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Chapter1:  General introduction

1.1 Introduction

This research uses extensive ex-situ and mesocosm experiments to examine the physiology,
morphology, and anatomy of saplings to the impact of climate change in wooded temperate
forest and assess their greenhouse gas emissions. This introductory chapter provides context
for the research, explains the knowledge gap, presents the research objectives, and outlines the
thesis structure.

1.1.1.1 Temperate forest and global climate change

Forest provides ecosystem services such as timber, biomass, carbon, litter decomposition, soil
fertility and regulating carbon, water and nitrogen cycles (Jager et al. 2015; Hao et a. 2020).
Temperate forest covers 16% geographical area (665.8 million ha) of the world' s forest (FAO
2020) and isthe second largest biome distributed in eastern North America, North eastern Asia,
Western and Central Europe (Gilliam 2016), yet plays an important role in global
biogeochemical cycling of greenhouse gases (GHGSs). GHGs particularly methane (CHa),
carbon dioxide (CO.) and nitrous oxide (N2O) and most of their global emissions have been
attributed to anthropogenic sources (Fig. 1.1). Over the past decades, there has been continuing
growth in emissions and atmospheric concentrations of GHGs, athough at different rates
(IPCC 2022). The largest absolute growth in emissions comes from CO; in fossil fuels and
industry followed by CH4 (Fig 1.1). GHGs are emitted from both natural and human-made
sources, and the increased concentration of GHGs in the atmosphere over the past century are
caused by human activities such as burning fossil fuels, deforestation, industrial process, and

agriculture.
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Figure 1:1 Global anthropogenic greenhouse gas emissions in 2019. Source IPCC, Sixth Assessment Report
(ARG), (Source: Climate Change, 2022).

1.1.1.2 Impacts of global climate change on temperate trees
Global climate change as a result of increasing concentration of GHGs, mainly CO., CH4 and

N20O has warmed the Earth’s climate by 0.6°C from 1990 to 2022 and is expected to increase
warming by another 1.5-3.2 °C by the year 2100 (IPCC 2022; Liu et al. 2023). In addition to
the unprecedented rising of mean annual temperatures, there will also be recurrence of
flooding, drought, heat waves and fire (Wagner 1996; Bowles et al. 2020). As a conseguence,
temperate saplings in the future will not only be exposed to elevated levels of CO», but will
also likely experience severe warmth as a result of elevated temperature, which can result in
negative ecosystem productivity (Saxe et a. 1998) and biodiversity (Thomas et al. 2004). In
this regard, it has been reported that 30 years of warmer temperatures have greatly impacted
the geographic distribution of species, seasonal timing, and community composition and
dynamics (Walther et al. 2002). Consequently, the length of growing season for plants has

increased over the decade and has occurred progressively since the 1960s (Walther et al. 2002).
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In this regard, temperate regions have experienced a decadal increase of 0.5-1% in

precipitation which mostly occurs in autumn and winter (EEA 2012).

1.1.1.3 Impacts of elevated CO., on temperate trees
Increasing emissions of CO in the atmosphere can impact ecophysiological processes.

Previous studies have demonstrated that raising CO. promotes tree devel opment and the results
from short-term studies with saplings, field studies using saplings and longer term free-air CO-
enrichment (FACE) experiments have been previously evaluated (Medlyn et al. 1999; Norby
et al. 2006; Gardner et al. 2022). Growth improvement resulting from CO; enrichment typically
happens when net photosynthesis rates increase by 40-80% which is followed by an increase
inleaf area (Saxe et a. 1998; Medlyn et a. 1999). These short-term studies with saplings have
been shown to increase photosynthesis more than the long-term responses. The main cause of
the downward acclimation with time of photosynthesis appears to be N concentration
(Ellsworth et al. 2012). In young trees with expanding canopies, increased leaf production has
been linked to elevated CO. (Ainsworth and Rogers 2007). Furthermore, the physiological
responses of large, mature forest trees to increased CO. are similar to the younger trees

employed in the mgjority of investigations (Bader et al. 2010).

1.1.1.4 Impacts of precipitation on temperate trees
Due to the changes in global atmospheric carbon dioxide and temperature, there will aso be

increases in the severity duration and frequency of flooding events (Bowles et a. 2020). In
North Europe, annual precipitationislikely to increase whereasit will decreasein other regions
of theworld (Christensen et a. 2007). However, winter precipitation is expected to increasein
the future, but summer precipitation will be lower resulting in a droughts during summer

ecosystems in North Europe will face more and probably longer waterlogging periods during
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winter and spring and more severe short term flooding periods during summer (Christensen

and Christensen 2003).

Waterlogging of soils can have various impacts on temperate trees such as reduced oxygen
supply, root rot, nutrient imbalance, and disruption of mycorrhizal associations (K reuzwieser
et a. 2002; Dolman et a. 2018a). Moreover, the maority of temperate forest species are
sensitive to waterlogging because it greatly reduces the rates at which oxygen and carbon
dioxide diffuse through the roots and stems of the plants, inhibiting photosynthesis and
respiration. During waterlogging, trees endure environmental distresses such as decreased
access to atmospheric CO. and O, hindered outward diffusion of plant evolved ethylene
(CoHa) (Colmer and Voesenek 2009b), electrochemical soil changes leading to higher
concentrations of toxic elementsincluding sulfide (H2S, HS . S*7), manganese (Mn?*) and iron
(Fe*") (Voesenek and Bailey-Serres 2015) and reduction in available light (Glenz et al. 2006).
As aresult, tissues and cells are subjected to a distinct difference in CO2 and O. and increase
in ethylene as well as reactive nitrogen and reactive oxygen species (ROS). ROS are formed at
the beginning of flooding induced O, deprivation as a consequence of the inhibition of
mitochondrial electron transport and generation of superoxide that in converted to hydrogen
peroxide by dismutation (Colmer and Voesenek 2009a). However, superoxide and hydrogen

peroxide both decline upon reaeration (Jaeger et al. 2009) (Fig. 1.2).
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Figure 1:2: Overview of flooding stimuli that trigger plasticity in plant physiology and development. The low-O,
quiescence strategy (LOQS) is associated with plants that endure prolonged complete submergence. The low-O,
escape strategy (LOES) is also triggered by submergence but is generally characterized by stimulated elongation
of submerged organs, ultimately increasing gas exchange between aerial and submerged tissues.
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1.2 Adaptation of waterlogging tolerance in trees

Plant adaptation to waterlogging hypoxia/anoxia includes a switch in physiological,
morphological and anatomical changes commonly observed when O; availability becomes
limiting (Visser and Voesenek 2005) which comprise the formation of hypertrophied lenticels,

theinitiation of adventitious roots and the development of aerenchyma.

1.2.1 Physiological adaptation
When trees are partially waterlogged, one of the physiological processesthat ismost frequently

researched isleaf gas exchange, specifically net CO» assimilation. Assimilation rates generally
tend to decline in conditions of waterlogging stress, as temperate (Pezeshki 2001; Jaeger et al.
2009; Ferner et a. 2012) and tropical (Ojedaet a. 2004; Hasper et al. 2017) trees demonstrate.
The species ability to tolerate low soil oxygen levels determines the extent of a decline that
will occur. While less tolerant or sensitive species net CO. assimilation is significantly
reduced, highly tolerant trees maintain very high rates of photosynthesis or are completely

unaffected by the stress (Vu and Y elenosky 1991; Parent et al. 2008).

Waterlogging results in the impairment of photosynthesis and there is a strong indication that
both stomatal and non-stomatal limitation areinvolved. Waterlogging causes stomatal closure,
which has been reported in severa studies as the main reason for reduced photosynthesis in
numerous trees (Wang and Kellomaki 1997; Gravatt and Kirby 1998; Du et a. 2012; ZUiige-
Feest et a. 2017). It is assumed to be related to decreased root hydraulic conductivity, which
lowers the roots’ ability to absorb water, or it could be as a result of chemical signals which
are transported from waterlogged roots to the shoot through transpiration stream. On the other
hand, non-stomatal limitations are linked with lowered pigment concentrations in leaves of
waterlogged trees (Kreuzwieser et al. 2002), decreased activity (Vu and Y elenosky 1991) and

abundance (Pires et a. 2018) of ribulose-1,5-bisphosphate carboxylase (Rubisco) and
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accumulation of soluble carbohydrates which might lead to feedback inhibition of

photosynthesis (Vu and Y elenosky 1991; Ferner et a. 2012).

1.2.2 Morphological and anatomical adaptation
Trees have developed diverse morphological modifications that alleviate root respiratory

depression and damage caused by disrupted energy metabolism during waterlogging. The
production of adventitious root (AR) upward bending of leaves (hyponasty), enhanced shoot
elongation, induction of barriersto radia O2 loss (ROL), hypertrophied lenticels at the stems
base and the formation of aerenchyma are the primary morphological alterations (Kozlowski
1997; Jackson and Armstrong 1999b; Glenz et a. 2006). Among these traits, the
developmental plasticity that promotes the creation of aerenchyma and AR formation as well
as elongation of aerial organs is becoming increasingly studied. All include ethylene, but the
first two aso involve ROS, whereas the latter is controlled by a hormonal network including

abscisic acid (ABA) and gibberellin (GA).

Adventitious roots are formed in the hypocotyl internodes or at the base of the stem after
prolonged waterlogging, where they facilitate gas exchange and the uptake of water and
nutrients. To a certain extent, AR formation can substitute the primary roots that die due to
waterlogging stress, and provide normal growth and devel opment aswell as maintain metabolic
cycles (Dong et a. 2015; Wang et a. 2015b). Compared to the primary roots, the newly
generated ARs have more aerenchyma, which improves their capacity to absorb and diffuse

oxygen (Visser and Voesenek 2005).

Another response of treesto waterlogging is rapid extension of their apical meristems. Tender
stems and internodes quickly elongate to allow for quick escape from the anoxic environment
and bring contact with the air as soon as possible, which permits normal respiration (Bailey-

Serres et al. 2012). This response is called low oxygen escape syndrome (LOES) (Fig. 1.2).
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Internodes of submerged parts of the trees elongate quickly: waterlogging produces ethylene
and promotes synthesis of gibberellins, thereby resulting in internode elongation (Voesenek

and Bailey-Serres 2015).

Formation of aerenchyma as a result of waterlogging occurs via programmed cell death and
degradation in cortical cells of plant root under hypoxia, creating tissue cavities. Aerenchyma
not only can transport O from non-waterlogged tissue to the root system, but also discharge
CO. and toxic volatile substances from waterlogged tissue. It is therefore possible for
aerenchyma to provide the possibility of gas exchange within plants and is necessary for
upholding the normal physiological metabolism in the cells of waterlogged roots (Drew et al.

2000a; Evans 2003; Y amauchi and Nakazono 2022).

1.2.2.1 Lysigenous versus Schizogenous aerenchyma
There are two types of aerenchyma which can be distinguished, although intermediate forms

do occur. Lysigenous aerenchyma are most abundant in roots and rhizomes and are initiated
by the death of cellsin the cortex, leading to gas-filed voids between theliving cellsthat remain
(Figure 1.3A). Schizogenous aerenchyma, which may also befound in roots, stems and petioles
of wetland plants and are formed through the separation of cells from each other in an early
stage of development (Figure 1.3B). In both aerenchyma types, Justin and Armstrong (1987),
have shown a large variation in the actua cell position and cell remnants in their extensive

screening of root anatomy of wetland, intermediate and non-wetland species.

Lysigenous aerenchyma form in both newly developed and matured roots of most plants
through a process determined by environmental stimuli. In contrast, schizogenous aerenchyma
are a congtitutive trait within the root which does not change in those roots that are already
present at the beginning of waterlogging. New roots may develop instead that contain alarge
proportion of schizogenous aerenchyma (Visser and Voesenek 2005). Many trees species, such
as Alnus glutinosa (Rusch and Rennenberg 1998), F. excelsior (Frye and Grosse 1992), Salix
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pentandra, Salix fragilis, and Salix myrsinifolia nigricans (Gill 1975) form lysigenous

aerenchyma.

X, ¥:50 um

Figure 1:3: A. Cross-section of the aerenchymatous root of a waterlogged Alnus glutinosa. Large lysigenous
aerenchyma has developed in the cortical parenchyma. B. Cross-section of an adventitious roots of a 60-day
waterlogged Salix aurita sapling containing lysigenous aerenchyma.

1.2.2.2 Lenticles
Hypertrophied lenticels are enlarged cells that protrude from the bark of plants in response to

waterlogging. Hypertrophied lenticels grow around the stem, usually in the areawhere stomata
occur. They turn into pathways for gases to diffuse through the living cells of the bark,
especialy oxygen. Through the lenticels, potentially toxic substances rel ated to anaerobiosis—
such as acetaldehyde, ethanol, and ethylene—are released (Glenz et al. 2006). Similarly,
lenticels on the saplings of different woody plant saplings have shown to provide access to O
(Topa and McLeod 1986). Hence, species with smooth bark (e.g. F. sylvatica, Acer spp., F.
excelsior) are more sensitive to the effect of waterlogging than species with a coarse bark (e.g.
Salix spp., Populus spp., Ulmus spp., Quercus spp.) as prolonged oxygen retention is possible

under rough bark (Glenz et a. 2006).
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1.2.3 Photosynthetic adaptation

During waterlogging, stomatal conductance of leaves lowers their stomatal conductance rises,
their stomata close, and their absorption of CO- reduces (Li et a. 2010). However, in order to
maintain growth and development, trees require light and CO- for photosynthesis. Long-term
waterlogging inhibits the activities of enzymes involved in waterlogging; leaves capacity to
synthesis chlorophyll declined, resulting in senescence, peeling and yellowing of leaves; the
development of new leaves was impeded; and finaly, the photosynthetic rate decreased,

ultimately resulting in the death of the plant (Visser and Voesenek 2005; Du et al. 2012).

Plant photosynthesis is based on photosynthetic pigments, and variations in the pigment’s
composition and content have an immediate impact on the rate of photosynthetic activity (Pan
et a. 2021). In addition to catalysing the initial phase of the photosynthetic carbon cycle and
photorespiration, the enzyme rubisco is essential for converting inorganic carbon into organic
form that plant can use. Sucrose and starch are the essential products of photosynthesisin most
plants. The primary transport of carbohydrate from source to sink is via sucrose, and this
mechanism isvery sensitive to waterlogging. In cotton, increased gene expression and enzyme
activity of sucrose synthase during waterlogging were linked to extending the period of rapid
accumulation of seed fibre weight, which tended to mitigate the phenomenon of boll weight
decline caused by waterlogging (Fig. 1.4). The enzyme sucrose synthase is essential to the

metabolic breakdown of sucrose required for cellulose biosynthesis (Kuai et al. 2014).
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Figure 1:4: Schematic overview of plants response to waterlogging and hormonal effects resistance in plants
(Source: (Evans 2003)). AR- Adventitious root

1.2.4 Respiratory adaptation
Energy production is essential to the growth and development of plants. One of the most

significant problems plants under waterlogging encounter is the lack of energy brought on by
hypoxia and the subsequent suppression of root respiration (Kozlowski 1997). The
concentration of dissolved oxygen in water under waterlogged conditions is less than 0.05
mmol/m?, in cultivated soil the value is typically around 0.23 mol/mé. In waterlogged soil, the
rate of Oy diffusion is only 1/10,000 of that in the atmosphere. Reduced oxygen availability
interferes with the electron transport chain, which stops mitochondrial respiration and quickly
suppresses the synthesis of adenosine triphosphate (ATP) (Bailey-Serres et al. 2012). Plants

must utilise glycolysis and ethanol fermentation to acquire the required energy while facing
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energy deficiency due to waterlogging stress (Voesenek and Bailey-Serres 2015). Through the
carboxylic acid cycle, 1 mol of glucose can yield 36-38 mol of ATP, however glycolysis and
ethanol fermentation can only yield 2 mol of ATP. Therefore, in order for plantsto produce the
requisite amounts of ATP needed to maintain life, they must speed up the processes of

glycolysis and ethanol fermentation.

1.3 The role of temperate trees in greenhouse gas emissions

Temperate forest can act as both anet source and a net sink of atmospheric methane and nitrous
oxide, two greenhouse gases with potentials for global warming that are 23 and 296 times
greater than those of carbon dioxide (IPCC 2001). Dueto seasonal, interannual, and site-to-site
changes, estimations of the global CH4 sink and N2O source strength for forest soilsare largely
unknown (Covey et a. 2012). The dynamics of CH4 and N2O fluxes may be explained by
changes in soil temperature, moisture content, gas permeability, and freeze-thaw cycles, while
a variety of other site-specific factors may be involved in regulating site-to-site variation

(Covey et a. 2012; Pangala et a. 2015).

Forest ecosystems have received global research focus due to their potential as carbon sinks
(Vesterdal et a. 2012; Dolman et a. 2018a). This is especialy true for younger forest
ecosystems, where net primary production greatly exceeds the rate of decomposition, leading
to net atmospheric CO» uptake (Addo-Danso et al. 2016). In recent years, theincreasein above-
ground biomass resulting from net carbon accumulation has been taken into account in national
greenhouse gas inventories (Curtis and Wang 1998; Bowles et al. 2020). Although, many
studies have examined C pools in different forest types (Saxe et a. 1998; Ceulemans et al.
1999; Morison et a. 2012), understanding the role of temperate trees is required to support the
potential of these ecosystems as sources or sinks of greenhouse gases and their response to

changing climate.
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1.4 Sources and sinks of greenhouse gas in temperate trees

In recent years, there has been rising interest over the potential contribution of trees, especidly,
to the emissions of methane, and, to alesser extent, nitrous oxide. CH4 and N2O emission have
been reported from stems and leaves of trees via transport from soil eg. (Rusch and
Rennenberg 1998; Terazawa et a. 2007; Rice et al. 2010; Covey et a. 2012; Pangala et a.
2015; Machacova et a. 2016) and because of the microorganisms living inside the tree (Covey
et al. 2012). Similarly, if there is entry of Oz in the rhizosphere then CH4 can also enter the

plant aerenchyma system and afterwards be emitted into the atmosphere (L aanbroek 2010).

Previous research has focused on many herbaceous species (Rusch and Rennenberg 1998;
Carmichadl et al. 2014; Pangala et al. 2015; Carmichael and Smith 2016) regarding the roles
of plants especially wetland adapted species as conduits for CH4 emissions, and for N2O in a
few species such as rice and rushes (Reddy et a. 1989). According to Rusch and Rennenberg
(1998), plant-mediated gas efflux that contributes to overal emissions for most natura
ecosystems is unknown and is dependent on the plant community and the soil. For instance,
Thomas et a. (1996), reported in a Sphagnum dominated bogs where plants have no or only
small roots, their ecosystem importance is minima because of low vegetation. However,
according to recent research, woody plants with larger root systems and more gas-occupying
gpaces in the stem xylem sapwood and heartwood (Gartner et al. 2004) can contribute
significantly to both CH4 and N2O fluxes e.g., (Rusch and Rennenberg 1998; Gauci et al.
2010a; Riceet al. 2010; Pangalaet al. 2013; Dolman et a. 2018a; Maier et a. 2018) (Fig. 1.5).
They are aso arguably one of the least researched and understood emission pathways

(Carmichael et al. 2014; Pangalaet a. 2015).
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Figure 1:5: Sources and sinks of greenhouse gasin temperate trees. Red arrows, GHG sources; blue arrows, sinks.
(Source: Carmichad et al. (2014)).

Rice et a. (2010) measured the CH4 emission from three woody riparian tree species grown in
mesocosms: willow, ash, and poplar. They scaled it up globally using a leaf area normalised
mean emission rate for flooded forest regions and estimated the amount to be 60 + 20 Tg yr !,
or about 10% of the globa CH4 source. This provides an example of the potential magnitude
of CH4 and N2O fluxes. In order to provide a thorough estimate of the overall scale of
vegetation in the global CH4 budget, Carmichael et al. (2014) reported the degradation of
coarse woody debris and litter, heartwood rot in trees, plant cisterns—water-filled hollows and
organs—that function as cryptic wetlands, and the transport of CH4 through herbaceous and
woody plants. They calculated, though with a great deal of uncertainty, that plant-based CH4
emissions would account for as much as 22% of the entire global CH4 budget, or roughly 32—
143 Tg yr—1, with trees contributing 6-42% (2—-60 Tg CHs yr—1) of these emissions

(Carmichael et a. 2014). In order to close the much-discussed gap in the global methane
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budget, they therefore highlighted the importance of better understanding the function of
vegetation in the biogeochemical cycle of CH4. Similar to this, tree stems and |eaves have the
potential to be amajor source of emissions of N2O (Pihlatie et al. 2005; Machacovaet a. 2016)
and as much as 30% more than previously believed (Barbaet al. 2019). According to the most
recent report on GHG emissions estimation from the Committee on Climate Change (IPCC
2022), sectors like waste, agriculture, and land use, land use change, and forestry that involve
complex biological processes or diffuse sources have higher levels of uncertainty and should
therefore receive priority attention for additional research. However, because of uncertainty in
global emissions, plants are not included as a separate category of CH4 and N2O flux to the

atmosphere in global budget reports (e.g., (IPCC 2013; Saunois et a. 2016).

1.5 Consequences of climate change on temperate trees species’
morphology, physiology, and anatomy

It has been established for decades that anthropogenic activities such as uncontrolled
deforestation and rising GHG emissions have led to anumber of environmental issuesthat have
significantly altered the complex climate dynamics al over the world. Increases in the global
average temperature and the atmospheric CO> concentration are two exampl es of these changes
(IPCC 2022). Severd climate models indicate that these el ements will intensify in the coming
decades in addition to the changes that have aready been observed. This could lead to an
increase in the frequency of extreme weather occurrences (Bai et a. 2010). These models
predict that certain places will see sharp dropsin rainfall while others will see higher volumes
of rainfall, leading to more frequent and severe drought and flood events, respectively (IPCC
2013b). Changes in thermic regimes are also anticipated in many parts of the world in addition
to pluviosity patterns, which might intensify and increase the frequency of extreme temperature

occurrences like heat waves and late-spring frost episodes (IPCC 2013Db).
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Two major factors that affect the development, distribution, and survival of plant species
worldwide are temperature and the availability of water (Teskey and Hinckley 1981; Delatorre
et a. 2008; Zhen et a. 2020). Therefore, as reported by climate model projections, the
frequency, intensity and duration of extreme weather events may cause significant alterations
in a number of plant communities, leading to large dieback of forest, which may ultimately
result in amassive loss of biodiversity (Wiens 2016; Menezes-Silvaet al. 2019). According to
some research, climate change may cause some species in some biomes to become extinct and
be replaced by othersthat are better suited to withstand harsh weather conditions. For instance,
anumber of studies have reported the impacts of climate change on temperate areas (Orsenigo
et a. 2014; Walsh et a. 2020), with the occurrence of extreme weather events may causing
plant mortality or ‘browning’ (Bokhorst et al. 2011). A similar pattern of alterations in the
species composition is anticipated for various other types of vegetation, including grasslands,
tropical, borea forests (Boulanger et a. 2017; Barros et al. 2018). However, these extreme
weather events are predicted to intensify over the coming decades, but their harmful impacts
are adready being observed. In fact, an increasing amount of data link temperature and water
stressors such asfloods and drought to rising death of forest species (Menezes-Silvaet al. 2019)
and the observations are concerning considering the percentage of plants speciesthat could go

extinct as aresult of increase of such pressures (Wiens 2016).

The significant disturbances brought about by climate change-related factors in plant
communities are indicative of their influence on nearly every level of plant organisation. A
number of studies conducted in recent years have shown the variety of defence mechanisms
and techniques used by plants subjected to extreme weather events, aswell asthe e ements that
contribute to tree mortality in such circumstances (Bokhorst et al. 2011; Orsenigo et a. 2014,
Walsh et a. 2020). Nonethel ess, despite significant advancements in our understanding of the

consequences of climate change on temperate trees, there is still agreat deal of fragmentation
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in our knowledge of this subject. Therefore, there is need to provide a broad and integrated
understanding of the primary physiological, morphological, and anatomical traits linked to
exposure to stress factors caused by extreme weather events (primarily flooding and global
warming), which may jeopardize the survival and overall health of tree species and forest

ecosystems in the temperate.

1.6 Mechanism of gas transport in temperate trees

Transport of gasin trees occurs through internal air spacesin the tree bodies and at |lower stem
height as reported by several researchers (Rusch and Rennenberg 1998; Terazawaet a. 2007).
They observed that the primary mechanism for gas transport in trees is diffusion, which is
triggered when soil gas concentrations are higher than atmosphere concentrations. This
gradient in concentration makes it possible for gases to be transported from soil to the
atmosphere. More evidence supporting diffusive gas transport of CHa is shown by (Garnet et
al. 2005). They argue that the non-hysteretic CH4 emission response curve and the absence of
amid-morning CH4 emission peak support the diffusion driven CH4 transport over pressurised

gas transport.

The transport of gases through transpiration is another route of transport that is frequently
mentioned. An actively transpiring tree may transport gases by transpiration stream from the
roots to the leaves and emitted to the atmosphere through the stomata (Schréder 1989), or stem
surfaces (diffusing laterally and radially through intercellular spaces of aerenchymatissues) as
shown for variety of wetland plant species (Sorrell and Brix 2015). However, Conrad (2009)
argued that because CH4 is comparatively insoluble in water, the transpiration stream’'s
capability for transporting the gas may be lower in magnitude than that of the other routes.
These results suggest that there are two major processes for which gas transport by trees:

diffusion gradient-driven emissions and transpiration stream-driven emissions (Gauci et al.
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2010). The current understanding of the mechanisms underlying gas emissions mediated by
CO> transgport in temperate trees, herbaceous plants-mediated gas emission, and oxygen
transports in wetland trees is substantial and may provide important insight into the likely

mechanism underlying tree-mediated gas emissions transport.

1.6.1 Carbon dioxide transport in temperate trees
Recent research has focused on the internal transport of dissolved CO. from below ground,

which is mostly produced via root respiration, absorption, and subsequent release in trees
(Medlyn et al. 1999; Aubrey and Teskey 2009; Ashraf and Harris 2013; Carmichagl and Smith
2016). These investigations show that the transpiration stream, which is aready thought to be
the mechanism for tree-mediated gas emissions, carries root-respired CO» internally upward in
the tree and diffuses it to the atmosphere. Moreover, such transport is caused by CO-
concentrations in the xylem that are many times higher than those in the atmosphere (Aubrey
and Teskey 2009) and high CO> concentrations around the base of tree stems suggest that a
large portion of the COz in stem xylem comes from underground sources (Teskey and Mcguire
2007). Given the amount detected at the base of tree stems, the estimated contribution of
dissolved inorganic carbon received by roots from the soil is significantly smaller, indicating
that a large portion of it originates inside the root system (Teskey and Mcguire 2007).
Therefore, because not all of the CO» that isrespired by roots diffusesinto the soil atmosphere,
it is possible that the rates of belowground respiration that are measured using conventional

methods may be underestimated.

1.6.2 Plant-mediated gas emissions

Gascirculation is crucia to plants survival especially for aquatic plants since their lower parts
exist in a water-saturated, frequently organic-rich anaerobic environment (Crawford 1992).
These plants must transport oxygen below ground to enable root respiration (Jackson and

Armstrong 1999a). The movement of reduced gases, most notably methane, from the sediments
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into the atmosphere is one example of the gas circulation process. Plants allow CH4 produced
within the anaerobic sediments to bypass the sediments-water interface via convective through
flow. This diffusion driven CHa transport, in which CHa flows from area of high pressure to
lower pressure has been reported in wetland species such Typha spp., Phragmites australis and
Equisetum fluviatile (Whiting and Chanton 1996; Kankaala et al. 2005). In addition, other
wetland plant species such as Oryza sativa, Carex gracilis, and Peltandra virginica employ
molecular diffusion driven CH4 transport- another gas transport mechanisms (Whiting and
Chanton 1996; Colmer 2003). However, plants with higher rates of CH4 transports employ the
convective gas transport and/or both convective and molecular diffusion transport than those

that only employ molecular diffusion (Whiting and Chanton 1996).

1.6.3 Oxygen transport in temperate trees
During the growing season, stem tissue respiration might beincreased (Teskey et al. 2015) and

bark, wood and cambium may present barriers to gas diffusion. Oxygen can either be taken up
by the roots and carried upwards with the transpiration stream, or it can diffuse radially through
periderm, phloem, cambium, and wood to supply live cellsin the sapwood. Certain tree species
that have adapted to waterlogged soils have cambium with tiny intercellular gaps that allow
oxygen to pass through the bark (Buchel and Grosse 1990), while in other species with no
intercellular spaces, the cambium and bark both seem to be impermeable to gases- and the
transpiration stream is considered to be the primary supply of oxygen to the xylem (Hook et al.

1972; Sorz and Hietz 2006).

The mechanisms involved in Oz transport in the aerenchyma are closely related to plant
mediated GHG transport, except the gas transport is in the opposite direction. These
mechanisms include: i) O- diffusion induced by photosynthesis (Frye and Grosse 1992); ii)
transport via pressure gradient: thermo-osmotic and humidity-induced diffusion (Justin and

Armstrong 1987; Jackson and Armstrong 1999a) and iii) Diffusion-based O: transport
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according to Fick's law (Brix et a. 1992). Release of oxygen during photosynthesis and
respiratory consumption in the rhizosphere, together produce an O concentration gradient that
diffuses O, downward in the aerenchyma aong the concentration gradient and permits Oz
transportation (Armstrong and Webb 1985; Jung et a. 2008), while the concentration gradient
caused by this drives humidity induced diffusive O, transport (Brix et a. 1992) and the
temperature difference between the stem and ambient air drives thermos-osmotic O, transport

(Brix et al. 1992; Jackson and Armstrong 1999a).

1.7 Environmental regulation of greenhouse gas fluxes
Severa environmental factors are known to influence plant-mediated gas transport. The three
critical factors—air temperature, hydrology, and vegetation — are thought to be significant for

tree-mediated CO,, CH4 and N2O emissions.

1.7.1 Air temperature and soil
Vegetations is known to be influenced by temperature, and it has been suggested that trees

emissions of GHG emissions are influenced by temperature. For instance, some studies have
asserted that the metabolic rates of methanogens and methanotrophs are directly impacted by
temperature, and temperature can also indirectly affect CH4 emissions through a variety of
mechanisms, such as changes in plant physiology and net ecosystem productivity (NEP), as
well as changesin plant communities, density, and composition. These processes are known to
increase substrate availability and microbial activity, which in turn increases CH4 production
(Gauci et al. 2010b; Sj6gersten et a. 2018, 2020a). Similarly, CO2 emission rates can double
with a 10 °C increase in temperature, according to laboratory incubations utilising samples
from peatlands (Brady 1997). On the other hand, there have also been reports of diurnal
fluctuation in CO> fluxes; efflux decreases overnight may be caused by adrop in CO- derived

from roots or afall in decomposition rates due to lower temperatures (Wright et a. 2013b).
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1.7.2 Water-table depths
It has previously been shown that the height of the water table may directly or indirectly affect

tree-mediated CO> and CH4 emissions, mainly through indicating whether aerobic or anaerobic
decomposition predominates at any particular depth. Joabsson et a. (1999) reported that the
level of anaerobic conditions and the depth of the aerobic layer are influenced by water-table
depths, which in turn affects the ratio of CHa4 production and oxidation. As such, they are
crucia in controlling CHa4 production (Grinfeld and Brix 1999; Turetsky et a. 2014; Hoyos-

Santillan et a. 2019).

Water-table depth can also affect tree-mediated gas emissions due to its ability to alter
assimilation, root distribution, and growth. For example, a study has shown that drier soil
conditions enhance bel ow-ground productivity of plantsresulting in stimulating CH4 emissions
through increased |abile carbon substrates in soil and increasing CHa transport to the surface
dueto shifting rooting zones (Henneberg et a. 2012; Maier et al. 2018). Also, water-table depth
can present a distinct seasonality because of changesin precipitation. For example, CO2 has
been found to increase during periods of both lower rainfall and intense rainfall (Wright et al.

20133).

1.7.3 Wetland vegetation
The contribution of vegetation to the global flux of gases especially CO, and CH4 has been

reported many times in literature (Covey et al. 2012; Carmichael et al. 2014; Carmichael and
Smith 2016; Dolman et a. 2018a). V egetation influences both the production and consumption
of methane via different pathways. For instance, plants have the ability to affect soil carbon
dynamics both directly and indirectly. Directly, they can do this through releasing carbon
molecules into the rhizosphere, which in turn promotes methanogenesis (Chanton et a. 1995;

Weiss et al. 2005) or indirectly through the quality and quantity of litter (Upton et a. 2018).

32



Additionally, plants can affect methane-oxidation through rhizosphere oxygenation (Colmer
2003), thus suppressing methanogenesis and increasing below-ground oxidation (Joabsson et
a. 1999) and oxidation of other electron acceptors (Garnet et al. 2005). Plants can act as
conduits in transporting methane to the atmosphere (Rusch and Rennenberg 1998), that avoids

the role of soil and/or aquatic microorganisms in attenuation.

Different species have varying effects on wetlands' CH4 emissions. For instance, a number of
studies have shown that the removal of wetland vegetation reduces CH4 emissions, and the
emissions response is usually consistent across studies; however, reports of areduction in CHa
emissionsin the presence of wetland vegetation have a so been reported, and in both cases, the
magnitude varied both within and between studies (Joabsson et a. 1999; Hirota et al. 2004,
Terentieva et a. 2019). On the other hand, some studies have found contrasting evidence of a
relationship between plant biomass, net ecosystem and CH4 emission attributing these
differences to plant-root-microbia consortium (Johansson 1992), root depth, architecture and
morphology (Megoniga et al. 2005), morphological adaptation (Kozlowski 1997), assimilation

(Whiting and Chanton 1996), and vegetation height and biomass (Joabsson et al. 1999).

1.8 Research aims and objectives

In order to understand the physiological, anatomical, and morphological modifications
connected with exposure to the stress factors caused by extreme weather events on tree
saplings, aswell astheir significance in the GHG budget, this study aimsto assess the potential
impact of elevated temperature, elevated CO. and waterlogging on the survival and growth of
growth-room grown temperate tree saplings in an attempt to understand and identify their
responses to future climate change. Previous studies have shown GHG emissions from mature
and young trees (e.g., Rusch and Rennenberg 1998; Vann and Megonigal 2003; Gauci et al.

2010b; Pangala et al. 2013; Sjogersten et al. 2020) and the adaptive responses of trees saplings
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to climate change especially morphological and anatomical changes (e.g.,Yamamoto et al.
1995; Tanakaet a. 2011; Oliveiraet al. 2015; Wang et a. 2015) but the interactive effects of
elevated temperature and waterlogging or elevated CO, and waterlogging on physiology,

anatomy and morphology have been less well studied.

1.9 Research objectives

Objective 1: To evauate the physiological acclimatization responses of leaf physiological
acclimation to increasing temperature to thirty-days waterlogging and increasing CO> to sixty-
days waterlogging. The objective and associated hypotheses are addressed in Chapter 3:
“Physiological responses of temperate trees species: Interactive effects of elevated temperature,

COy, and waterlogging”.

1. Elevated temperatures lead to an increase in transpiration rates, resulting in reduced
carbon assimilation and growth while stomatal conductance decreases under elevated
CO2 conditions, reducing transpiration rates and improving water use efficiency.

2. Increased atmospheric CO2 levels will lead to higher rates of photosynthesis and
greater carbon assimilation in water-tolerant species only but stomatal conductance
under waterlogged conditions lead to decreased transpiration rates but could also hinder
CO2 uptake.

3. Interactive effects of elevated temperature and waterlogging will result in reduced
photosynthetic efficiency and decreased below-ground biomass accumulation while
CO2 enrichment mitigates the negative impacts of waterlogging by enhancing

photosynthetic rates and improving energy availability for stress recovery.

Objective 2: To examine the anatomical root traits and the leaf physiological traits associated
with water use efficiency of five temperate tree speciesin a 2-year growth room manipulating

temperature, CO. and precipitation change. The objective and associated hypothesis are
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addressed in chapter 4: “Exploring the influence of Root anatomica traits on leaf-level

physiology and their responses to climate change in woody temperate trees species’.

i. Do temperate woody species differ in their root anatomical traits, physiologica traits
and water use efficiency?
ii.  How areroot anatomical traits, leaf physiological traits and intrinsic water use
efficiency related in temperate woody species?
iii.  How do root anatomical traits and leaf physiological traitsaswell asintrinsic water use
efficiency respond to global change in temperate woody species?
iv.  How do root anatomical traits influence how leaf physiological traits and water use

efficiency react to global change?

Objective 3: To understand how these environmental factors influence the release of
greenhouse gases, such as carbon dioxide (CO2) and methane (CH4) from the soil-plant-
atmosphere continuum. The work focuses mainly on how theinteractive effect of waterlogging,
elevated temperature and CO2 enrichment impacts on CO2 and CH4 emission from temperate
tree saplings. We explored net GHG exchange, soil and stem emissions. This research
contributes to our understanding of how future climate change scenarios may impact
greenhouse gas dynamics in terrestrial ecosystems, specifically in relation to temperate tree

Species.

1.10 Thesis structure
There are six chaptersin this thesis. The background information for the main research topics
covered in the thesisis presented in Chapter one, along with the knowledge gaps and the goals

and objectives of the study. Chapter two describes the growth room used during the research
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and general methods used. Also, specific methods and material s description areincluded within

each chapter.

Chapters three, four, and five are written in paper format, and include introduction, specific
methods, results, and discussions connected with each of the aspectsinvestigated. Chapter three
tackles the core aim of the thesis by identifying the adaptive response of physiological and
morphological acclimatization to elevated temperature and 30 days waterlogging and is
currently under review, Chapter four identifies the anatomical responses to elevated CO. and
60 days waterlogging. Chapter five assesses the effect of increasing temperature and CO»
levels, combined with periods of waterlogging stress, on greenhouse gas emissions from
temperate tree saplings. Finally, chapter six provides a brief overview of the three preceding
data chapters findings, highlights their outcomes, placing the findings in a global context,

summarises the study's key conclusions, and makes recommendations for further research.
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Chapter2: Methodology
2.1 Introduction

This chapter describes the plant material and experimental design, growth room facilities, and
the generic methods used throughout the investigation such as instrumentation used (SPAD,
Fluorpen, L1-6800 portable photosynthesis system, scanning laser electron microscope), static
chambers, samples collection, flux calculations and statistical analyses. Each experimental
chapter discusses the more specific methodol ogies that are designed to address certain research

objectives.

2.2 The growth room facility

The growth room facility is a controlled environment facility located on the Sutton Bonington
Campus of the University of Nottingham (52° 50' N, 1° 15" W) (Fig.2.1). The facility is
designed to have precise control over factors such as temperature, humidity, light intensity,
photoperiod (the duration of light exposure), and can simulate elevated CO. concentrations.
The rooms have an internal dimension (L x W x H) 3200mm x 3692mm x 2620mm with a
height adjustable lighting box containing 58W colour 84 fluorescent lamps with Far Red
supplementation. The facility is also equipped with aceiling mounted evaporator, a humidifier
(55%- 80% lights on and 60-90% lights off) aswell asaCO. delivery system to about 3500ppm
with max air change rate of 4 per hour. The growth room facility is fitted with an aspirated
temperature sensor that delivers between (10-25°C) range. It is a so equipped with amonitoring
and control systems that tract these environmental parameters that help ensure that conditions

remain within the desired range.
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igure 2:1: Growth room fiIity Site.

2.3 Experimental design

Two growth room experiments were conducted, one in each of 2021-22 and one in 2022-23
(referred to hereafter as 2021 and 2022). The experimental design was afully factorial design
for both experiments. For the experiments, the factorial design comprised of a combination of
two [temperature] treatments (ambient temperature (al) and (eT)) with two waterlogging

treatments (control and waterlogged) for experiment 1 and two [COz] treatments ambient CO>
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(aC0z) and elevated CO- (eCO2) with two waterlogging treatments (control and waterlogged),
for experiment 2. The plants were randomly allocated into eight blocks (n = 12 per species)
There were four blocks per treatment in each of the growth room resulting in twelve replicates
per treatment combination per species per. Out of the 12 plants of each species in each growth
room, six were randomly allocated for awaterlogging treatment. The remaining six plants were
controls (Fig. 2.2).

For the waterlogging treatments, all pots (10-L) assigned a waterlogging treatment were
inserted into 15-L buckets and filled with tap water and water-level was maintained daily. The
30-day waterlogging was set to stimulate a waterlogged soil concentration comparable to
commonly occurring peatland soils and natural habitats for these plants. The 30- and 60-days
waterlogging was to determine the stress response of these plants as investigating both 30-day
and 60-day waterlogging periods helps distinguish between short-term stress responses and
long-term survival strategies.

For temperature treatment, saplings were subjected to the temperature treatment in March
2021, well before leaf flushing. Following the emergence of leaves, waterlogging was then
initiated in late August 2021. The rationale for the temperature treatment is to stimulate future
climate conditions and assess how different species will respond in terms of growth, survival
and physiological changes. For the CO> experiment, saplings were transferred into the growth
room in May 2022 and CO: treatment was initiated on the same day. Thirty days after, when

leaves have emerged, saplings were subjected to waterlogging in July 2022
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Block 8 Block 7

Room 1: Ambient growth Room 2: Elevated growthroom

AL- Alnus glutinosa
Waterlogged

BD- Betulo pendula

BP- Betula pubescens
Control plot

SP- Solix pentandra

Figure 2:2: Growth room layout showing the four experimental blocks in each treatment.

2.4 Instrumentation

2.4.1 Leaf chlorophyll concentration

2.4.1.1 SPAD readings
Measurements of chlorophyll content can be used to indicate the physiologica state of the

leaves, hence the plant as chlorophyll content tends to decline rapidly when plants are under
stress or during leaf senescence (Wang et a. 2017). Here, a portable chlorophyll meter (SPAD-
502; Minolta, Osaka, Japan) was used to determine leaf greenness, which is directly linked to
the concentration of chlorophyll present in leaves (Piekielek et a. 1995). The SPAD meter
provides rapid non-destructive estimates of relative chlorophyll content in the leaves of awide
range of plant species (Wang et al. 2017). Leaf relative chlorophyll content was measured for
the newest fully emerged leaf on the main shoot. For each plant, three leaves were selected at
random from the upper part of the main shoot and chlorophyll content was measured at three
points of the leaf. SPAD readings were taken by inserting afully expanded |eaf into the sensor

head of the instrument (Fig 2.3).
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FigUre 2:3: SPAD 502 meter for determining leaf greennessin plants.

An area of 2 x 3 mm (12.57 mm?) of every leaf selected was measured for its chlorophyll
content and three SPAD readings per leaf were averaged to take account of local variation

within individual leaves.

2.4.2 Leaf chlorophyll fluorescence

2.4.2.1 Quantum yield
The leaf chlorophyll fluorescence as the quantum yield (QY) was measured by a Fluorpen 9

FP 100 fluorometer (PSI, Czech Republic) for the newest fully emerged leaf on the main shoot
(Fig 2.4). It is used to provide insight into the physiological condition of plants, particularly
their photosynthetic activity and stress responses. The Fluorpen are invaluable tool for studies
of photosynthesis activities of plants as they provide non-destructive in situ method of
quantifying various parameters related to the photosynthetic activity and stress responses of
the plant, such as the maximum quantum yield of PSII (Fv/Fm). Measurements were taken
from one leaf selected at random from the upper part of the shoots and quantum yield (QY)

was measured at three points on the leaf to calcul ate the mean
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Figure 2:4: Fluorpen FP 100 fluorometer for determining quantum yield (QY).

2.4.3 Photosynthetic gas exchange measurements

2.4.3.1 Leafgas exchange
Leaf gas exchange measurements were measured using a LI-6800 Portable Photosynthesis

System (LI-COR, Lincoln, NE, USA). Thisinstrument is capable of simultaneous fluorescence
and gas exchange measurements over the same sample area. The LI-6800 measures gas
exchange of leaves under ambient or controlled light. For leaves that do not fill the apertures,
the opening features 1-mm graduations around the perimeter to simplify leaf area estimation.
It included interchangeable apertures for 2 cm? or 6 cm? leaf area. The L 1-6800 has acombined
light source and chamber which provides a highly uniform light field over the leaf area capable
of saturation flash intensities up to 16, 000 umol m?s™. To take the measurements, the leef is

inserted into the aperture and the average photosynthetic carbon assimilation rate recorded (Fig

2.5).
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igure 2:5: LI-COR 6800 used to measure detailed physiological and photosynhetic pareters

2.4.4 Anatomical measurements

2.4.4.1 Sample collection and storage
Sections of saplings root were collected from soil at a depth of 5 cm and were carefully rinsed

in water to remove excess soil. Direct contact with the samples at the point to be sectioned was
avoided where possible, to prevent sample damage. All samples collected were ~3.5 cm in

length. Samples were stored in undiluted methanol until sectioning day (Atkinson and Wells

2017).

2.4.4.2 Sample embedding, sectioning and staining

Root samples identified for sectioning were taken 15 cm from the base and consisted of a 15
cm long sampleswith root lateral removed by scissors. Thelowest part (5 cm) of the roots were
cut from randomly selected, most distal segments of fully acquisition roots. Root was visually

determined by presence of root cortex and fully formed vascular tissue. Root samples were
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placed directly from the wash mediainto custom designed 3D polylactic acid (PLA) moldsin
preparation for embedding. The mold can embed five roots in each block (Fig.2.6) and consist
of alower section with recesses for locating root samples, which suspends the roots over awell
which isfilled with agarose. The molds are assembled by fitting an upper section to clamp the
samples prior to pouring the embedding medium. 5% (w/v) Agarose (SigmaAldrich, Co. Ltd)
was prepared in a microwave before placing the molds. Molds were sealed with pressure-

sensitive tap and filled before leaving agarose to cool to 39°C, close to the temperature of

solidification (Fig 2.7A).

A

Figure 2:6: 3D printed embeddi hg rr{old: (1) Mold base (2) lid/root clamp (3) mid sections for additional sample
layers (4) embedding media well (5) chamfer for block orientation (6) 0.5 mm guide groves for positioning root
material (7) embedding media chute (8) sample recess. Adopted from (Atkinson and Wells 2017)

@/ =
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A vibrating microtome (7000smz-2, Campden Instruments Ltd UK) was used to achieve fast,
reliable sections of between 20 and 250 um. Agarose blocks were trimmed using razor blade
(Wilkinson Sword, United Kingdom), to cut off excess sample material and agarose following
remova from the molds (Fig 2.7B). Samples were fixed to the vibratome using a Loctite
(Cyanoacrylate adhesive). Vibratome was set to section between 200-250 um thickness from

the samples.
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Figure 2:7: A) Mold containing five roots clamped into lace and the mold is sealed with pressure-sensitive tape
ready for embedding B) Agarose block prepared for sectioning.

Root sectionswere removed from the vibratome bath and incubated in cal cofluor white (Sigma-
Aldrich, Co. Ltd) solution before rinsing in deionised water. Sections were rapidly mounted

using adrop of water onto a slide without a coverslip.

2.4.4.3 Image collection
Anatomical imaging was made from al root samples from the different treatments in the

present study to produce a clear image of the root anatomical traits. They were observed using
an Eclipse Ti CLSM confocal laser scanning microscope (Nikon instruments) (Fig 2.8). The
microscope has three excitation lasers (405/35, 515/30 and 605/75), and four detectors. Root
anatomical traits such as xylem, phloem, exodermis, and endodermis detection will be achieved
using a sequential combination of lasers and detectors to collect three image channels. The

images were acquired by IMAGEJ and analysed by RootScan.
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Microscope

Figure 2:8: Confocal laser scanning microscope for root image collection

2.5 Mesocosm experiment

2.5.1 Static chambers

To measure the net ecosystem exchange (NEE) of CO, and CH4, samples were collected from
the soil and plants using transparent chambers. Permanent gas samplings collars (10 cm long)
were installed in each pot (Fig 2.9) at the depth of 5 cm. The collars were secure with gaffa

tape near the lower end.
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5cminto pots
sealed with gaffa

Figure 2:9: Gas sampling collarsinstalled to a depth of 5 cm in the pots.

Static chambers constructed from transparent chambers with an internal diameter of 24 mm
and height of 105 cm were mounted on the collars (Fig 2.10) for an hour through which the gas
sampling took place at theintervals of 0, 3, 20 and 60 min. Each chamber was fitted with fans
to mix the air inside the chamber. The samples were taken using a 20 ml syringe and a

hypodermic needle from the top of the chamber through a rubber septum.
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Figure 2:10: Static chambers used to measure the whole-mesocosm gas emissions.

L

Concentrations of CO2 and CH4 were measured using a gas chromatograph (GC) (GC-2014,
Shimadzu). The GC measures the concentration of atmospheric greenhouse gasesusing asingle
injection system with 1 ml sample loop using hydrogen (H2) asacarrier gas and measures CHs
and CO; at the flame ionisation detector (FID) and thermal conductivity detector (TCD)
respectively (Hoyos-Santillan et a. 2016). Line 2 uses nitrogen (N2) as a carrier gas and
measures N2>O with an electron capture detector (ECD). CO. and CH4 concentrations were
measured using a single injection system with a 1 ml sample loop using N> as a carrier gas
through a non-polar methy! silicone capillary column (CMP1-W12-100, 0.53 mm 1.D., 12 m,
5mm; Shimadzu UK LTD, Milton Keynes, UK) and a porous polymer packed column
(HayeSep Q 80/100). Time series data was used for obtaining a linear response used for
calculation. The gas data was converted from volume per volume (ppm) to mass per weight

using molecular weight of each gas and the ideal gas equation (Denef et al. 2007).

2.5.2 Soil static chambers
For measuring the soil gasfluxes, sampleswere collected from soil using atransparent chamber

(diameter: 7 cm and height: 30 cm) which were inserted into the soil surface down to 2 cm
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depth (inner volume of every chamber was around 580 dm?). Gas sampling took place at the
intervals of 0,3,20 and 60 min. The plastic chambers were moved from one plot to another after
collecting samples. The samples were taken from the top of the chamber through a sealed

rubber septum fixed for this purpose.
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Chapter 3: Physiological responses of temperate
saplings: Interactive effects of elevated temperature,
CO,, and waterlogging.

3.1 Abstract

The exchange of carbon, water, and energy between land and atmosphere is driven by plant
physiological processes yet few studies have examined temperate tree saplings physiological
responses to climate change. Here we assessed the response of plant physiology and biomass
of tree sapling waterlogging and either the interaction between elevated temperature and
elevated CO» in atwo-year growth room experiment with saplings of Alnus glutinosa, Betula
pendula, Betula pubescens, Salix pentandra and Salix aurita. In the temperature experiment,
waterlogging increased photosynthesis, stomatal conductance, and transpiration rates in A.
glutinosa and S. pentandra. Elevated temperature increased the photosynthesis, stomatal
conductance, and transpiration rates for Betula pendula but Alnus glutinosa decrease
photosynthesis, stomatal conductance and transpirations rates. In the CO> experiment, there
was a contrasting response to waterlogging among the species. Photosynthesis, transpiration
and stomatal conductance increased for B. pendula but decreased for B. pubescens. Elevated
CO: increased photosynthesis, transpiration and stomatal conductance A. glutinosa and B.
pubescens. Therewasincreasein total dry root biomass specifically under waterlogging in both
species under elevated temperature and CO2, Our results suggest that rising temperatures, CO-
levels, and waterlogging will differentially impact plant physiology across tolerant and
sensitive species, with significant implications for future vegetation dynamics and ecosystem

functioning in temperate systems under climate extremes.
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3.2 Introduction

Global atmospheric carbon dioxide (CO2) concentration and air temperature, two essentia
factors influencing plant growth, development, and function, have changed considerably since
1750 and are expected to continue to do so as a result of human activities. According to the
Intergovernmental Panel on Climate Change (IPCC), the global mean temperatureis likely to
increase by 1.5°C between 2030 and 2052 due to anthropogenic activities (Bowles et al. 2020)
and an estimated 3.2°C increase by 2100 (IPCC 2022) which are attributable to rising
atmospheric concentrations of CO. and other greenhouse gases. In many regions, and
especialy in Europe, the average temperature has continued to rise with seasonally different
rates of warming being greatest in Northern Europe’ s high latitudes (EEA 2012). Further, high
temperature extremes have become more common and annual precipitation has increased (up

to +70 mm per decade; (EEA 2012).

In combination with the rising mean annual temperatures, and an increasein COy, it isexpected
that the magnitude and duration, will also increasein the future (Hennessy et a. 2008). Future
projections in precipitation has been reported for Northern Europe with extreme precipitation
in al seasons (EEA 2012). As a consequence, future vegetation will be exposed to
waterlogging, elevated CO,, and severe heat stress, which can impact significantly on

ecosystem functions and diversity (Lawson et a. 2017).

Temperate forests provide many ecosystem services, including the regulation of water,
nitrogen, and carbon cycles, biomass, carbon, soil fertility, litter decomposition, and timber
production (Kumar et al. 2016; Hao et a. 2020). According to the FAO (2020), temperate
forest occupies 16% (or 665.8 million ha) of the world's forest and is the second largest biome,
with distribution in eastern North America, North-eastern Asia, and Western and Central

Europe (Gilliam 2016). Temperate forest is deteriorating primarily as a result of human
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activities, environmental disturbances, diseases, pest, fire and severe weather events (Rawat et

a. 2022).

Rising atmospheric CO. concentration can stimulate plant growth and physiology through
increased photosynthesis and water-use efficiency in angiosperm forest (Long et a. 2004,
Gardner et al. 2023) and can affect carbon balance and macronutrient utilisation (Reich et al.
2014). Through increased photosynthesis (A) and decreased stomatal conductance (gs), plants
respond to an increase in the concentration of CO; in the atmosphere (Morison and Lawlor
1999). These two fundamental responses are the source of al other effects that eCO> has on
ecosystems and trees (Long et al. 2004). The physiological responses of individual species may
differ when subjected to eCO» (Saxe et a. 1998). For example, Ainsworth and Rogers (2007)
reported a reduction in stomatal conductance during elevated CO, (+208 umol mol 1) by an
average of 19% and increased water-use efficiency in trees species growing in free-air CO»
enrichment (FACE) experiments. Similarly, {Medlyn et al (2001) reported that stomatal
conductance was reduced by 21% in European forest trees when exposed to eCO> (+250 pumol
mol-1) within four types of CO. exposure facilities. However, for tree species, stomatal
responses to eCO» experiments has been observed to induce reductionsin stomatal conductance
in gymnosperms species than in angiosperm species (Saxe et al. 1998; Medlyn et a. 2001),

which implies that stomatal activity to eCO. may vary with phylogeny (Hasper et a. 2017).

Waterlogging stress can be more harmful to woody species during their growth season than
during their dormant phase (Kozlowski 1997). Plants can experience hypoxia, anoxia, or re-
oxygenation depending on the duration of water saturation during waterlogging and can aso
be exposed to varying soil oxygen concentrations (Colmer and V oesenek 2009a). Waterlogging
can limit growth of plants either by modifying the metabolic structures in the root or by

indirectly reducing nutrient availability in plants, especialy soil nitrogen (Bailey-Serres et al.
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2012; Nguyen et al. 2018). Other effects of waterlogging include decreased in stomatal
conductance, transpiration, respiration, hydraulic conductance, and decreased soil oxygen (O>)
in the soil and roots. According to Pezeshki (2001), stomatal closure-related diffusional and
non-stomatal limitations are linked to decreases in photosynthesis. In addition, re-oxygenation
of roots and subsequent production of reactive oxygen speciesin roots and shoots may increase
stress during intermittent rather than continuous waterlogging (Geigenberger 2003). Some
species, on the other hand, exhibit four months tolerance (Megonigal et al. 2005) or 10 weeks
acclimatisation to waterlogging (Piper et al. 2008). After a period of acclimatization, some
woody species with tolerance to waterlogging can maintain the water potentia and

photosynthetic activity of leaves during period of water stress (Kogawara et al. 2006).

The interactive relationship of elevated CO; or elevated temperature and waterlogging on the
physiology of temperate trees remain less understood. Interactive effects of waterlogging and
eCO» on physiological response of Cauarina cunninghamiana and Eucalyptus tereticornis,
two Australian riparian tree saplings (Lawson et a. 2015), revealed a species-specific effects
of atmospheric CO, concentration and waterlogging on growth and gas exchange. Elevated
CO2 increased growth of Casuarina cunninghamiana but this effect was removed by
waterlogging (Lawson et al. 2015). The physiologica acclimation to elevated temperature and
atmospheric CO> in mature boreal Norway spruce (Lamba et al. 2018) means that eCO2
decreased photosynthetic carboxylation capacity and increased shoot respiration while
warming had no significant effect. The interaction between eCO. and waterlogging has been
investigated (Huang et a. 1997; Pérez-Lopez et a. 2009; Shimono et al. 2012a; Lawson and
Leishman 2017) but, findings are variable among studies. For example, Megonigal et a. (2005)
reported that elevated CO-in juveniles of the flood tolerant tree species Taxodium distichumin
waterlogged (water-table -10 cm) stimulated biomass production but not when inundated

(water-table at +5 cm). Under elevated CO», inundation had no effect on the increased
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photosynthesis but rather due to enhanced metabolic activity of roots under low O. conditions.
In contrast, a well-adapted flood tolerant Amazonian tree grown in an open top chamber,
showed that biomass of waterlogged Senna reticulata under elevated CO- increased (Arenque
et al. 2014). These variable responses means that further studies are needed to assess the impact
of eCOy, elevated temperature and waterlogging on the physiology of temperate trees to better

understand how they respond to these environmental changesin future climate.

To reduce uncertainties in the physiological response of temperate trees to climate change, the
current study investigates the physiological responses of the interactive effect between
waterlogging and elevated temperature or elevated CO. on leaf gas exchange function, and
behaviour aswell as biomass accumulation and allocation of temperate trees saplings. Previous
work has shown that plants ater their physiological processes in short-term adaptations to
waterlogging; For instance, they decrease the net photosynthetic rate (A) and stomatal
conductance (gs) (Jacobsen et a. 2007), or increased their dry weight under elevated
temperature (Shimono et al. 2012b). However, the physiological responses underlying sapling
acclimation responses to leaf gas exchange parameters used to model carbon and water fluxes
in earth systems models have not been thoroughly investigated. Here, we evauated the
physiological responses of leaf physiological acclimation to increasing temperature to thirty-
days waterlogging and increasing CO> to sixty-days waterlogging. The aim of the study wasto

test the following hypotheses:

i.  Elevated temperatures lead to an increase in transpiration rates, resulting in reduced
carbon assimilation and growth while stomatal conductance decreases under elevated
CO- conditions, reducing transpiration rates and improving water use efficiency

ii.  Increased atmospheric COz levelswill lead to higher rates of photosynthesis and greater

carbon assimilation in water-tolerant species only but stomatal conductance under
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waterlogged conditions lead to decreased transpiration rates and could also hinder CO»
uptake.

iii.  Interactive effects of elevated temperature and waterlogging will result in reduced
photosynthetic efficiency and decreased below-ground biomass accumulation while
CO. enrichment mitigate the negative impacts of waterlogging by enhancing

photosynthetic rates and improving energy availability for stress recovery.

3.3 Materials and method

3.3.1 Plant material and Experimental design

Three temperate forested wetland tree species and one common in well-drained sites were
chosen for the study. The species used in experiment 1 (elevated temperature) were Alnus
glutinosa (Common Alder) (Betulaceae), Salix pentandra (Bay Willow) (Salicaceae), Salix
aurita (Eared willow) (Salicaceae) and Betula pubescens (Downy Birch) (Betulaceae) which
are typically able to withstand in floodplain sites while Betula pendula (Silver Birch)
(Betulaceae) typically is associated with well-drained sites. In experiment 2 (elevated CO»),
Salix pentandra was replaced with Salix aurita due to unavailability of the saplings. These

species biology and ecology are further described in Table 3.1.

Table 3-1: The study species biological and ecological characteristics

Species Alnusglutinosa Betula pendula Betula pubescens  Salix
Common name  Common alder Silver birch Downy birch pentandra
(Bay
willow)/Salix
aurita (Eared
willow)
Family Betulaceae Betulaceae Betulaceae Salicaceae
Distribution Continental Native to Europe | Native and | Native to
Europe (except for | and some parts of = abundant northern
both the extreme | Asia Only found in | throughout northern | Europe  and
north and south) as | higher latitudes in | Europe and | northern Asia®
well as the United = southern Europe? northern Asia,
Kingdom and growing farther
Ireland®
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north than any other
broadleaf tree?

Habitat It thrives in damp, = Thrives best in dry, Saplings are Grows beside
cool areas like acidic soils, needsa intolerant of shady @ rivers and
marshes, wet | lot of light, and conditions, this | streamsand on
woodland, and grows on heathland, =alows other = marshy
streams, where its  mountainsides, and woodland trees to ground in wet
roots assist in cragst become established, woodland®
preventing  soil displacing the birch,
erosion. Its natural a short-lived tree
habitat is moist but  grows in
ground close to damper areas with
rivers, ponds, and poor drainage and
lakes? peatlands®

M or phology Medium-sized, Deciduoustree, Deciduous tree, A small tree,

short-lived tree, | typicaly reaches15  growingto 10to 14m (46 feet)
30m (98 feet)? to25m (49t082 = 20m (33 to 66 feet) tall?
feet)? tall?

Community Dominant? Common? Common? Common?

status

Biogeomor phic It isapioneer It ismost common It isapioneer The plant

effects Species, in mountainous species that thrives cannot

colonizing areas. It isapioneer in new reproduce
undeveloped land = species, one of the | environments away itsdlf, itis
and establishing ~ first treesto sprout ~ fromits parent tree®  pollinated by
mixed forests on bare land or after bees
aongside other aforest fire, and its
trees. light seeds are
easily carried by the
wind®

Nitrogen fixing ~ Nodulated with Nodulated with Nodulated with None?

ability Frankia® Frankia® Frankia®

dRoyal Botanic Gardens and the woodland Trust (2023),

b Hynynen et a.,

(2010),

‘(Pawlowski et al. 2007),
d(Sommerville 1991)

The experiment took place over a period of two years. For the first year in 2021 (Experiment
1), we stimulated elevated temperature and thirty-days waterlogging while for the second year

in 2022 (Experiment 2), we stimulated elevated CO» and sixty-days waterlogging in a growth
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room. For this, saplings were purchased in 2021 and 2022 from an online nursery

(https.//www.treesbypost.co.uk/) and transported to the University of Nottingham (Sutton

Bonington Campus) (52° 50' N, 1° 15" W) bare rooted, 1-2 years old and between 30-70 cm

tal (Fig. 3.1).
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Figure 3:1: Height of saplings at the beginning of experiment 1 (Temperature experiment) and experiment 2 (CO-
experiment)

Saplings were stored until March 2021 for the temperature experiment and May 2022 for the
CO2 experiment. During the storage period before the start of the experiment, the saplings were
placed in a cold room (-4°C). They were moved into the growth rooms at the beginning of
spring 2021 and 2022 for the temperature and CO; treatments, respectively, afew days before
the start of experiment to allow adaptation to the growth room conditions. Saplings were
planted individually in a 10-L bucket containing a mixture of loamy soil and topsoil which
were obtained from submerge wetlands in Diamond Jubilee wood off Pasture Lane, Sutton
Bonington Village, Nottinghamshire

(https://www.nottingham.ac.uk/sustai nability/grounds/diamondwoods.aspx) Loughborough.
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The rationale for the temperature treatment is to stimulate future climate conditions and assess
how different specieswill respond in terms of growth, survival and physiologica changes. For
temperature treatment, saplings were subjected to the temperature treatment in March 2021, At
the peak of biomass, waterlogging was then initiated in late August 2021 (hottest month) for
30 days, in order to stimulate a significant waterlogging and el evated temperature. The 30 days
period was chosen to allow for morphological adaptation to manifest and reflect a common

period of flooding occurring (Hennessy et a. 2008).

The rationale for the CO. treatment is to understand how elevated CO. can influence
photosynthesis, water use, growth rates and overall plant physiology. For the CO> experiment,
saplings were transferred into the growth room in May 2022 and CO; treatment was initiated
on the same day. Thirty days after the start of the experiment, i.e. when leaves have emerged,
saplings were subjected to 60 days of waterlogging in July 2022. This longer flood exposure
period was chosen to in order to identify tolerance traits (development of specialized root
structures like aerenchyma), physiological adaptations and to assess growth and biomass
accumulation to waterlogging during the main growth period. The two waterlogging treatments
where different in order to access the initial stress response (30 days) and extended stress

response (60 days) on plant physiology, growth and survival.

Ninety-six saplings of treesn = 96 (24 per species) were used for each experiment. We used a
fully factorial design for both experiments. For both experiments, the factorial design
comprised of a combination of two [temperature] treatments (ambient temperature (aT) and
(eT)) with two waterlogging treatments (control and waterlogged) for experiment 1 and 2[CO5]
treatments ambient CO, (aCO.) and eCO> with two waterlogging treatments (control and
waterlogged), for experiment 2. There were four blocks per treatment in each of the growth

room resulting in twelve replicates per treatment combination per species. Out of the 12 plants
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of each speciesin each growth room, six were randomly allocated for awaterlogging treatment.

The remaining six plants were controls.

For the waterlogging treatments, all pots (10-L) assigned a waterlogging treatment were
inserted into 15-L buckets and filled with tap water and water-level was maintained daily. The
30-day and 60-day waterlogging was set to stimulate a waterlogged soil concentration

comparable to commonly occurring wetland soils and natural habitats for these plants.
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Figure 3:2: Monthly temperatures for growth rooms during the span of the temperature experiment (Experiment
1). The ambient temperature treatment was based on monthly mean temperatures recorded by the Sutton
Bonington Meteorological station from 2015-2020.

For the first experiment, saplings were subjected to two temperature regulated growth rooms.
Growth room one is the aT while growth room two is the eT growth room. The increase in
temperature is to mimic global warming and natural increase in temperature projected within

therange of 1.2°C to 3.2°C in theregion by 2100 (IPCC 2022) (Fig. 3.2). We investigated four
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treatments in each experimental year. For the first experiment, we investigated control+aT,
WL +aT, control+eT and WL+eT. The temperature elevation goal was modified on a monthly
time step following the Met office predictions with a monthly temperature increase above the
actual aT of +2.4 °C (March-October) resulting in an increase during the growing season (Met
office 2021). Therefore, the temperature treatment was set to target ambient +2.4°C. For the
second experiment, saplingswere placed in two growth rooms. Growth room one was the eCO»
and was set to target 700 ppm while growth room two was the aCO- and was set to target 420
ppm, however the growthroom fluctuated between (700-800 ppm) in the eCO. and (420-500
ppm) for the ambient CO». Temperature for this experiment were set at ambient temperature
for each month. We investigated four treatments in each experimenta year. For the second

experiment, we investigated control+aCO., WL +aCO;, control+eCO, and WL +eCO:..

Water-level before commencing the experimentswereirrigated asin Wang et a (2015), briefly,
the saplings that were not subjected to waterlogging treatment were irrigated three times during
dormancy and two times aweek during the growing season. During waterlogging, water-level
was kept constant in both the first and second experiment and water was added when necessary
to achieve even shoot submersion. In both growth rooms, before waterlogging, air relative
humidity was 70/80%, photoperiod was 12/12 h (day/night), and the photosynthetically active
radiation (PAR) ranges between 129 to 266 umol m? st with a mean of 210 pmol m2s™.
During waterlogging, air relative humidity was 90%, photoperiod was 10/14 (day/night),
photosynthetically active radiation ranges from 138 to 284 pmol m? s with a mean of 212
umol m? st At the end of each treatment, height and diameter were recorded. We aso
determined the bel ow-ground biomass accumulation and distribution and root biomass of each

plant species.
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3.3.2 Gas exchange measurements and water use efficiency

Leaf gas exchange measurements for photosynthesis rate (A), Stomatal conductance (gs) and
transpiration (E) were measured on the newest fully devel oped |eaves between 9 am. to 2 p.m.,
using an L1-6800 Portable Photosynthesis System (LI-COR, Lincoln, NE, USA). The Li-cor
was set to measure at one light intensity (Qin) in the Multi Control Loops, where the measure
to be obtained with Qin=2000 pmol m?s1 and temperature was held at the temperature of the
growth room, growth (CO) (400 pmol m2s1), leaf-to-air vapour pressure deficit (VPD) and
RH of 0.2 kPa and of 60% respectively. Measurements were taken after leaves were
equilibrated for 10-15 mins. Gas exchange was measured during the three phases of the
experiment (before, during and after waterlogging). For the first experiment, the first
measurement was taken 30 days before the commencement of waterlogging, and the second
measurement 30 days into waterlogging. The third measurement was taken 5 days after the
termination of waterlogging treatment. For experiment 2, the first measurement was taken 10
days before the start of waterlogging and the second measurement 60 days into waterlogging.
No ‘after’ measurement was taken in experiment 2. The A/E ratio was then used to calculate

water-use efficiency (WUE). For each species and for both treatments,

3.3.3 SPAD measurements

M easurements of chlorophyll content can be used to indicate the physiologica state of |eaves,
and hence, the plant. A portable chlorophyll meter (SPAD-502; Minolta, Osaka, Japan) was
used to determine the leaf greenness, which is directly related to the concentration of
chlorophyll present in leaves (Piekielek et al. 1995). Leaf relative chlorophyll content (SPAD)
was measured during week 4, 5, 6, 17 and 29 for the newest fully emerged leaf on the main
shoot in experiment 1 using a chlorophyll meter. For the second experiment, measurements
were taken during week 4 and 11 only. For each plant, one leaf was selected at random from

the upper part of the main shoot and chlorophyll content index (CCI) was measured at one
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point of the leaf. CCl measured using the SPAD meter is arelative value that comprises of the
ratio of transmittance of two wavelengths, 931 and 653 nm and indicates the amount of

chlorophyll present in the |eaf.

3.3.4 Chlorophyll fluorescence
The chlorophyll fluorescence as the quantum yield was measured during week 4, 5, 6, 17 and

29 for the newest fully emerged leaf on the main shoot in experiment 1and 2 using a Fluorpen
FP 100 fluorometer (PSI, Czech Republic). These measurements were taken from one leaf
selected at random from the upper part of the shoots and quantum yield (QY) was measured at
three points on the leaf to calculate the mean. M easurements were taken on the same dates as

the leaf SPAD measurements.

3.3.5 Biomass accumulation and distribution
To determine the biomass accumulation and distribution, height (new meristem growth during

the treatments), diameter was measured, and roots of each plant species were destructively
harvested at the end of the experiment. Thereafter, the fresh and dry weight was determined
by drying the material to constant mass in an oven at 80°C for 48 hours and then weighing

using an analytical balance.

3.3.6 Statistical analysis

GENSTAT (21% edition) was used to run a mixed linear model using residua maximum
likelihood (REML) method to test the impact for the main effects of and interactions between
species, elevated temperature or elevated CO, and high-water level on physiology
photosynthesis assimilation (A), stomatal conductance (gs), transpiration (E), chlorophyll
fluorescence (Quantum yield (Qy)) and SPAD. The model has species (Alnus glutinosa, Betula
pendula, Betula pubescens and Salix pentandra/Salix aurita), timepoints (before and during
waterlogging) and temperature or CO, (ambient and elevated) as fixed effects and block as the

random effect. All datawerelog-transformed to meet assumptions of normality. Standard error
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of the differences was predicted from the mixed linear model and used to assess which specific

differences were significant at p < 0.05. Full ANOVA tables are reported in Appendix A.

3.4 Results

3.4.1 Impacts of elevated temperature and waterlogging
Among the four species A. glutinosa has the greatest values for the physiological parameters

i.e. A, E, and gs, followed by B. pubescens (Fig. 3.3) while B. pendula and S. pentandra
consistently had the lowest values. A. glutinosa also had the highest for the chlorophyll content
and chlorophyll fluorescence, followed by B. pubescens and Spentandra (Fig. 3.4), B. pendula

again had the lowest values.
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Figure 3:3: Leaf gas exchange measurements of A. glutinosa, B. pendula, B. pubescens, and S. pentandra saplings
exposed to the temperature treatment (ambient +2.4°C) with 30 days waterlogging. Dark shaded columns
represent control, and light shaded columns represent waterlogged measurements. Error bars represent the
standard mean error.

At the end of the experiment S. pentandra followed by B pubescens had the greatest extension

growth while A. glutinosa and B. pendula had the lowest extension growth. In contrast B.
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pendula and A glutinosa had the greatest root biomass (Fig. 3.5) while the root biomass of S.
pentandra and B. pubescens were the lowest.

The waterlogging treatment increased A across all four species but had no impact on the other
physiological parameters measured, or root biomass. For the extension growth there was a

significant species x waterlogging interaction (Tab. 3.2) with reduced extension growth in the

waterlogging treatment for A glutinosa, B pendula and S pentandra. In contrast B. pubescens

had greater extension growth in the waterlogging treatment.
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Figure 3:4: SPAD and chlorophyll fluorescence measurements of A. glutinosa, B. pendula, B. pubescens, and S
pentandra saplings exposed to the temperature treatment (ambient +2.4°C) and 30 days waterlogging. Dark
shaded columns represent measurements before waterlogging and light shaded columns represent measurements
during waterlogging. Error bars represent the standard error of mean.

The saplings had greater extension growth and root biomass in elevated than in ambient
temperature (P < 0.05; Tab. 3.2) but there was no significant effect of temperature on any of

the physiological parameters measured (P > 0.05; Tab. 3.2).
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Figure 3:5: Biomass all ocation measurements of A. glutinosa, B. pendula, B. pubescens, and S. pentandra saplings
exposed to the temperature treatment (ambient +2.4°C) with 30 days waterlogging. dark shaded columns represent
control measurements and light shaded columnsrepresent waterlogged treatment. Error bars represent the standard
error of mean.

With regards to the temperature, this interacted with species for the physiological, growth and
biomass data (Tab. 3.2). Specificaly, there was a species x temperature interaction for A where
A. glutinosa had the lowest A under elevated treatment while the A of B. pendula did not differ
between the temperature treatments, in contrast both B pubescens and S. pentandra had higher
Aintheelevated temperature treatment (Fig. 3.3). Thetranspiration and gs also showed species
specific responses to temperature. The transpiration rate for A. glutinosa was lowest in the
elevated treatment, for the two Betula species there was no significant effect of the temperature
treatment, and only S. pentandra responded positively to the elevated treatment. For gs, A.
glutinosa had the highest values in the ambient temperature, B. pendula and S. pentandra did
not response significantly and only B. pubescens responded positively to elevated temperature.
The overall extension growth was highest in the elevated temperature for A. glutinosa, B
pendula, and B. pubescens whilefor S. pentandra extension growth was lowest in the elevated

temperature (Fig. 3.5). The root biomass at the end of the experiment was highest in the
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elevated temperature treatment for A. glutinosa, B. pendula, and S pentandra while B.

pubescens has the lowest root biomass in the elevated temperature.

3.4.2 Impacts of elevated CO:and waterlogging
A. glutinosa had the highest A, E and gsw followed by B. pendula (Fig. 3.6) while S, aurita and

B. pubescens had the lowest. Betula pubescens had the highest chlorophyll content while B.

pendula had the lowest chlorophyll content and chlorophyll fluorescence (Fig. 3.7).
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Figure 3:6: Leaf gas exchange measurements of A. glutinosa, B. pendula, B. pubescens and S. aurita saplings
exposed to ambient CO, (420 ppm) and elevated CO, (700 ppm) with waterlogging. Each combination of CO-
treatments and waterlogging. Dark shaded columns represent control, and light shaded columns represent
measurements waterlogged treatments. Error bars represent the standard mean error

At the end of the experiment S aurita had the greatest extension growth followed B. pendula

and B. pubescens while A. glutinosa had the lowest extension growth (Fig 3.8). Similarly, S
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aurita and A. glutinosa had the greatest root biomass and stem diameter while the root biomass
and stem diameter of B. pendula and B. pubescens were the lowest (Fig. 3.8).

The Waterlogging treatment had no significant impact on any of the physiological parameters
measured across al species (P > 0.05; Tab. 3.2). overall, the saplings had greater chlorophyll
content in ambient than elevated CO> (Fig. 3.7) but there was no significant effect of CO- on

any of the physiological parameters measured (P > 0.05; Tab. 3.2).
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Figure 3:7: SPAD and chlorophyll fluorescence measurements of A. glutinosa, B. pendula, B. pubescens, and S
aurita saplings exposed ambient CO, (420 ppm) or elevated CO; (700 ppm) with 60 days waterlogging. Dark
shaded columns represent measurements control and light shaded columns represent measurements waterlogging.
Error bars represent the standard error of mean.

However, there was a species x elevated CO; interactive effect on stem (P < 0.05, Tab. 3.2).
More specifically, S. aureta had the highest values in the elevated treatment (Fig. 8), while A.
glutinosa, B. pendula and B. pubescens did not response significantly to elevated CO. (P >
0.05, Tab 3.2).

There was also a species x CO, x waterlogging interaction for A (P < 0.05; Tab. 3.2). More
specifically, A. glutinosa had the lowest A rates in the ambient CO> under no waterlogging. For

B. pendula, waterlogging facilitates apositive response to elevated CO,, while in B. pubescens,
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elevated CO- increases photosynthesis under no waterlogging treatment only, and S. aureta has

the highest assimilation rate under no waterlogging and ambient CO- treatment (Fig 3.6).
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Figure 3:8: Stem height, diameter expansion and root biomass measurements of A. glutinosa, B. pendula, B.
pubescens, and S aurita saplings exposed to ambient CO. (420 ppm) or elevated CO, (700 ppm) with 60 days
waterlogging. Dark shaded columns represent control measurements and light shaded columns represent
waterlogged measurements. Error bars represent the standard error of mean.
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Table 3-2; Statistical analysis summary of the main effects and interactions of species, temperature, CO2, and waterlogging

Temperature
(Experiment 1)

CO; (Experiment 2)

Parameters Treatment effects (P) Treatment effects (P)

Species | Temperature Waterlogging SxT | SxW | Species | CO; | Waterlogging | Sx CO> Sx CO2x W

(S (T) (W) (S (W)

Photosynthesis 0.002 0.747 0.035 0.009 0412 <0.001 0.408 0.537 0.175 0.049
CO, assimilation
A (umol-3s1)
Transpiration E 0.016 0.167 0.712 0.02 0.462 0.006 0.817 0.326 0.303 0.145
(mol m2s?)
Stomatal 0.008 0.134 0.356 0.009 0.264 0.006 0.777 0.271 0.346 0.214
conductance
gs (m mol mr2s?t)
SPAD <0.001 0.693 0.751 0558 @ 0.307 <0.001 @ 0.002 0.256 0.37 0.455
Chlorophyll 0.002 0.484 0.085 0498 0.356 0.544 0.87 0.626 0.466 0.761
fluorescence
Stem height (cm) 0.009 0.01 - 0.004 - <0.001 0.2 - 0.85 -
Stem diameter - - - - - 0.001 0.204 - <0.001 -
(mm)
Dry root biomass <0.001 0.016 0.625 0.033 0206 <0.001 @ 0.272 0.071 0.957 0.562
(9)

Species, waterlogging and temperature or CO, was used as fixed effect, while blocking structure was utilized as arandom effect. Bold numbers
indicate significant effect at P<0.05.
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3.5 Discussion

In our experiments, we have shown that the anticipated increases in future temperature and
CO: levels, dong with waterlogging, exert control over the growth and physiology in 2-3-
year-old saplings of Alnus glutinosa, Betula pendula, Betula pubescens, Salix pentandra and
Salix aurita.

3.5.1 Effects of waterlogging on leaf greenness, chlorophyll
fluorescence, gas exchange and water use efficiency

In this study, leaf greenness which is linked to (chlorophyll content) of waterlogged saplings
significantly reduced irrespective of species during waterlogging. Similar reduction of
chlorophyll content has been observed in other trees species after prolonging flooding and the
reduction in photosynthetic pigments was viewed as a protective mechanism for the
photosynthetic structures of waterlogged plants, asit minimized the absorption of sunlight and
helped prevent photooxidation (Kreuzwieser et al. 2002). Chlorophyll fluorescence (Fv/Fm), an
indicator of the photochemistry of photosynthesis, were negatively affected by waterlogging
in all species. We also observed a more significant decrease in B. pubescens. Greater reduction
in Fv/Fm in non-flooding species demonstrated a significant injury and greater photosynthetic
inhibition of PSII, resulting in no tolerance to waterlogging. In a study with apple trees grown
under long-term waterl ogging conditions, the authors observed a significant reduction in Fv/Fm
in Hongro when compared with that of the resistant variety Fuji (M. pumila) (Bhusa et al.

2020).

The light-saturated net photosynthesis CO, assimilation rate, stomatal conductance and
transpiration were lower in waterlogged than non-waterlogged saplings for al species. This
observation is corroborated by previous studies on trees of temperate ecosystems (Jaeger et al.

2009; Ferner et al. 2012; Lamba et a. 2018; Rawat et a. 2022). However, the extent of this
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decrease varies with the ability of the species to tolerate soil oxygen limitation. A study with
tree saplings of Fraxinus angustifolia and Fraxinus excelsior found that CO, assimilation of
less tolerant or sensitive species strongly reduced rates of photosynthesis whereas highly
tolerant trees sustain rates of photosynthesis at ahigh level or even not unaffected by the stress

(Wagner 1996; Jaeger et a. 2009), that is, acclimation of species in the opposite direction to

that found here. Similarly, experiments using water-tolerant species (T. distichumand Fraxinus

pennsylvanica) show that they support photosynthesis throughout the period of waterlogging,
(Kogawara et al. 2006). It is still unclear exactly what causes waterlogged trees to inhibit
photosynthesis in response to photosynthesis as both non-stomatal and stomatal restrictions are
involved (Pezeshki 2001), but here it appears that the decreased in stomatal conductance lead
tolower A in waterlogged saplings, whileit seemed that the photosynthetic apparatus remained
unaffected. The stomatal closures of leaves observed during waterlogging in all saplings might
be mediated by chemical signals as reported in earlier studies (Else et a. 1995; Kreuzwieser
and Rennenberg 2014). Furthermore, stomatal closure triggered by root hypoxia typically
reduces photosynthesis during waterlogging by limiting the availability of carbon dioxide,
decreasing energy production (Tripepi & Mitchell, 1984) while it has been hypothesized that
the decrease in root hydraulic conductance in saplings of Quercus robur, Quercus petraea and
Fagus sylvatica is connected to the decrease in stomatal conductance (Schmull et al. 2000).
Waterlogging resistant species may continue to use their stomata when subjected to
waterlogging, as is typicaly the case with the temperate forest saplings investigated here

(Kreuzwieser and Rennenberg 2014).

Waterlogging also decreased E rates in al saplings. This finding supports our second
hypothesis that stomatal closure under waterlogged conditions lead to decreased E rates and

could hinder CO. uptake. Numerous studies reported low transpiration ratesin arange of plant
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species including tree saplings within hours or days of waterlogging being imposed (Barrett-
Lennard 2003;Z0figa-Feest et al. 2017).
3.5.2 The impacts of waterlogging under elevated temperature on leaf

greenness, chlorophyll fluorescence, gas exchange and water
use efficiency

Combined stresses of elevated temperature and waterlogging decreased A, gs and E in al
saplings. Generally, many saplings exhibit negative responses to elevated temperatures when
they experience waterlogging. Prolonged exposure to elevated temperatures can lead to
physiological stress, damage to cellular structures, and reduced photosynthetic efficiency
(Ashraf and Harris 2013). Studies on the impact of waterlogging under elevated temperature
on plant physiology have widely been reported in various terrestrial ecosystems (Bauweraerts
et a. 2013; Jumrani and Bhatia 2019; Jiménez et a. 2020). However, no consistent patterns
have been observed (Abo Gamar et al. 2021; Al-Deeb et al. 2023). Our findings in this study
do not support our first hypothesis that waterlogging under elevated temperature increases
transpiration and will result in reduced carbon assimilation and growth. We found negative
effects of waterlogging on A, gs and T under elevated temperature that were observed in al
species (Fig. 3.4). Under waterlogging, a reduction in leaf greenness was thought to be akind
of protection mechanism for photosynthetic structuresin plants. This prevents photo-oxidation
and reduces sunlight absorption (Du et al. 2012). The greater reduction in leaf greennessin B.
pendula, and S. aurita signifies more injury in PSII following photosynthetic inhibition and
subsequent reduction in ability to absorb and convert light energy to chemical energy; as a
result, photosynthesis was more suppressed in B. pendula, S aurita than in A. glutinosa and B.
pendula (Bertolde et al. 2010). This finding may be primarily ascribed to impaired root
function, nutrients imbalances and reduction in stomatal conductance both during
waterlogging (Voesenek and Bailey-Serres 2015) and elevated temperature (Yamori et al.
2014).
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3.5.3 The impact of waterlogging under elevated CO; on leaf
greenness, chlorophyll fluorescence, gas exchange and water
use efficiency

Leaf greennessin all studied species responded negatively to the effect of waterlogging under
elevated COz, concurring with other studies on the impact of waterlogging under elevated CO>
(Irfan et al. 2010; Shimono et al. 2012a; Lawson and Leishman 2017) on plants. The responses
of the two closely related Betula species to waterlogging under elevated CO. showed a more
significant reduction in F./Fm in B. pendula than in B. pubescens which is able to grow better
in wetter areas. Furthermore, (Fv/Fm) was negatively affected by elevated CO. in all species
under waterlogging in our study showing that elevated CO> enhance photoinhibition in stress

conditions (Roden and Ball 1996).

Our findings on the responses of leaf gas exchange during increased waterlogging under eCO»
do not support our third hypothesis that CO- enrichment would mitigate the negative impacts
of waterlogging by enhancing photosynthetic rates and improving energy availability for stress
recovery. Growth at eCO> resulted in a moderate negative effect of A, however, there was a
significance heterogeneity among saplings in the magnitude of this effect. Waterlogged
saplings exposed to eCO- showed asignificant negative effect in al saplings (Fig. 3.5) but only
B. pubescens and S aurita showed strong negative effects. We anticipated that the
photosynthetic response of saplings exposed to waterlogging under elevated CO> for 60 days
would be detected in water-tolerant species only. Our results are only partially in agreement
with our second hypothesis; we expected that water-tol erant species (A. glutinosa, B. pubescens
and S. aurita) would better maintain photosynthesis and would more quickly acclimate to
waterlogging than non-tolerant species (B. pendula). The photosynthesisratein B. pendula was
higher under waterlogging and elevated CO> than in B. pubescens and S aurita. This has
previously been reported for B. pendula in well drained conditions (Valanne et al., 1981).
However, the reasons for inhibited photosynthesis of waterlogged species over non-water
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tolerant speciesin our study could be associated with the combined effects of reduced oxygen

availability and atered gas exchange (Crawford 1992).

The further decreasein gs by eCO. isless for woody than for herbaceous species (Wang et al.,
2012) and our results are similar to the trend reported for trees showing alower reduction in gs
such as European beech (Fagus sylvatica L.) and pedunculate oak (Quercus robur L.) grown
inelevated CO, (Heath et al. 1997). Elevated CO2 reduced the gslevel in B. pubescens saplings
by 57%. Previous results for sweetgum trees have shown a 28-44% reduction in leaf level gs
under elevated CO; conditions (Herrick et al. 2004; Norby et a. 2006). The reduction in
transpiration during waterlogging under eCO: in this study was primarily dependent on reduced

gs for these species.

All flooded saplings displayed some form of tolerance to waterlogging by development of
hypertrophic lenticels, adventitious roots or enhanced stem growth and formation of
aerenchyma (A. glutinosa and S. aurita) (Abdulrazq Iliya personal observation). The increased
stem diameter of the flooded saplings is linked to development of intercellular spaces and
increased in bark thickness (Tang and Kozlowski 1982) or asresult of an increasein the number

of wood fibres in submerged parts of the stem (Y amamoto et a. 1995).

Tota dry root biomass was significantly higher under eCO- of waterlogged S. aurita and A.
glutinosa saplings. This may be caused by the requirement for structural support of air spaces
in aerenchymous root tissue which has been linked to a higher dry matter content in the roots
(Ryser et a. 2011). Further, conversion of cell wall into root hypodermal tissues often takes
place under waterlogging as a means of reducing radial oxygen loss (Colmer and Voesenek
2009a) and result in increased dry root matter. In contrast, B. pendula and B. pubescens had

lower dry matter content under waterlogging, which may be attributed to these species

74



proliferating lower density roots and lower carbon investment in root tissue (Wright et al. 2004,

Reich et a. 2014).
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3.6 Conclusion

Examining the leaf gas exchange, biomass accumulation and how temperate trees responded
to waterlogging in the presence of elevated temperature and elevated CO. provides an
opportunity to assess whether these responses persisted or temporary. We found that the
physiological responses were lower in waterlogged than non-waterlogged saplings in al
species, although the extent of this decrease varies on the ability of the species to tolerate soil
oxygen limitation. However, the interactive effects of the combined stresses of elevated
temperature and waterlogging decreased net photosynthesis rate, stomatal conductance, and
transpiration in al saplings. Furthermore, the interactive effect of elevated temperature and
waterlogging response on chlorophyll content and chlorophyll fluorescence affected Betula
pendula and Salix pentandra saplings negatively while elevated CO. and waterlogging had

negative effects on Betula pendula and Salix aurita saplings.

Finally, plant data presented from controlled environment are invaluable in alowing
researchers to determine effects of specific biotic abiotic parameters on plants. However, it has
been shown that although they are highly controlled, they are not uniform which can result in
variation termed chamber effect i.e. variability in the data due to growing plants in different
chambers. Infrastructural limitation prevented treatment from being replicated in our

experiments, therefore the results should be treated as such.
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Chapter 4: Exploring the influence of root anatomical
traits on leaf-level physiology and their responses to
climate change in woody temperate trees saplings

4.1 Abstract

Plant anatomical and physiological adaptation moderate adaptation responses to anatomical
changes. To examine the effects of climate change on root anatomica and physiological traits,
we measured adaptive root traits and leaf physiological traits of five woody temperate tree
species- Alnus glutinosa, Betula pendula, Betula pubescens, Salix pentandra and Salix aurita
and observed their responses to elevated temperature and elevated CO with waterlogging in a
growth room experiment. We found that woody temperate tree saplings differed in their root
anatomical traits and water-leaf physiological traits regardless of the severity of waterlogging
periods (i.e., 30 or 60 days). Higher transpiration rates and intrinsic water use efficiency were
seen in species with larger root cortical aerenchyma, total stele area and total cortex area but
lower stomatal conductance. Increased temperature enhanced aerenchyma area, cortical cell
file number and total stele area in Salix pentandra as well as total cortical area in Betula
pubescens. Temperature enhanced transpiration, photosynthesis, and stomatal conductance
rates in Betula pubescens. Waterlogging enhanced root cortical aerenchyma, cortical cell file
number, aerenchyma number, total stele number, total cortical area, and cortical cell sizein all
species. Increased CO. enhanced aerenchyma area and total stele areain Betula pendula aswell
as photosynthesis, stomatal conductance, and transpiration rates, but lower intrinsic water use
efficiency. Overal, we found that the district variation in root anatomy among woody
temperate species has resulted in variations in leaf physiologica traits and their responses to
global change. These results demonstrate the critical roles that root anatomical traits play in
regulating physiological processes at the leaf level in temperate forest and response to climate

change.
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4.2 Introduction

Climate change has been predicted to impact on plant growth and development adversely
(Bailey-Serres and Voesenek 2008). Plant tissue responses to the effect of climate change
mediated by water stress, depends on the physiological properties of the cell components and
the anatomic characteristics that regulate the transmission of the water stress to the cells
(Steudle and Peterson 1998). Plants employ various root-based strategies to compensate the
negative effects of floods and heatwaves (George et al. 2024) such as changes in root
architecture, anatomy and physiology (Schuldt et a. 2013; Hazman and Brown 2018).
Therefore, the effects of climate change on the environment will be observed belowground and
the root and rhizosphere are involved in adaptation and mitigation of these changes (Callga

Cabreraet a. 2020).

Roots are expected to present the most significant barrier to water movement in the soil-plant-
atmosphere system due to their primary roles in water absorption and transportation (Daly et
al. 2015). Notably, living cells within roots, such as those in the cortex and endodermis,
contribute substantial resistance to water uptake (Kramer and Jackson 1954; Rieger and Litvin
1999). Under optimal soil moisture conditions, root hydraulic conductivity may account for
approximately two-thirds of water transport resistance in the soil-plant system (Huang and
Eissenstat 2000). As aresult, the ecophysiological processes of photosynthesis and water use
efficiency during transpiration are influenced by the close relationship between root traits and

hydraulic conductivity (Rieger and Litvin 1999; Rodriguez-Gamir et al. 2010).

Root anatomical traits such as cross-section area, cortex areaand the proportion of root cortical
aerenchyma, as well as the root cortical cell file number have been reported to be dependent
on how easily water can move through these tissues (Schuldt et al. 2013; Chimungu et a. 2014;

Wang et al. 2015b; Yamauchi et al. 2019). In addition, previous research has shown evidence
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of a correlation between root anatomical traits and leaf physiological traits (photosynthesis,
stomatal conductance, and transpiration) aswell aswater use efficiency (Zhou et al. 2021). The
first- to second/third order roots or absorptive fine root are responsible for water transportation
and for determining hydraulic conductance (Guo et al. 2008). Further, plant roots are a crucid
feature in linking above- and belowground C processes (Hoyos-Santillan et al. 2016; Maet al.
2017), and play an important role in shaping the whole-plant functions, biotic interactions and
biogeochemical cycles (Soana and Bartoli 2013; Plante et al. 2014). Changes to anatomical
characterises of absorptive roots due to global climate change reported an uncertainty largely
because root attributes are more difficult to measure than root biomass (Norby et a. 2004;
Iversen et al. 2017; Mueller et al. 2018). Characterizing the response of anatomical traits of
absorptive fine roots as well as their influence on leaf-level physiology is crucia for
understanding the resource utilisation strategies and plant performance of speciesin trees under

future climate change.

Severa studies have explored the anatomical characteristics of absorptive roots and their role
in hydraulic conductivity of plants (i.e. radial and axial water movement) (Tyree and Ewers
1991; Steudle and Peterson 1998; Huang and Eissenstat 2000; Schuldt et al. 2013). Water
travels through a sequence of root cells and enters the root xylem from the soil solution. This
process is known as radial water flow. Roots with thinner cortex impose less radia resistance
for water transport and have higher hydraulic conductance because they may have a shorter
radial path for water movement from the root surface into the xylem than large-diameter roots
in the radia water flow (Passioura 1988; Rieger and Litvin 1999). Water then moved axially
in the xylem vessels after flowing radially from the root surface to the xylem. Increases in the
efficiency of water transportation have been attributed to higher stele/root area (Kong et al.
2017). The development of a suberized exodermis correlates with the development of

aerenchyma in plants (Parent et al. 2008) and is linked with a decline in radial loss of root
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oxygen (Jackson and Armstrong 1999a). Further, vesselswith larger areas have been associated
with water exploitation strategies (Pineda-Garciaet a. 2015). Therefore, the number or size of
stele, the proportion of cortex aswell asthe proportion of aerenchymaare positively correlated
with the axial conductance capacity (Guo et al. 2008; Voesenek and Bailey-Serres 2015; Zhou
et a. 2021). Further research is vital to understand the ecological significance of absorptive
rootsin termsof water-related leaf physiology and water use strategy, given that the anatomical
traits of these roots are important for water uptake and transportation. This is particularly
relevant for temperate species where the relationship between absorptive root anatomy and

leaf-level physiology isunclear (Warren et al. 2015).

The root anatomical architecture in woody plants includes secondary growth with abundant
xylem that might aid our understanding of how they regulate water-related leaf physiology
(McElrone et a. 2004). Superficial lateral roots of Banksia prionotes have been reported to
exhibit large-area xylem conduits, greater length, and higher-area-specific conductivity than
lateral roots of the same species (Pate et al. 1995). Differences in xylem characteristics can
radialy disrupt the functions of the different portion of the conducting system as stated in the
fourth-power relationship between radius and flow through a capillary tube (Tyree and Ewers
1991). Therefore, even a small increase in mean conduit area has exponential impacts on
specific hydraulic conductivity for the same pressure differential over a segment. However,
due to the dearth of experimental data that compare the variations between root anatomical
traits between different woody species and the rarity of observations that determine whether
anatomical traits can result in differentiation of leaf physiological traits (photosynthesis rates,
transpiration rates and stomatal conductance rates) between woody species in such
experiments, the potentia effects of such interactive effects of plant-water relations needs

further investigation.
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Anthropogenically drivenincreasesin CO», temperature and precipitation patterns are affecting
the growth and survival of woody species in temperate and boreal forest (IPCC 2022; Rawat
et a. 2022). While warming has resulted in an increase in GHG emission in high northern
latitudes (Bloom et a. 2010), increase in atmospheric CO. and interannua variation in
precipitations in woody plants resulted in an increase in photosynthesis and increment in
biomass (Arenque et al. 2014; Lawson and Leishman 2017). Considering the variationsin root
characteristics and absorption strategies among the herbaceous species in temperate steppe
(Zhou 2019), it is possible that various woody plants have developed unique water-use
strategies to adapt to situations with fluctuating water availability or increased temperature and
COz. The anatomical architecture of the xylem in different plant species can be linked to the
variations in their water use strategies (Schuldt et a. 2013). However, most experimental
studies to date have focused on root responses to elevated CO., warming and increased
precipitation in semi-arid grassland (Mueller et al. 2018) or how root anatomical traits drive
the responses of leaf physiological traits associated with water use efficiency in herbaceous
species (Zhou 2021). Therefore, a better understanding of whether and how anatomical root
trait respond to interactive effects of global change is needed to give insights into the potential
impacts of climate change on root anatomy in specific ecosystems and to generate observations
of how leaf-level physiological responses to interactive effects of climate change. However, in
Chapter 3, we found that the physiological responses were reduced by waterlogging in ambient
and elevated temperatures and the different speciesinhibit different parts of asimilar response

curve.

Here, we examined the anatomical root traits, and the leaf physiological traits associated with
water use efficiency of five temperate tree species in a two-year growth room experiment,
manipulating temperature, CO- and precipitation change. The 2—3-year-old saplings include

Alnus glutinosa, Betula pendula, Betula pubescens, Salix pentandra and Salix aurita.
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Anatomical traitsinvestigated include aerenchymarrelated traits (i.e. root cortical aerenchyma
and aerenchyma area) and diameter/area related traits (i.e. total stele area, total cortical area,
and cortical cell file number and cortical cell size). Leaf physiological traits include the
photosynthesis rates, transpiration rates and stomatal conductance. Water use efficiency refers

to theintrinsic water use efficiency. The specific research questions were:

i. Do temperate woody species differ in their root anatomical traits, physiologica traits
and water use efficiency?
ii.  How areroot anatomical traits, leaf physiological traits and intrinsic water use
efficiency related in temperate woody species?
iii.  How do root anatomical traits and leaf physiological traitsaswell asintrinsic water use
efficiency respond to global change in temperate woody species?
iv.  How do root anatomical traits influence how leaf physiological traits and water use

efficiency react to global change?

4.3 Materials and Methods
4.3.1 Study sites
This growth room experiments that simulated the anticipated rise in temperature, CO. and

waterlogging is fully described in Chapter 2 (section 2.2)

4.3.2 Experimental design
Detailed information on waterlogging, elevated temperature and elevated CO, experiment is

fully described in Chapter 2 (section 2.3).

4.3.3 Root samples collection
In each experiment, roots were collected from soil at the depth of 5 cm. Six replicate plants

were collected for each treatment, with four roots collected from each plant. For the

temperature experiment, the rootswere sampled in October 2021, whilefor the CO, experiment
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in late November 2022. The root samples were carefully dug up and gently rinsed in water,
following the procedure of (Atkinson and Wells 2017). All root samples collected were ~4 cm
in length. Each root sample was immediately stored in a 50 mL falcon tubes containing 70%
v/v ethanol and stored in a 4°C cold room for later anatomical measurements. Around 3 root
segments of the first two orders of each species in each treatment were randomly selected for

anatomical measurement.

4.3.4 Anatomical sampling and image analysis
To date, optical sectioning and 3D imaging often requires either sample fixation and storage,

and the use of traditional light microscopy which can blur details in thick specimens because
it collects light from all depth simultaneously (Verhertbruggen et a. 2017). However, to some
extent, advances in technology such as the CLSM (Confocal laser scanning microscope) are
suited to overcome these limitations while providing high throughput (Atkinson and Wells
2017). Confoca scanning microscopy also offers superior resolution, contrast, and depth
imaging, alowing for clear distinction between tissues based on their chemical composition.
Its ability to use fluorescence for precise labelling and quantification, alongside its multi-
channel imaging capabilities, makes CLSM a powerful tool for distinguishing chemically
distinct tissues, far beyond the capabilities of traditional light microscopy (Atkinson and Wells

2017).

Root anatomical traits were investigated following the new updated protocols described by
Atkinson and Wells (2017). Briefly, root samples were placed and embedded into a custom
designed, 3D printed polylactic acid (PLA) mold (Fig. 4.1E). Prior to placing samples in the
molds, 5% (w/v) agarose (Sigma-Aldrich, Co. Ltd) was prepared using a microwave. The
molds were then filled with agarose and seal ed with pressure sensitive tape and | eft to solidify.
The roots were then cut into sections of between 150 and 250 pm using a vibrating microtome

(7000smz-2, Campden Instruments Ltd). The sectioned roots were incubated in calcofluor
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white (Sigma-Aldrich, Co. Ltd) solution for 60 s before being rinsed in deionised water. The
stained roots were photographed using an Eclipse Ti CLSM confocal laser scanning
microscope (Nikon Instrument). Root cortical aerenchyma, total cortical area, total stale area,
cortical cell file number and cortical cell size were measured using IMAGEJ (Fig 4.2) and
RootScan software (Fig 4.4). The cortex thickness was defined as the one-sided distance from
the stele to the epidermis. The number of aerenchyma were counted manually. The cortical

areq, stele areg, cell size and cell file number were calculated. The measured root traits were

listin Table4.1.

Figure 4:1: (a) confocal laser scanning microscope (b) root cross-section under no waterlogging condition
obtained from vibratome and confocal microscope, (c) vibrating microtome, (d) mold mounted in vibratome ready
for sectioning, (€) roots are fixed into place and the mold is sealed with a pressure-sensitive tape ready for
embedding and (f) cross-section of roots under waterlogging conditions obtained using vibratome and confocal
scanning microscope.

4.3.5 Measurements of leaf physiological traits

The light-saturated net photosynthetic rates (Amax), transpiration rates (E) and stomatal
conductance (gs) were measured using an open gas exchange system with a 2 x 3 cm cuvette
and a red and blue LEDs LICOR Li6800 (Li-cor Biosciences, Lincoln, NE, USA).

M easurements were at one light intensity (Qin) in the Multi Control Loops, where the measure
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to be obtained with Qin= 2000 pmol m2s1 and temperature was held at 30°C, growth (COy)
(400 umol m?s?), leaf-to-air vapour pressure deficit (VPD) and RH of 0.2 kPa and of 60%
respectively. All measurements were conducted from 08:30 h to 15:00 h (local time) during
the sampling months. One fully expanded leaf on healthy individual plants (three plants for
each species in each treatment combination) was randomly selected for measurement. Before
measurements, leaves chosen for sampling were acclimated in the cuvette under setting

conditions for 5-10 min, when parameters were stable, values were recorded.

4.3.6 Water-use efficiency estimation
The intrinsic water-use efficiency (IWUE) was calculated as measure of photosynthesis rate

(A) divided by the transpiration rate (E) (Farquhar et a. 1989). iWUE was calcul ated as.
WUEI = 2
T

Where WUEI is the intrinsic water use efficiency expressed in umol CO, mmol H20; A
represent the photosynthesis rate expressed in umol2s! and E represent the transpiration rate
expressed in umol2s?.

Table 4-1: Root anatomical and leaf physiological traits measured.

Traits Abbreviation Units

Root anatomical traits

Root cortical aerenchyma RCA %

Total cortical area TCA mmn?

Total stele area TSA mm?

Aerenchyma area AA AA2

Cortical cell file number CCFN -

Cortical cell size CCS mmn?
Leaf physiological traits

Saturated net photosynthesis rate Anmax i mol m2st

Stomatal conductance rate Os m mol m2st

Transpiration rate E m mol m?s?t
Water-use efficiency

Intrinsic water-use efficiency IWUE i mol m mol™
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4.3.7 Statistical analysis

GENSTAT (21% edition) was used to run a mixed linear model using residua maximum
likelihood (REML) method to test the impact for the main effects of and interactions between
species, elevated temperature or elevated CO2 and high-water level on anatomical traits,
physiology (photosynthesis assimilation (Amex), Stomatal conductance (gs), transpiration (E)),
and intrinsic water-used efficiency. The model has species (Alnus glutinosa, Betula pendula,
Betula pubescens, Salix pentandra and Salix aurita), waterlogging and treatment (temperature
or CO2 level) as fixed effects and block as the random effect. All anatomical data were log-
transformed to comply with the assumption of normality of the REML. Level of significance
of the differences between the fixed effects was estimated by Wald test using F distribution.
Significance was attributed to P < 0.05. Standard error of the differences was predicted from
the mixed linear model and used to assess which specific differences were significant. In order
to compare tissue characteristics across roots of varying dimensions, we normalized tissue
areas in relation to different root sizes to account for the differences in root size using the

formula:

Tisue Area
Total Root Area

Normalized Tissue Area =

Wherethe Total root areaisthe cross-sectional area of each root and Tissue areais the specific

tissues or anatomical regions

Similarities in the root anatomical and leaf physiological traits of the species from different
temperature or CO» treatment were explored by Principa Component Anaysis (PCA), based
on correlation matrices. The % variance accounted (adjusted R?) by regression statistical
models is referred to as R? in text and figures. Results throughout the text, figures and tables

are presented as mean +SE. Full ANOVA tables are reported in Appendix B.
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4.4 Results

4.4.1 Variations in root anatomical traits among the four species in
response to 30 days waterlogging
There were significant differences in root anatomical traits between species in controls (Table

4.2). The highest mean root cortical aerenchymawas found in A. glutinosa (29.75%, Fig. 4.3A)

while the lowest values were found in S. pentandra (9.9 %, Fig. 4.3A).
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Figure 4:2: Cross-sections of root highlighting the anatomical changes in flooded plants (B, D) and some
comparisons with non-flooded plants (A, C). (A & B) Non-flooded and flooded plant of Alnus glutinosa. Detail
of the cortex with the presence of well-devel oped porous xylem tissue in the cortex of flooded plant. Xylem and
phloem are less developed in contrast to small pith in the flooded plant. (C& D) Non-flooded and flooded Betula
pubescens. Non-flooded plant showing many small piths. Root of flooded plants showing well-developed phloem
composed of many cells.




Table 4-2; The summary results of Mixed models (REML) analysis.
Temperature experiment

Anatomical traits Species Temperature Waterlogging Sx el SxW er xW Sx eT xW
® (eT) (W)

F P F P F P F P F P P F F P
RCA 10.89 0.005 2.02 0.198 85.87 <0.001 1.14 0.398 6.53 0.019 142 0.445 0.36 0.785
TSA 0.82 0.522 0.04 0.849 0 0.978 0.59 0.638 0.09 0.963 1.58 0.428 217 0.18
TCA - - - - - - - - - - - - - -
Aerenchyma area 2.22 0.174 227 0.176 0.01 0.925 0.82 0.524 0.28 0.84 5.87 0.249 0.79 0.536
CCFN 0.4 0.756 0.6 0.462 0.68 0.437 0.46 0.719 0.15 0.925 1.97 0.394 0.34 0.795
CCs 0.71 0.575 141 0.273 0.32 0.588 0.19 09 0.2 0.892 4.9 0.27 0.07 0.976
L eaf physiological
traits
Anax 175 0.244 8.56 0.022 12.71 0.009 0.18 0.908 111 0.408 20.1 0.14 0.97 0.461
E 3.19 0.093 7.38 0.03 24.12 0.002 0.35 0.788 2.82 0.117 3.61 0.308 111 0.407
Os 2.57 0.137 3.75 0.094 6.76 0.035 0.34 0.795 2.72 0.125 9.92 0.196 101 0.443
Water use efficiency
iWUE 3.03 0.103 0.48 0.512 161 0.245 271 0.126 2.61 0.133 0.83 053 191 0.216

CO» experiment
Species Treatment Waterlogging Sx eCO, SxW eCO, x W SxeCO, x W
S (eCOy) W)

F P F P F P F P F P P F F P
RCA 11.56 0.004 14.77 0.006 37.94 <0.001 0.95 0.467 1.32 0.342 0.38 0.648 0.42 0.744
TCA 12.7 0.003 0.34 0.576 15.32 0.006 1.26 0.358 1.36 0.331 0.39 0.646 0.91 0.484
TSA 3.99 0.06 0.08 0.783 5.74 0.048 3.96 0.061 4.27 0.052 0 0.998 3.28 0.089
Aerenchyma area 397 0.061 15.14 0.006 23.88 0.002 1.06 0.425 0.64 0.613 0.04 0.869 191 0.216
CCFN 1.08 0.409 0 1 3.23 0.11 1.28 0.345 0.63 0.614 293 0.125 211 0.177
CCs 15.02 0.002 2.78 0.139 7.62 0.028 0.92 0.477 0.05 0.984 0.01 0.928 0.97 0.459
L eaf physiological
traits
Anax 2.62 0.133 3.19 0.117 16.8 0.005 0.38 0.768 7.05 0.016 0.41 0.636 7.98 0.012
E 0.66 0.603 3.38 0.109 0 0.997 0.65 0.608 4.56 0.045 0.07 0.833 8.58 0.01
Os 5.66 0.028 0.01 0.919 5.91 0.045 142 0.315 10.65 0.005 0.04 0.875 43 0.051
Water use efficiency
iIWUE 1.72 0.25 16.97 0.004 16.73 0.005 0.07 0.975 0.41 0.751 38.87 0.101 5.26 0.033

Amax, Saturated net photosynthesis rate; E, transpiration rate; gs, stomatal conductance; iWUE, intrinsic water efficiency use. Indicating the effect
of species and increased waterlogging and elevated temperature of CO> on root anatomical, leaf physiology and water-use efficiency. The bold
numbers indicate the significant effects.
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Figure 4:3: Differences in root anatomical traits among temperate species after interactive effect of 30 days waterlogging and elevated temperature. Mean +/- SEM. *-|etters
denoted statistical significance of difference between treatment condition at P < 0.05 levels (S = significant difference between temperate species; T = significant difference
between temperature level treatments; W = significant difference between waterlogging treatments; NS = no significant difference). Note: No data for some species.
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Substantial differences were found in anatomical traits across species (Fig 4.3). Although, A.
glutinosa and B. pendula had similar cortical cell size in waterlogged plots (4.282 and 4.168
mm? respectively; Figure 4.3F), the anatomical traits were significantly different between the
four species. For instance, B. pendula had a larger proportion of aerenchyma area, total stele
area, and total cortical area(Fig. 4.3C, D and E, respectively), whereas A. glutinosa had alarger
proportion of cortical cell (Fig 4.3F). For the cortical cell file number, B. pendula had the
largest concentric layers of parenchyma cells (Fig. 4.3B). In general, waterlogged species had
the largest root cortical aerenchyma in all species (Tab. 4.2, P < 0.001) compared with
controlled species. Thirty-days waterlogging had no effects on total stele aerenchyma, total
cortical areg, total stele area, aerenchyma area, cortical cell file number and cortical cell size
(P>0.05; Tab. 4.2) in any specie, however, we found significant effects of waterlogging on

root cortical aerenchymafor A. glutinosa, B. pendula and B. pubescens (P < 0.05; Fig. 4.3A).

CCFN TCA

CCs

AA

Figure 4:4: Root cross-section output from RootScan software showing TCA (total cortical area), TSA (total stele
area), CCFN (cortical cell file number), RCA (root cortical aerenchyma), CCS (cortical cell size) and XA
(metaxylem area) from S. aurita sapling.
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4.4.2 Variations in root anatomical traits among the four species after
60 days waterlogging
For root anatomical traits, S. aurita had the largest root cortical aerenchyma (35.93 %, Figure

4.5A) and were distinguished by larger total cortical area (0.00060 mm?, Figure 4.5E), bigger
cortical cell size (1.447 mm?, Figure 4.5F) and greater total stelearea (5.415 mm?, Figure 4.5D)
while B. pubescens had the smallest root cortical area (24.22 %, Figure 4.5A) and were
differentiated by their smaller aerenchyma area (0.545 mm?, Figure 4.5C) and cortical cell size
(0.315 mm?, Figure 4.5F). However, the traits associated with root anatomy exhibited diverse
patternsin response to waterlogging. For example, 60 days waterlogging had significant effects
on root cortical aerenchyma, total cortical area, and cortical cell size for A. glutinosa and S,
aurita saplings only (P < 0.05; Fig. 4.5A, E and F). In addition, waterlogging had a positive
effect on aerenchyma area for A. glutinosa (P < 0.05; Fig. 4.5C) and there was no effect of

waterlogging on any root anatomical traits for B. pubescens (P > 0.05; Fig.4.5A-F).
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Figure 4.5: Differencesin root anatomical traits among temperate species after interactive effect of 60 days waterlogging and elevated CO.. Error bars represent the standard
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4.4.3 Differences on leaf physiological traits and water efficiency and
their associations with root anatomical traits after 30 days
waterlogging

In order to correlate the multiple relationships underlying the different root anatomical traits,

leaf physiological traits and water-use efficiency, a principal component analysis (PCA) was
carried out. The result of the PCA revealed that the first two trait PCs accounted for 31.62%
and 15.09% of total variation, respectively (Figure 4.6). Root anatomical traits (e.g., root
cortical area, aerenchyma area, cortical cell file number and total stele area), leaf physiological
traits (e.g., Amax, E and gs) exhibited high scoring on the PC-1, the total cortical area, cortical
cell size and iIWUE exhibited high scoring on PC-2 (Figure 4.6). These results suggests that the
leaf physiological traits may be connected mainly to aerenchymarrel ated root anatomical traits.
The species distribution in the trait space reveaed that A. glutinosa and S. pentandra separated
from B. pubescens and B. pendula primarily due to the differences in traits with high scoring
in the first axis. The differences in trait syndromes that scored highly on the second axis

separated B. pubescens from the other three species (Fig 4.6).
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Figure 4:6: Principal component analysis for root anatomical and leaf physiological traits of the species. Trait
loading biplot for interactive effect of 30 days waterlogging to elevated temperature. Species distribution in the
trait space; RCA, root cortical aerenchyma; TCA, total cortical area; TSA, total stele area; AA aerenchyma areg;
CCFN, cortical cell file number; CCS, cortica cell size; A, photosynthesis, gs, stomatal conductance; E,
transpiration; iWUE, intrinsic water use efficiency.
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4.4.4 Differences on leaf physiological traits and water efficiency and
their associations with root anatomical traits after 60 days
waterlogging

PCA highlighted that leaf physiological, intrinsic water-use efficiency were correlated with
different root anatomical traits (Figure 4.7). The results of the PCA showed that the first two
PCs accounted for 38.52% and 25.9% of the total variation, respectively (Figure 4.7).
Anatomical traits (e.g., cortical cell file number, aerenchyma area, total cortical area, root
cortical aerenchyma, cortical cell size and total stele area), and physiological traits (IWUE)
exhibited high scoring on the PC-1 while (Amax, E and gs) exhibited high scoring on the PC-
2 (Figure4.7). Thesefindingsimply that leaf physiological traits and iWUE may be connected
to root anatomical traits. We observed that the species distribution in the trait space indicated
A. glutinosa and S aurita in the first and second axis separated from the other two species
mostly due to the differences in traits with high scoring in the first axis like the root cortical

aerenchymaarea and cortical cell size aswell as Anax, E, and gsin the second axis (Figure 4.7).
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Figure 4:7: Principal component analysis for root anatomical and leaf physiological traits of the species. Trait
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4.4.5 Effects of 30 and 60 days waterlogging on root anatomiocal, leaf
physiological traits, water -use efficiency

Root anatomical traitsin the different species exhibited diverse patternsin response to 30 days
waterlogging (Fig. 4.3). For instance, waterlogging had no significant effect on root cortical
aerenchyma of S pentandra (P > 0.05). However, waterlogging enhanced the root cortical
aerenchymaof A. glutinosa, B. pendula and B. pubescens (P < 0.05). In addition, waterlogging
only enhanced the total stele area of B. pubescens and total cortical area of S pentandra (P <

0.05).

Similarly, leaf physiological trait parameters and water use efficiency presented a varied
pattern in response to 30 days waterlogging. For instance, waterlogging had no significant
effect on Amax, gs, E and iIWUE of A. glutinosa and B. pendula (P > 0.05). By contrast,
waterlogging improved Anax, gS, E and iWUE of B. pubescens and S pentandra (P < 0.05),

and waterlogging reduce iWUE of Spentandra (P > 0.05).

Theroot anatomical traits across the species showed adiverse pattern in in response to 60 days
waterlogging. Root cortical aerenchyma for example had no effect on A. glutinosa and B.
pubescens but we observed a P-value near thelimit (P <0.05; Fig 4.5) for B. pendula. However,
60 days waterlogging improved the root cortical aerenchymaof S aurita (P < 0.05; Fig. 4.5).
Additionally, 60 days waterlogging enhanced the total cortical area, aerenchyma area, and

cortical cell size of A. glutinosa and S. aurita (P < 0.05; Fig 4.5).

Leaf physiologica traits and water use efficiency across the species varied in response to 60
days waterlogging. We observed an effect of waterlogging on the Amax, gs, E and iWUE of B.
pendula and S. aurita (P < 0.05) and waterlogging reduced the Amax of B. pendula (P > 0.05).

In addition, waterlogging enhanced the iIWUE of B. pubescens (P < 0.05).
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4.4.6 Effects of elevated temperature and elevated CO. on root
anatomiocal, leaf physiological traits, water -use efficiency

Root anatomical traits did respond significantly to elevated temperature in diverse patterns. For
example, elevated temperature changed the root cortical aerenchyma of A. glutinosa and B.
pendula only (P < 0.05; Fig. 4.3).In addition, elevated temperature only enhanced the total
stele area of B. pendula and reduced the total stele area of B. pubescens (P < 0.05; Fig. 4.3D).
Furthermore, elevated temperature improved the aerenchyma area and total cortical area of S.
pentandra (P < 0.05; Fig 4.3C and E). Similarly, the paramaters linked with leaf physiology
and water-use efficiency in the different species did show diverse patterns in response to
elevated temperature. Elevated temperature had no significant effect on Amax, E, gs and iWUE
of A. glutinosa and B. pendula (P > 0.05). By constrast, the Amax, E, and gs of B. pubscens
were reduced by elevated temperature (P < 0.05) while the IWUE was enhanced by elevated
temperature (P < 0.05). Similarly, the gs and E of S. pentandra were reduced by temperature

increase (P < 0.05).

The parameters linked with root anatomical traits in the different species showed a diverse
pattern in response to elevated CO». For example, elevated CO> enhanced root cortical area,
aerenchyma area, and cortical cell size for A. glutinosa (P < 0.05; Fig 4.5A, C and F). In
addition, elevated CO. improved the aerenchyma area, and total stele areafor B. pubescens (P
< 0.05; Fig. 4.5C and D). Similarly, root cortical aerenchymafor S aurita was increased as a
result of increased CO> (P < 0.05; Fig 4.5A). Leaf physiological traits across species showed
varied pattern in response to elevated CO». Elevated CO> had significant effect on E, gs and
IWUE for B. pendula only (P < 0.05). Increased elevated temperature enhanced iWUE for B.
pubescens (P < 0.05) but the Amax and iIWUE for S. aurita were reduced by elevated CO> (P <

0.05).
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4.4.7 Relationship between root anatomical traits and the responses of
leaf physiological traits and water use effieciency to 60 days
waterlogging

To investigate the processes underlying the various response-patterns to waterlogging among
the species, the linear regression analysis was conducted between root anatomical traits under
ambient conditions and response values of leaf physiology and water use efficiency to 60 days
waterlogging. Theresponsevaluesof A E and iIWUE were all negatively correlated with root
cortical aerenchyma and cortoca cell size (Fig. 4.8A-D), whereas, the response values of gs
was positively correlated with root cortical aerenchymaand cortical cell size (Fig. 4.8B and F)
during sixty days waterlogging. These results indicate that species with larger root cortical
aerenchyma and cortical cell size in the cortex will be able to regulate their gas exchange and

water balance in response to sixty days waterlogging.
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4.5 Discussion

4.5.1 Anatomical, physiological traits and water-use efficiency of roots
under different water conditions

Our first research question is to determine how woody species differ in their root anatomical
traits, physiological traits, and water use efficiency. Interestingly, we found that woody
temperate tree plants differed in their root anatomical traits and water-leaf physiological traits
regardless of the severity of waterlogging periods (i.e., 30 or 60 days). We found A. glutinosa
exhibited distinct root anatomical traits that differed from other studied species for 60 days
waterlogging. These results indicate that anatomical root traits of woody temperate plants
respond to waterlogging and that the adjustment of root traits occurs when the range of

waterlogging duration exceeds a certain threshold.

Our findings showed an inconsistent relationship among aerenchyma-rel ated root traits across
the five woody temperate tree species during 30- and 60-days waterlogging (Fig. 4.3 and 4.5
respectively). In the 30 days waterlogging, Alnus glutinosa species had higher root cortical
aerenchyma than any other species, but the cortical cell size was similar with Betula pendula
and Betula pubescens (Fig. 4.3A and F). Moreover, there was little variance in total cortical
area between Alnus glutinosa, Betula pendula and Betula pubescens (Fig. 4.3E) whereas the
total stele area of B. pubescens was higher than any other species (Fig. 4.3D). Whilein the 60
days waterlogging, Salix aurita had a higher root cortical aerenchyma, aerenchyma area and
cortical cell size than any other species (Fig. 4.5A, C and F). This asymmetric link among the
root cortical aerenchyma, total stele area and total cortex area aligned with the literature
theories regarding the formation of aerenchyma and its adaptive significance (Jackson and
Armstrong 1999a; Drew et al. 2000b). It has been reported that, internal Oz supply may increase
via the formation of gas-filled aerenchyma in the root cortex because gas phase O, diffuses

significantly faster than liquid phase O-. In theory, aerenchyma is formed by the autolysis of
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root cortical cells (lysigenous aerenchyma) (Y amauchi and Nakazono 2022). Certain wetland
plants, like rice (Oryza sativa), develop constitutively (that is, even in drained soil) lysigenous
aerenchyma, which is further stimulated by soil waterlogging. Thus, it is possible to
differentiate between constitutive and inducible aerenchyma production (Colmer and
Voesenek 2009a). Increase in total stele and cortex area has been reported to balanced nutrient
transport and absorption (Kong et al. 2017). The relative increase in total size of cortex and
stele areawith root cortical aerenchymawould result in delay of nutrient absorption compared
to nutrient transportation (Kong et al. 2017), whereas the increase in root cortical aerenchyma
enhances gas exchange between belowground issues and atmosphere (Yamauchi and

Nakazono 2022).

Trade-off between nutrient absorption and transportation as well as gas movement among the
plants may be possible by the differential proportion of the root cortical aerenchyma, total
cortical area and total stele area in the root cross-section area (Kong et a. 2017). This
explanation is consistent with the variability patterns that have been reported for herbaceous
species in a temperate steppe, except for root cortical aerenchyma (Zhou et a. 2021) and
(Mano 2006) reporting that the degree of aerenchyma formed in the cortex of maize species
increased when flooding is increased. In the present study, we also found differencesin cortex
of the roots which are composed of concentric layers of the parenchyma cells, the numbers of
which isrefer to asthe cortical cell file number among the species. Despite the cortical cell file
number not being significant in all the species, waterlogged species were characterized with
having a lower cortical cell file number than non-waterlogged plants during the 30 days
waterlogging, whereasthe cortical cell file number in 60 dayswaterlogging varied substantially
among the plants. This may imply that the aerenchyma related features in combination with
the anatomical traits of the cortex can offer more broad knowledge on the variations in root

anatomy among plants.
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4.5.2 Correlation between anatomical, physiological traits and water-
use efficiency of roots under different water conditions

The anatomical characteristics of roots and water-related |eaf physiological traits were strongly
connected in line with our second research question. We found multiple rel ationships among
root anatomical and leaf physiological traits during the 30 days waterlogging such that leaf-
level photosynthesis (Amax), transpiration rates (E) and stomatal conductance (gs) were
negatively correlated with total cortical areaand cortical cell sizeand positively correlated with
root cortical aerenchyma, aerenchyma area, cortical cell file number and total stele area (Fig.
4.6A). During the 60 days waterlogging, root anatomical and leaf physiological traits, such as
the intrinsic water use efficiency (IWUE) were negatively correlated with cortical cell file
number, aerenchyma area, total cortical area, root cortical aerenchyma, cortical cell size and
total stele area and positively correlated with Amax, E and gs (Fig. 4.7A). Severa studies
exploring the responses of root traits to climate change have revealed that the anatomy of
trangport root can strongly influence growth and survival due to their vital roles in gas and
nutrient acquisition and transportation (Lambers et al. 2006; Warren et al. 2015; Iversen et al.
2017). Kong et a (2017) reported sufficient water transportation through the cortex to the
vessels in species with thicker root cortex. Our results have shown that root cortical
aerenchyma play an important role in plant gas exchange and water transpiration (Fig. 4.3A
and 4.5A). Consistent with our observations, a positive relationship was reported between
aerenchyma spaces and cortex thickness which are essential for high capacity oxygen transport
along roots (Justin and Armstrong 1987; Yamauchi et al. 2019).

4.5.3 Response of anatomical, physiological traits and water-use

efficiency under waterlogging, elevated temperature and elevated
CO:

Our third research question is to determine how anatomical traits and leaf physiological traits

aswell asintrinsic water use efficiency respond to climate change in temperate woody species.
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For 30 days waterlogging, Salix pentandra plants had the highest intrinsic water use efficiency
followed by Betula pubescens, Betula pendula and Alnus glutinosa, whereas for the 60 days
waterlogging, Alnus glutinosa had the highest intrinsic water use efficiency followed by Salix
aurita, Betula pendula and Betula pubescens. These results suggest that the intrinsic water use
efficiency of temperate species is strongly determined by transpiration rather than
photosynthetic assimilation. For Salix pentandra, the lower root cortical aerenchyma (Fig.
4.3A) may reduce the oxygen transport, and the higher proportion of total cortical area and
cortical cell size (Fig. 4.3E and F) could facilitate the radial movement of water within the root.
As aresult, the lower root cortical aerenchyma can confer Slax pentandra with lower water
transport, thus explaining their lower E and gs and the higher iIWUE was as aresult of the higher
proportion of total cortical area and cortical cell size. After 60 days of waterlogging, Alnus
glutinosa had a much higher aerenchyma area indicating a higher oxygen transport than other
plants. Further, Alnus glutinosa species had a lower gs and higher iIWUE compared to other
species suggesting that a higher oxygen transport may be the reason for Alnus glutinosa plants
to maintain relatively high photosynthetic rates. These findings imply that transport and
movement of water and gases in Salix pentandra and Alnus glutinosa is determined by
aerenchyma-related traits and the cortical region of plant roots. This support the theory on the
functional attributes of aerenchymain woody and herbaceous species (Jackson and Armstrong

1999b; McElrone et al. 2004; Parent et a. 2008; Kong et al. 2017).

Elevated temperature had significant effects on anatomical traits of roots and leaf physiological
traitsaswell aswater use efficiency of temperate trees. Root cortical aerenchyma, aerenchyma
areg, total stele area and total cortical area varied among the species as a result of increased
temperature. Alnus glutinosa plants had a higher root cortical aerenchyma compared to the
other species dueto elevated temperature. The increased temperature enhanced the aerenchyma

area in Salix pentandra plants only, but it did not affect the cortical cell file number in any
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species. On the contrary, warming effects on root diameter decreased with warming magnitude

in woody plants but increasing warming duration increased the root length (Zhao et a. 2023).

CO: level had significant effects on anatomical traits of roots of temperate trees. For example,
Alnus glutinosa species had higher root cortical aerenchyma, aerenchymaareaand cortical cell
size due to increase in CO2 (Fig. 45A, C and F). Moreover, increase CO. enhanced the
aerenchyma area and total stele area of Betula pendula. This finding among anatomical traits
and elevated CO» agrees with previous reports that atmospheric CO> enrichment increased the
stele diameter and cortex of plants (Rogers et al. 1992; Madhu and Hatfeld 2013).

4.5.4 Influence of root anatomical traits on leaf physiological traits and
water use efficiency under climate change

Our results on the different waterlogging response patterns of leaf physiology and water use
efficiency among the species can be attributed to their inherent root anatomical trait
characteristics. We found that the species with more root cortical aerenchyma and bigger
cortical cell size are less sensitive to waterlogging (Fig. 4.8). An essentia part of the root
cortical aerenchyma development in wet soil, where low oxygen availability may prevent root
respiration, is improved oxygen transfer. The limiting factor that may contribute to the
correlation between the root cortica aerenchyma and the sensitivity of the response to
waterlogging is the limitation of other edaphic stresses, including phosphorus, nitrogen and
sulphur deficiency (Drew 1997). Species with more root cortical aerenchyma (Alnus glutinosa
and Salix aurita) can aso facilitates nutrient uptake. Adequate oxygen level enhances the
activity of root-associated microorganisms and mycorrhizal fungi, promoting nutrient
availability to the plant (Servais et a. 2019). However, these results may explain for example
the increase in photosynthesis rates and water transportation in Alnus glutinosa by
waterlogging. This adaptation to waterlogging conditions enables the transport of oxygen into

the otherwise anoxic rhizosphere, enabling root growth deep into waterlogged soils (Evans
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2003; Colmer and V oesenek 2009b) and explainswhy root anatomical traits of Alnus glutinosa
and Salix aurita were not negatively affected by waterlogging. Thus, the observation that Alnus
glutinosa and Salix aurita were more responsive to waterlogging may be attributed to having

more root cortical aerenchyma with large aerenchyma area and cortical area.

4.6 Conclusion

We measured the unique root anatomical traits of temperate tree species and found significant
differences in the five species. We aso showed a strong relationship between the anatomical
root and leaf physiological traits as well as the water use efficiency. We discovered that the
root anatomical traits were less responsive to 30 days waterlogging for all species, however,
we found that the root anatomical traits responded diversly to 60 days waterlogging among the
species aswell astheir leaf physiological traits. Anatomical characteristics of roots and water-
related leaf physiological traits were significantly related indicating a strong influence in
growth and survival due to their vital roles in gas and nutrient acquisition and transportation.
Among the plant species we examined, Alnus glutinosa and Salix aurita showed the best
intrinsic water use efficiency for 60 days waterlogging, whereas Betula pendula and Salix
pentandra exhibited the highest intrinsic water use efficiency for 30 days waterlogging. This
observation is likely the effect from their low stomatal conductance due to larger cortical area
and root cortical aerenchymain Alnus glutinosa and Salix species. Similarly, Salix pentandra
and Alnus glutinosa (both water-adaptive species) significantly increase aerenchyma area after
60 days waterlogging indicating higher oxygen transport thereby maintaining relatively high
photosynthetic rates. Also, we observed that elevated temperature can significantly increase
anatomical traits of roots (root cortical aerenchyma, aerenchyma area, total stele areaand tota
cortical area) and leaf physiological traits as well as water use efficiency, but this variation
depends on the species. Anatomical traits of roots of varies significantly among the species
under elevated CO», with increased root cortical aerenchyma, aerenchym area and cortical cell
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size in Alnus glutinosa under elevated CO- suggesting that A. glutinosa will be more resilient
to flooding under elevated CO». Overall, our findings provide anovel and insights knowledge
into how woody temperate tree saplings adapts to future climate change. This knowledge has

implications for forestry and ecosystem management.
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Chapter5: Greenhouse Gas Emissions from temperate
trees saplings: interplay between elevated temperature,
CO., and waterlogging

5.1 Abstract

The effects of climate change, including elevated temperatures and increased atmospheric CO»
levels, are expected to enhance methane (CH4) and carbon dioxide (CO.) emissions from
temperate forests. However, the extent to which these emissions are influenced by temperature
increases and CO> enrichment under flooding conditions, particularly in tree saplings, remains
inadequately understood. To address this knowledge gap, we established a controlled
environment mesocosm experiment using two-year-old saplings of common European tree
species including common alder (Alnus glutinosa), silver birch (Betula pendula), downy birch
(Betula pubescens), bay willow (Salix pentandra) and eared willow (Salix aurita). In this
experiment, net ecosystem exchange (NEE) and soil CH4 and CO» fluxes were determined in
response to elevated temperature and CO,. Waterlogging increased NEE of CH4 emission from
all species but the response varied among the species and in response to elevated temperature.
Flooding increased NEE of CO> emissions under CO> enrichment whereas CH4 emission did
not respond to elevated CO. For the soil-only measurement, CH4 emission was 75% higher
under elevated CO- than in the control under waterlogging. Soil-CO. emissions varied
significantly between the species, with the highest emission of 320.9 mg CO2 m2 hr't under S
aurita and the lowest 157.7 mg CO, m hr't under B. pendula. From these results, we conclude
that during flooding, CO- fluxes are expected to be more heavily impacted than CH4 fluxes by
CO- enrichment while CH4 fluxes are expected to be more strongly impacted than CO> fluxes
by higher temperatures, but that the magnitude responses may differ substantially among

species. Such differences in temperature and CO: response among tree saplings need to be
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considered when modelling ecosystem greenhouse gas responses and also during afforestation

effort in flood prone areas to support effective carbon capture mitigation.
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5.2 Introduction

Terrestrial biomes such as forest are generally net sinks of CO. and store large amounts of
carbon in their soils (Roulet 2000; Gilliam 2016). Temperate forests contribute 0.72 + 0.08 Pg
C year! to the forest C sink comprising 0.66 trillion trees (Hidalgo et al. 2007). However,
forest soils aso emit large amounts of CO and may also be either a major source of CHs in
wetlands or a sink in uplands reflecting the net CH4 production and oxidation (Covey et a.
2012). However, despite the significance of treesin global GHG cycles, the responsesto higher
temperatures and elevated CO: of the impact of trees on CH4 and CO- emissions in temperate
areas remains poorly understood (Meier et a. 2016), limiting our ability to predict climate

change responses of their CO, and CH4 emissions.

The magnitude of greenhouse gas emissions from wetland plants have been investigated in
herbaceous species (Bhullar et a. 2013) and woody plants (Pangala 2013). These fluxes may
vary substantially due to differences in either microbial community or forest species
composition (Li et al. 2019). Riceet a (2010), measured the CH4 emissions from three woody
riparian tree species grown in mesocosms. willow, ash, and poplar. They scaled these up
globally using leaf areanormalised mean emission rate for flooded forest regions and estimated
the amount to be 60+20 Tg yr—1, or about 10% of the global CH4 source. It is therefore
important to determine the role of vegetation in the biogeochemical cycling of greenhouse

gases as an important contribution to global greenhouse budget.

Theroles of plants emission of greenhouse gases e.g. CH4, and CO» have been established over
the past few years (Rusch and Rennenberg 1998; Pangala 2014; Sjogersten et al. 2020b;
Schindler et a. 2021). Plant-mediated greenhouse gas emission involves release of gases via
the stem and/or leaf surfaces. Previous studies by Rusch and Rennenberg (1998) of wetland

adapted saplings (Alnus glutinosa) showed significant CH4 emissions via stem surfaces. A
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number of subsequent studies of other tree species have consistently reported the presence of
tree-mediated emissions (Machacova et al. 2016; Maier et a. 2018; Schindler et a. 2021).
Emissions may be as a result of either plant physiological gas production or microbia
production within the stem where elevated concentrations of CO., and CH4 can be found
(Covey et d. 2012). In addition, gas may aso be produced within the soil and transported via

roots into above-ground plant tissues.

Climatic change with impacts on CO. and CH4 emissions include an increase in mean annual
temperature, more episodic and intense precipitation events and extreme hot days (IPCC 2007).
Although these climate change trends will persist in the future, the exact magnitude of changes
is quite unclear (IPCC 2022). For instance, the estimated increase in the global mean
temperature by 2100 is between 1.4 and 3.2 °C, depending on the magnitude of greenhouse gas
emissions in the future (IPCC 2022). To date, precipitation changes in the temperate region
have been linked with wetter wet seasons and drier dry season but no change in mean
precipitation despite the change in seasonality for the region (IPCC 2022). Daily precipitation
intensities have increased in winter over recent decades (Osborn et a. 2000) and are predicted
to continue to do so in the future (IPCC 2022). Precipitation in the temperate regions is
predicted to increase by 10-40% under the Intergovernmental Panel on Climate Change (IPCC)
scenarios, increasing the risk of flooding (IPCC 2022). Together these changes in precipitation
are expected to increase microbia decomposition rates (Ceulemans et a. 1999), while
increased precipitation could result in decreased soil CO. emissions and increased in CHs

emissions (Dolman et al. 2018a).

Numerous experiments and observational studies have been carried out to gain a better
understanding of the possible impacts of increasing temperatures, rising CO. and changing
precipitation on forest ecosystems. For instance, CO»-enrichment studies in forests indicate

that net primary productivity will rise in the presence of increased CO, although this response
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may eventually decline due to nutrient or water scarcity (Norby et al. 2006; Warren et al. 2011;
Servaiset a. 2019; Gardner et a. 2022). Under elevated CO, thereis also evidence of reduced
stomatal conductance to water vapour and little sign of acclimatisation (Medlyn et al. 1999;
Gardner et al. 2023). Further, experiments on the role of plants in the emission of greenhouse
gas show a range of ecosystem response, but for temperate ecosystems, anticipated warming
often increases process rates (Gunderson et a. 2000; Aerts et al. 2006; Hyvonen et a. 2006).
Further, it isimportant to consider climate change responses of tree saplings in the context of
water-level statusin the temperate region arising from wetter wet seasons and there is a strong

relationship between water table level and GHG emissions (Evans et a. 2021).

In this study, controlled environment experiments were used to investigate the effects of future
temperature and atmospheric CO. scenarios on ecosystem function in temperate forest under
flooded and non-flooded conditions. We assessed the effect of increasing temperature and CO-
levels, combined with periods of waterlogging stress, on greenhouse gas emissions from
temperate tree saplings. The aim is to understand how these environmental factors influence
the release of greenhouse gases, such as CO. and CHs4, from the soil-plant-atmosphere
continuum. We focus on the interactive effect of waterlogging between elevated temperature
and CO: enrichment respectively, and the impacts on CO, and CH4 emission from plant-soil
mesocosm planted with temperate tree saplings. We explored net GHG exchange, soil and stem

emissions.

5.3 Material and methods

The study was conducted using 192 mesocosms, each containing a single Alnus glutinosa,
Betula pendula, Betula pubescens, Salix pentandra and Salix aurita sapling. The mesocosms

were divided into two treatments (n= 96) based upon elevated temperature and water-table
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position or elevated CO. and water-table position. Further details on the mesocosms can be

found in Chapter 2 (section 2.5).

5.3.1 Study Site
Details of the growth rooms can be found in 2.2.

5.3.2 Mesocosm experiment

The mesocosms consisted of 10-L containers constructed of durable polyvinyl chloride.
Wetland soil from Jubilee woods and commercial topsoil were mixed and added into each of
the mesocosms. Two-year-old Alnus glutinosa, Betula pendula, Betula pubescens, Salix
pentandra and Salix aurita saplings purchased from a nursery in the UK were planted in the
mixture in 2021 for the temperature experiment and 2022 for the CO. experiment. We
investigated four treatments in each experimental year. For the first experiment, we
investigated control + ambient temperature (control + ar), waterlogging + ambient temperature
WL + aT, control + elevated temperature (control + e€T) and waterlogging + elevated
temperature (WL + €T), while for the second experiment, we investigated control + ambient
CO2 (control+aC0O»), waterlogging + aCO. (WL+aCQOy), control + eCO> (control+eCO>) and
waterlogging + eCO2 (WL +eCOy). The 24 replicates of each treatment were randomly allocated
to four blocksin each of therooms (Fig. 5.1). Following the emergence of |eaves, waterlogging
wasthen initiated in late August 2021 (hottest month) for 30 days and for the CO. experiment,
saplings were transferred into the growth room in May 2022 and CO; treatment was initiated
on the same day. Thirty days after, when leaves have emerged, saplings were subjected to 60

days of waterlogging in July 2022.
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Figure 5:1: The mesocosm setup cnsti ng of 2-year-old saplings planted in peat and soil mixture.

5.3.3 Greenhouse gas measurements

5.3.3.1 NEE mesocosm static chambers
To measure the net ecosystem exchange (NEE), samples were collected from the soil plus

plants in the mesocosms (i.e. plant-soil system; Fig 5.2) using the static transparent chambers
method (Alskaf et al. 2021). in the growing period (29-31% of August 2021 for temperature
and 15-17" July of 2022 for CO). Static chambers were constructed from transparent
polycarbonate with an internal diameter of 24 mm and a height of 105 cm. Initialy, ground
tubes of 10 cm height with an internal diameter 24 mm were inserted down into the soil surface
of each mesocosm leaving 5 cm above the soil surfaceto fix the transparent chambers on. Gases
were collected from headspaces fitted with Suba sea® rubber septa (Fisherbrand,
Loughborough, UK) between 10 am and 4 pm on each sampling day, with samples collected
0, 3, 20 60 minutes following chamber installation (Alskaf et al. 2021). The plastic cylinders
were moved from one plot to another after collecting the samples. Each of these cylinders was

provided with two computer fans to stir the gas inside before collecting the samples. The
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samples were taken from the top of the chamber through sealed rubber septum fixed to the
chamber for this purpose. Headspace gases were mixed using a 20 ml syringe (20 Gx1”,
TERUMO, UK) and needle and injected into pre-evacuated 12 mL glass exetainers sealed with
a screw cap septum, resulting in a slight over-pressurisation (Exetainer; LABCO, UK). The
gas samples were kept at a constant temperature of 24 °C until they are analysed using a gas
chromatograph (GC) (GC-2014; Shimadzu, Milton Keynes, UK). CO», and CH4 concentrations
were measured using a single injection system with a1 mL sample loop using N2 as a carrier
gas through a non-polar methyl silicone capillary column (CBP1-W12-100, 0.53 mm I.D., 12
m, 5 mm) and porous polymer packed column (HayeSep Q 80/100). A thermal conductivity

detector and flame ionization detector were used to measure CO; and CHg, respectively.

)

Figure 5:2: Static chambers used to measure NEE mesocosm rhouse g emissions.

5.3.3.2 Soil emission of CO;and CH,
The soil emission was done for the CO. experiment only. Static chambers used to measure

greenhouse gases from the soil in each mesocosm were constructed using a transparent
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polycarbonate collar (30 cm height x 7 cm diameter) inserted 5 cm into the soil surface securely
in order to ensure no disturbance during measurement (Fig 5.3). Static chambers are fitted with
Suba seal® rubber septa (Fisherbrand, Loughborough, UK) and gases where collected (20 mL)
through the sampling ports using hypodermic needles and plastic syringesat 0, 3, 20 60 minutes
after chamber was placed into the soil (S ogersten et a. 2011). Samples were analysed in the

same way as described previously.

5.3.3.3 Fluxcalculations
Flux calculations were based on Eqg. s (1) and (2). Time series data was used for obtaining a

linear response used for calculations and gas samplesthat did not follow alinear accumulation
trend were discarded. The gas data was converted from volume per volume (ppm) to mass per

weight using the molecular weight of each gas and the ideal gas equation (Denef et a. 2007).
N = PV/RT (1)

N: Number of moles of COzor CH4

P. atmospheric pressure

V: the volume of headspace dm?

R: Theidea gas constant (0.082057462 atm! k! mol™)

T: the temperature of sampling (273.15 + room temperature in 8C).

E= (NM/AT) 1000 (2
E: isthe flux of each gasin mg m? ht

N: Number of moles of CO2 or CH4

M: the molar weight of CO2 (44.01) or CH4 (16.04)

A: an area of the soil used

117



T: timein hours (h).

The transparent chambers measured NEE (EQ.3) by definition negative fluxes implied net
uptake of CO2 or CH4 from the atmosphere while positive fluxes equate net source of CO, or

CHa.

NEE - CO; = -photosynthesis + plant respiration + soil - CO. (negative fluxes),

Here the equation describes the NEE is related to the different CO- fluxes in the ecosystem.
Plants absorb CO: from the atmosphere during photosynthesis. This is a negative flux because
CO: is being removed from the atmosphere (absorbed by plants). Plants also release CO:
through respiration (the process by which they convert sugars into energy), which is apositive
flux because CO: is being emitted into the atmosphere. Similarly, microbes and other
organisms in the soil release CO- during decomposition of organic matter, which is another
positive flux. For NEE of CO2 means the ecosystem is a net sink of CO: when this value is
negative, meaning more CO: is absorbed through photosynthesis than is released through
respiration.

NEE + CO, = photosynthesis + plant respiration + soil + CO» (positive fluxes) 3
Here, equation restates the concept but in terms of positive fluxes, indicating the amount of
CO: being sequestered by plants, and it is balanced against the positive fluxes of plant
respiration and soil respiration, which add COs- to the atmosphere. NEE + CO: indicates that

the ecosystem might be a net source of CO: when positive, meaning more CO: is being released

than absorbed (i.e., respiration exceeds photosynthesis).
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Figure 5:3: Static chambers used to measure soil greenhouse gases from the mesocosms.

5.3.4 Data Analysis
Dataanalyses were carried out in GenStat (v23.1, VSN International Ltd, UK). Differencesin

CO. and CHa4 fluxes were assessed using linear mixed effects model fitted using Residual
Maximum Likelihood (REML) to account for variable dependence between mesocosms.
During the analysis of the gas fluxes, species, timepoints (during waterlogging), treatment
(ambient or elevated) and waterlogging were the fixed model and block as a random effect.
The residuals were checked for normality and homogeneity of variance by visual inspection of
residual plots. Rates of CO, and CH4 production were log-transformed, and significance was
assessed at p < 0.05. Relationships between gas fluxes and environmental factors (water table,
temperature and CO2) were explored using regression anayses. The % of variance accounted
for (adjusted R?) by regression statistical modelsis referred to asr? in text and figures. Results

through text and graphs are presented as mean + SE.
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5.4 Results

5.4.1 Elevated temperature and GHG fluxes

5.4.1.1 Mesocosm CH,and CO.emissions
Mean fluxes from mesocosms with S pentandra and B. pubescens were higher (537.3 and

522.5 pg CHa m? hrt) compared to B. pendula and A. glutinosa (297.9 and 293.6 pg CH4 m
hr'l) (Figure 5.4A). CH, fluxes were significantly higher during the waterlogging treatment for

all species (Figure 5.4B).
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Figure 5:4: (A) NEE of CH4 during waterlogging from A. glutinosa, B. pendula, B. pubescens and S. pentandra
sampling (B) NEE of CH4 under control and waterlogging treatment.

In contrast, CO- fluxes was not significantly different among species during the waterlogging
treatment. However, there was a significant difference between species (p = 0.05) after
waterlogging. The highest NEE of CO, was observed from S. pentandra (478.8 mg CO, m™2
hr'1) while the lowest from B. pendula (264.2 mg CO2. m2 hr't) (Figure 5.5A). CO; fluxes also
varied significantly between species x CO, (P = 0.042). Elevated temperatures reduced the
CO2 emission of B. pendula and S. pentandra while CO- fluxes from A. glutinosa and B.

pubescens remained similar to those under ambient conditions (Figure 5.5B).
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Figure 5:5: NEE CO; fluxes after waterlogging treatment from A. glutinosa, B. pendula, B. pubescens and S.
pentandra (B) CO- fluxes after waterlogging from the different species in ambient and elevated temperature

conditions

5.4.2 Elevated CO: and greenhouse gases

5.4.2.1 Mesocosm CH,;and CO,emissions
During waterlogging, CO: fluxes were significantly different between species (P = 0.033).

Mean fluxes were lowest under A. glutinosa (251.2 mg CO2 m? hr't) and highest under B.
pendula (406.8 mg CO, m? hrt) (Figure 5.5A) during the sampling period. CO2 fluxes also
varied significantly between ambient and elevated CO» treatments (P = 0.018) with greater
CO2 losses under elevated CO> during waterlogging. No effects of were found on mesocosm

CH4 emission (P > 0.05).
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Figure 5:6: (A) NEE mesocosm CO; fluxes during waterlogging from A. glutinosa, B. pendula, B. pubescens and

S aurita saplings (B) CO. fluxes during waterlogging treatment under ambient and elevated CO; conditions

5.4.2.2 Shoot CH,;and CO,emissions

Shoot-CH4 emissions varied significantly between the species (P = 0.026). The highest stem

CH4 emission was observed from S. aurita and B. pubescens (449.6 and 441.4 pg CHa m hr

! respectively) while the lowest from A. glutinosa and B. pendula (166.7 and 257.3 pg CHa m

2 hr! respectively) (Figure 5-8A). Shoot-CH4 emissions also varied significantly between

species and timepoints (P = 0.041). The highest averaged shoot-CH4 emissions was observed

during waterlogging (469 pg CHs m? hrl) and the lowest (325.3 ug CHs m? hrl) after

waterlogging (Figure 5-7B).
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Figure 5:7: (A) Shoot-CH, flux during waterlogging from A. glutinosa, B. pendula, B. pubescens and S. aurita
saplings (B) Shoot-CH. fluxes during the waterlogging treatment

Shoot emissions (NEE mesocosm chamber fluxes minus soil chamber fluxes) varied with
timepoint, with lowest |evels measured during waterl ogging -10.18 mg CO2 m hr-tand highest
after waterlogging respectively 57.72 mg CO, m™ hr! (Figure 5-8). Similarly, shoot emissions

responded positively to the interactive effects of species, treatments and timepoint (P = 0.003).
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Figure 5:8: Shoot-CO» flux during the waterlogging treatment averaged from all species

5.4.2.3 Soil CH,and CO; emissions
Mean CHg fluxes were higher under the elevated CO» treatment from A. glutinosa (205.2 ug

CHa m2 hrt) decreasing (35 ug CH4 m2 hr't) under S. aurita before the waterlogging treatment
(Figure 5.9), and there was a statistically significant interaction between species x CO; (P =

0.015). However, there was no significant effect of waterlogging on CH4 (P > 0.05).
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Figure 5:7: Soil-CH. fluxes before waterlogging from A. glutinosa, B. pendula, B. pubescensand S. aurita saplings
under ambient and elevated CO- conditions

CO: fluxeswere significantly different between species before waterlogging (P = 0.032). Mean
fluxeswere higher under S aurita (320.9 mg CO. m? hr't) and lower under B. pendula saplings
(157.7 mg CO; m? hrl) (Figure 5.10A). During waterlogging, CO: fluxes were not
significantly different between ambient and elevated CO. treatments (P = 0.07). After
waterlogging, there was a significant interactive effect of waterlogging x CO» treatment (P =
0.034). Mean fluxes under the elevated CO. condition were lower in controlled waterlogging
treatment (193.9 mg CO. m2 hrl), increasing to (238.3 mg CO, m? hr) in waterlogging

treatment (Figure 5.8).

Oxygen concentrations decreased significantly under all species (P = 0.006). Decreases were
generaly most pronounced under elevated CO: treatment (Figure 5.10B). Oxygen

concentrations were significantly higher under A. glutinosa (53.75%). In B. pubescens and S,
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aurita elevated CO: plots, concentrations decline by 2%, compared to a 4% decline in A.

glutinosa and B. pendula plots.
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Figure 5:8: (A) CO- fluxes from waterlogging treatment under ambient and elevated CO- treatment (B) Oxygen
percentage from A. glutinosa, B. pendula, B. pubescens and S. aurita under ambient and elevated temperature and
elevated CO, conditions

5.5 Discussion

5.5.1 The role of plant species in greenhouse gas emissions

Results show that species impacted CO. and CHs emission differently. Salix aurita and Salix
pentandra — two wet tolerant species were the strongest sources of CO, and CHa. Significant
differences in greenhouse emission concentrations between plants during waterlogging are
likely associated with species differences in tree species, height and stem diameter (refer to
chapter 3) (Pangalaet a. 2014). Further, differencesin CH4 and CO. emissionsamong wetland
species, with rates determined by the morphological adaptations (refer to chapter 4) such asthe
enlarged aerenchyma which enhance gas exchange between the atmosphere and the

rhizosphere (Tsukahara and Kozlowski 1986; Weiss et al. 2005). These findings collectively
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suggest the importance of aerenchyma development in the exchange of gases and the

importance of vegetation competition in determining greenhouse emissions.

The egress of CH4 during waterlogging and the absence of CH4 emission after waterlogging in
our experiment further indicate that water-table was a dominant control on CH4 production and
release. This finding is consistent with previously reported studies that water-table position
strongly regulates soil CH4 production and consumption in wetlands. However, the variations

in CO. emissions after waterlogging were largely dependent on the soil and air temperature.

Waterlogging increased NEE of CH4 markedly from the species. Significant quantities of CHa
were released from the whole mesocosms, but the magnitude and pattern of the emissions
differed between the species (Fig. 5.4A). Differences in magnitude and pattern of CHa
emissions between A. glutinosa and B. pubescens have previously been reported in wetland
vegetation (Pangala et al. 2015). It has long been known that waterlogging affects CHa
emissions by influencing its production, consumption and transport (Whiting and Chanton
1996; Joabsson et a. 1999).

5.5.2 The role of elevated temperature and waterlogging in greenhouse
gas emissions

CHa fluxes were detected from all saplings from stem surfaces, consistent with previous studies
by (Kankaala et al. 2005; Pangala et a. 2015). These findings not only suggest that stem
surfaces are major pathways of methane egress but also temperature plays an important rolein

methane emission rates.

Various studies have shown that CO, emissionsresulting from respiration in soil and vegetation
are the sources from which this gas enters the atmosphere (Blodau et a. 2007; Saunders et al.
2014; Maier et a. 2018). We found CO- fluxes to vary between ambient and elevated CO..
(Fig. 5.10A), aswell aswaterlogging. We found waterlogging to reduce the CO2 emission from

ambient and elevated CO> conditions. Our observations of CO> fluxes under waterlogging and
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CO2 enrichment are consistent with other studies that have reported that rising levels of CO2
will reduce CO; sensitivity in Betula alleghaniensis. Our data suggests that el evated CO, will
stimulate CH4 emissions more than methane CH4 sinks in waterlogged soils.

5.5.3 The role of elevated CO: and waterlogging in greenhouse gas
emissions in soils

Unlike previous elevated CO, and waterlogging studies on CHs emissions in different species
(Vann and Megonigal 2003; Dolman et a. 2018b), we could not observe a significant
difference within our studied periods. However, slight changesin waterlogging treatment were
detected (P = 0.071). Even the observed impact of elevated CO. on the species showed no

significant effects before waterlogging.

In contrast to CH4 emissions, we found CO» fluxesto vary between species and the interaction
COz enrichment in our study (Fig. 5.6A and B). These differences in CO. emissions among
vegetation/soil types have been previously reported for in temperate wetlands (Medlyn et al.
1999) and have been linked to microbial adaptation and processes. Indeed, varying responses
of speciesto CO intemperate microbial communities have been linked to the influence of CO»
on microbial and plant metabolisms as well as plant phenology (Creed et al. 2013; Hanson and
Waullschleger 2018). The interaction between waterlogging and increased CO, emission during
waterlogging (Fig. 5.6B) suggest that oxygen inputs from roots (Armstrong et al. 2009) and
water as well water table drawdown maybe important catalysts for aerobic breakdown
processes below the water table. For instance, theincreasein soil CO. emissions under elevated
CO2 conditionsin our study could havethe potential to alter nutrient availability and soil carbon
storage as reported under a free-air CO. enrichment (FACE) experiment from a deciduous
forest system (Norby et al. 2006). The presence of oxygen in the soil profile controls aerobic

and anaerobic decomposition pathways. We observed a decrease in oxygen concentration
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under elevated CO> conditions suggesting that decay will occur more slowly under increased

CO: presence.

5.6 Conclusion

Waterlogging increased CH4 emission from all species and we also found waterlogging to
increased CO, emission under elevated CO: treatment, but the magnitude and pattern of the
emissions differed between the species. The soil was asignificant emitter of CH4 and CO» into
the atmosphere and the quantity of these fluxes varied between the species. The observed
impact of elevated CO on the species showed no significant effects before waterlogging,
however, we found significantly more CH4 emissions than CO emission in the waterlogged
soils in our study Waterlogging enhanced anaerobic conditions in the soil thereby promoting
the production of CH4 fluxes from NEE mesocosms, however, the dynamics of CH4 fluxesis
species specific. The responses to temperature, CO. and waterlogging stress vary between the

saplings resulting in significant differencesin GHG emissions.
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Chapter6: General discussion

6.1 Introduction

This study assesses the physiological, morphological, and anatomical impacts of climate
change aswell as greenhouse gas (GHG) fluxesin atemperate tree sapling. Globally, temperate
forests absorb and store significant amount of carbon dioxide and methane but are subject to
increasing pressure from anthropogenic activities and human activities (Schulze et al. 2010;
IPCC 2022), and therefore a better understanding of temperate trees responses to climate
change will facilitate the projections of the responses and promote resilience and sustainability

in temperate forest systems.

This study, together with previous studies, confirms that the effect of any stress on
photosynthesis could betriggered by stomatal, nonstomatal or both responses and that the stress
regul ation depends on the species (Leverenz et al. 1999; Saibo et al. 2009; Jiménez et al. 2020).
Previous studies of theimpact of climate change on tree saplings in temperate ecosystems have
assessed the physiological, morphological and anatomical responses of saplings to flooding
(Yamamoto et al. 1995; Tanaka et a. 2011; Du et a. 2012), elevated temperature and
waterlogging (Luo et a. 2008; Wang et a. 2012; Jumrani and Bhatia 2019) and elevated CO>
(Wang and Taub 2010; Shimono et al. 2012a; Lawson et al. 2017). Studies that have assessed
the physiological, morphological, and anatomical changes of tree saplings in response to
climate change have predominately focussed on measuring the main effects of single factors
(i.e. differences in observed variable between treatment levels and control of the factor) with
few studies addressing interactive effects (i.e. depression or amplification of one factor’s

effects by the other factors (Luo et al. 2008; Bai et a. 2010; Duan et al. 2019).

The research presented here addresses a series of significant knowledge gaps regarding the

impact of climate change on temperate tree saplings. In chapter three, | have shown that the
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anticipated increases in future temperature and CO: levels, along with waterlogging, exert
control over the growth and physiology in 2—3-year-old saplings, and these controls can vary
substantialy between four temperate tree species. For one species, Alnus glutinosa elevated
temperature decreased photosynthesis, stomatal conductance and transpirations rates but
increased following recovery after waterlogging. In chapter four, | demonstrated that woody
temperate tree species differed in their root anatomical traits and water-leaf physiological traits
regardless of the severity of waterlogging periods (i.e., 30 or 60 days) and greater transpiration
rates and intrinsic water use efficiency were seen in species with larger root cortica
aerenchyma, total stele area and total cortex area but lower stomatal conductance. In addition
to differences in root anatomical traits due to waterlogging, aerenchyma area and total stele
area were increased by elevated temperature, and elevated CO.. In chapter 5, | demonstrated
how waterlogging enhanced anaerobic conditions in the soil thereby promoting the production
of CH4 from the NEE mesocosm, even though the dynamic of CHa fluxes is species-specific.
This chapter presents a synthesis of key findings, and context as well as recommendations for

further work.

6.2 Key findings
e Thelight-saturated net photosynthesis CO; assimilation rate, stomatal conductance, and
transpiration were lower in waterlogged than non-waterlogged saplings in all species,
although the extent of this decrease varies on the ability of the species to tolerate soil
oxygen inundation (Chapter 3).
e Waterlogging increased the WUE in al the saplingsin elevated temperature conditions
(Chapter 3), indicating photosynthetic increase in carbon gained as aresult of elevated

CO:s. (Chapter 3).
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Interactive effects of the combined stresses of elevated temperature and waterlogging
decreased net photosynthesis CO, assimilation rate, stomatal conductance, and
transpiration in al saplings (Chapter 3).

CO: enrichment did not mitigate the negative impacts of waterlogging on saplings
under waterlogging, and growth under elevated CO> resulted in a moderate negative
effect on net photosynthetic assimilation, however, there was a significance
heterogeneity among saplings of different species in the magnitude of this effect
(Chapter 3).

Flooded saplings displayed some form of tolerance to waterlogging by development of
hypertrophic lenticels, adventitious roots or enhanced stem growth and formation of
aerenchyma (A. glutinosa and S. aurita) with increase in total dry root biomass
specifically under waterlogging in both species under elevated CO;. (Chapter 3).

Root anatomical traits significantly differ in root cortical aerenchymaand cortical area
among the species during 30- and 60-days waterlogging (Chapter 4).

Anatomical characteristics of roots and water-related leaf physiological traits were
significantly related indicating a strong influence in growth and survival due to their
vital rolesin gas and nutrient acquisition and transportation (Chapter 4).

Slix pentandra and Alnus glutinosa (both water-adaptive species) significantly
increase aerenchyma area after 60 days waterlogging indicating higher oxygen
transport thereby maintaining relatively high photosynthetic rates (Chapter 4).
Elevated temperature can significantly increase anatomical traits of roots (root cortical
aerenchyma, aerenchyma area, total stele area and total cortical area) and leaf
physiological traits as well as water use efficiency, but this variation depends on the

species (Chapter 4).
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e Anatomical traits of roots of varies significantly among the species under elevated COs,
with increased root cortical aerenchyma, aerenchym area and cortical cell sizein Alnus
glutinosa under elevated CO» suggesting that A. glutinosa will be more resilient to
flooding under elevated CO..

e Waterlogging increased markedly the tree mediated CH4 emissions from the species,
but the magnitude and pattern of the emissions differed between the species.

e The observed impact of elevated CO2 on the species showed no significant effects
before waterlogging, however, we found significantly more CH4 emissions than CO-

emission in the waterlogged soils in our study.

6.3 Physiological response of temperate trees to climate change

Leaf gas exchange results indicated that the impact of climate change on temperate tree
saplings inhibit different parts of a similar response curve under both elevated temperature,
elevated CO. and increase flooding scenarios. Additiona stress indicators include leaf
greenness and chlorophyll fluorescence as well as water use efficiency which has been
associated with strong photosynthetic inhibition in species under stress conditions
(Kreuzwieser et al. 2002; Bhusal et a. 2020). Results from chapter 3 indicate that the single
effect of waterlogging can be significant in driving physiological responses of temperate trees

saplings (Figure 3.3 and 3.6), providing a possible mechanism for this finding.

Interactive effects of theimpact of climate change in both elevated temperature x waterlogging
or elevated CO, x waterlogging indicate corresponding inclinations in leaf gas exchange
between the species (Figure 3.3 and 3.6), likely as a result of a combination of similarities
ascribed to impaired root function, similarity in reduction stomatal conduction, increased water

demand, and similar nutrient imbalances. Measurement of root biomass indicate that under
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elevated temperature or CO> x waterlogging provides structural supports in form of air spaces
comprising aerenchymous tissues (Ryser et al. 2011), and that this trait is species-specific
(Figure 3.5 and 3.8). These results highlight significant changes in root functioning among the
different species. It is therefore possible that plant communities in temperate forests under
flooding conditions will also have a significant species-specific physiological imbalances that
strongly impact the growth, development and survival of flooded species (Wang et a. 2013;
Dolman et al. 2018b). Overdl, water and temperature stress- two stress factors among the
abiotic factors on plant saplings have been linked to irreversibly stimulate plant growth and
development. Additionally, both stresses can reduce plant biomass by decreasing
photosynthesis, and increasing stomatal conductance and transpiration (Al-Deeb et al. 2023),
where there are visible symptoms, such as a decrease in stem elongation and leaf expansion
(Pires et a. 2018), although elevated temperature might alleviate the damage caused by
waterlogging in Alnus glutinosa (Figure 3.3) (Kramer and Jackson 1954) and by enhancing the
photosynthetic supplies of carbohydrates to roots, permitting more efficient production of

adenosine triphosphate (ATP).

6.4 Morphological and anatomical response of temperate trees to
climate change

Prior research has indicated that root anatomy, for instance aerenchyma, cortex area and total
stele area plays an important role in the control of leaf water relations (Huang and Eissenstat
2000; Zhou et al. 2021) and contribute two thirds of the resistance to water transport within the
soil-plant  system under optima soil moisture conditions (Passioura 1988; Huang and
Eissenstat 2000) but have never completely investigated. In chapter 4, | provide evidence that
woody temperate tree species differ in their root anatomical traits and to precipitation change
and that the changes in root traits occurs when the range of waterlogging duration exceeds a

certain threshold (Figure 4.3 and 4.5). Moreover, root cortical aerenchyma (RCA) was found
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to differ significantly between species at 30- and 60-days waterlogging, with Alnus glutinosa
having 8.4% RCA after 30 days compared to 9.76% after 60 days. At elevated temperature
conditions, RCA was 5.4% in 30 days and 12.9% after 60 days. A similar trend was observed
in root traits in the other species and may be associated with induction of RCA by stressin
oxygenated roots by reducing root respiration and converting living cortical tissuesto air spaces
(Figure4.3aand 4.5a) (Lynch et al. 2014). In addition, the differencesin root anatomical traits
may partially explain the differences found in chapter 3 regarding species-specific differences
in physiological responses of temperate trees to climate change. Alnus glutinosa and Salix
aurita- two species with higher root cortical aerenchyma, total stele area and total cortical area
exhibited higher transpiration rate and intrinsic water use efficiency but lower stomatal
conductance. Trees saplings adaptation to elevated temperature, CO. and waterlogging

modifies root anatomical traits to maximize nutrient acquisition (Figure 4.3 and 4.5).

6.5 Greenhouse gas emissions from temperate trees mesocosms
in response to climate change

The results of the greenhouse gas emissions under climate change scenarios demonstrate that
saplings can serve as conduits for soil-derived trace gases into the atmosphere, whether before,
during and after waterlogging and that the quantity of gases may be specie-specific. These
differences may be associated species-specific differences in vegetation height and biomass
(Joabsson et a. 1999), carbon alocation (Strom et a. 2012), assimilation (Whiting and
Chanton 1996), plant-root-microbial consortium (Huang et a. 2014) and CHas oxidation
capacity (King 1994). Our results of chapter 3 and 4 demonstrate that vegetation height and
biomass and well asroot anatomy may be critical dueto the differencesin size and composition

which may be linked to significant increases in greenhouse gas production and emissions.
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Additionally, the varying changesin greenhouse gas emission ratesin response to waterlogging
(Figure 5.4B, 5.5B and 5.10), agree with findings from previous studies which showed that
such differences can be attributed to distinct microbial communities (McElrone et a. 2004,
Larson and Funk 2016; Girkin et al. 2018; Zhou et a. 2019). For instance, the transport of O
viaawetland vegetation has shown to enrich O in the rhizosphere, thereby stimulating bel ow-
ground CH4 oxidation and suppressing methanogenesis in the process (Whiting and Chanton
1996). Similarly, the decrease in CH4 emissions after wetland vegetation removal has been
reported in numerous studies and the emission response is overall consistent between studies,
reports of areduction in CH4 emissions in the presence of wetland vegetation have also been
made, and in both cases, the magnitude varied both within and between studies (Dinsmore et

al. 2009; van Winden et a. 2012).

Moreover, significant changes in CH4 emission from species and waterlogging treatment were
observed (Figure 5.4A and B), mostly likely driven by water-table depths which affect the
degree of anaerobic conditions and the depth of aerobic layer, thus the ratio of CH4 production
and oxidation (Joabsson et al. 1999). In chapter 5, | provide evidence that waterlogging
enhancing and promoting the production of CHs is species-specific which is as a result of
different treesability to alter assimilation, growth and root distribution, and consequently affect

methanogenesis and CH4 transport (Vann and Megonigal 2003).

6.6 Implications for future research

This study sheds light on the physiological, morphological, and anatomica adaptations aswell
as the greenhouse gas production of temperate trees to climate change. Chapter 3, which
showed how increased in temperature, CO> and waterlogging in combination or alone can
modify tree adaptation, has implications for future studies investigating physiological,

morphological, and anatomical changes under different tree types, as it highlights significant
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species-specific effects. Additionally, results from chapter 4 adopted a new technique by
(Atkinson and Wells 2017) which presented an updated method to provide rapid and high-
quality cross-sections of plant tissues which were often time consuming and difficult to
conduct. To my knowledge, this study wasthefirst to adopt this technique on tree sapling roots.
The technique for quantification of tissue and cellular structure of plant material therefore has
the possibility to be more extensively used in assessing morphological and anatomical changes
in stems and leaves, with potentia applications including investigating changes in leaves and
stems under climate change scenarios, investigating more specie-specific differences from
different tree species and assessing the impacts of establishment, distribution, and survival of

trees species.

Chapter 4 showed that increased temperature, CO2, and waterlogging can significantly enhance
root anatomical traits of tree saplings, but the effects were species-specific, further studies on
anatomical traits should investigate these changes across various ecosystems and how these
vary with tree development stage. Moreover, much remains to be known about the species-
specific differences in stem structure (e.g., aerenchyma content) and stem tissue composition

and their effect on water-related leaf physiological traits.

Chapter 5 demonstrated that under future CO2 conditions, CO2 fluxes are expected to be
impacted more than CH4 under flooding while CH4 fluxes are expected to be more strongly
impacted than CO. fluxes under higher temperatures, but that responses may differ
substantially among species. Having demonstrated this important observation, further
assessment is needed, however, to explore the interactions between the flux magnitudes and
soil structure, redox potential in the rooting zone, stem diameter and wood specific density

(Maier et al. 2018).
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Finally, as growth rooms generally provide more consistent plant growth and development
future studies should assess the extent to which elevated temperature, CO- and waterlogging

have on these species on field experiment with longer term studies and matured trees.
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Appendix A

Table A 1: Statistical analysis summary of the main effects and interactions of species, temperature, CO,, and waterlogging

Temperature (Experiment 1)

CO2 (Experiment 2)

Parameters Treatment effects (P) Treatment effects (P)
Temperature Waterlogging TxW  CO2 Waterlogging CO2xW
Alnus glutinosa
SPAD 0.905 0.818 0.868 = 0.26 <0.001 0.941
Chlorophyll fluorescence 0.717 0.281 031 | 0.463 <0.001 0.964
Stem height (cm) <0.001 0.009 0.524 <0.001 <0.001 <0.001
Stem diameter (mm) - - - 0.224 <0.001 0.86
Dry root biomass (g) <0.001 0.551 0.138 0.714 0.416 0.085
Transpiration E (mol m?s?) 0.006 <0.001 0.126  0.069 0.904 0.42
Photosynthesis COz assimilation 0.002 <0.001 0.129 = 0.096 0.012 0.89
A (umol2s?)
Stomatal conductance <0.001 0.033 0.167 @ 0.125 0.532 0.474
gs (m mol mr2s?t)
Water use efficiency (A/E) 0.375 0.301 0.33 | 0.357 0.018 0.9
Betula pendula
SPAD 0.351 <0.001 0.963 = 0.003 0.419 0.239
Chlorophyll fluorescence 0.634 <0.001 0.944 | 0518 0.018 0.302
Stem height (cm) 0.128 0.038 0.175 0.653 <0.001 0.366
Stem diameter (mm) - - - 0.124 <0.001 0.138
Dry root biomass (Q) 0.06 0.192 0.634 | <0.001 0.331 0.226
Transpiration E (mol m2s?) 0.001 <0.001 0.433 0.825 0.276 0.861
Photosynthesis CO» assimilation 0.046 <0.001 0.620 = 0.915 <0.001 0.442
A (umol-2st)
Stomatal conductance 0.148 <0.001 0.956 @ 0.537 0.05 0.857
gs (m mol m%s?)
Water use efficiency (A/E) 0.283 0.249 0.3 0.877 <0.001 0.474
Betula pubescens
SPAD 0.586 0.006 0.531 <0.001 <0.001 0.535
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Chlorophyll fluorescence 0.546 0.003 0.798 @ 0.167 0.002 0.254
Stem height (cm) 0.569 0.099 0.027  0.647 <0.001 0.633
Stem diameter - - - 0.553 <0.001 0.181
Dry root biomass (Q) 0.781 0.197 0.35 0.008 0.615 0.764
Transpiration E (mol m?s?) 0.191 <0.001 039 0.276 0.013 0.22
Photosynthesis CO; assimilation 0.513 <0.001 0506 @ 0.178 <0.001 0.075
A (umol-2st)

Stomatal conductance 0.365 <0.001 0.836 0.256 0.005 0.149
gs (m mol m2st)

Water use efficiency (A/E) 0.712 <0.001 0.364 | 0.557 <0.001 0.427
Salix pentandra/ Salix aurita

SPAD 0.168 <0.001 0.162  <0.001 0.09 <0.001
Chlorophyll fluorescence 0.259 <0.001 0.81  0.003 <0.001 0.018
Stem height (cm) 0.001 0.71 0.437 | 0.002 <0.001 <0.001
Stem diameter - - - 0.331 <0.001 0.763
Dry root biomass (g) <0.001 0.695 0.373  0.665 0.329 0.557
Transpiration E (mol m2s?) 0.087 <0.001 0.004 0.261 <0.001 0.495
Photosynthesis COz assimilation 0.012 <0.001 0397 @ 0.52 <0.001 0.187
A (umol2s?)

Stomatal conductance 0.791 <0.001 0.153 0.295 <0.001 0.583
gs (m mol m%s?)

Water use efficiency (A/E) 0.276 0.013 022 | 0.256 0.005 0.149
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Table A 2: Mean and standard error of means (in parentheses) of measured SPAD, chlorophyll fluorescens, stem height and diameter, root biomass and | eaf
gas exchange for each combination of ambient or elevated temperature and ambient or elevated CO, and waterlogging treatments

Temperature (Experiment 1)

CO2 (Experiment 2)

Control Waterlogging After Control Waterlogging After waterlogging = Significant effect
waterlogging
aT er aT er aT er aCOz eCO2 aCoO: eCO2 aCoz eCO2 Temperature | CO2
Alnus
glutinosa
SPAD 55.94 55.24 55.24 55.08 - - 32.26 30.65 41.43 39.55 - - NS w
(2.044) | (2.324) (2.324) | (3.032) (0.847) | (0.654) | (1.853) | (2.918)
Chlorophyll 0.78 0.74 0.72 0.73 - - 0.715 0.73 0.65 0.68 - - NS W
fluorescence (0.004) (0.16) (0.05) (0.015) (0.008) | (0.009) (0.02) (0.028)
Stem height 35.35 42.03 42.67 54.11 - - 18.54 16.47 - - 40.86 63.31 T&W C&
(cm) (2.429) | (2.745) (2.981) | (5.284) (0.824) | (0.653) (2.608) (5.21) w
Stem diameter = = = = = = 3.836 3.432 = = 7.769 7.266 - W
(mm) (0.18) | (0.0791) (0.4012) = (0.388)
Dry root 82.83 103.29 93.24 96.54 - - 20.65 - - 25.22 26.04 15.85 T NS
biomass (g) (3.1) (4.0 (5.08) (3.9 (3.2 (5.1) (4.8 (3.2
Transpiration 4.808 4.102 3.34 1.207 2.618 2.694 0.4766 2.618 2.694 1.1245 0.6874 0.9685 T&W NS
E (mol m2s?) (0.19) (0.62) (0.6) (05) | (0432)  (0.454) (0.21) | (0.4328) (0.4545)  (0.31) (0.23) (0.15)
Photosynthesis 14.47 12.54 10.35 4.32 7.485 8.142 21 7.485 8.142 4477 4.78 6.90 T&W NS
A (pmol2?) (1026)  (1.44) (1.32) (L51) | (0.742) @ (1245 @ (1.02)  (0.7422) = (1.24) (1.29) (0.90) (1.02)
Stomatal 0.37 0.27 0.339 0115 | 0.2536 @ 0.2552 0.036 02536  0.2552 0.085 0.062 0.084 T&W W
conductance (0.038) (0.05) (0.051)  (0.047) @ (0.045) (0.5035) @ (0.017) | (0.046) = (0.501) @ (0.023) (0.03) (0.015)
gs (m mol m?s
)
Betula
pendula
SPAD 47.97 49.81 35.27 373 - - 29.81 25.86 32.89 25.28 - - W C
(2.15) (1.10) (2.12) (2.39) (1.06) (0.82) (1.44) (2.55)
Chlorophyll 0.77 0.744 0.52 0.48 - - 0.70 0.72 0.64 0.59 - - W w
fluorescence (0.003) | (0.0093) | (0.078) | (0.074) (0.008) | (0.011) | (0.041) & (0.061)
Stem height 56.32 58.08 58.87 70.18 29.98 28.56 52.42 57.38 W W
(cm) (2.847) (4.186) (3.498) (3.872) (2.257) (2.135) (4.255) (4.871)
Stem diameter - - - - - - 2.957 2923 - - 7.91 6.646 - W
(mm) (0.1991) = (0.2038) (0.676) | (0.3922)
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Dry root 87.81 106.96 93.98 117.98 - - 27.76 - - 14.8 16.25 12.28 NS C

biomass (g) (1.85) (5.52) (5.45) (16.95) (1.34) (3.12) (3.28) (4.27)

Transpiration 3.308 4.284 0.887 1.16 0.214 0.728 0.5972 0.214 0.728 0.4998 07779 = 0.7647 T&W NS

E (mol m2sL) (0.498) | (0.516) (0.265) | (0.362) = (0.074) (0.315) | (0.182) | (0.0074) (0.3155)  (0.162) = (0.118) | (0.049)

Photosynthesis 8.272 10.555 2.992 4181 0.775 2.457 3.504 0.775 2.457 3.124 6.344 6.987 T&W w

A (umol2s?) (1.27) (0.93) (0.80) (1.21)  (0.304)  (0.724) (0.85) | (0.3046)  (0.724) (0.88) (0.67) (0.46)

Stomatal 0.2454 = 0.2808 0.0801 = 01112 00177 @ 00675 005152 @ 00177  0.0675 = 0.0415 0.0696 = 0.0632 T&W w

conductance (0.044) | (0.036) (0.025) | (0.038) @ (0.006) (0.032) | (0.012) | (0.006) @ (0.032) @ (0.013) = (0.010) | (0.004)

gs (m mol m?s

Y

Betula

pubescens

SPAD 45.65 4811 41.23 411 - - 355 30.67 45.95 38.68 - - w C&

(1.87) (1.41) (1.44) (3.090) (1.65) (1.01) (2.41) (2.09) w

Chlorophyll 0.7683  0.7483 0.6725  0.6675 - - 07367 07317 07033  0.6608 - - w w

fluorescence (0.003)  (0.008) (0.038)  (0.040) (0.008) | (0.0090) (0.022)  (0.021)

Stem height 48.28 59.66 61.58 57.73 - - 28.23 28.59 - - 66.72 63.84 NS w

(cm) (4.248) | (3.449) (4963) | (3.219) (1.534) | (1.077) (3.207) | (5.462)

Stem diameter - - - - - - 3.056 2.923 - - 5.965 6.69 - w
(0.1262) | (0.2038) (05175) = (0.405)

Dry root 81.22 89.2 79.24 78.21 - - 19.97 - - 12.76 17.7 11.67 NS C

biomass (g) (5.808) | (8.809) (2.91) (2.963) (2.41) (2.75) (2.95) (0.93)

Transpiration 4211 1.214 5.463 1.674 0.67 0.849 0.7241 0.67 0.849 0.4866 1.2007 = 0.4998 w w

E (mol m2s?) (0.448)  (0.332) (0.50) (054)  (0.164) (0.358)  (0.112) | (0.1641) (0.3584) (0.174) = (0.285)  (0.162)

Photosynthesis | 11.891 4141 12.193 5.713 2.176 2.996 5.661 2.176 2.996 2.55 7.953 2.029 w w

A (umol-2s?) (1.178) (0.88) (0.87) (1.151) | (0.5022) (1.146) @ (0.644) | (0.5022) & (1.147) = (0.767) = (0.957) | (0.690)

Stomatal 03314  0.1061 0.3735 0.166 00584 0.0804 & 005946 & 0058 00804 003697 0.10665 @ 0.0364 T&W w

conductance (0.039)  (0.030) @ (0.0454) (0.059) @ (0.014) (0.035) = (0.0099) (0.014) (0.0354) (0.0132) @ (0.0270) = (0.012)

gs (m mol m?s

D)

Salix

pentandra

Salix aurita

SPAD 51.43 50.66 4383 35.13 - - 33.66 39.49 3243 17.68 - - w C

(2392)  (1.475) (2.26) (4.596) (1.313) | (1.678)  (112) (4.554)

Chlorophyll 0.7417 = 0.6433 0.7233  0.6117 - - 0.7242 06617 07558  0.4175 - - w C&

fluorescence (0.010) | (0.0366) | (0.0134)  (0.035) (0.0033) | (0.0312) | (0.0075) = (0.1067) w

Stem height 43.49 54.82 4263 57.26 - - 43.48 40.98 - - 43 59.46 T C&

(cm) (1.314)  (2.377) 1.73) (3.761) (2107) | (1.706) (1.343) | (3.186) w

Stem diameter - - - - 3.366 3.163 - - 6.927 6.583 - w
(0.181) | (0.1279) (0.2995) | (0.307)




Dry root 71.02 78.1 70.06 79.36 45.98 = = 47.11 41.9 29.71 T NS
biomass (g) (2.266)  (0.984) (0.901)  (1.939) (5.233) (15) (13.965) = (6.722)

Transpiration 2.24 1.537 3.874 0.947 0.743 0.663 1.5965 0.743 0.663 0.2968 1.717 0.775 W w
E (mol m2st) (0.239) = (0.3815) = (0.512) | (0.296) = (0.254) = (0.311) | (0.176)  (0.2545) | (0.3117) = (0.103) (0.376) | (0.303)

Photosynthesis 8.251 26 11.098 3.556 1.001 2.062 9.373 1.001 0.4443 1.506 8.713 3.488 T&W W
A (umol-2s?) (0.619)  (1.514) (0.919) (1.049) | (0.444) @ (1L.7249) (0.695) (2062) = (1.725)  (0.546) (1.450) (1.069)

Stomatal 0.2119 | 0.1413 0.2521 | 0.0868 | 0.0674 | 0.056  0.14166 @ 0.0674 @ 0.056 | 0.01745 0.15506 @ 0.0556 T&W w
conductance (0.028) | (0.0356) | (0.0365) (0.028) | (0.024) | (0.0262) | (0.0155) | (0.024) @ (0.026) @ (0.0070 @ (0.0356) | (0.022)

gs (m mol m

25-1)
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Table A 3: Monthly temperatures for growthrooms during the span of the experiment. Temperatures were obtained and calculated from the daily weather report database

recorded by the Sutton Bonington Meteorological station.

Month
March
April
May
June
July

August

Ambient temperature
‘0

Day: 9.4
Night: 5.0
Day: 14.7
Night: 10.0
Day: 17.2
Night: 10.0
Day: 18.3
Night: 12.1
Day: 18.8
Night: 13.2
Day: 20.6
Night: 14.8

Elevated temperature
(O

Day: 11.3
Night: 5.8
Day: 18.2
Night: 10.0
Day: 22.0
Night: 11.2
Day: 19.8
Night: 15.2
Day: 19.8
Night:15.2
Day: 22.7
Night: 17.0
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Appendix B

Table B 1. The summary results of Mixed models (REML) analysis.

Temperatur e experiment

Anatomical traits Species Temperature | Waterlogging SxeT SxW er x W Sx eT xW
) (eT) (W)

F P F P F P F P F P P F F P
RCA 10.89 0.005 2.02 0.198 8587 <0.001 1.14 0.398 653 0019 142 0445 0.36 0.785
TSA 082 0522 004 0849 O 0978 059 0638 0.09 0.963 158 0.428 217 0.18
TCA - - - - - - - - - - - - - -
Aerenchyma area 222 04174 227 0176 001 0925 0.82 0524 028 084 587 0249 079 0536
CCFN 04 0756 06 0462 068 0437 046 0719 0415 0925 197 0.394 034 0.795
CCS 071 0575 141 0273 032 058 019 09 @ 02 0892 49 027 0.07 0.976
L eaf physiological traits
Amax 1.75 0244 856 0022 1271 0.009 018 0908 111 0408 201 0.14 097 0461
E 319 0093 7.38 003 2412 0002 035 0788 282 0117 361 0.308 1.11 0.407
Os 257 0137 375 0094 676 0.035 | 034 0795 272 0125 9.92  0.196 101 0.443
Water use efficiency
iWUE 303 0103 048 0512 161 0245 271 0126 261 0133 0.83 053 191  0.216

CO: experiment
Species Treatment Waterlogging Sx eCO; SxW eCO, xW | SxeCO,xW
(©) (eCOy) (W)

F P F P F P F P F P P F F P
RCA 11.56  0.004  14.77  0.006 37.94 <0.001  0.95| 0467 132 0342 038 0.648 0.42 0.744
TCA 12,7 0003 0.34 0576 1532 0.006 1.26 0.358 1.36 0.331 0.39 0.646 091 0.484
TSA 399 006 008 0783 574 0048 396 0061 427 0052 0 0998 3.28 0.089
Aerenchyma area 397 0061 1514 0.006 23.88 0.002 1.06 0425 064 0613 004 0869 191 0.216
CCFN 1.08 0409 O 1 | 323 011 128 0.345 063 0614 293 0125 211 0.177
CCs 1502 0002 278 0139 7.62 0.028 092 0477 005 0984 001 0928 0.97 0.459
L eaf physiological traits
Amax 262 0133 319 0117 168 0005 0.38 0768 7.05 0016 041 0636 7.98 0.012
E 066 0603 338 0109 O 0.997 0.65 0.608 456 0.045 0.07 0833 858 0.01
Os 566 0028 001 0919 591 0045 142 0.315 1065 0.005 0.04 0875 43 0.051
Water use efficiency
iWUE 172 025 1697 0004 1673 0005 007 0975 041 0751 3887 0.101 5.26 | 0.033

145



Table B 2: Mean and standard error of means (in parentheses) of measured root anatomical and leaf physiological values of temperate saplingsin control and

waterlogging plots during temperature and CO, experiment. Abbreviations: RCA, root cortical aerenchyma; TCA, total cortical area; TSA, total stele areg;

AA, aerenchyma area; CCFN, cortical cell file number; CCS, cortical cell size; Amax, saturated net photosynthesis rate; E, Transpiration rate; gs, Stomatal
conductance rate; iWUE, intrinsic water-use efficiency

Temperature (Experiment 1)

CO2 (Experiment 2)

Control Waterlogging Control Waterlogging
aT er aT er aCO2 eCO2 aCoO> eCO2
Alnus glutinosa
RCA (%) 8.4 543 29.75 24.39 9.76 129 22.17 331
1.255 - - 0.527 0.637) - - (3.509)
TCA (mm?) 0.0002212 0.000141 @ 0.0001365 | 0.0001724 0.0002212 | 0.0001412 @ 0.0004511  0.0004841
(0.00001945) - - (0.00002719) | (0.00001945) - - (0.00008499)
TSA (mm?) 1.0551 0.8226 0.9348 1.2039 1.184 0.806 0.726 1.391
(0.2653) - - (0.0796) 0.4787 - - 0.3331
AA (mm?) 0.808 1.659 1.676 0.806 0.732 2.783 1.58 1.134
(0.1573) - - (0.0346) (0.0536) - - (0.1444)
CCFN 115 16 11 11 9 10 16 14
(0.5) - - (1) ) - - (1)
CCS (mm?) 1.856 2.86 4.282 4.168 0.804 2.007 0.581 1.068
1.3591 - - - (0.161) - - (0.1747)
Amax (L mol mr2s?) 12.038 16.328 14.44 4.985 9.276 4.159 4,987 8.078
(1.555) - - (1.929) (1.7249) - - (1.0771)
E (m mol m2s?) 4.096 6.188 4.596 2.16 0.985 0.461 0.611 1614
(0.2117) - - (0.123) (0.0641) - - (0.06038)
gs (m mol m?s?) 0.2591 0.4373 0.4486 0.2117 0.08917 0.0384 0.0428 0.12072
(0.03649) - - (0.020839) (0.02248) - - (0.05242)
iWUE (1 mol m mol?) 2.927 2.638 3.142 1.92 9.339 9.014 8.161 5.528
(0.2284) - - (0.3948) (1.1428) - - (1.4006)
Betula pendula
RCA (%) 0 1.15 19.31 17.33 4.99 2.89 18.21 24.22
0 - - (1.507) (0.462) - - (4.073)
TCA (mm?) 0.0002099 | 0.0002018 | 0.0001415  0.0003119 0.0001353 | 0.0002018 | 0.0001441 | 0.000281
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(0.00007244 - - (0.00006666) = (0.00000213) - - (0.00005791)
TSA (mm?) 1.1465 1.2855 2.4345 0.5788 0.668 0.736 - 0.626
(0.3064) - - (0.1232) 0.021 - - (0.0324)
AA (mnm?) 0 1.147 2.27 0.148 0.551 0.552 1.488 1.067
0 - - (0.1484) (0.5507) - - (0.3436)
CCFN 14 11 13 13 15.5 5 8 14.5
(@) - - (©) (1.7) - - (1.5)
CCS (mm?) 2.455 3.215 4.168 1.536 0.803 0.724 2.604 0.981
(0.8443) - - (0.6096) (0.4131) - - (0.0648)
Armax (1 mol m2s) 11.238 10.145 12.915 3.289 7.595 5.339 5.156 7.507
(3.037) - - (1.323) 0.1038 - - (0.211)
E (m mol m%s?) 4716 4,048 3.71 0.995 0.783 0.672 0.874 1.541
(0.3772) - - (0.1829) (0.0578) - - (0.2502)
gs (m mol m?s?) 0.2964 0.2724 0.4159 0.0929 0.06546 0.04905  0.07865 0.11595
(0.06333) - - (0.00919) (0.00601) - - (0.0146)
iWUE (4 mol m mol?) 2.35 2.506 3.482 0.246 9.769 7.945 5.9 4.982
(0.1568) - - (0.0966) (0.8542) - - (0.67230
Betula pubescens
RCA (%) 0 1.59 19.55 11.72 2.13 10.77 25.14 28.18
0 - - (0.921) (2.129) - - (4.053)
TCA (mm?) 0.000343  0.0003512 0.0001541 0.0003011 = 0.0003383 @ 0.0003407 0.0005541  0.0004375
(0.00009729 - - (0.00005927) ~ (0.0000365) - - (0.00007718)
TSA (mm?) 0.9266 0 0 0.6579 1.885 0.658 1.827 2.367
(0.4005) - - (0.0577) (0.0086) - - (0.0515)
AA (mnm?) 0 0.296 0 0.54 0.383 0.682 0.644 1.703
0 - - (0.5398) (0.3833) - - (0.5135)
CCFN 15 15 12 15 15 9 17 14
0 - - 3 ) - - )
CCS (mm?) 1.146 0.806 4295 1.254 0.483 0.351 0.315 0.893
(0.1422) - - (0.98) (0.3404) - - (0.2321)
Amax (L mol m2s?) 12.767 14.5 2.881 1.982 6.263 7.284 5.399 3.765
(1.555) - - (0.995) (1.2395) - - (0.8536)
E (m mol m?s?) 5.553 7.193 0.577 0.247 0.538 1.576 1.379 0.517
(0.3411) - - (0.1153) (0.0565) - - (0.1237)
gs (m mol m2s?) 0.379 0.5222 0.0467 0.0208 0.0465 0.14714 = 0.11222 0.03651
(0.03455) - - (0.00956) (0.00479) - - (0.006990
iWUE (1 mol m mol?) 2.291 2.016 4.993 7.877 11521 4.621 3.914 7.307
(0.1393) - - (0.3504) (1.0944) - - (0.0973)
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Salix pentandra/ Salix aurita

RCA (%) 6.25 4.22 9.9 6.32 28.16 26.61 32.98 35.93
(2.245) - - (2.458) (2.833) - - (3.694)
TCA (mm?) 0.000289 | 0.000132  0.0006197  0.0001594 = 0.0005697  0.0002824 0.0006122  0.0006008
(0.00000072) - - (0.00003967) = (0.00014848) - - (0.00007795)
TSA (mm?) 0.232 1.253 0.1713 0.9335 11 5.415 0.849 1.197
(0.232) - - (0.9335) (0.0001) - - (0.2927_
AA (mm?) 0.625 4.055 0.299 2515 0.351 0.757 0.545 1.065
(0.6245) - - (1.3506) (0.0414) - - (0.2592)
CCFN 115 14 5 145 9 11 8 13
(25) - - (1.5 1) - - )
CCS (mm?) 1.989 3.005 1.365 2.711 1.009 2.297 1.447 1.112
(0.6131) - - (1.9156) (0.0708) - - (0.0744)
Anmac (L mol m2s) 11.112 6.425 3.044 0578 8.833 11511 4.882 3.427
(1.956) - - (0.572) (0.9806) - - (1.1403)
E (m mol ms) 3.305 1.49 0.472 0.268 1.133 1.897 0.824 0.691
(0.5035) - - (0.1454) (0.0203) - - (0.1297)
gs (m mol m2s?) 0.2171 0.089 0.0396 0.0236 0.23115 027331 = 0.07111 0.04783
(0.05623) - _ (0.014120 = (0.01029) - - (0.00861)
iWUE (1 mol m mol) 3.342 4.312 6.448 1.414 7.78 6.067 5.926 4.817
(0.0819) - - (0.3659) (0.7259) - - (0.7458)
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Table B 3: The results of linear regression showing the regression relationship between response values of leaf physiological traits to the interactive effect of
waterlogging and temperature or CO; with root anatomical traits in control plots among temperate tree species. The bolds and italics indicating a significant
and marginally significant regression relationship between the response values of leaf physiological traitsto interactive effect of waterlogging and temperature
or CO, with root anatomical traitsin control plots, respectively.

Temperate experiment

Response value RCA TSA TCA AA CCFN CCSs

R? P R? P R? P R? P R? P R? P
A - 0501 - 0782 - 0872 - 0525 26 0282 - 0.769
gs - 0500 - 0721 - 0499 95 0173 96 0172 - 0.681
E - 0601 - 0904 - 0502 133 0132 112 0153 - 0.604
iIWUE 132 0134 - 0533 132 0132 496 0006 - 0579 - 0.428

CO2 experiment

A 216 0072 - 0612 06 0326 - 0869 - 0598 23.0 0.065
gs 644 0001 155 0.113 454 0010 06 0326 - 0408 73.8 <0.001
E 3b5 0024 - 0458 - 0346 - 0551 - 0443 189 0.088
iIWUE 193 0086 - 0346 - 0609 - 0479 - 0349 - 0.402
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Table B 4: The results of REML variance analysis showing specie-specific effect of elevated temperature or elevated CO- on root anatomical traits, |eaf
physiological traits and water use efficiency among the four temperate tree species. The bold numbersindicate a significant difference among the four species.

Temperatur e experiment

Response value A. glutinosa B. pendula  B. pubescens S pentandra S aurita
er er er er
F P F P F P F P F P
RCA 1845 <0.001 19.97 <0.001 589 0.015 0.07 0.796
TSA 1472 <0.001 48.04 <0.001 0.23 0.632
TCA 57.01 <0.001
AA 003 0871 107 0301 18.13 <0.001
CCFN 0.04 0.838
CCs 134 0246 @ 002 0.898 166 @ 0.197
Amax 059 0442 5258 <0.001 4.19 0.041
gs 5221 <0.001 384 0.05
E 0.16 0.69 1549 <0.001 4.73 0.03
iIWUE 251.14 <0.001 286 0.091
CO2 experiment
eCO, eCO, eCO, eCO,
RCA 800 <0001 1.2 0.273 1891 <0.001
TSA 174 0187 | 15.39 <0.001
TCA 181 0179 563 0.018 2.4 0.122
AA 53.79 <0.001 9.28 @ 0.002 3.89 0.049
CCFN 267 0102 104 0307 417 0041 1.26 0.262
CCs 111.35 <0.001 | 499 0.025 148 0.223 0.17 0.679
Amax 413  0.042 114.37 <0.001
gs 064 0424 1151 <0.001 1.18 0.276
E 0.7 0402 @ 7.77 0.005 0.5 0.48
iIWUE 285.48 <0.001 4 10 0.002 13976.33 <0.001
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Table B 5: Theresults of REML variance analysis showing specie-specific effect of waterlogging on root anatomical traits, leaf physiological traits and water

use efficiency among the four temperate tree species. The bold numbersindicate a significant difference among the four species

Temperatur e experiment

Response value A. glutinosa B. pendula B.pubescens S pentandra S aurita
w w w w
F P F P F P F P F P
RCA 1022.74 <0.001 184.82 <0.001 345.65 <0.001 0.15 0.703
TSA 142 0233 24.02 <0.001 0.02 0.892
TCA 26.2 <0.001
AA 225 0133 | 0.07 @ 0.788 2.63 0.105
CCFN 0.08 0.733
CCs 0.01 0941 024 0622 136 0.244
Amax 0.63 0.426 533.12 <0.001 5.18 0.023
gs 371.06 <0.001 3.97 0.046
E 0.76 0.383 929.24 <0.001 6.09 0.014
iIWUE 548.46 <0.001 0.01 0.934
CO2 experiment
W W W W
RCA 63.28 <0.001 537 0.021 90.1 <0.001
TSA 64.14 <0.001 0.05 @ 0.819
TCA 2547 <0.001 0.72 0.397 8.73 0.003
AA 27841 <0.001 18.81 <0.001 4.13 0.042
CCFN 40.33 <0.001 033 @ 0564 4.08 0.043 0.02 0.885
CCs 4556 <0.001 12385 <0.001 15 0.22 10.26 = 0.001
Amax 0.11 0.742 1893.39 <0.001
gs 0.48 0.488 28.96 <0.001 13.02 <0.001
E 0.69 0405 829 0.004 63.98 <0.001
iIWUE 470.38 | <0.001 8.12 0.004 8051.91 <0.001
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Appendix C

Table C 1: Linear mixed effects models assessing differences CH, and CO;

CO2 experiment (NEE-tree static chamber)

Control Waterlogging

LogCHa F- statistic d.f. P F- statistic d.f.
Species 0.99 48 0404 246 59.2
Treatment 1.64 48 0.206 1.61 5.6
Waterlogging treatment 2 59.7
Species* Treatment 0.53 48 0.665 1.18 59.4
Species* Waterlogging treatment 114 60.4
Treatment* Waterlogging treatment 0.08 59.4
Species* Treatment* Waterlogging treatment 0.6 60.6
LogCO2

Species 0.11 52.2 0.956 3.09 66
Treatment 0.44 7.1 0528 17.61 3.5
Waterlogging treatment 0.58 52.8 0.628 0.37 16.6
Species* Treatment 0.87 52
Species* Waterlogging treatment 14 46
Treatment* Waterlogging treatment 213 68
Species* Treatment* Waterl ogging treatment 127 46.2

CO2 experiment (Soil-flux static chamber)

LogCH4

Species 155 155 024 0.12 33
Treatment 0.05 42 0834 011 32.7

P

0.071
0.255
0.163

0.327
0.34

0.779
0.615

0.033
0.018
0.553
0.465
0.254
0.149
0.297

0.948
0.747

After waterlogging

F- statistic d.f.
1.86 154
2.78 29
3.03 16.8
0.62 15.5
0.49 15.5
0.53 16

0 15.2
0.42 61.9
0.31 6
2.85 60.9
0.38 62.4
1.36 64
2.81 61.2
0.39 63.5
0.09 39.9
0.09 40.4

P

0.188
0.196
0.1

0.549
0.622
0.478
0.952

0.74
0.6
0.096
0.767
0.263
0.099
0.758

0.966
0.767
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Waterlogging treatment 4.69
Species* Treatment

Species* Waterlogging treatment

Treatment* Waterlogging treatment

Species* Treatment* Waterl ogging treatment

LogCO2

Species 3.15
Treatment 131
Waterlogging treatment 0.22
Species* Treatment

Species* Waterlogging treatment
Treatment* Waterlogging treatment
Species* Treatment* Waterl ogging treatment

16.7 0.015

55  0.032
56 0.299
55.4 0.883

0.06
2.12
0.55
0.88
1.29

0.65
1.69
5
0.38
2.21
0.65
0.5

4.1

33.8
334
30.3
33.6

50.4
52.6
5.5

51.9
50.4
53.1
52.2

Temperature experiment (NEE-tree static chamber)

LogCHa

Species 0.66
Treatment 0.07
Waterlogging treatment 0.89
Species* Treatment

Species* Waterlogging treatment
Treatment* Waterlogging treatment
Species* Treatment* Waterl ogging treatment

LogCO:2

Species 1.24
Treatment 2.23
Waterlogging treatment 0.85

52.1 0.578
5 0.801
52.2 045

65.5 0.301
58 0.188
65.7 0.473

4.63
0.04
4.62
0.29

0.91
0.49
1.04

0.91
0.57
0.03

61.6
6

61.6
61.6

62.4
61.6
62.4

63.1
5.5
63.2

0.821
0.116
0.651
0.355
0.263

0.588
0.199
0.07

0.77

0.098
0.424
0.681

0.005
0.84

0.036
0.831

0.439
0.489
0.383

0.443
0.479
0.86

1.81
0.58
0.52
0.36
0.58

1.53
0.88
1.49
1.8

2.17
4.69
0.74

15
0.15
15
0.65

0.34
0.51
0.69

4.74
1.66
0.04

5.2
41
40.4
40.4
41.5

64.1
64.8
5.8

65.3
64.2
64.8
65.5

18.8
4.1

175
18.8
20.4
17.6
20.8

57.3
5.8
58.6

0.234
0.63

0.674
0.551
0.633

0.214
0.352
0.269
0.156
0.1
0.034
0.53

0.249
0.718
0.237
0.532

0.714
0.483
0.514

0.005
0.247
0.841
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Species* Treatment

Species* Waterlogging treatment
Treatment* Waterlogging treatment
Species* Treatment* Waterl ogging treatment

12
0.33

0.24

63.1
64.6
63.2
64.6

0.315
0.801
0.999
0.87

291
0.32
0.01
0.4

57.4
58.8
58.8
58.9

0.042
0.813
0.923
0.757
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