et al., 2019; Griscom et al., 2017; Seddon et al.,
2020). Wetland ecosystems are a globally important carbon (C) store with
the potential to provide 2.7 GtCO2 yr™' in additional climate mitigation
services (Smith et al, 2019). Despite covering just 6% of the Earth’s
surface, they support 40 % of the world’s biodiversity (Kopf et al., 2015;
Ramsar Convention on Wetlands, 2018). Yet wetlands remain one of the
most globally threatened ecosystems. Recent estimates suggest a global
net loss of 21 % of wetlands to land conversion since the 18" century,
equating to 3.4 million km? (Fluet-Chouinard et al., 2023). A focused analysis
of tidal wetlands found a loss of 13,700 km? in the last two decades, though
there has also been the creation of 9700 km? in this time (Murray et al.,
2022). Other drivers of wetland loss include reduced hydrological
connectivity between rivers and floodplains (Belletti et al., 2020; Pal and
Singha, 2023), and the increasing threat of flooding, drought and sea level
rise (Leonardi et al., 2018; Wu et al., 2023). The loss or degradation of
wetlands also leads to the loss of essential ecosystem services (ES)
including C sequestration (Tan et al., 2022), flood and storm protection
(Costanza et al., 2021), nutrient retention and water quality regulation
(Jickells et al., 2016), and economic values through fisheries, tourism and
recreation (Wood et al., 2024). The loss of natural wetlands to land-use and
land-cover change (LULUC) also impacts the cycling of the three most
important greenhouse gases (GHG); carbon dioxide (CO2), nitrous oxide
(N20) and methane (CHa4) (Tan et al., 2020).

The net climate benefits of restoring freshwater wetlands (0.82 GtCOze yr')
and coastal wetlands (0.84 GtCOze yr') together account for over 50% (1.7
GtCOz2¢ yr') of the estimated total climate mitigation potential of wetland
restoration (Smith et al., 2019). Protecting and restoring wetlands is
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therefore a global conservation priority and has been implemented as a
strategy towards offsetting anthropogenic GHG emissions in international
climate mitigation strategies (Adams et al., 2012; Needelman et al., 2018;
Yi et al., 2024). However, there is often a competing agenda between
biodiversity restoration, water quality improvement and GHG mitigation. For
example, reconnecting riparian wetlands can increase the mobilisation of
dissolved organic matter (DOM) and dissolved organic carbon (DOC) in
inland and coastal waters which could lead to an increased source of
atmospheric C (Kurek et al., 2024). Utilising the water filtration and nutrient
retention services of restored or constructed wetlands has emerged as a
viable solution for wastewater treatment (Vymazal, 2010; Wu et al., 2015),
but the increased nutrient loading also drives increased competition
between plant species and an overall decline in species diversity (Keenan
and Lowe, 2001). Furthermore, increased nutrient loading and uptake in
wetlands also has substantial implications for the cycling of CH4 and N20
which have a global warming potential (GWP) of 27 and 273 times higher
than COgz, respectively, over a 100-year time horizon (Calvin et al., 2023).
The cost-effectiveness and GHG mitigation potential of restoring versus
protecting existing wetlands from degradation is varied depending on the
considered time horizon, spatial scale and site specific factors which affect
GHG cycling (Cook-Patton et al., 2021). But even minor increases of N20O
and CH4 production have a high potential to offset the C sequestration

benefits of wetland restoration.

4.1.1 N20 and CHa cycling in wetlands

Wetlands provide what is typically considered the optimal conditions for N2O
and CH4 production by anaerobic bacteria in the way of low oxygen soils
with high organic matter (OM) content, particularly in agriculturally
dominated catchments (Adams et al., 2012). Incomplete denitrification,
nitrification, and nitrifier-denitrification are the major pathways commonly
associated with indirect N2O production in low oxygen (O2), high OM and
dissolved inorganic nitrogen (DIN; NOz2", NOs", NH4*) rich soils (Hu et al.,
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2015). Complete anaerobic denitrification, the transformation of nitrate to
nitrogen gas (N2), was traditionally seen as the main pathway for N20
reduction under anoxic conditions. However recent discoveries of hybrid
archaeal N20 formation under suboxic conditions (Trimmer et al., 2016) and
the unexpected presence of the N20 reductase enzyme (N20R) in oxic
marine environments controlled by the nosZ gene (Bertagnolli et al., 2020;
Rees et al., 2021) highlight the importance of site-specific conditions on N20O
cycling. Ammonia oxidation is both an indirect and direct source of N20O, with
nutrient management practices an important moderator of emissions from
wetland soils due to differences in cycling between ammonia-oxidising
bacteria (AOB) and ammonia-oxidising archaea (AOA) (Hink et al., 2018;
Prosser et al., 2020). Biogeochemical pathways leading to CH4 emissions
are equally complex. As previously detailed in Chapter 1, salinity gradients
and OM substrate availability are key drivers of CHs4 emissions from
methanogenic bacteria, particularly in intertidal wetlands (Adams et al.,
2012; Poffenbarger et al., 2011). CH4 oxidation by anaerobic methanotrophs
is reliant on the presence of electron acceptors such as Oz, NO2,NOs’,
sulfate (SO4?), iron (Fes*) and DOM (Stanley et al., 2016). Salinity can
suppress CHa4 concentrations by changing to availability of these ions and
limiting methanogenesis (Soued et al., 2024). This is particularly important

to consider in the development of intertidal wetlands.

4 1.2 Effects of wetland restoration on N20O and CH4 emissions

A recent analysis of 253 studies on the effects of ecological restoration on
GHG emissions found wetland restoration to increase CH4 emissions by
544 .4 %, whereas N20 emissions decreased by 68.8 % (He et al., 2024).
Other studies have found that CH4 and N20 emissions can be reduced in
newly restored wetlands through hydrological engineering measures
designed to manage wetland rewetting and water table height fluctuation
(Wang et al., 2022; Yang et al., 2020). For example, a 50 % reduction in the
effective water table depth in agricultural peatlands could lead to a 65 %
reduction in current CO2 and CH4 emissions (Evans et al., 2021). In coastal
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wetlands, variable water inundation due to tidal range is also an important
factor for GHG cycling in restored wetlands. Arias-Ortiz et al., (2021) found
a restored intertidal wetland in California’s San Francisco Bay-Delta acted
as an immediate CH4 sink compared to nontidal freshwater and brackish
wetlands which took between 2 — 8 years before a net cooling effect
(organic-C stored > CH4 emitted) was observed. Cadier et al., (2023) and
Holmquist et al., (2023) also argue that the tidal restoration of freshwater
impounded wetlands leads to lower CO2 equivalent emissions of N2O and

CHa4 due to saline inhibition of GHG production.

As increasingly more fine scale measurements of N2O and CHa fluxes from
restored wetlands are reported, the variability in the success of GHG
mitigation through wetland restoration and the importance of site selection
becomes more evident (Rosentreter et al., 2021a). The disparity between
findings creates significant challenges in accurately forecasting the climate
mitigation benefits of restoring wetlands, limiting the decision makers ability

to effectively reduce natural sources of GHG.

4.1.3 The role of carbon credits in wetland restoration

The latest International Panel on Climate Change (IPCC) reports have
warned that simply reducing further greenhouse gas (GHG) emissions is no
longer sufficient to prevent global warming beyond 1.5 degrees. Active COz2
removal (CDR) is now a necessary addition to GHG reduction measures to
limit increasing global surface temperatures (Calvin et al., 2023). However,
the nuances of this are difficult to translate into environmental monitoring
and management plans. Whilst the IPCC emphasises CDR is not a
substitute for reducing GHG emissions, there is risk of an emerging
dangerous narrative giving the impression that CDR could allow industry to
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continue along a path close to ‘business-as-usual’ with minimal climatic

consequences.

The carbon market has become an integral part of government and private
climate strategies, where GHG emission offsetting is effectively bought in
exchange for financial contributions to mitigation practices such as the
ecological restoration of habitats with high C-storage potential (Smith et al.,
2024). Among other green financing frameworks, carbon credits have
therefore become an appealing source of funding for ecosystem restoration
and conservation initiatives through increased interest from government
and private sector partners (Dunklin et al., 2024; Zu Ermgassen et al.,
2025). This is leading to government-led carbon-specific policy and
legislative development. At the time of writing, new UK government-backed
green finance standards are entering consultation to steer the future of
private investment in nature recovery and climate mitigation strategies,
including the Natural Carbon Standard which seeks to set requirements for
high impact CDR and non-CO2 GHG reductions delivered by NbS and NCS
in the UK (UKGQV, 2025).

However, the provision and implementation of scientific evidence to
accurately assess the effectiveness of carbon crediting schemes has not
kept up with their rapid uptake. Substantial challenges arise when assessing
the additional GHG mitigation benefits (more than what would have
happened without human intervention) and the permanency of such benefits
(the longevity of the habitat created and subsequent century scale C
storage). This inevitably leads to a reliance on scaled-up benefits modelled
over decades to centuries. A recent analysis of one fifth of carbon credits
issued to date found that less than 16 % of the credited projects reviewed
actually achieved GHG emission reductions (Probst et al., 2024). There is
growing concern over the legitimacy of environmental benefits claimed by

such schemes, which could therefore be undermining the advice of IPCC
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reports and ultimately misleading global progress towards effective climate
change mitigation (Hale et al., 2022). Whilst restoring wetlands has
undeniable far-reaching benefits beyond CO2 sequestration, to achieve Net-
Zero emissions also requires significant efforts to abate non-CO2 GHG,
including N20O and CHa. Accounting for this balance is often misrepresented
in benefits claimed by restoration projects, further adding to uncertainty in
the effectiveness of NbS for climate change mitigation and the scientific
evidence underpinning the adoption of carbon credits (Rosentreter et al.,
2021a).

The uncertainties within the scientific research community and the rapid
adoption of carbon-specific policies on a global level urgently require site
specific monitoring of GHG fluxes to fill gaps in understanding and set
appropriate expectations for restoration projects which identify climate
mitigation as a benefit. This study aims to do exactly that by presenting
observations from within the first year of monitoring a restored intertidal
wetland in the Tamar Estuary. The questions guiding this inquiry are
designed to support an initial assessment of the restored wetlands provision
of ES, here focusing on climate change mitigation. Is the restored wetland
acting as a source or sink of N20 and CH4? If so, how could restoration and
management practices reduce the risk of increasing N20 and CHa4
emissions? The results are explored in the context of the freshwater export
of GHG entering the Tamar Estuary from the River Tamar to compare the
relative contribution from the restored wetland. This chapter aims to inform
future assessments of ES provided by restored wetlands and the

appropriate application of carbon credits.
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4.2 Methods

4.2.1 Study location

The Calstock intertidal wetland was created in 2021 in the Tamar Estuary,
~8 km downstream of the tidal limit at Gunnislake weir, during an
Environment Agency Flood Defence Improvement Scheme (Figure 4.1). An
area of 11 hectares was restored by creating scrapes and channels in a
formerly sheep-grazed field, with the recovered sediment used to build an
improved flood defence bank to protect the village of Calstock (Figure 4.2).
In November 2021, the old flood bank was breached to allow the River
Tamar and the upper Tamar estuary to cyclically flood the area and allow it
to naturally develop into an intertidal wetland. The wetland has since been
managed and monitored by a collaborative local partnership between the
Environment Agency, Tamar Valley National Landscape, Tamar Community
Trust, Calstock Parish Council, Calstock Footpath Society, Cornwall County

Council, the University of Plymouth and Plymouth Marine Laboratory.

The wetland receives water draining from the predominantly agricultural
landscape of the River Tamar into the transitional waters of the Tamar
Estuary, mostly consisting of improved grassland (81 %) (Morton et al.,
2024) (Figure 4.1A). In 2022 the Lower River Tamar and the Tamar Estuary
both received ‘moderate ecological status’ under the Water Framework
Directive (WFD) classification. Reasons for not achieving good (RNAG) for
the Lower Tamar include bankside erosion, poor nutrient and soil
management associated with agriculture and rural land management, and
sewage discharge associated with the water industry. Five protected areas
are included within the ~30 km2 area of the estuary; Plymouth Sound &
Estuaries Special Area of Conservation (SAC), Tamar Estuaries Complex
Special Protection Area (SPA), and three Bathing Water Directives;
Plymouth Firestone Bay, Plymouth Hoe West and Plymouth Hoe East
(Figure S1, Appendix B). The desired benefits of restoring the Calstock
wetland, in addition to improving flood resilience of Calstock village,
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included increased C sequestration and nutrient retention to improve water
quality downstream, thereby reducing pressures on protected habitats and

the communities reliant on them, whilst enhancing biodiversity.

= Main River Tamar
—— River network

Land Cover Type

""" Natural Habitat

Il Arable

[ Improved grassland
Il Urban

Il Suburban

Bl Wetland

.
4.65°W 4.50°W 4.35°W 4.20°W 4.05°W 3.90°W 4.205°W 4.200°W 4.195°'W 4.190°W

Figure 4.1. A) Map of Tamar Catchment in southwest England showing Land
Cover Type and position of Gunnislake (upper tidal limit of Tamar Estuary),
Calstock Intertidal Wetland and Plymouth City. B) Extent of Calstock

Intertidal Wetland and surrounding land cover type
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Figure 4.2. Timeline of wetland development between 2020 and 2023. White
stars show where samples were collected from in the channel entering the

wetland. Images source: Google Earth Pro

4.2.2 Water sample collection

The sampling protocol was designed to capture the tidal inflow and outflow
of water at the breach, or channel, created to connect the restored wetland
to the estuary (identified as a star in Figure 4.2). Water samples were
collected every 30 minutes over a 6-hour period, 3 hours either side of high
tide during neap tides (Figure 4.3). Samples were collected using a thrice
rinsed bucket which was subsampled for further analysis. Samples were
analysed for dissolved concentrations of N2O (nmol L") and CH4 (nmol L)
using methods described in Chapter 2. CDOM and nutrient concentrations
(umol L") were determined using methods described in Chapter 3.
Measurements of water temperature and salinity were taken from the

sample bucket immediately on collection using a YSI probe (Model PRO30).
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Figure 4.3. Diagram showing the phases of water exchange between
Calstock wetland and the Tamar Estuary through the breach (channel
created in the old flood bank) during 3 hours before (-3 hrs) and 3 hours

after (+3 hrs) high tide when samples were collected.

4.2.3 Environmental data

Records of daily average river flow were accessed for Gunnislake
(immediately above the tidal limit of the Tamar Estuary) from the National
River Flow Archive via the Environment Agency Hydrology Explorer. Tidal
heights were accessed from the UK Hydrographic Office via the
ADMIRALTY EasyTide service (www.easytide.admiralty.co.uk).
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4.3 Results

4.3.1 Environmental conditions

Daily average river flow conditions on the sampled days were lowest at 2.8
m?3 s-! in August 2022 and highest at 96.0 m® s™' in December 2022 (Figure
4.4). Tidal height ranged between 1.0 — 3.9 m with an average tidal
amplitude of 0.4 m during the 6 hours of sampling (Figure 4.5).

160 -
R
140 River flow
- — - Average
120 - annual flow

@ Sampled day

Daily average river flow (m3s-1)

Dec 21 Feb 22 Apr 22 Jun 22 Aug 22 Oct 22 Dec 22

Figure 4.4. Daily average river flow measured at Gunnislake. Sampled days
are displayed as orange circles. Annual average river flow (22.9 m3 s™)

marked by dashed horizontal line.
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Figure 4.5. Tidal height on each day of sampling. Sampled timeframes (6

hours) are shown in grey.

4.3.2 Water properties

Table 4.1. summarises the sampled water properties throughout the 7
sampling events within the first year of the wetland being created. Water
temperatures ranged between 5.8 °C in February 2022 to 24.3 °C in June
2022. Salinity ranged between 0 and 7.3. In 4 out of the 7 sampling events,
salinity rarely measured beyond 0.1, showing a weak mixing of seawater
entering the wetland from the upper estuary and indicating a more dominant
freshwater influence of the River Tamar (Figure 4.6). In April, June and

August 2022, a higher saline input to the wetland was recorded, which
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coincides with lower river flows (Figure 4.4) and suggests greater influence

of estuary waters entering the wetland during these sampling events.

Table 4.1. Average (£ SD) and range of water temperature and salinity

Water Temperature (°C) Salinity
Date Sampled Average = SD Range Average = SD Range
December 13, 2021 10.8+0.1 | 10.5-10.9 0.1+£0.0 0.1-0.2
January 27, 2022 7604 7.1-85 0.1+0.0 0.1-0.1
February 25, 2022 8.0x1.2 5.8-10.2 0.1+0.0 0.1-0.1
April 25, 2022 148+1.5| 13.5-18.8 2.8+1.0 0.0-4.3
June 22,2022 21516 | 19.7-243 3.9+1.8 0.0-5.5
August 19, 2022 215+1.1| 19.7-23.5 6.5+0.8 42-7.3
December 1, 2022 9.4+0.3 8.8-10.1 0.1+0.0 0.1-0.1
8 -
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Figure 4.6. Observed changes in salinity during sampling events
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4.3.3 Dissolved GHG concentrations

Dissolved GHG concentrations ranged between 16 — 107 nmol L' N2O
(Figure 4.7) and 91 - 932 nmol L-' CH4 (Figure 4.8). Concentrations of both
gases were often initially high in the first hour of sampling. This is thought
to be the traces of enhanced GHG concentrations in water that had been
sat in the wetland channel prior to being diluted with inflowing water, which
was predominantly fresh rather than saline, during the incoming tide. The
highest N20 concentrations were observed in the first hour of sampling in
January 2022, but this rapidly decreased and maintained a relatively stable
average concentration of 24 nmol L' during the remainder of the sampling
event. The highest CH4 concentrations were recorded in August 2022,
where concentrations increased by 529 nmol L' between the first and last
sample. Across all sampling events, concentrations of both gases followed
an increasing trend during the outflow of water from the wetland, most
notable in the last 3 hours of sampling when the tide transitioned from high
tide to a falling tide causing the wetland to drain. On average, N20 increased
by 8 £ 18 nmol L' and CH4 increased by 124 + 292 nmol L' between high

tide and the final sample.
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Figure 4.7. Dissolved concentrations of N2O profiles measured over 6 hours

in the channel connecting Calstock wetland and the Tamar Estuary. Note

changes in scale. Dashed blue lines show the tide height during sampling.
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Figure 4.8. Dissolved concentrations of CH4 profiles measured over 6 hours
in the channel connecting Calstock wetland and the Tamar Estuary. Note
changes in scale. Dashed blue lines show the tide height during sampling.
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4.3.4 GHG wetland export to the Tamar Estuary

The daily rate of change in GHG concentration (AGHG) (Figure 4.9)
quantifies the amount of N2O and CH4 exported from the wetland into the
Tamar Estuary in the outflow of water after HT (last 3 hours of each sampling
event). This was calculated by extrapolating the hourly change in
concentration to a 12-hour tidal cycle and assumes concentrations
increased or decreased at the same rate on each outgoing tide of a full tidal
cycle. Across all sampling events, the wetland acted as a source of N20,
with the highest export to the estuary in June 2022 (85 + 15 nmol L' d)
and lowest in December 2022 (5 + 3 nmol L' d'). CH4 export shows a
seasonal effect, initially acting as a small sink (more CH4 removed than
exported) in December 2021 (-290 + 201 nmol L' d-'), and highest exports
in August 2022 (3640 + 538 nmol L1 d*").
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Figure 4.9. Daily rate of change (A) in A) N20 and B) CH4 concentrations.
Values extrapolated from hourly rate of change in measured concentrations
in wetland outflow (+3 hours after high tide). Negative values mean

removal/sink and positive values mean export/source.

4.3.5 Nutrient uptake

Further to GHG export, the daily changes in DIN (NH4* + NOz2 + NOg3’)
concentrations in the outflow of water draining from the wetland were
investigated to understand the nutrient uptake benefits provided (Figure
4.10). This revealed an interesting trade-off between ammonium and nitrate.
Ammonium uptake was often offset by nitrate export, and vice versa.
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Ammonium export gradually increased from 4.3 + 1.0 ymol L' d-" in April to
37.4 + 4.6 ymol L' d"' in August, with less nitrate uptake also during that
time. Ammonium retention was highest at -34.4 + 19.4 ymol L' d in
December 2022 with nitrate increasing by 14.4 + 63.1 uymol L' d-!. Nitrite
concentrations remained relatively stable throughout all sampling events,

other than a small increase of 5.2 + 0.2 ymol L' d*! in August.
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Figure 4.10. Daily rate of change (A) in DIN (NH4* + NO2= + NOgY)
concentrations. Values extrapolated from hourly rate of change in measured

concentrations in wetland outflow (+3 hours after high tide).

4.3.6 Drivers of GHG concentrations

A linear regression analysis was performed to assess the relationship of
N20 and CHas to key environmental predictors during each day sampled.
Table 4.2 and Table 4.3 present only significant relationships (p value <
0.05) with an explanatory strength of R22>0.50 to identify the most important

correlations to GHG concentrations.
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Table 4.2. Linear regression results identifying key variables correlated to

N20 concentrations

Date Variable Coefficient SE R? pvalue Direction
December 13,2021 Ammonium 9.48 2.55 0.58 0.004  Positive
CDOM 7.41 0.56 0.95 <0.001 Positive
Nitrate -3.25 0.14 0.98 <0.001 Negative
Nitrite 59.35 6.85 0.88 <0.001 Positive
DOC 2.05 0.33 0.80 <0.001 Positive
DON 30.72 5.42 0.76  <0.001 Positive
Water temp -133.77 20.49 0.81 <0.001 Negative
January 27, 2022 Ammonium 20.92 4.51 0.66 <0.001 Positive
CDOM 5.78 1.16 0.69 <0.001 Positive
Nitrate -3.22 0.76 0.62 0.001 Negative
February 25, 2022 Nitrate 1.39 0.23 0.77 <0.001 Positive
April 25, 2022 Ammonium 8.87 0.76 0.93 <0.001 Positive
CDOM 3.39 0.21 0.96 <0.001 Positive
Nitrate -1.65 0.15 0.92 <0.001 Negative
Nitrite 44.85 5.51 0.86 <0.001 Positive
Phosphate -57.78 4.67 0.93 <0.001 Negative
Silicate 3.96 0.36 0.92 <0.001 Positive
Water temp 8.66 1.13 0.84 <0.001 Positive
June 22,2022 Phosphate -20.90 5.74 0.57 0.005 Negative
Water temp 3.19 0.84 0.59 0.003  Positive
August 19, 2022 Ammonium 2.24 0.47 0.67 <0.001 Positive
Nitrite 11.74 3.11 0.57 0.003  Positive
Phosphate -21.46 5.21 0.61 0.002 Negative
Water temp 6.99 1.11 0.78 <0.001 Positive

Most strong relationships with N2O were found in December 2021 and April
2022 (Table 4.2). Ammonium, nitrite, nitrate, phosphate, CDOM and water

temperature were consistently correlated to N2O concentrations across

multiple dates. December 2021, which was sampled just a few weeks after

the wetland was flooded, was the only month where N20O was significantly

positively correlated to DOC and DON. Nitrite stands out as having a strong

positive relationship with N2O in December 2022 and April 2022. Ammonium

showed a consistent positive relationship with N2O concentrations, with R?

values up to 0.93, though the size of the effects of these predictors varies
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between dates. Phosphate was an important predictor in June and August,
showing a positive relationship of a similar effect on both sampling
occasions. The positive effect of CDOM on N20 concentrations decreased
gradually from 7.4 in December 2021 to 3.4 in April 2022. Water temperature
displays a mixed relationship with N20, showing a strong negative effect in
December 2021 which switches to a positive effect in warmer months of

April, June and August.

Table 4.3. Linear regression results identifying key variables correlated to

CHa4 concentrations

Date Variable Coefficient SE R? pvalue Direction
January 27, 2022 Ammonium 68.0 11.8 0.75 <0.001 Ppositive
CDOM 18.6 3.0 0.77  <0.001 Ppositive
February 25, 2022 Nitrate 241 2.5 0.90 <0.001 Ppositive
April 25, 2022 Ammonium 91.6 7.0 0.94 <0.001 Ppositive
CDOM 33.9 3.1 0.92  <0.001 positive
Nitrate -15.9 2.4 0.81  <0.001 Negative
Nitrite 444.9 66.3 0.80 <0.001 Ppositive
Phosphate -561.5 74.1 0.84  <0.001 Negative
Silicate 40.6 3.6 0.92  <0.001 Ppositive
Water temp 89.4 11.1 0.86  <0.001 Ppositive
June 22, 2022 Water temp 106.9 20.8 0.73  <0.001 Ppositive
August 19, 2022 Ammonium 79.7 13.7 0.75 <0.001 Ppositive
CDOM 44.5 8.7 0.73 <0.001 Ppositive
Phosphate -879.0 87.1 0.90  <0.001 Negative
Water temp 205.4 50.6 0.60  0.002 Ppositive

For CHas, April 2022 stands out again as an important month for
biogeochemical processes (Table 4.3). Ammonium and CDOM had
consistently strong positive relationships with CHs concentrations in
January, April and August. Water temperature shows a positive correlation
to increasing CH4 concentrations in warmer months of April, June and
August. The direction of relationships between CHs4 and nutrients show
contrasting results for April 2022; ammonium, nitrite and silicate show

positive relationships whereas nitrate and phosphate have strong negative
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relationships with CHa. In this instance, nitrite and phosphate had the largest
effect on observations of CH4 concentrations. Interestingly and
unexpectedly, no strong or significant relationships emerged with CH4 and

DOC on any of the days sampled.

4.4 Discussion

4.4.1 Is the wetland an important GHG source?

The results show that Calstock wetland overall acted as a source of both
dissolved N20 and CH4 to the estuary during the first year following its
creation. In addition to biogeochemical monitoring, 3 high resolution drone
surveys of the wetland have been completed to date since it was flooded in
November 2021. This has allowed an initial assessment of the sediment
accumulation and erosion at a scale of 1 cm resolution within the wetland
ponds, enabling a rough estimation of the water storage capacity of the
wetland. Based on the depth of the wetland ponds, it has been
approximated that 180,000 m3 d-! of water drains from the 11-ha wetland. If
| apply this to my calculations of GHG export, it is possible to explore the
relative contribution of the Calstock wetland to GHG concentrations in the
Tamar Estuary compared with the average daily export into the estuary from

the River Tamar.

Based on 7 sampling events that took place between December 2021 to
September 2022 and the respective average daily river discharge, dissolved
GHG concentrations transported from the River Tamar at Gunnislake (the
tidal limit) into the upper Tamar estuary averaged 21 mol d"' N20O and 91
mol d-' CHa during the first year following the flooding of Calstock wetland.
Over the 7 surveys presented, Calstock wetland exported an average of
0.01 mol d* N20 and 0.2 mol d! CHa into the Tamar estuary. If we only
compare those values, Calstock wetland is exporting less than 1 % of what
is transported from the River Tamar into the Tamar Estuary. However, a
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more meaningful exploration could be to compare the respective areas
being drained. Gunnislake receives water draining a catchment area of 917
km?, just over 50 % of the total Tamar Catchment area. Calstock is draining
a much smaller total area of 0.11 kmZ. If we report the GHG export by area,
Gunnislake delivers 0.02 mol km2 d-' N2O and 0.1 mol km d-' CH4 into the
estuary, whereas Calstock delivers 0.1 mol km d-' N2O and 1.8 mol km-
d' CHa. By considering it from this perspective, the wetland is producing 4
x more N20 and almost 20 x more CH4 than what is transported by the river

from the lower Tamar Catchment.

This leads us to the next important consideration, which is the accumulated
effects of multiple wetland restoration projects. The Tamar Estuary, like
many others across the UK, offers multiple promising opportunities for
wetland restoration. By reconnecting the Tamar with its floodplains after
centuries of being disconnected by agricultural land reclamation, vital
species-rich habitat will be created for wetland birds, amphibians, fish and
mammals. Within 10 km downstream of Calstock wetland are two other
wetland restoration, or managed realignment, projects; Cotehele which has
restored 1.4 ha of intertidal wetland and South Hooe which has restored 19
ha. A feasibility study has also taken place for a project at Haye Marsh,
approximately 3 km downstream of Calstock wetland, to create an additional
7.5 ha of intertidal wetland, bringing the total area of the site to 17 ha
(Jacobs, 2024). This study estimates the intertidal area will sequester 48.8
tonnes C yr' but also recognises the potential offsets due to capital costs

of wetland construction and the potential for enhanced CH4 emissions.

The high GWP of CH4 and N20 means that even small additions to the total
GHG export to the estuary could have substantial impacts on the relative
contribution of the estuary to GHG budgets and the resulting climate
warming. This analysis should not be misconstrued as an argument against
restoring wetlands but does demonstrate how essential it is to account for

the potential offsetting of C sequestration benefits to ensure a
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comprehensive understanding of the overall climate change mitigation
benefits of wetland restoration. A more extensive timeseries analysis of all
existing N20O and CH4 measurements in the Tamar Estuary (Barnes and
Upstill-Goddard, 2011; Law et al., 1991; Upstill-Goddard and Barnes, 2016),
along with records of nutrient loading from the River Tamar (Rees et al., in
prep), is needed to fully understand how the creation of wetlands throughout

the catchment has impacted estuary GHG emissions.

4.4.2 Insights for ecosystem restoration practices

The Tamar Valley Nature Recovery Plan identifies urgent action is needed
to restore aquatic ecosystem health, including wetland restoration (Tamar
Valley National Landscape, 2024). The results of this study provide insights
for the management of wetlands before, during and after their restoration.
Many proposed habitat restoration projects, including Calstock intertidal
wetland, are taking place on land previously claimed for agricultural
purposes with a desired benefit being improved water quality through
increased nutrient uptake, particularly nitrate removal. In most cases, this
land has received artificial improvements using synthetic fertilisers or has
been subject to trampling and nutrient loading from grazing livestock for
generations. It is likely, therefore, that excess nutrients exist in the
sediments prior to any restoration works. Calstock wetland was grazed by
livestock prior to the creation of scrapes and ponds. The disturbance of this
sediment, followed by flooding and the promotion of anaerobic conditions,
likely reduced the redox potential and contributed to the release of nutrients
such as ammonium and nitrite from sediments into the sampled waters. This
could have created conditions for the microbial nitrification of ammonium
and denitrification of nitrate, contributing to N,O production, as well as
methanogenesis driving increased CH, emissions. Furthermore, the results
here show that nitrate uptake benefits were often offset by N2O production,
or ammonium export to the estuary, further highlighting the challenge of
balancing water quality and climate goals.
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Unnaturally high nutrient availability has been shown as detrimental to the
success of restored wetlands, preventing species richness or the
establishment of high quality habitat indicator vegetation species (Moeslund
et al., 2023). Depending on the length of time the land has been in
agricultural production prior to wetland restoration, residual excess nutrients
can be present in soil depths of up to 1 m (Ewing et al., 2012). This is an
important consideration for GHG management in restored wetlands.
Identification of key correlated variables in this study show that nutrient
concentrations were an important factor for high N20 and CHa4
concentrations draining out of Calstock wetland. A consistently positive
relationship between N20 and ammonium and nitrite could suggest
nitrification was an important contributor to N2O production. However, the
negative relationship between N20 and nitrate could also point to
denitrification, which can lead to both the production and consumption of
N20 during the reduction of nitrate to nitrogen gas (N2). Positive
relationships between CH4 and CDOM and ammonium could suggest the
presence of decomposing and fermenting vegetation, and an increase of
labile carbon substrates, was an important driver of high CHa4
concentrations. Without having measured the biological processes it is
difficult to constrain these relationships to identify the dominant microbial

transformations responsible for observed GHG concentrations.

The removal of topsoil prior to restoring wetlands on previously agricultural
land is suggested to create near-natural conditions which support diverse
wetland plant communities (Smith et al., 2011). This could also be applied
as a preventative measure to reduce nutrient or substrate availability and
limit N2O and CHa4 production during the flooding of restored or created
wetlands. This could be particularly important during the initial flooding of
the wetland where sediment erosion, vegetation decomposition and the
mobilisation and export of nutrients from the wetland is likely to be high.

However, removing topsoil could also lead to large losses of soil organic
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carbon in the form of CO2 (Kopittke et al., 2024), further complicating the
challenge of maximising the climate mitigation potential of restoration

methods.

Another method of preparing sites prior to wetland restoration could be to
plant and harvest cover crops which may remove excess nutrients in the
soil (Ewing et al., 2012). Cover crops are often adopted as an intervention
to improve soil and water quality by reducing sediment losses from erosion
and limiting N leaching from agricultural soils into waterbodies (De Notaris
et al., 2021). Rye (Secale cereale) is a popular cover crop due to its ability
to ‘scavenge’ and remove excess nutrients from improved agricultural soils,
preventing nutrient leaching into drainage water in agricultural river
catchments (De Notaris et al., 2021; Ewing et al., 2012; Gupta et al., 2023).
Reductions in soil N20O emissions of more than 50 % have also been
reported following the use of rye as a cover crop under specific
management practices (Fiorini et al., 2020). Of course, this may not be an
appropriate option for all sites suitable for wetland restoration, particularly
those previously used for livestock grazing rather than arable production,
but further research in this area could reveal interesting solutions to mitigate
restored wetland GHG emissions. Early identification of land suitable for
wetland restoration, and therefore early communication with landowners,
could ensure the cessation of fertiliser applications and the removal of
grazing of livestock long before the land was flooded. This could prevent an
excess of nutrients available for nitrifying or denitrifying microbes, for

example.

Other methods of altering soil biogeochemistry could be considered to
change the availability of terminal electron acceptors to reduce favouring
methanogenesis and nitrification. Higher concentrations of alternative
electron acceptors such as sulfate has been shown to suppress CHa4
emissions by supporting a greater abundance of sulfate-reducing microbes

which outcompete methanogenic microbes (Sela-Adler et al., 2017). The
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addition of biochar in peatlands has also been shown to immobilise nutrients
and suppress microbial activity, leading to an overall reduction in GHG
emissions (Jeewani et al., 2025). This way of thinking could encourage
more emphasis on microbial diversity restoration, adopting practices that

support methanotrophic microbes, for example.

Wetland design and management of flooding time could also be important
for limiting GHG production. Water level is recognised as important for
controlling GHG emissions in river-connected wetlands (Treby and Carnell,
2023), as well as other wetlands such as peatlands (Evans et al., 2021),
due to the development of anaerobic conditions preferred by methanogens
or denitrifying bacteria (Jin et al., 2023). Managing the timing, frequency and
extent of wetland flooding, and therefore the establishment of wetland
vegetation, quantities of labile C, nutrients, oxygen, and fluctuations in water
temperature, has been suggested as a way of controlling GHG emissions
through limiting microbial productivity (Treby and Carnell, 2023). However,
particularly in the case of ephemeral wetlands such as intertidal wetlands,
it is difficult to predict or manage water levels or timing of flood inundation.
Changes in hydrological dynamics due to sea-level rise, or ‘coastal
squeeze’, and unseasonable variations in river flows present a challenge for
limiting GHG emissions from coastal wetlands (Cadier et al., 2023; Zhao et
al., 2020). There may be scope to consider this in the design of tidal ponds
and channels in intertidal wetlands, such as management of wave energy,
flooding extent and sedimentation which govern complex interactions
between water temperatures, salinity, and C and N export (Reed et al.,
2018), but these interventions would need to be balanced against potential

loss of biodiversity, coastal defence and flood water storage benefits.

4.4.3 Restoration vs. natural regeneration

There is an argument for focusing efforts on protecting existing inland and
coastal wetlands from becoming degraded, and therefore larger sources of
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GHG, by limiting erosion, sediment and nutrient loading, and restoring
hydrological connectivity (Taillardat et al., 2020; Zou et al., 2022). The
longevity of coastal wetland restoration has previously been called into
question due to persisting environmental stressors in the surrounding
landscape and large variability in the recovery times or success rates of
wetlands returning to favourable ecological functioning (Simenstad et al.,
2006; Zedler and Callaway, 1999). Site specific factors create difficulty in
applying a one-size-fits-all approach to balancing the cost-effectiveness of
restoration vs. conservation (Rosentreter et al., 2021a; Taillardat et al.,
2020). In terms of GHG mitigation, the large variability in the time it takes
for the C sequestration rates to outweigh the initial N2O and CH4 emissions
makes it very difficult to assess the benefits and drawbacks of restoration
vs natural regeneration (He et al., 2024). The likelihood of natural wetland
regeneration is also largely dependent on the local climate, surrounding
topography, hydrological regimes, and neighbouring land cover (Branton
and Robinson, 2020). There are fewer studies that have reported positive
or negative changes in GHG emissions during the natural regeneration of
coastal wetlands without human interventions. Where wetland restoration is
identified as part of flood defence improvement schemes or coastal
realignment, timelines are governed by the need to ensure the safety of
communities and pressured by the availability of funding, therefore often
require active restoration. Whilst there is so much uncertainty, increasing
efforts in mapping of wetlands at risk of becoming degraded could be an
arguably more effective use of resources and a more long-term solution to
protecting C storage benefits and avoiding enhanced N20 and CHa

emissions from deteriorated sites.

4.4.4 Key messages for decision-makers and policymakers

Whilst it is widely acknowledged that wetland restoration has high potential
for meeting long-term GHG mitigation targets (Holmquist et al., 2023; Iram
et al., 2021; Zou et al., 2022), there is substantial uncertainty in the
immediate or short-term impacts on GHG emissions that must be carefully
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considered when translating scientific evidence into environmental policy
(Rosentreter et al., 2021a). The results of this study provide further evidence
that newly restored wetlands can act as considerable sources of N2O and
CHa4, at least in the initial years following their creation. The key message
for policy makers is to exercise caution in the development of carbon or
natural capital policies, particularly regarding carbon crediting schemes.
The development of frameworks such as the Natural Capital Standard will
need to carefully consider the uncertainty of climate regulation ES provided
by existing wetlands in the UK and ensure the appropriate management
interventions are encouraged to avoid misrepresenting the potential of
wetland restoration to offset UK GHG emissions. The application of these
schemes in practice is still largely in its infancy, especially relative to the
advances in high spatial and temporal resolution of in situ measurements of
GHG concentrations and fluxes. The restoration of wetlands and other
habitats identified as offering high GHG mitigation benefits must be
continued to be seen as a complementary tool to tackle climate change,
alongside active reductions in GHG emissions from other sectors such as
industrial reliance on fossil fuels. Furthermore, creating new wetlands
should not overshadow opportunities for the protection of existing wetlands
from becoming further degraded by unresolved environmental stressors on

aquatic ecosystems.

For decision-makers in ecological restoration, the findings of this study
highlight the difficulty in accurately predicting and reporting on the GHG
mitigation benefits of wetland restoration. However, this is not to say that
the value of wetland restoration is diminished. The importance here is how
we choose to define the values of ecological restoration. Wetland
restoration has undeniably important benefits for biodiversity, human well-
being and water quality improvement. Due to the large variability in site
specific factors controlling biogeochemical processing, care needs to be
taken when claiming large climate mitigation benefits without sufficient site-
specific evidence. Despite the monumental challenge of meeting

biodiversity restoration goals by 2030 and 2050, rushing restoration efforts
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of high N20O and CH4 emitting habitats could lead to opposite desired results
if it causes the acceleration of climate change. This also highlights the need
for a greater collaboration between ecosystem managers and goal-setting
committees, to ensure realistic, meaningful and achievable targets are

being solidified in policy.

4.5 Conclusion

The significance of this study lies in its contribution to informing the
application of NbS and the adoption of carbon credit schemes to financially
support them. The evidence presented demonstrates the importance of
monitoring non-CO2 GHG and not only C sequestration rates to evaluate
the effectiveness of intertidal restoration in providing climate change
mitigation services. In the first year since its creation, the Calstock wetland
acted as a considerable source of both N2O and CHa relative to river
contributions to the Tamar Estuary, therefore any carbon sequestered
during this time may be offset by these contributions. It is also important to
consider the trade-offs between the desired ES benefits, as demonstrated
by the variability in nitrate and ammonium retention or export to the estuary
which complicate the water quality improvement services provided by the
wetland. Whilst this case study may not be an appropriate opportunity for
the effective application of carbon credits towards achieving Net-Zero, this
should not pull focus from the benefits of restoring aquatic ecosystems.
More resilient ecosystems will be vital for adapting to the rapidly changing
climate and subsequent changes to seasonality. It could also be that the
discussed trade-offs will lessen over time as the wetland develops and
stabilises, which will require continuous monitoring. However, this study
should serve as a cautionary tale to avoid misleading expectations that may
come with the adoption of carbon crediting schemes and the use of wetland
restoration as a NbS to climate change mitigation. By including GHG
monitoring within environmental monitoring and management plans, more
effective evidence-based climate strategies can be developed, from local
partnerships to international agreements.
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Chapter 5: Final discussion and
conclusions

5.1 Overview

This thesis broadly aimed to understand the variability of N2O and CHa
within the natural environment to better inform ecological restoration
practices. Specifically, the focus of this research has been on the transport
of GHG between river and estuary ecosystems which are internationally
prioritised in restoration targets and are heavily relied upon to provide
societally important ecosystem services. It was my objective to gain an
understanding of how the increasing adoption of nature-based solutions
(NbS), such as wetland habitat restoration, will influence the relative
contributions of aquatic ecosystems to GHG emissions. To achieve this
objective, | have reviewed the latest literature to understand GHG cycling
pathways and emissions from natural sources; and interrogated data
collected during the LOCATE and AgZero+ projects which provide high
resolution monitoring of river catchments across the UK to understand the
impact of changing land use and sustainable farming practices on carbon
and GHG cycling. In Chapter 2, | investigated the application of empirical
models to aid the understanding of N20 and CH4 emissions from freshwater
and estuary surface waters, and in Chapter 3 | applied this when identifying
hotspots of N20O and CH4 production and emissions in the Tamar from river-
to-coast. In Chapter 4, | brought focus to a real example of a NbS through
a case study of intertidal wetland restoration, exploring the role of
ecosystem restoration in climate change mitigation and the impact on GHG

emissions in hydrologically connected habitats.

It is evident that aquatic ecosystems are important sources of both N2O and
CHa4 (Saunois et al., 2024b; Tian et al., 2024). However, the challenge now

is translating that knowledge into accessible and impactful messages that
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can be incorporated into climate mitigation strategies whilst simultaneously
working towards biodiversity recovery and GHG reduction targets. The
introduction (Chapter 1) of this thesis refers to two highly relevant reports.
The first is ‘Quantifying the Potential Impact of Nature Based Solutions on
Greenhouse Gas Emissions from UK Habitats’ (Thom and Doar, 2021) and
the second is ‘Nature-based Solutions for Climate Change in the UK: A
Report by the British Ecological Society’ (Stafford et al., 2021). These
reports represent an important step towards bridging gaps between
ecological restoration practices and GHG mitigation targets, and both
highlight a need for more in situ measurements to support detailed
investigations into the effects of restoration practices on GHG cycling. In the
remainder of this final chapter, | will consolidate the key learnings from the
research presented in this thesis and summarise its contribution to
knowledge gaps highlighted by these reports. Finally, | will summarise
remaining knowledge gaps whilst evaluating the limitations of methods
applied in this thesis and recommend solutions to overcome these in future

studies.

5.2 Research Significance

It is first important to recognise the difference between the significance,
impact, and outcomes of the research presented in this thesis. Here | define
the significance of this research as the knowledge gained; the impact as the
change which that knowledge has the potential to bring about; and the
outcome as the result of that change. These are summarised for each

research chapter in Figures 5.1 — 5.3.

Chapter 2 (Figure 5.1) demonstrated the effect of including river-based
empirical models in the estimation of GHG fluxes along a freshwater-estuary
transect on the overall reported emissions from estuaries. The estuary
emissions reported in this chapter were higher compared to previously

reported for the Dart and Tamar estuaries (Barnes and Upstill-Goddard,
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2011; Brown et al., 2024; Upstill-Goddard and Barnes, 2016). This is an
important finding in the understanding of how ecosystem management
interventions may be spatially targeted based on the methods used to report
the relative emissions from habitats along the LOAC. By comparing the
different models used to predict gas exchange velocity (k) it was clear that
considerable variability occurs between results driven by river hydrological
variables. This analysis highlighted that river exports of GHG are an
important contributing factor to estuary emissions and should be accurately

accounted for and appropriately managed as such.

Chapter 2

Knowledge Impact Outcome

Inclusion of river Evidence-based Potential reductions in
variables which control interventions which human exacerbated
gas exchange velocity target river exports of GHG emissions from

leads to greater GHG to estuaries surface waters

estimates of estuary
emissions Improved

implementation of
environmental policies
and targets towards
GHG reductions

Figure 5.1. Research significance of Chapter 2: A comparison of empirical

models of gas transfer velocity for estimating N2O and CHg air-water fluxes

Chapter 3 (Figure 5.2) provides a river-to-coast overview of GHG
concentrations in the Tamar catchment and identifies important correlations
between GHG with nutrients and hydrological factors driving spatial
variability in N20O and CHas production. The key significance of this chapter
is the identification of hotspots of N2O and CHs4 emissions in the upper
reaches of the Tamar Catchment. Providing a spatial assessment of GHG

variability within the catchment allows the cost-effective targeting of NbS to
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have the most positive impacts on GHG emissions. This study serves as
evidence to support riparian habitat management and nutrient loading
reductions in narrower, shallower upstream waters which may be more
vulnerable to conditions which could support higher productivity of GHG
producing microbes or an accumulation of GHG due to less flushing from
large volumes of hydrological inputs. Whilst it is not clear which biological
processes are dominating observations in this chapter, evidence of dilution
or degassing of GHG at sampled locations moving downstream suggest
hydrological residence times are important to the spatial variability of
hotspots of dissolved GHG concentrations. The high spatial and temporal
resolution of these measurements also enabled a comparison of the estuary
contributions to GHG emissions to those from other UK sectors. To my
knowledge, emissions from UK rivers or estuaries are not currently directly
included within Nationally Determined Contributions (NDC) nor are they
adequately, if at all, recognised in the Government guidance towards
reducing overall human exacerbations to GHG emissions from natural
sources. Whilst indirect N2O emissions from agriculture and CH4 emissions
from urban wastewater are theoretically included within NDCs, a growing
body of GHG data in surface waters will support the continued development
of guidance on adopting nature-based solutions to tackle human changes

to GHG emissions from natural sources.
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Chapter 3

Knowledge

Hotspots of N,O and
CH, in the upper
reaches of the River
Tamar and the Tamar
Estuary

GHG concentrations
correlated with nutrient
inputs, river discharge
and water temperature

Impact

Spatial targeting of
riparian management to
reduce nutrient loading

Inclusion of human
changes to GHG
emissions from natural
sources in Nationally
Determined
Contributions (NDCs)

Outcome

Reduced GHG
emissions from
surface waters

Figure 5.2. Research significance of Chapter 3: Emissions of N2O and CHa4
along a river-to-coast aquatic continuum and opportunities for nature-based

solutions

Chapter 4 (Figure 5.3) provides an assessment of GHG production from an
intertidal wetland during the first year since its creation. The findings of this
study agreed with previous reports that restored wetlands have the potential
to increase sources of N2O and CH4 and further demonstrates the difficulty
in balancing biodiversity objectives with GHG mitigation targets
(Rosentreter et al., 2021a). This research enabled consideration of
interventions which could mitigate the export of GHG during wetland
restoration. These findings should not be seen as a barrier to progress in
habitat restoration efforts, but instead an opportunity to improve restoration
practices and apply interventions to increase the climate change mitigation
potential of ecosystem restoration. The main takeaway from this chapter is
the need to build realistic expectations of the effectiveness of NbS to climate
change mitigation. The widespread adoption of carbon crediting and natural
capital schemes need to be supported by a robust foundation of scientific
evidence. The C sequestration benefits claimed by a restoration project
must accurately account for increased exports of N2O and CH4 which could
offset climate mitigation services. This will enable the prioritisation of
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ecological restoration efforts which offer the most long-term benefits
towards slowing climate change. Overall, increased efforts towards
understanding these trade-offs will ensure a holistic approach to tackling the

climate and biodiversity crises.

Chapter 4

Knowledge

Impact Outcome

Reassessment of use Increased monitoring
of carbon crediting, at of restored wetlands
least during the first
year since restoration More realistic
estimates to avoid

Informed management misrepresenting

Newly restored wetland
acts as greenhouse
gas source in first year

Dissolved GHG exports
from wetland to estuary
4 x N,O and 20 x CH,
higher compared to
river exports per km?
drained

pre, during & post climate change
flooding of other mitigation potential

restored or created
wetlands Better targeted,

sustainable actions
towards climate
change

Figure 5.3. Research significance of Chapter 4: Monitoring the effectiveness

of intertidal wetland restoration for climate change mitigation

5.3 Key lessons

5.3.1 Spatial planning of NbS is important for effective climate change
mitigation

Ecosystem managers, researchers and decision-makers face the task of
protecting 30 % of terrestrial, inland waters, coastal and marine areas by
2030 set by the Kunming-Montreal Global Biodiversity Framework (Target
3). The UK is also committed to reducing all GHG emissions by at least 81
% by 2035 compared to levels in 1990 (UK Government, 2025). Achieving

these ambitious targets requires the spatial prioritisation of conservation
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objectives whilst actively targeting potential hotspots of N2O and CH4. One
of the key lessons of the research presented in this thesis is that the
placement of NbS across a river catchment to coastal sea can not only
restore habitat connectivity and biodiversity but could also influence the
relative GHG contributions from rivers, estuaries and coastal waters. | have
contextualised this in Figure 5.4 which identifies specific management

interventions known to prevent nutrient loading to surface waters.

" Buffer zones / | / e
riparian planting " Reintroduce |
o / ?

ecosystem
engineers

Urban wastewater
managemen

A :

ﬂ Netland restoration /
managed realignment
after site preparation

Figure 5.4 Schematic demonstrating the spatial planning of nature-based

solutions to prevent nutrient loading into water catchments
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Planting riparian woodlands, protecting existing wetlands from degradation,
and the reintroduction of ecosystem engineer species such as the European
beaver (Castor fiber) have a rich body of evidence to support their
effectiveness in slowing the flow of rivers as natural flood management,
retaining nutrients and carbon in soils, and preventing sedimentation of
inland waters (Line et al., 2016; Mander et al., 2005; Puttock et al., 2021,
2018). Based on the research presented in this thesis, | support the notion
of prioritising ‘upstream thinking’ to reduce hotspots of GHG, restoring
natural hydrological functioning and reducing nutrient loading up in the
headwaters of river catchments which are often exposed to high agricultural
inputs. This concept of a catchment-based approach to ecosystem
management has been widely adopted in recent decades, leading to many
resources for specific conservation and water quality objectives (Collins et
al., 2020). However, there are few resources which provide guidance on
how these interventions may increase or decrease GHG emissions from
natural sources. For example, the resource platform Conservation Evidence
(conservationevidence.com) is a large collaborative project which aims to
remove barriers between science and practice. It provides a summary of the
available evidence and an assessment of the effectiveness for each
conservation action. These platforms could be expanded to provide
guidance for restoration and conservation managers specifically on
maximising the climate change mitigation potential of restoration practices.
Further work is needed to better integrate biodiversity and climate change
mitigation priorities to inform the spatial planning of NbS. This would serve
as a valuable exercise in applying lateral thinking across the fields of
ecological restoration and biogeochemistry and demonstrates the value of
the data collected during this research to making informed management

decisions.
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5.3.2 More evidence on NbS for climate change mitigation is needed

Securing a robust evidence base which can be easily implemented into
landscape-scale NbS strategies is vital. In Chapter 4, the provision of in-situ
measurements within the first month since Calstock intertidal wetland was
created was of paramount importance for accurately representing the
climate change mitigation potential of the project. This serves as an
essential reminder for future restoration projects to include GHG monitoring
within the early stages of environmental monitoring and management plans.
At present, the evidence base for NbS is largely focused on biodiversity and
carbon sequestration, but less evidence exists for targeting emissions of
non-CO2 gases. As this body of evidence grows, the effectiveness of future
policies and frameworks on maximising C sequestration and minimising the

production of N20 and CHa4 will improve.

5.3.3 Policy and conservation framework development must be
transdisciplinary

A transdisciplinary approach is needed to effectively tackle the climate and
biodiversity crises. Environmental conservation frameworks, policies and
legislation are continuously evolving and face the challenges of political
disruption. To provide impactful stewardship of the most vulnerable
ecosystems, scientific knowledge must also continuously evolve alongside
decision-making infrastructure. The rapid advancement of data sharing
across the world enables ecological, biogeochemical, hydrological and
physical expertise to be incorporated into management frameworks. This
further allows for improved spatial targeting of NbS to reduce human

exacerbations to natural GHG sources.

It could also be argued that a shift in perspective is needed. Whilst there is
justified urgency to meet habitat restoration targets, the rapid creation of
ecosystems which would otherwise take decades or centuries to stabilise

148



presents both scientific and practical challenges. Data collected in Chapter
4 of this thesis shows that restored intertidal wetlands may initially act as
sources of dissolved N20 and CHs4 to connected surface waters,
complicating their climate mitigation potential. Existing management
frameworks and environmental funding structures often prioritise short-term
restoration outcomes and often do not account for long-term changes in
services such as carbon sequestration, making it challenging to evaluate
the climate change mitigation benefits of habitat restoration.
Transdisciplinary collaboration can lead to better aligned restoration goals
with broader objectives to ensure realistic, evidence-based targets are

driving management plans.

5.4 Remaining knowledge gaps and recommendations for further
research

There remains considerable data deficiency for high resolution, in-situ GHG
measurements in natural environments and in restored habitats during
different stages of the restoration phases. The N20 and CH4 concentrations
presented in this research address this deficiency and were applied to
estimate emissions based on empirical models. This provides important
spatial information for targeting high concentrations of dissolved GHG in
surface waters, though a lack of in-situ gas flux measurements could be
considered a limitation of this research. In future work, the estimated gas
exchange velocity (k) of N2O and CHa4, and therefore estimates of air-water
gas fluxes, may be improved by taking direct hydrological measurements of
river discharge, velocity, and depth, and meteorological measurements
such as windspeed using a handheld anemometer at the time of sample

collection.

However, including these extra measurements in the sampling regime
would add considerably to the logistical challenges of delivering high-

resolution monitoring across a river-to-coast transect. Time constraints are
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a limiting factor in reaching a satisfactory number of representative sites
across a catchment and therefore it may not be feasible to deliver accurate
hydrological monitoring alongside biogeochemistry sampling. The sampled
river sites in this thesis were selected based on existing water quality
stations monitored by the Environment Agency. Future site selection could
also target existing and active hydrological monitoring stations, such as
Gunnislake, so that the environmental variables used in gas flux estimations

are as representative of the sampled site conditions as possible.

There was a limit as to how far the biogeochemical processes relevant to
N20 and CHa4 concentrations could be constrained in this research. Future
work could examine controls on hotspots of N2O and CH4 using stable
isotopic signatures of 15N and 13C to trace dominant biogeochemical
pathways (Ho et al., 2024; Mcllvin and Casciotti, 2010). It would be
particularly interesting to identify terrestrial vs water sources of GHG to
distinguish whether land runoff or in-situ production was a dominant driver
of concentrations of N2O and CHa. Furthermore, this could be incorporated
into studies of changing farmland practices under the development of
Environmental Land Management schemes (ELMs) or during ecosystem
restoration projects to identify the most effective interventions for reducing

GHG from natural sources.

This research identified important relationships between GHG
concentrations and river flows. This poses further questions around how the
restoration of hydrological connectivity between aquatic ecosystems could
impact spatial variability of GHG emissions along the LOAC, from river to
coast. Over 1 million barriers fragment rivers in Europe (Belletti et al., 2020)
and only 1 % of UK rivers flow unobstructed from source to sea (Jones et
al., 2019). This is likely to be a conservative estimate due to the coarse
availability of data. Instream barriers such as weirs, dams, and reservoirs,
are known to have an impact on observations of N2O and CH4 (Bednafik et
al., 2017; Maavara et al., 2020; Park et al., 2023). There is increasing
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interest in the removal of instream barriers, largely focused on the benefits
of restoring hydrological connectivity and free flowing rivers (FFR) for
vulnerable aquatic species such as migratory salmonid species
(Barbarossa et al., 2020; Buchanan et al., 2022; Cortés-Espino et al., 2023).
A total of 391 in stream barriers exist in the Tamar and South Devon
Catchments according to data collected by the AMBER Barrier Atlas (Figure
5.5) (AMBER Consortium, 2020; Jones et al., 2019). The impact of these
barriers on N20 observations in this thesis was explored, but it was
determined that there were not enough paired measurements above and
below barriers, and of equal distance from barriers, to provide a statistically
robust investigation. A study designed to sample above and below barriers
could provide insight on how the removal of instream barriers may impact
the transport of nutrients and GHG from river catchments to coastal seas.
Such measurements alongside the high-resolution mapping of instream
barriers would be highly beneficial to the scientific literature available to
support the spatial planning of NbS for both climate change mitigation and

biodiversity restoration across the LOAC.
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Figure 5.5. Location and type of instream barriers in the Tamar and South
Devon Catchments. Data source: AMBER Barrier Atlas (AMBER
Consortium, 2020)

5.5 Final conclusions

To conclude, NbS are a complimentary tool to, rather than a substitute for,
other climate change mitigation practices, namely the rapid reduction of
emissions from fossil fuels. Accounting for N2O and CH4 emissions can
complicate assessments of the climate change mitigation potential of NbS.
This work has demonstrated that restored wetlands can initially act as
sources of N20 and CHa, highlighting the need for realistic expectations on
short-term climate benefits of restoration projects. Caution is especially
needed when assigning monetary values to the provision of ecosystem

services during restoration projects, especially in the context of GHG
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emission mitigation or offsetting. Standardizing methodologies in GHG flux
estimations, strong interdisciplinary collaboration, and integrating long-term
monitoring across ecosystem types is critical to reduce these uncertainties.
Ultimately, our most effective climate change mitigation strategy remains
halting further habitat degradation and removing reliance on fossil fuels,

allowing natural recovery processes wherever possible.
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Glossary

GHG - Greenhouse gas

CO2 - Carbon dioxide

N20 - Nitrous oxide

CHs4 — Methane

C - Carbon

N - Nitrogen

NbS — Nature-based Solutions

WCO - Western Channel Observatory
WEC - Western English Channel

LOAC - Land Ocean Aquatic Continuum

NDCs - Nationally Determined Contributions
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Appendix A: Chapter 1 Supplementary
Information

Web of Science search criteria for Figure 1.2:

CHa

Query link: https://www.webofscience.com/wos/alldb/summary/3a440ee0-
6212-4f72-b31e-a4ea66e90f5f-01695957d1/relevance/1

Query text: (methane OR CH4) AND (concentration* OR emission* OR
flux* OR efflux) AND (river* OR stream* OR lake* OR wetland* OR soil*
OR estuary* OR freshwater* OR coastal* OR forest* OR grassland*) NOT
("fossil fuel" OR landfill OR combustion OR "natural gas" OR oil OR
wastewater)
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https://www.webofscience.com/wos/alldb/summary/3a440ee0-6212-4f72-b31e-a4ea66e90f5f-01695957d1/relevance/1
https://www.webofscience.com/wos/alldb/summary/3a440ee0-6212-4f72-b31e-a4ea66e90f5f-01695957d1/relevance/1

N20

Query link: https://www.webofscience.com/wos/alldb/summary/a9e05ada-
b8f7-4bb2-8ef2-3d53f502€662-0169595d94/relevance/1

Query text: (nitrous oxide OR N20O) AND (concentration* OR emission*
OR flux* OR efflux) AND (river OR stream* OR lake* OR wetland* OR
soil* OR estuary* OR freshwater® OR coastal* OR forest* OR grassland®)
NOT ("fossil fuel" OR landfill OR combustion OR "natural gas" OR oil OR
wastewater)
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https://www.webofscience.com/wos/alldb/summary/a9e05ada-b8f7-4bb2-8ef2-3d53f502e662-0169595d94/relevance/1
https://www.webofscience.com/wos/alldb/summary/a9e05ada-b8f7-4bb2-8ef2-3d53f502e662-0169595d94/relevance/1

Appendix B: Chapter 4 Supplementary
Information

@ Calstock Wetland
A Designated Bathing Waters:

1 - Plymouth Firestone Bay
2 - Plymouth Hoe West
3 - Plymouth Hoe East

B8 Tamar Estuaries Complex SPA
"1 Plymouth Sound and Estuaries SAC
[ ] Urban areas

—— Tamar
—— River network

4.06°W

4.35°W 4.20°W

Figure S1. Location of protected areas in Tamar Estuary, downstream of

Calstock Wetland
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Appendix C: Research dissemination

| am grateful to have had the opportunity to share my research through a
rich experience of summer schools, conferences, workshops and

placements throughout my PhD.

Awards:

PlyMSEF travel bursary

Summer Schools:

2022 DARE-UK & CLASS International Summer School on Global

Greenhouse Gases, Southampton

2022 River Collective Students for Rivers Camp, Austria

Conferences:

PIyMSEF 2022 ‘Greenhouse Gases in River Catchments to Coastal Seas’

(Oral presentation)

ASLO 2023 ‘A meeting of waters: river to coast biogeochemical controls of
climate told from the hydrological perspective of a greenhouse gas’
(Poster)

ASLO 2024 ‘Monitoring biogeochemical and hydrological dynamics in a
newly created intertidal wetland: implications for greenhouse gas fluxes

and mitigation strategies’ (Oral presentation)

Challenger Society 2024 ‘Nitrous Oxide (N20) and Methane (CHa4)
Dynamics in the Tamar and Dart Estuaries (Poster)
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Workshops:

PML Science to Impact Challenge Areas (StIC): ‘Monitoring the
effectiveness of intertidal wetland restoration for climate change mitigation’

(Oral presentation)

Educational outreach and media:

Contribution to The Box Museum ‘Marine Citizens of Plymouth’s National

Marine Park’ Climate Change Teachers Learning Resource

Mentored MSc student undertaking research on beaver wetland dynamics

at Plymouth Marine Laboratory

Directed the River Collective Students for Rivers Camp focusing on river-

to-coast environmental pressures facing the River Dart

Production of public newsletter on Calstock environmental monitoring
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