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Abstract

In grasslands, climate change has the potential to disrupt a range of ecosystem services,
including agricultural production, carbon (C) storage and nutrient cycling. In particular, climate
change is likely to increase the frequency and severity of extreme climate events, such as
drought and the subsequent rewetting event. Yet the effect of drought events will not be
consistent across grassland communities, instead likely varying with grassland properties. One
such property may be the level of nutrient availability, which brings about changes in plant
productivity, plant community composition, and soil microbial composition and function. In
this thesis, the effect of reduced precipitation on C cycling in UK species-rich grasslands is
investigated in two field experiments, with varying long-term grassland restoration treatments
and short-term nutrient addition, and a glasshouse experiment with reduced soil moisture. It
was hypothesised that changes in plant and soil microbial communities, brought about by
differences in nutrient availability, would modulate above and belowground C cycling
responses to drought. This thesis found that the level of nutrient availability was important for
modulating how C is cycled in response to drought in plants, soil microbial communities and
whole ecosystem CO; fluxes. For plants, the effect of drought and nutrient availability differed
between functional groups, species and due to intraspecific trait variation. For soil microbial
communities, the effect of drought on carbon use efficiency was modulated by short-term
nutrient addition. Increased nutrient availability and drought therefore interact to determine how
C is cycled and stored in plants and soil microbial communities, revealing the importance of
agricultural practices in modulating whole community responses to climate change. Overall,
this thesis shows the mechanisms by which drought may alter C cycling and its potential

feedbacks to climate are complex, but at least in part, depend on the level of nutrient availability.
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1 General Introduction

Ecological communities underpin many ecosystem services, such as agricultural productivity,
water resources, nutrient cycling, and carbon (C) sequestration (NEA, 2011). However these
services are at risk from both human activities and resulting changes in climate. In particular,
human activities can lead to biodiversity loss, pollution, land use change and habitat
fragmentation, which can in turn disrupt the provision of ecosystem services (Pimm, 1984;
Tilman et al., 2002; Foley et al., 2005; Tylianakis et al., 2008). Additionally, changes in climate
may also alter the composition of ecological communities and the services they provide (Tilman
et al., 2006; Isbell et al., 2011). However, human impacts and climate change will not alter
ecological communities independently, but are likely to interact, such that a community’s ability
to resist and recover from climate change may also depend on human activities. This thesis
considers how climate change will alter grassland biogeochemical cycles, and whether these
changes will depend on the management of grasslands. In particular, it considers how drought
events, which are predicted to become more frequent under climate change, may interact with

in nutrient availability, which is altered by agricultural practices.

The global climate is changing, with increasing atmospheric CO., and predictions that at the
end of the 21% century, temperatures will be at least 1.5°C higher than the previous century
(IPCC, 2014). Projections also suggest that changes in precipitation extremes will exceed
changes in mean precipitation (Kharin et al., 2007; O’Gorman & Schneider, 2009). In the UK,
for example, it is predicted that summer precipitation will reduce by 20% and potentially by up
to 60% (Met Office, 2015). The importance of extreme drought events, in combination with
subsequent rewetting, has required ecological experiments to investigate how such events may
structure ecological communities (Jentsch et al., 2007). Drought events therefore represent an
important aspect of climate change with potentially widespread ecological effects, yet they are
not the only factor that may influence the future provision of ecosystem services. One such

factor is nutrient availability, which depends on both agricultural practices and atmospheric
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deposition. There has been a near doubling of global nitrogen (N) inputs into terrestrial
ecosystems, with N fertiliser use increasing seven-fold from 1960 to 1995 (Tilman et al., 2002).
This has led to large-scale changes in plant community composition, species richness and soil
microbial community structure (Stevens et al., 2004; Smart et al., 2005; Smith et al., 2008;

Wesche et al., 2012).

Terrestrial ecosystems are particularly important as they provide 99% of calories for food
(Pimentel & Burgess, 2013) and hold very large C stores (Jobbagy & Jackson, 2000). In
particular, grasslands, which cover 30% to 40% of the land surface (Shantz, 1954; FAO, 2005),
are important for food production, biodiversity, and C sequestration. In Europe, grasslands are
typically maintained by agricultural activities (Lemaire et al., 2005; Chang et al., 2016), cover
33% of European land area (Schnyder et al., 2010), contain large stores of C, and may act as a
large net soil C sink of 20 Tg C yr! (Chang et al., 2015). Yet, these C stores are sensitive to
agricultural practices and climate, which may alter grassland biogeochemical cycles and
therefore alter feedbacks to climate (De Deyn et al., 2011b; Bradford et al., 2016; Ward et al.,
2016). As grassland communities include complex interactions between plants and soil biota,
the potential for C storage depends on both plant and microbial physiology, with plants also
modulating the C and nutrients available for soil communities (Bardgett & Wardle 2010). This
thesis therefore focusses on the effect of drought on above and belowground C cycling in UK
grasslands, particularly investigating how changes in nutrient availability may modulate the

effect of drought.

1.1 Plants: Drought and nutrient availability

1.1.1 Plant productivity

Plants have morphological and physiological adaptations to survive drought conditions, which
includes increasing water uptake and reducing water loss (Chaves, 2002; Chaves et al., 2003;

Zwicke et al., 2015). These adaptations mean that extreme drought typically reduces plant
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growth and C uptake, while also changing allocation of C belowground (Kahmen et al., 2005;
Fuchslueger et al., 2014; Poorter et al., 2015). In contrast, a sevenfold increase in N fertiliser
use has dramatically increased agricultural yields (Tilman et al., 2002) and shifted C allocation
aboveground relative to belowground (Poorter et al., 2015). Nutrient addition typically
decreases competition belowground for nutrients, and increases competition aboveground for
light (Tilman, 1990; Harpole et al., 2016; DeMalach et al., 2017), while plants exposed to water
stress typically increases root biomass, enabling greater water acquisition (Poorter et al., 2012).
It may therefore be expected that nutrient addition, through increasing water demand while
reducing potential for water acquisition, will reduce the ability of plants to survive extreme

summer drought events.

The interactive effect of nutrient addition and drought on plant productivity has been shown in
heathland species, where increased nutrient availability caused greater reduction in shoot
growth under drought (Gordon et al., 1999). In grasslands, the greatest drought-induced
declines in plant biomass were found when pre-drought biomass was greatest, and this occurred
regardless of plant species diversity (Wang et al., 2007). However, other studies show that high
species richness increases the resistance of plant productivity to drought (Isbell et al., 2015).
This suggests, increases in nutrient addition have the potential to increase the vulnerability of
grasslands to drought, yet the relative importance of plant biomass, species richness and plant
community composition, for understanding the resistance of plant productivity to drought, is

not fully known.

1.1.2 Plant community composition and plant traits

In grasslands, changes in plant functional group composition may modulate how grasslands
respond to drought. For example, perennial species may be more susceptible to drought, in
comparison to annual species (Fry et al., 2013), while mosses are particularly sensitive to
changes in water availability yet have high desiccation tolerance (Turetsky, 2003; Cornelissen

et al., 2007; Proctor et al., 2007). Furthermore, after drought ends, plant species can show
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considerable variation in their recovery, suggesting a role for plant composition in modulating
grassland community resilience to drought (Zwicke et al., 2015). In European grasslands,
increases in nutrient availability, due to increasing fertiliser use and atmospheric N deposition,
have led to large declines in plant species richness, with communities becoming increasingly
dominated by fast growing grass species with high N demand (Wesche et al., 2012), while moss
abundance typically declines (Virtanen et al., 2000). In UK grasslands, increased nutrient loads
have reduced the plant species pool over two decades (Smart et al., 2005), with reductions in
species richness also occurring due to N deposition (Stevens et al., 2004). Additionally,
experiments show multiple addition of nutrients decreases species richness, with greater

reductions as nutrient addition persists for longer (Harpole et al., 2016).

To combat these long-term declines in plant diversity, there has been a large body of research
looking at how to restore grassland plant diversity (Smith et al., 2000; Pywell et al., 2002;
Bullock et al., 2007). In particular, cessation of fertiliser addition and addition of seed of a high
diversity target plant community, have been found to lead to the restoration of species rich
grassland (Smith et al., 2008; Kirkham et al., 2014). In summary, the effect of drought on plant
growth may differ between grassland plant functional groups, the composition of which will, in
part, depend on the level of nutrient availability, and conversely on the use of grassland
restoration treatments to restore plant diversity. Nutrient addition may therefore have short-term
effects on grassland vulnerability to drought, but also longer-term effects, modulated through

changes in plant community composition.

Difference in drought tolerance may not always cut across commonly used groupings of
grassland plants, such as mosses, grasses, perennials or annuals, but instead be related to a range
of plant functional traits (Fry et al., 2014). For example, high specific leaf area (SLA) may
confer greater maintenance of growth and photosynthesis, but reduce the ability to avoid
dehydration (Zwicke et al., 2015), while traits associated with low nutrient stress tolerance may

also be found in species with the greatest resistance of biomass to drought (Macgillivray &
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Grime, 1995). Additionally, certain plant traits may correlate with reduced soil moisture, such
that they exacerbate drought events (Gross et al., 2008), while high root-to-shoot ratios may aid
access to water resources (Poorter et al., 2015). Plant traits can also show differences in how
they recover after rewetting, with the recovery also differing between species (De Vries et al.,
2016). Yet plant traits also vary within species, due to intraspecific trait variation and plasticity
in response to changes in resource availability (Siefert et al., 2015). For example, changes in
intraspecific trait variation in response to drought may account for more of the change in
community traits, than is due to species turnover (Jung et al., 2014). However the role of
intraspecific trait variation in modulating plant responses to either drought or nutrient addition

is poorly understood

1.1.3 Photosynthesis, respiration and net C uptake

Drought has been found to reduce photosynthesis, soil respiration and net ecosystem exchange
(NEE), but not reduce ecosystem respiration, when analysed across ecosystems (Wu et al.,
2011). Yet in grasslands, there have been a wide range of responses to drought, with studies
showing similar declines in photosynthesis and ecosystem respiration (Fry et al., 2013), but,
more commonly, greater reductions in photosynthesis compared with ecosystem respiration,
suggesting proportionally more C lost through respiration (Bloor & Bardgett, 2012; Li et al.,
2016). After rewetting, the size of precipitation pulse can also determine the relative response
of photosynthesis and respiration such that a large rain pulse may favour C sequestration (Chen
et al., 2009a). These ratios of ecosystem respiration to photosynthesis are particularly important
as they can determine the amount of C not lost in respiration which is then available for longer
term C storage in either plants or soil (Bradford & Crowther, 2013). It is unclear whether
drought consistently increases the proportion of C lost in respiration relative to C uptake, and
whether larger rewetting pulses reverses this, thereby promoting C storage. As such, we are
unable to predict the relative responses of C uptake and ecosystem respiration to drought in

grasslands, limiting our understanding of ecosystem feedbacks to climate.
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Plant growth in grasslands is typically limited by one or more nutrients, such that nutrient
addition is likely to reduce the amount of C invested in nutrient acquisition (Fornara et al., 2013;
Harpole et al., 2016). Stoichiometric theory suggests that increasing nutrient availability is
likely to be associated with more efficient growth, for example fertile forests have been found
to produce biomass more efficiently, which suggests proportionally greater C storage relative
to respiration (Vicca et al., 2012). It would therefore be predicted that nutrient addition should
increase C uptake relative to ecosystem respiration, while in grasslands the response of NEE
and ecosystem respiration to nutrient addition is varied (Bloor & Bardgett, 2012; Xu et al.,
2014). Over the short-term, nutrient addition will bring about phenotypic plasticity with
resulting intraspecific trait variation (Macgillivray & Grime, 1995). Over longer time-scales,
nutrient addition will reduce species richness and shift the community to be dominated by fast
growing grasses (Smith et al., 2000; Kirkham et al., 2014). Both short-term responses and
longer-term shift in the plant community may alter the response of CO- fluxes and particularly

the ratio of C uptake and ecosystem respiration to drought.

1.1.4 Plant carbon use efficiency

When studying photosynthesis and plant respiration, without incorporating soil respiration,
plants have been found to use a relatively constant proportion of C for new biomass, often
termed plant carbon use efficiency (CUE; Gifford 1995; Dewar, Medlyn & McMurtrie 1998;
Cheng et al. 2000). However plant CUE, equivalent to 1 minus the proportion of respiration
relative to photosynthesis, can change with type of crop species, plant size and forest age
(Albrizio & Steduto, 2003; Van lersel, 2003; DeLucia et al., 2007). Recently, plant CUE has
been estimated using the proportion of *C retained in plant biomass over time, following 3C-
CO; pulse-labelling (Bradford & Crowther, 2013; Street et al., 2013). The methodology has
suggested that arctic mosses have higher CUE than co-existing vascular plants (Street et al.,
2013), while grassland species have shown species specific C retention, which did not differ

based on grassland restoration treatments (De Deyn et al., 2011a). Changes in plant community
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composition could therefore alter C storage and turnover in plant biomass; however, our
understanding of how grassland plants may alter the efficiency of their growth in response to
climate change and nutrient availability is limited. In particular, the recent development of using
the retention of *°C to estimate plant CUE allows further investigation of plant responses, and

potential feedbacks, to C cycling and climate change.

1.2  Soil biology: Drought and nutrient availability

Drought changes the physical soil environment; water content decreases and soil pores shift
from being filled with water, to being filled with air (Schimel et al., 2007; Manzoni et al.,
2012a). However, the effect of drought on the physical soil environment will interact with
nutrient availability, as lack of water in the soil reduces nutrient mobility, but conversely
increases nutrient concentrations in the remaining water-filled pores (Schimel et al., 2007). Yet
plants will also change the soil environment through their response to both drought and nutrient
availability. This may include changes to both C and nutrient inputs belowground; for example
drought and nutrient addition can alter C allocation to roots (Kahmen et al., 2005; Fuchslueger
et al., 2014; Poorter et al., 2015), water stress can change the metabolites exuded from roots
(Badri & Vivanco, 2009), and nutrient addition can increase organic C release from roots
(Henry et al., 2005). As such drought will alter the soil physical environment and the

accessibility of C and nutrients for soil microbes.

1.2.1 Changes in soil food webs

The soil microbial community composition is sensitive to both drought and nutrient availability.
Drought events tend to promote groups such as fungi or gram-positive bacteria, in part due to
their thicker cell walls enabling greater survival of water stress (Yuste et al., 2011; Fuchslueger
et al., 2014), while increased nutrient addition can shift soil microbial community structure,
especially to increase the abundance of bacteria relative to fungi (Bardgett & McAlister, 1999;

De Vries et al., 2006; Smith et al., 2008). More generally, soil food webs are sensitive to

22



changes in agricultural practices, with increasing intensification reducing soil biodiversity
(Tsiafouli et al., 2015), but they are also sensitive to changing precipitation, with increasing
abundance of soil biota as precipitation increases (Blankinship et al., 2011). Yet research has
shown relatively few interactive effects between drought and nutrient addition, for example the
abundance of the majority of soil biota in a North American grassland depended on the
interaction between N addition and elevated CO,, rather than N addition and drought

(Eisenhauer et al., 2012).

1.2.2 Fungi and bacteria: Acquiring nutrients and surviving water stress

The soil microbial community has morphological and physiological adaptations to survive
drought events and efficiently acquire nutrients. However in contrast to plants, soil microbes
typically respond to drought on shorter time scales and to spatially smaller changes in water and
nutrient availability (Borken & Matzner, 2009). Fungi are generally more resistant to drought
than bacteria, and may promote increased soil C and N retention (Schimel et al., 2007; De Vries
etal., 2012a). This is in part because fungi create large hyphal networks that allow water transfer
over large areas, and therefore access to water resources in soil pores (Manzoni et al., 2012a).
Myecorrhizal fungi may additionally increase water supply for plants (Wardle et al., 2004;
Schimel et al., 2007). Although generally more sensitive to drought, bacteria may survive by
switching from an active state to dormancy (Lennon & Jones, 2011), and be protected from
drought for longer due to being in small soil pores which retain some water (Moyano et al.,

2013).

Both fungi and bacteria survive the increasing osmotic potential associated with drought
through osmoregulation. Bacteria use amino compounds, and fungi use polyols (Csonka, 1989;
Schimel et al., 2007), such that the solutes used for osmoregulation can account for 7% to 20%
of total bacterial C, and over 10% of cell mass for fungi (Koujima et al., 1978; Killham &
Firestone, 1984; Tibbett et al., 2002). Yet for bacteria the accumulation of solutes for

osmoregulation may impair metabolism, while for fungi there is no adverse effect (Manzoni et
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al., 2012a). Additionally solutes used by bacteria contain N, while for fungi they do not, thereby
altering the N-cost associated with osmoregulation for bacteria and fungi (Schimel et al., 2007).
The contrasting morphological and physiological traits of fungi and bacteria, suggests that
changes in microbial community composition could subsequently bring about changes in
microbial C and N cycling. There is clear potential for increased nutrient availability to shift
microbial community composition and therefore alter the resistance to drought and recovery

after rewetting.

1.2.3 Microbial growth and carbon use efficiency

Evidence is growing regarding the key role of soil microbes in processing plant inputs and
ultimately promoting soil organic matter (SOM) formation (Schmidt et al., 2011; Cotrufo et al.,
2013; Kallenbach et al., 2016). It is thought that for SOM formation both the size of the
microbial biomass and the efficiency with which it produces new biomass, will be important
(Manzoni et al., 2012b; Miltner et al., 2012; Lange et al., 2015; Kallenbach et al., 2016). In soil
microbial communities, the amount of C used in new biomass relative to C uptake, is termed
microbial CUE, and averages around 50% across diverse studies (Manzoni et al., 2012b; Geyer
et al., 2016). Yet reported values vary considerably from close to 0% to 85%, meaning that
there is a very poor understanding of how changes in microbial CUE may determine the amount
of C available for sequestration and ultimately how terrestrial C stores may feedback to climate
(Manzoni et al., 2012b; Sinsabaugh et al., 2013, 2016). CUE of soil microbial communities
typically increases as nutrients become non-limiting (Manzoni et al., 2012b; Spohn et al.,
2016b), however the effect of drought on microbial CUE is not clearly understood (Herron et
al., 2009; Tiemann & Billings, 2011), while rewetting has been found to increase microbial
CUE (Zeglin et al., 2013b). Despite the importance of nutrient availability for microbial CUE,
and the potential increase in drought events, no study has investigated the interactive effects of

nutrient availability and drought on microbial CUE.
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The large range in estimates of microbial CUE suggests that some of the variation may be due
to the different methodologies used in previous research (Manzoni et al., 2012b). At least part
of this uncertainty comes from the use of different labelled substrates to investigate microbial
CUE. For example the addition of glucose leads to high estimates of CUE, while oxalic acid
results in very low estimates of CUE (Frey et al., 2013). To avoid this substrate-dependency,
recent research has used 80, and its incorporation in cell division, to estimate microbial CUE
independently of particular C substrates (Spohn et al., 2016a,b). The type of substrates used to
investigate microbial CUE is particularly important as root exudation, a key source of C
substrates, may be dependent on both nutrient availability and levels of water stress (Henry et
al., 2005; Badri & Vivanco, 2009). However, the further use of substrate-independent methods

to measure microbial CUE are needed, particularly to utilise plant root exudation and turnover.

Many biogeochemical models of terrestrial ecosystems assume constant CUE, which does not
change in response to climate (Manzoni et al., 2012b). These models with constant CUE make
several assumptions, for example that plant and microbial CUE must counterbalance each other
in response to climate or environmental drivers. However this counterbalance assumption
between different parts of an ecosystem is untested (Bradford & Crowther, 2013). Therefore
linking plant and soil responses, and particularly their respective CUE, is of central importance
to understand how communities cycle C, how it may change in response to climate, and whether

it may act as a positive or negative feedback to climate.

1.3 Thesis aims and objectives

This thesis aims to investigate how C and N cycling in plants and soils responds to drought, and
how this may depend on changes in nutrient availability, as brought about by changes in
agricultural practices. It investigates the effect of long-term grassland restoration treatments,
short-term nutrient addition and intraspecific trait variation on the resistance of C and N cycling
to drought, and recovery after rewetting. This thesis is composed of four experimental chapters

which address the following questions:
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Chapter 2: How does restoration of grassland plant communities alter the resistance and

recovery of C and N cycling to drought?

The increase in fertiliser use to bring about greater agricultural yields, has reduced plant species
richness and changed plant community composition. To counteract this, restoration of grassland
plant diversity has been investigated in long-term field experiments. This chapter investigates
if shifts in plant and soil microbial community composition brought about by long-term
restoration, alter how grassland C and N cycling responds to experimental summer drought.
Specifically, it was hypothesised that grassland restoration would alter the resistance of C and

N cycling to drought.

Chapter 3: How does intraspecific plant trait variation, brought about in part through N

addition, modulate the response of CO; fluxes and C and N leaching to reduced soil moisture?

Although the effect of drought may differ between plant functional groups and species, it may
also differ within species, due to intraspecific trait variation. This chapter uses N addition and
shade conditioning, in a glasshouse pot experiment, to bring about intraspecific trait variation,
in particular changing plant biomass and root-to-shoot biomass ratio. This was done to test the
hypothesis that increased aboveground plant biomass and reduced ratio of root-to-shoot
biomass would reduce resistance to, and recovery after, reduced soil moisture. The response of
CO; fluxes and C and N leaching to reduced soil moisture and subsequent rewetting is used to

assess the role of intraspecific trait variation relative to interspecific variation.

Chapter 4: Are responses to nutrient addition and drought similar for plant and soil microbial

CUE?

When CUE is low, proportionally more C is respired suggesting less is available for
sequestration. Yet, how CUE in plants and soils respond to drought and nutrient addition is

unknown, which has implications for biogeochemical models of terrestrial C cycling because
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they typically assume constant CUE. This chapter investigates how plant and microbial CUE,
measured simultaneously using *C-CO, pulse-labelling, respond to drought and nutrient
addition. This study tests the hypothesis that drought would decrease plant and soil microbial

CUE, while nutrient addition would increase plant and soil microbial CUE.

Chapter 5: Do responses of moss CUE to nutrient addition and drought match responses of

vascular plant CUE?

Research suggests moss CUE may be higher than vascular plant CUE. Yet mosses are sensitive
to water availability and typically decrease in abundance as nutrient availability increases. The
response of moss CUE to drought and nutrient addition is therefore unknown. This chapter
investigates if moss CUE differs to vascular plant CUE in their response to drought and nutrient
addition, while also improving estimates of plant CUE to take into account previously untested
assumptions. Specifically it was hypothesised that moss CUE would not be greater than vascular
plant CUE, due to previous overestimates of moss CUE, and that CUE in both plant functional

groups would be decreased by drought and increased by nutrient addition.

1.3.1 Species-rich hay meadows

This thesis investigates the effect of drought and nutrient availability on C cycling in grasslands,
and focusses on species-rich hay meadows in northern England to test the hypothesis outlined
above. These species-rich hay meadows are used for grazing in autumn, winter and early spring,
and hay production in the summer. They have been the focus of a large body of research,
including grassland restoration, to identify management practices, which promote plant species
diversity (Smith et al., 2000; Kirkham et al., 2014). Research has shown changes in plant
community composition can alter soil microbial community composition (Smith et al., 2008),
and increase soil C accumulation (De Deyn et al., 2011b) and soil N cycling (Bardgett et al.,
2006). This body of research shows that C cycling in plant and soil microbial communities are

closely linked, depending on agricultural practices which also influences the composition of
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plant and soil microbial communities. However the effect of climate change in these grasslands
has received less focus (but see: Paz-Ferreiro et al., 2012), and in particular, the effect of water

stress on these communities, which often receive high mean annual precipitation, is unclear.
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2.1 Abstract

Evidence suggests that the restoration of plant diversity in grasslands not only brings benefits
for biodiversity conservation, but also the delivery of ecosystem services. While biodiversity-
function experiments show that greater plant diversity increases resistance of plant productivity
to climate extremes, it is not known whether real-world management options for the restoration
of grassland biodiversity likewise stabilise ecosystem responses to extreme climate events. We
used a long-term field experiment in northern England to test the hypothesis that grassland
biodiversity restoration increases the resistance and recovery of carbon (C) and nutrient cycling
to drought. This was tested by measuring plant, soil and microbial responses to a simulated
drought in experimental plots where fertiliser application and plant seeding have been
manipulated for more than 20 years to enhance plant diversity. Long term cessation of fertiliser
application decreased plant biomass and changed the abundance of plant functional groups,
while seed addition altered the abundance of particular species. Plant productivity was resistant

to the experimental drought across all grassland restoration treatments. Cessation of fertiliser
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application increased the resistance of grasslands to drought, in terms of ecosystem respiration.
However after rewetting, which coincided with regrowth following the hay cut, grasslands with
cessation of fertiliser, showed smaller net C uptake indicating slower regrowth and recovery.
Drought conditions promoted soil fungi relative to bacteria, but recovery of fungal community
structure took more than three weeks after rewetting. In contrast, C and nitrogen in microbial
biomass which were reduced by drought, recovered within three weeks. This study shows that
drought can disrupt C cycling and soil microbial community structure even when plant
productivity is not reduced. However the effect of drought depended on grassland restoration
with seed and fertiliser treatments having contrasting effects on the resistance and recovery of

grasslands to extreme drought events.

Keywords: grassland restoration, drought, fertiliser, seed addition, ecosystem respiration, soil

microbial community.

2.2 Introduction

The restoration of plant diversity in grasslands, and the management practices required to bring
it about, has been a major focus of research (Smith et al., 2000; Pywell et al., 2002; Bullock et
al., 2007; Kirkham et al., 2014). In addition to increasing plant diversity, grassland restoration
can bring benefits for the delivery of ecosystem services such as increasing soil carbon (C)
accumulation (De Deyn et al., 2011b), increasing agricultural hay yields (Bullock et al., 2001)
and increasing nutrient retention (Maron & Jefferies, 2001). While biodiversity-function
experiments show that greater plant diversity increases resistance of plant productivity to
climate extremes (Isbell et al., 2015), it is not known whether real-world management options
for the restoration of grassland biodiversity likewise stabilise ecosystem responses to extreme
climate events. One such extreme climate event is drought, which is not only predicted to
become more frequent under climate change (Kharin et al. 2007; O’Gorman & Schneider 2009;
Met Office 2016), but can also disrupt C and nitrogen (N) cycling in grasslands (Harper et al.

2005; Smith 2011; Jentsch et al. 2011; De Boeck et al. 2011).
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Drought will have direct effects on plant and soil microbial communities as soils become drier,
however the response of plants to drought can also bring about indirect effects belowground
(Bardgett et al., 2013). Plants have morphological and physiological adaptations to survive
drought conditions, in particular, enabling them to increase water uptake, reduce water loss and
as the drought becomes more severe to ensure plant survival (Chaves, 2002; Chaves et al., 2003;
Zwicke et al., 2015). These adaptations mean that extreme drought typically reduces plant
growth and C uptake, alters allocation of C belowground (Kalapos et al., 1996; Kahmen et al.,
2005; Fuchslueger et al., 2014) and may change the metabolites exuded from roots (Badri &
Vivanco, 2009). Drought may also alter the effect of grassland management on soil C cycling,
for example the removal of plant biomass for hay can release a pulse of C belowground,
however drought may change the partitioning of that C into microbial biomass or other organic
pools (Fuchslueger et al., 2016). Restoration of grassland plant diversity also has the potential
to influence the effect of drought on plant and soil processes. One outcome of restoration will
be to alter the composition of plant functional groups (Smith et al., 2003), which in turn may
alter grassland responses to drought (Evans et al., 2011), potentially due to differences in
biomass (Wang et al., 2007), morphology or growth strategies (Fry et al., 2013). Yet when
investigated, research suggests no difference between restored and unrestored grasslands in
terms of changes in plant productivity or community composition in response to drought (Carter

& Blair, 2012).

The soil microbial community also has morphological and physiological adaptations to survive
drought events, however in contrast to plants, they typically respond on short time scales and
to spatially smaller changes in water availability (Borken & Matzner, 2009). The range of
adaptations include microbes switching from being active to a dormant state (Schimel et al.,
2007), using osmolytes to regulate osmotic potential (Killham & Firestone, 1984; Tibbett et al.,
2002), and reducing growth to survive reduced substrate availability due to reduced diffusion
(Schimel et al., 2007). In the same way that drought can, over time, alter the plant community

composition, the composition of soil microbial community can also shift, for example
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promoting drought-tolerant groups such as fungi or gram-positive bacteria (Yuste et al., 2011;
Fuchslueger et al., 2014). Overall, extreme drought typically reduces microbial activity with
lower heterotrophic respiration (Manzoni et al., 2012a). As water stress can alter plant C
allocation belowground and change exudation from roots, drought can have indirect effects on
the microbial community mediated by plant responses (Bardgett et al., 2013; Fuchslueger et al.,
2016). This suggests grassland restoration may increase resistance to, or recovery after, drought.
For example grassland restoration can shift the soil microbial community structure, especially
to increase the abundance of fungi relative to bacteria (Smith et al., 2008). As fungi are thought
to be more resistant to drought than bacteria (Schimel et al., 2007), and may promote increased
C and N retention (De Vries et al., 2012a), restored grasslands have the potential to be more

resistant to extreme drought events.

This study investigates how long-term management treatments used to restore plant diversity
may also confer greater resistance to drought and recovery after drought. This study utilises a
23-year grassland restoration experiment in northern England which has successfully brought
about increased plant diversity through a combination of seed addition and absence of inorganic
fertiliser application (Smith et al., 2000, 2003). From 1990 to 2002 long-term seed addition
increased species richness from 18.7 to 22.0 per 4m?, while inorganic fertiliser cessation
increased diversity from 19.3 to 21.4 (Smith et al., 2008). Changes in plant community
coincided with changes in the soil microbial community, in particular promoting fungi relative
to bacteria (Smith et al., 2008), and an increase in soil C accumulation when seed addition and
cessation of fertiliser were in combination with legume addition (De Deyn et al., 2011b). A
summer drought event was superimposed on these contrasting grassland communities to
investigate how the resistance of C and N cycling to drought, and recovery after drought, was

altered by grassland restoration.

We hypothesised that: 1) drought would reduce plant productivity, ecosystem respiration, net

C uptake and microbial biomass and would have a greater negative effect on bacteria than fungi.
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However the effect of drought would also depend on grassland restoration treatment, such that:
2) long-term fertiliser cessation would increase resistance and recovery of plant productivity to
drought as the resulting smaller plant biomass would decrease water demand and therefore
decrease water stress; and 3) restored grasslands with increased fungal abundance relative to
bacteria would be more resistant to drought, because bacteria are likely to be less resistant than

fungi to drought.

2.3 Methods

2.3.1 Experimental system

The study was conducted on selected plots of a long-term (23-year) grassland diversity
restoration experiment at Colt Park meadows, Ingleborough National Nature Reserve, northern
England (latitude 54°12°N, longitude 2°21°W; Bardgett & McAlister 1999; Smith et al. 2000;
De Deyn et al. 2011b). The experiment was set up in 1990 on agriculturally improved Lolium
perenne-Cynosorus cristatus grassland on shallow brown earth soils over limestone bedrock, in
order to identify optimal management strategies for restoration of botanical diversity. The
experiment includes four treatments in a fully factorial design: inorganic fertiliser addition, farm
yard manure addition, seed addition and Trifolium pratense seed addiiton in three replicates
blocks (Smith et al., 2000, 2003, 2008). In this study we superimposed drought treatments on
to a subset of plots (3m x 3m), namely plus or minus inorganic fertiliser addition and plus or
minus seed addition (Appendix 1). These treatments were selected because the combination of
seed addition and absence of inorganic fertiliser addition has resulted in the greatest increase in

plant diversity (Smith et al 2008).

Before the long-term grassland restoration started the whole meadow received mineral fertiliser
addition (Smith et al., 2000). The fertiliser cessation treatment started in 1990 with the alternate
treatment being continued fertiliser application (NPK 20:10:10 fertiliser: 25 kg ha® N, 12.5 kg

ha! P and 12.5 kg ha* K) which has since been applied to plots by hand annually in spring (on
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21 May in 2013), except in 2009 and 2010. Seed addition has been applied since 1990 with seed
coming from two sources: locally collected seed and commercially bought seed. Seed collected
from local traditionally managed, species-rich hay meadows was applied in autumn 1990-1992
(0.05 to 1.5 kg ha*), whereas commercially bought seed of 19 species was applied at 6.9 kg ha-
1in autumn 1990-92, and seed of three target species (Lotus corniculatus, Briza media and
Ranunculus bulbosus) in August 1998 at 15.4 kg ha. Locally collected seed of Geranium
sylvatucum applied in September 1999/2000 at 0.5 kg ha* (Smith et al. 2003; Smith et al. 2008).
All plots used in this study received T. pratense seed in 2004 but there was no establishement
(De Deyn et al., 2011b). Since 1999 all plots have been cut for hay between mid July and early
August (on 16 July in 2013), and then grazed by sheep and cattle until May, when grazing
ceases for the production of hay (Smith et al. 2000; Smith et al. 2003; Smith et al. 2008; De

Deyn et al. 2011).

2.3.2 Drought treatments

To investigate the effect of drought on C and N cycling in grasslands, we set up 3 levels of the
drought treatment in each long-term experimental plot, with drought treatments therefore
imposed at the subplot level and seed and fertiliser treatments applied at the plot level. The three
treatments were: control (no rain shelter), drought (rain shelter) and roofed control (rain shelter
with holes). Rain shelters were open sided, constructed of transparent corrugated PVC, 0.8mm
thick (Corolux, UK). Shelters were 90cm x 105cm with a height of 38cm to 63cm, giving a
sloped roof of 16 degrees. Roofed control shelters were identical to those used in the drought
treatment, except they contained holes to allow rainfall to reach the plot. This roofed control
enabled us to test for unanticipated roof artefacts, such as increased air and soil temperatures
which have been suggested to influence the results seen in previous research (Vogel et al. 2013).
The roofed control treatment was included for measurements of species richness, total and plant
functional group biomass and CO- fluxes, but not soil microbial community measurements.

Drought manipulation was carried out from 5 June to 10 July 2013 (35 days). The effect of rain

34



shelters on soil moisture was assessed using a ThetaProbe soil moisture meter (Delta-T, UK),
and soil and air temperature under rain shelters and in control plots was measured using Onset
Hobo Pendant temperature loggers (Onset, USA) at a depth of 5¢cm for soil temperature and

5cm above the surface for air temperature.

The drought treatment excluded 180.8mm of rainfall which was equivalent to 7.5% of average
annual precipitation at Colt Park meadows field site (mean: 2404mm, SD: 82mm). To assess
drought severity and potential recurrence, a Gumbel I distribution was fitted to annual drought
extremes, representing the number of days with less than 1mm of precipitation during the
primary growth period (April-September). Due to insufficient number of years of precipitation
data for the field site, data from Malham Tarn field centre was used, 18km southeast of the field
site, and showed that a 100-year drought equated to 27 days <1mm rainfall. Similarly data from
Hazelrigg Field station, 31km southwest, showed a 100-year drought equated to 34 days of
<1mm rainfall (Bloor & Bardgett, 2012). These results suggest a 100 year drought event may
be between 27 and 34 days, while in this study the drought treatment was in situ for 35 days.
However the drought treatment in this study may not equate to the same level of water stress as
a 100-year recurrence drought event, as to avoid disturbance to the plant community, plots were
not trenched so lateral flow of water in the soil will have still occurred. Although the drought
treatments was removed on 10 July 2013 significant rewetting from rainfall did not occur until

23 July 2013 (Fig 2.1a).

2.3.3 Plant community

Plant biomass was harvested on 10 July, from all plots at the end of the drought treatment, with
aboveground biomass dried at 60°C for 48 hours and split into functional groups of grass,
legumes, forbs and parasitic plants. The vegetation was ball milled before measurement of C
and N content in 0.1g of plant material for each functional group on a Tru-spec CN analyser
(Leco, St. Joesph, MI, USA). Plant species surveys were carried out between 29 June and 4 July

2013 on the central 706cm? of each plot, which was the same area as used to sample plant
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biomass and measure CO; fluxes. To quantify belowground biomass, roots were removed from
soil cores sampled during the drought (July) for microbial community analysis (see below).

Roots were sieved, washed and dried at 60°C for 48 hours.

2.3.4 CO; flux measurements

Net ecosystem exchange (NEE) and ecosystem respiration were measured using static chambers
following Ward et al. (2007, 2013), linked to an infra-red gas analyser (EGM 4, PP Systems,
Herts, UK). Two minute headspace closures were used with NEE measured with transparent
chambers and ecosystem respiration with opaque chambers covering an area of 706cm?.
Measurements were made between 10:15 and 16:30 with the order of blocks and plots alternated
to avoid changes in temperature over the course of the day consistently impacting certain blocks
and plots. Fluxes were adjusted for temperature, headspace volume and chamber area (Holland
et al., 1999). Three flux measurements were made before the drought treatment began (9 May,
17 May, 24 May), six during drought conditions (13 June, 20 June, 24 June, 27 June, 5 July, 8
July), one after rain shelters were removed but before significant rewetting (19 July) and four

after re-wetting (26 July, 30 July, 7 August, 16 August).

2.3.5 Soil microbial community

At four time-points in 2013, three soil cores (2.4cm diameter, 10cm depth) per subplot were
bulked together and sieved (2mm). Sample times were in June (before the drought), July (during
the drought), August (3 weeks after rewetting) and for PLFA and T-RFLP analysis additionally
in November (three months after rewetting). Before the drought, samples were only taken from

12 main plots to determine treatment effects of seed and fertiliser addition.

Drought effects on the soil microbial community structure across grassland treatments were
assessed using the terminal restriction fragment length polymorphism (T-RFLP) method. This

approach informs on the structure of bacterial and fungal community structure. Total genomic
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DNA was extracted from soil samples using previously described procedures (Plassart et al.
2012) and the MoBio power soil kit. In addition, broad-scale changes in microbial community
composition were assessed by phospholipid fatty acid analysis (PLFA) of soils from each
subplot. Briefly, PLFA’s were extracted from freeze-dried soil using a modified Bligh-Dyer
extraction and separated from other lipids using aminopropyl solid phase extraction cartridge
(Phenonenex, US; White et al. 1979). Gas chromatography was carried out on Agilent 6890 GC
with CP-Sil 5 CB fused silica capillary column (Agilent, US). Biomarkers were used for
bacteria (i15:0, a15:0, 15:0, i16:0, 17:0, i17:0, cy-17:0, 18:107 and cy-19:0) and saprotrophic

fungi (18:2w6,9) (Bardgett et al., 1996; Smith et al., 2008).

Microbial biomass C and N were measured on 5¢g fresh soil subsamples using the chloroform
fumigation-incubation method (Brookes et al. 1985) in soil cores taken before (June), during
(July) and after (August) the drought. Briefly, one subsample was fumigated with chloroform
for 16 hours before extraction with 25 mL 0.5 M K,SO.. The resulting filtrate was analysed for
microbial C using a TOC analyser (5000A, Shimadzu, Milton Keynes, UK). For microbial N,
filtrate was oxidised with K;S;0s before colorimetric analysis on an autoAnalyser (Bran and
Luebbe, Northampton, UK). Microbial C and N were calculated as the difference between
fumigated and unfumigated soil with adjustment factors applied for final analysis, using
K¢=0.35 for microbial C and k,=0.54 for microbial N (Sparling et al. 1990). DOC and DON
were extracted from 5 g subsamples using 35mL of water with DOC analysed on a TOC
analyser and DON extract oxidised with K;S;Og before analysis (see above). For pH 10g
subsample was mixed with 25 mL deionised water, left to stand for 30 minutes and then tested

with 210 pH Meter (Hanna Instruments, RI, USA).

2.3.6 Resistance and recovery indices

Resistance of CO; fluxes to drought was calculated using the index of Kaufman (1982) and
Macgillivray & Grime (1995): resistance = PO/CO, where PO is the drought treatment response

during the drought and CO is the response from control treatment (unroofed control) at the same
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time point. Resistance is therefore the effect of drought proportional to the control. A 50%
reduction caused by drought gives a resistance index of 0.5 while an increase of 50% gives an
index of 1.5. No change under drought, i.e. resistant community processes/properties, gives an

index of 1.

We investigated the recovery of CO- fluxes following removal of rain shelters using an index
for recovery. Between the end of the drought and rewetting the annual hay cut took place
removing aboveground biomass from all plots. Measurements after rewetting are therefore not
only taking account of rewetting, but also regrowth after the hay cut. Many resilience indices
incorporate resistance to drought and subsequent recovery (Orwin & Wardle, 2004). Because
the hay cut changed many elements of C and N cycling across the whole community we do not
use the term resilience, but instead recovery following drought and hay cut. We calculate
recovery in the same way as resistance such that: recovery = Px/Cx, where Px is the drought
treatment response after rewetting and Cx is the control value (unroofed control) at the same

time point.

2.3.7 Statistical analysis

Linear mixed effects models (LME) were constructed for C and N cycling responses to seed,
fertiliser and drought treatments. For each LME model the fixed effects were seed, fertiliser,
drought and all interactions. The random effect was split-plot nested within block to take
account of the experimental split-plot design. Where data was from repeated measures, plot ID
was added as a random effect nested within split-plot. For all LME models, assumptions of
normality and equal variances were checked graphically and response variables logged to
improve normality. Weight functions were used to account for unequal variances, when
necessary, following Zuur et al. (2009). We determined the significance of fixed effects by
comparing models with and without the factor of interest using likelihood ratio tests (LRT).
Outliers were removed where they were more than three times beyond the interquartile range.

All statistical analysis was carried out in the R programming language 3.3.1 (R Core
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Development Team, 2016) using the additional packages nlme (Pinheiro & Bates, 2013) and

plyr (Wickham, 2011).

To investigate the interactive effects of drought and grassland management on soil microbial
community structure each T-RF peak from T-RFLP analysis was converted to relative
abundance as compared to the total of all fragments for that sample. Differences in microbial
community structure between drought, seed and fertiliser treatments were assessed using
multivariate statistical analysis using between-sample Bray-Curtis dissimilarities and non
metric multidimensional scaling (NMDS). T-RFLP data was analysed for each sampling date
separately and the significance of drought, seed and fertiliser treatments assessed using
permutational multivariate analysis of variance with the R package vegan (Oksanen et al.,

2013).

2.4 Results

2.4.1 Rain shelter effects on soil moisture and temperature

The drought treatment reduced soil moisture from 58.8% to 33.3% while the roofed control
reduced soil moisture from 58.8% to 49.8% (LRT=108.8, P<0.0001, Fig 2.1a). Soil moisture
was also slightly reduced in plots with continued fertiliser application compared with long-term
fertiliser cessation (LRT=7.03, P=0.008). Mean soil temperature at 5¢cm depth, averaged for
each plot during the drought treatment, was 14.9°C with no difference between control
(mean=14.8°C), roofed control (mean=14.9°C) and drought treatments (mean=15.0°C;
LRT=1.72, P=0.4239, Fig 2.1d). Mean air temperature 5¢cm aboveground, averaged for each
plot during the drought treatment, was 14.0°C with no difference between control
(mean=14.0°C), roofed control (mean=13.9°C) and drought treatments (mean=14.2°C;

LRT=2.53, P=0.2828, Fig 2.1c).
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2.4.2 Plant community

Total aboveground plant biomass, harvested from all plots in July coinciding with the end of
the drought period, was reduced in plots with long-term cessation of fertiliser application
(LRT=17.95, d.f.=2, P<0.0001, Fig 2.2a), with no effect of the drought superimposed across
the grassland restoration treatments. The effect of fertiliser cessation varied between plant
functional groups (plant functional group x fertiliser: LRT=65.32, d.f.=3, P<0.0001), such that
in plots with cessation of fertiliser, grass and forb biomass was decreased, legume biomass did
not change, and parasitic plant biomass increased. Belowground biomass, sampled in July
coinciding with the end of the drought period, was decreased in seed addition plots but only
with cessation of fertiliser application (fertiliser x seed: LRT=5.74, d.f.=1, P=0.0166, Fig 2.2b).
The proportion of root biomass relative to shoot biomass was increased in fertiliser cessation

plots (LRT=11.76, d.f.=1, P=0.0006, Fig 2.2c).

Although plots with seed addition did not differ in abundance of plant functional groups there
were species specific differences (Fig 2.3). For Rhinanthus minor, plots with seed addition had
reduced percentage cover, although the reduction was smaller in drought plot (seed x drought:
LRT=6.43, d.f.=2 P=0.0402). For Holcus lanatus, plots with seed addition had a small increase
in percentage cover but the increase occurred primarily in non-drought plots (seed x drought:
LRT=14.36, d.f.=2, P=0.0008). The number of vascular plant species ranged from 9 to 16 in
706cm? and was increased in fertiliser cessation plots (LRT=9.80, d.f.=1, P=0.0018, Fig 2.2d).
Seed addition increased species richness but only in the unroofed control rainfall treatment (seed

x drought: LRT=7.57, d.f.=1, P=0.0227).
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Figure 2.3 Percentage change in species cover with the seed addition treatment for the nine most common
species. Bars with an asterisk show significant effect (P<0.05) of seed treatment, although interacting
with drought treatment.

The ratio of C to N content in aboveground biomass, harvested at the end of the drought, was
highest in grasses, then forbs and then legumes (LRT=150.02, d.f.=2, P<0.0001, Fig 2.4, Table
2.1). Drought increased C:N content in all functional groups, however the increase brought
about by drought was smaller with the grassland restoration treatment of seed addition (seed x
drought: LRT=5.55, d.f.=1, P=0.0185, Fig 2.4, Table 2.1). Parasitic plant C:N content,
measured from a subset of 10 plots and statistically analysed separately, was significantly

increased by drought (LRT=6.34, d.f.=1, P=0.0188, Fig 2.4d).
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Figure 2.4 Ratio of C content to N content in plant biomass under drought conditions, a) grass C:N, b)
forb C:N, c) legume C:N and d) parasitic plant C:N. —S = without seed addition; +S = with seed addition.
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Table 2.1 The effect of drought, fertiliser and seed treatments and plant functional group (PFT) on C%,
N% and C:N in aboveground biomass. The PFTs analysed were grass, forbs and leguumes while parasitic

plants were analysed separately. Significance of parameters calculated using Likelihood ratio tests (LRT).

%C %N C:N
d.f LRT P LRT P LRT P
PFT 2 54.06 <0.0001 57.69 <0.0001 150.02 <0.0001
Fertiliser cessation (F) 1 10.39 0.0013 0.05 0.8271 0.29 0.5905
Seed addition (S) 1 0.36 0.5470 5.05 0.0246 3.79 0.0514
Drought (D) 1 0.66 0.4163 11.49 0.0007 14.88 0.0001
PFT x F 2 4.25 0.1193 4.82 0.0900 3.47 0.1766
PFT xS 2 0.66 0.7173 0.29 0.8629 0.63 0.7301
PFTx D 2 12.09 0.0024 9.26 0.0010 5.30 0.0706
FxS 1 0.25 0.6188 0.36 0.5489 0.08 0.7716
Fx D 1 1.25 0.2628 1.14 0.2860 1.01 0.3157
Sx D 1 1.52 0.2183 5.23 0.0222 5.55 0.0185
PFTxFxS 2 1.34 0.5670 0.64 0.7269 1.84 0.3986
PFTxFx D 2 5.51 0.0637 212 0.3460 2.75 0.2522
PFTxSx D 2 1.01 0.6033 2.16 0.3397 0.71 0.7022
FxSx D 1 0.46 0.4959 0.48 0.4902 1.07 0.3008
PFTxFxSx D 2 3.48 0.1758 4.07 0.1305 2.77 0.2500
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2.4.3 CO> fluxes

Ecosystem respiration, averaged across sampling dates during the drought period, was
decreased in fertiliser cessation plots, but the decrease was smaller in combination with drought
(fertiliser x drought: LRT=11.06, d.f.=2, P=0.0040, Fig 2.5). After the drought, ecosystem
respiration on average remained lower in fertiliser cessation plots (LRT=5.01, d.f.=1, P=0.0252,
Fig 2.5). The resistance of ecosystem respiration to drought decreased over time and was greater
in fertiliser cessation plots (date: LRT=15.08, d.f.=1, P=0.0001; fertiliser: LRT=7.00, d.f.=1,
P=0.0081, Fig 2.6a). The reduction in ecosystem respiration under drought conditions
correlated with plant biomass particularly towards the end of the drought, such that plots with
greater plant biomass had greater reductions in ecosystem respiration (Fig 2.7). After the
drought treatment ended, ecosystem respiration recovery increased over time but did not differ

with fertiliser or seed treatments (date: LRT=17.51, d.f.=1, P<0.0001, Fig 2.6b).

The NEE sink strength was smaller in fertiliser cessation plots both during and after the drought,
although the increase was much smaller after drought (during drought: LRT=17.24, d.f.=1,
P<0.0001; after drought: LRT=5.56, d.f.=5.56, P=0.0184, Fig 2.5). The resistance of NEE to
drought was the same over time and across experimental treatments (Fig 2.6c), while after
drought recovery was reduced in fertiliser cessation plots and increased over time (date:

LRT=3.96, d.f.=1, P=0.0466; fertiliser: LRT=4.58, d.f.=1, P=0.0323, Fig 2.6d).
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2.4.4 Soil microbial community

Before the drought, the grassland restoration treatments of fertiliser cessation and seed addition
had no effect on C or N content or C:N of the microbial biomass (Fig 2.8). During the drought,
microbial biomass C was decreased in drought plots but only in combination with seed addition
(seed x drought: LRT=10.51, d.f.=1, P=0.0014, Fig 2.8b). After the drought, microbial biomass
C was the same across all treatments (Fig 2.8c). During the drought, microbial biomass N was
reduced under the drought treatment (LRT=4.51, d.f.=1, P=0.0337, Fig 2.8e), but after the
drought it was the same across all treatments (Fig 2.8f). The resulting ratio of microbial biomass
C relative to N was not significantly changed by experimental treatments during the drought
(Fig 2.8h). However after drought the ratio of microbial biomass C to N was increased in plots
previously under drought but only in fertiliser cessation plots (fertiliser x drought: LRT=7.51,

d.f.=1, P=0.0061, Fig 2.8i).

In drought conditions, the concentration of fungal PLFAs was increased and this occurred
primarily in plots with either seed addition or continued fertiliser application (fertiliser x seed
x drought: LRT=4.26, d.f.=1, P=0.0391, Fig 2.9f), while the concentration of bacterial PLFAs
was not altered by drought, fertiliser or seed addition. The resulting ratio of fungal PLFA to

bacterial PLFA was increased under drought conditions (LRT=6.61, d.f.=1, P=0.0101, Fig 2.9j).
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Figure 2.8 The effect of drought, seed and fertiliser addition on C and N in microbial biomass, d-f)
microbial biomass N before, during and after drought, g-i) microbial biomass C:N before, during and
after drought. The significance of main effects and interactions indicated by ** = P<0.01, * = P<0.05. —
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represents continued fertiliser application. Bars indicate mean +SE (n=3).

49



a) Pre drought b) During drought c) After drought (Aug) d) After drought (Nov)

140 O Control 140 7 140 140 O Control
120  Fertiliser: ** 120 120 - 120 - ® Drought
==
L 5100 100 100 100
o=
@ $ 80 80 80 80
2 60 A 60 60 - 60 -
o o
m = 40 40 - 40 40
20 20 20 20
0 - 0 - 0- 0 -
-S +S -S 48 -S 48 -8 48 -S +S -S 48 -S +S -8 48
-F +F -F +F -F +F -F +F
e) Pre drought f) During drought g) After drought (Aug) h) After drought (Nov)
12 4 12 4 12 12 4
O Control FxSxD:* FxSxD:* O Control
10 10 10 10 ® Drought
< E 8 8 - 8 8
]
L3 6 6 6 6
o
52 4 4 4 4
-2
2 ] 2 | 2 ] 2 | ﬂﬂﬂﬁ
0 - 0- 0- 0 -
-S +S§ -S 4S8 -S 48 -8 48 -S +S§ -S 48 -S +S -8 48
-F +F -F +F -F +F -F +F
i) Pre drought j) During drought k) After drought (Aug) [) After drought (Nov)
0.14 0.14 - 0.14 o 0.14
O Control Drought: * O Control
< 012 y 0.12 0.12 - Seed: ** 0.12 B Drought
L Fertiliser: **
Z 010 0.10 0104 FxD:* o104 _
p Fertiliser:
5 0.08 4 0.08 0.08 0.08
& 0.06 0.06 | 0.06 0.06
L
D 0.04 0.04 | 0.04 0.04
3
L 002+ 0.02 0.02 0.02 EI[IH[I
0.00 - 0.00 - 0.00 - 0.00 -
-S +S§ -S 4S8 -S 48 -8 48 -S +§ -S 48 -S +S -8 48
-F +F -F +F -F +F -F +F

Figure 2.9 The effect of drought, seed and fertiliser addition on bacterial and fungal PLFA
concentrations, a-d) bacterial PLFA concentrations before, during and after drought in August and
Novemebr, d-h) fungal PLFA concentrations before, during and after drought in August and Novemebr,
i-1) fungal:bacterial PLFA concentrations before, during and after drought in August and Novemebr. The
significance of main effects and interactions indicated by ** = P<0.01, * = P<0.05. —S = no seed addition,
+S = seed addition, —F represents the cessation of fertiliser treatment, while +F represents continued
fertiliser application. Bars indicate mean +SE (n=3).
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After the drought (in August), bacterial PLFA concentrations were not significantly different
between any treatments, while fungal PLFA concentrations continued to depend on drought,
seed and fertiliser treatments (fertiliser x seed x drought: LRT=5.82, d.f.=1, P=0.0158, Fig
2.99). The resulting ratio of fungal PLFA to bacterial PLFA was increased in plots previously
exposed to drought, but only in fertiliser cessation plots (fertiliser x drought: LRT=4.18, d.f.=1,
P=0.0409, Fig 2.9k), while the fungal to bacterial ratio was also increased in plots with seed
addition (LRT=7.12, d.f.=1, P=0.0076, Fig 2.9k). For samples in November, more than three
months after rewetting, neither bacterial nor fungal PLFA concentrations were altered by
drought, seed or fertiliser treatments. However the resulting ratio of fungal PLFA to bacterial

PLFA was increased in fertiliser cessation plots (LRT=4.29, d.f.=1, P=0.0382, Fig 2.9I).

Drought changed the bacterial community structure, as assessed by T-RFLP (Fig 2.10a). After
the drought, the bacterial community structure assessed by T-RFLP in August and November
did not depend on the previous drought treatment, but did differ with seed addition (Fig 2.10b,c).
The fungal community assessed by T-RFLP was unaffected by drought, seed or fertiliser

treatments.

2.4.5 Soil properties

During the drought, DOC in soil was not significantly affected by drought, seed or fertiliser
treatments, however after the drought in August DOC was lower in plots with seed addition but
only in fertiliser cessation plots (fertiliser x seed: LRT=4.43, d.f.=1, P=0.0354). During the
drought, DON was lower in plots with seed addition, but only with cessation of fertiliser
addition (fertiliser x seed: LRT=4.04, d.f.=1, P=0.0444), additionally DON was reduced under
drought particularly in plots without seed addition (seed x drought: LRT=4.57, d.f.=1,

P=0.0326).
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2.5 Discussion

The aim of this study was to investigate if real-world management options for the restoration of
grassland biodiversity brought about changes in resistance and recovery to drought events of C
and N cycling in plant and soil microbial communities. The long-term grassland restoration
treatments of seed addition and fertiliser cessation brought about changes in plant communities,
with differences in species composition and biomass, which in turn altered the effect of drought
on CO; fluxes, plant C:N content, microbial biomass C, and soil microbial community structure.

These effects of drought occurred despite the overall resistance of plant productivity to drought.

The long-term grassland restoration treatments brought about changes in total plant biomass,
abundance of plant functional groups and species composition. Plots with continued fertiliser
addition had greater biomass primarily due to the large increase in grass biomass (Fig 2.2). This
confirms conclusions from the same experiment where fertiliser addition promoted grass
biomass (Smith et al., 2000, 2003, 2008; De Deyn et al., 2011a), and more broadly with research
showing fertiliser alters both species and plant functional group composition (Fornara et al.,
2013; Kirkham et al., 2014). It shows that long-term fertiliser cessation is an important
treatment to promote restoration of grassland plant diversity. In contrast, seed addition did not
result in changes in total plant biomass or abundance of plant functional groups, but it did
change individual species abundance (Fig 2.3) and soil bacterial community structure (Fig
2.10). In particular, R. minor had reduced abundance in plots with seed addition, although the
size of reduction depended on the drought treatment. This matches previous research from the
same experiment in which R. minor had lower occurrence in plots with seed addition (Smith et
al., 2000). The root hemi-parasite R. minor, is an important species as it can reduce plant
productivity and increase soil N cycling, potentially through altering root turnover and

exudation in the rest of the plant community (Bardgett et al., 2006).

Although grassland restoration treatments did bring about changes in plant species richness, the

changes were relatively small and suggest that differences in species number were unlikely to
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explain the observed differences in grassland C and N cycling responses to drought (Fig 2.2d).
The negative effect of fertiliser addition on species richness found in this study, although small,
matches previous results from the same long term experiment (Smith et al., 2003, 2008) as well
as research into the effect of fertiliser and N deposition (Stevens et al., 2004; Kirkham et al.,
2014). Seed addition brought about a small increase in species richness but only in control plots,
with the opposite effect in roofed control and drought treatments. This small and inconsistent
effect of seed addition may be because this study was carried out on a subset of plots from the
long-term experiment with smaller survey area and additionally because the effect of long term
treatments such as seed addition may differ between years. Previous results from the same
experiment show seed addition increased species richness (Smith et al., 2003, 2008), and does
S0 across a wide range of grassland studies (Bullock et al., 2001, 2007; Pywell et al., 2002).
Analysis of multiple biodiversity and ecosystem function experiments shows that increases in
richness from 1 up to 64 species can increase resistance of plant productivity to extreme
precipitation events (Isbell et al., 2015). This suggests the change in species richness, seen in
this study, from on average 11 to 15 species per 706cm? is unlikely to have a major role in

grassland resistance to, or recovery after, drought.

2.5.1 Effect of drought on plant community

Contrary to the first hypothesis, plant biomass was not reduced under drought conditions,
suggesting plant productivity was resistant to drought (Fig 2.2a). Additionally belowground
biomass and the ratio of belowground to aboveground biomass did not change under drought
conditions (Fig 2.2b,c). As the drought treatment intercepted 7.5% of average annual
precipitation and brought about changes in CO; fluxes, soil microbial community composition
and plant C:N content, it was severe enough to alter some community processes even though
plant biomass was resistant to drought. Although drought can reduce plant productivity (Wang
et al., 2007; Vogel et al., 2012; Isbell et al., 2015), other studies have shown that even severe

drought can have no effect (Mirzaei et al., 2008; Jentsch et al., 2011; Carter & Blair, 2012),

54



with a meta-analysis showing that multiyear reduced precipitation experiments do not regularly
alter the productivity-precipitation relationship (Estiarte et al., 2016). Belowground biomass
responses to drought have been less studied than aboveground plant productivity, however both
increased C allocation to roots to aid exploitation of reduced water availability (Kalapos et al.,
1996; Kahmen et al., 2005; Poorter et al., 2012), and reduced belowground C allocation have

been reported (Sanaullah et al., 2012b; Fuchslueger et al., 2014; Hasibeder et al., 2014).

Despite the resistance of plant productivity to drought, plant C content relative to N content was
increased with drought, particularly in plots with seed addition and was primarily due to
reductions in shoot N content (Fig 2.4). A similar decrease in shoot N was found following
drought in two European grasslands (Walter et al., 2012; Fuchslueger et al., 2016), and may be
due to reduced N mobility in drier soils (Chaves et al., 2003). In this study the smaller increase
in shoot C:N with seed addition suggests that changes in plant community composition can
modulate the effect of drought on the relative N content in plant leaves. This is broadly
consistent with a meta-analysis across ecosystem types which showed that in semi-arid
ecosystems C:N ratios generally decreased in response to drought, but in wet-temperate
ecosystems there were mixed responses (Sardans et al., 2012). Our results showed that in
grasslands with mean annual precipitation above 2000mm, drought increased aboveground C:N
in all plant functional groups. These changes in leaf C:N content suggest that a very severe
drought, bringing about leaf senescence could lead to changes in plant litter quality and

therefore potentially decomposition rates.

2.5.2 Effect of drought on CO; fluxes

Drought reduced ecosystem respiration, but did not reduce NEE which suggests an equivalent
reduction in photosynthesis to maintain no change in NEE (Fig 2.5, 2.6). This agrees with a
study of experimental drought in UK grasslands which showed an overall net balance in
reduction of photosynthesis and ecosystem respiration in response to drought (Fry et al., 2013).

However this contrasts with research which suggests greater reductions in photosynthesis than
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ecosystem respiration under drought conditions in model grassland communities (Bloor &
Bardgett, 2012), with similar results in semi-arid grasslands (Li et al., 2016) and the same
conclusion from a global meta-analysis of drought studies (Wu et al., 2011). Greater drought
sensitivity of photosynthesis compared with ecosystem respiration indicates that increased
frequency and length of drought events could reduce the potential for ecosystem C storage and
could act as a positive feedback to climate change. In contrast the results in this study suggest

no change in net C uptake with drought.

Grasslands with the greatest plant biomass were expected to be less resistant to drought, due to
increased water demand, reduced soil moisture, and therefore greater water stress. In support of
this we found that in grasslands with continued fertiliser application, which brought about a
near two-fold increase in plant biomass, ecosystem respiration was less resistant to drought and
that the level of resistance decreased over time (Fig 2.6, Fig 2.7). This confirms previous results
where a severe drought reduced CO- fluxes but without an overall change in biomass (Mirzaei
etal., 2008). Our results suggest that resistance of ecosystem respiration was biomass dependent
such that grasslands with low nutrient inputs and low biomass may therefore be more resistant

to drought.

Grasslands with fertiliser cessation had the smallest plant biomass and therefore the lowest
water demand, which did not additionally decrease soil moisture and had the smallest drought-
induced reduction in ecosystem respiration. It is therefore likely that plants in these restored
grasslands, without fertiliser addition, experienced the least water stress under drought
conditions. However after rewetting and hay cut the recovery of CO; fluxes was lower in plots
with fertiliser cessation suggesting slower re-growth of plants (Fig 2.5, 2.6). This suggests
fertiliser cessation may have decreased water stress but also decreased recovery after drought.
The removal of aboveground biomass which occurred just before rewetting may have produced
a pulse of rhizodeposition from roots, which can lead to greater N mineralization, enabling N

acquisition by plants and therefore supporting regrowth (Hamilton 2008, Henry 2008). Plants
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undergoing the least water stress may be expected to have more non-structural C available for
release from roots to promote N mineralisation (Fuchslueger et al., 2014). This would imply
regrowth following rewetting and the hay cut should be fastest with fertiliser cessation, however
as the opposite was found in this study, it suggests that the greater regrowth may have been
because initial fertiliser addition was still increasing N availability and therefore the absence of

this with fertiliser cessation led to slower recovery.

2.5.3 Effect of drought on soil microbial community

We hypothesised that an increase in the abundance of fungi relative to bacteria brought about
by grassland restoration treatments, would increase resistance of soil C and N cycling to
drought. Fungi are expected to be more resistant to water stress than bacteria (Schimel et al.,
2007; Bapiri et al., 2010), and may therefore confer greater resistance of soil C and N cycling
in drought conditions (De Vries et al., 2012a). In support of the greater resistance of fungi to
drought, we found that the fungal-to-bacterial PLFA ratio was increased with drought across all
grassland restoration treatments (Fig 2.9j) primarily due to an increase in fungi, rather than a
decrease in bacteria (Fig 2.9b,f). Three weeks after rewetting, fungal PLFAs and the fungal-to-
bacterial PLFA ratio still showed differences brought about by drought, but both showed
complete recovery 3 months after rewetting (Fig 2.9). This suggests recovery of the soil
microbial community structure was slower than the recovery of C and N content of the microbial
biomass, which recovered within three weeks of rewetting. The speed of recovery observed in
this study is intermediate when compared to previous research were soil microbial community
structure following drought recovered one week after rewetting in sub-alpine grassland
(Hasibeder et al., 2014), while resilience of fungal and bacterial biomass to a second drought
event differed for up to 77 days after rewetting (De Vries et al., 2012a). The study points to
some redundancy in the soil microbial community, in that C and N pools could be the same

even when there were differences in underlying soil microbial community structure.
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In restored grasslands with seed addition, drought reduced microbial biomass C, but this did not
occur in the absence of seed addition. This indicates changes in plant community composition,
the primary change associated with seed addition (Fig 2.3), had an indirect effect of drought on
microbial biomass C (Fig 2.8b). In this study, seed addition brought about grassland
communities with reduced root biomass (although primarily in plots without fertiliser addition)
but also had decreased cover of the root hemi-parasite R. minor. R minor can reduce plant
productivity and increase soil N cycling potentially changing plant root turnover and exudation
(Bardgett et al., 2006). The importance of the plant community in determining the resistance of
microbial biomass C to drought has previously been shown in model grasslands where
resistance was lower with increased species richness (Bloor & Bardgett, 2012). A meta-analysis
showed that although drought generally reduced microbial biomass C, the reductions were small
compared with changes in microbial biomass C in response to plant diversity (Thakur et al.,
2015). Recent research shows that increased microbial activity and biomass can promote C
sequestration (Miltner et al., 2012; Lange et al., 2015), however the fast recovery of microbial

biomass C in this study suggests there is unlikely to be a lasting effect on C sequestration.

2.6 Conclusion

This study set out to investigate if real-world grassland restoration treatments stabilise responses
to extreme climate events. It was found that two commonly used grassland restoration
treatments, namely the cessation of fertiliser application and mixed seed addition, had differing
effects on the resistance and recovery of C and N cycling in plants and soil microbes in response
to drought. Despite overall resistance of plant productivity, cessation of fertiliser increased
resistance of ecosystem respiration to drought primarily due to the resulting smaller biomass
having a lower water demand. In contrast, grasslands with seed addition had reduced stability
of microbial biomass C to drought, suggesting changes in plant community composition partly
altered the effect of drought on the soil microbial community. Overall, resistance to drought

may be best promoted in low biomass grasslands, without fertiliser addition. While biodiversity-
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ecosystem function experiments show that increasing species richness can increase resistance
of plant productivity to drought, this study shows the effect of real-world grassland restoration
can differ to those of biodiversity-ecosystem function experiments. Additionally, the commonly
used grassland restoration treatments of fertiliser cessation and seed addition had contrasting

effects on the resistance to, and recovery after, drought events.
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3.1 Abstract

Plant species will differ in how they respond to climate change. Additionally individual plants
of the same species can show considerable variation in traits, yet is unclear whether such
intraspecific trait variation is important for determining how plant carbon (C) cycling responds
to extreme climate events. Reduced precipitation and drought, leading to water stress for plants,
is predicted to become more frequent under climate change. This study investigates whether
predicted reductions in C uptake and respiration with reduced soil moisture, and increases in
leaching losses upon rewetting are consistent irrespective of intraspecific trait variation. This
study used four grassland species, with varying traits and growth strategies, grown in
monoculture and a four-species community. Monocultures and the mixture received
combinations of nitrogen (N) addition and shade conditioning, to bring about intraspecific
variation in plant morphology. Half were then subjected to reduced soil moisture for four weeks

followed by rewetting. Across all monocultures and mixture, reduced soil moisture was found
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to lower C storage and retention in plants and soil through three processes: i) net CO, uptake
was smaller with reduced soil moisture, ii) the proportion of C respired from plants and soil was
increased relative to C uptake under reduced soil moisture, and iii) upon rewetting of dry soil,
dissolved organic C (DOC) leachate losses were increased. However intraspecific trait
variation, in all monocultures and the mixture, modulated these changes in C storage, such that
the greatest reductions in net C uptake under reduced soil moisture occurred with high plant
biomass and low specific leaf area (SLA). In contrast, the greatest DOC losses were found when
plant biomass was low but with differences between the species in monoculture and the mixture.
The results show that intraspecific variation in plant traits can alter how grassland species
respond to predicted changes in precipitation, and that carbon cycling in grasslands with high
plant biomass may be more sensitive to changes in precipitation regimes. Together, these results
demonstrate that differences in plant traits within species can be as important as differences

between species for modulating responses to climate change.

Keywords: climate change, reduced precipitation, plant functional traits, intraspecific trait

variation, grasslands, CO; fluxes, nutrient leaching.

3.2 Introduction

Plant species are expected to differ in how they respond to climate change (Chaves, 2002;
Craine et al., 2012), but it is less certain how variation within species may lead to altered
responses to different climates (Albert et al., 2010; Leps et al., 2011; Ravenscroft et al., 2014).
Reduced precipitation and the water stress it can impose on plants is predicted to become more
frequent under future climate scenarios (Kharin et al., 2007; O’Gorman & Schneider, 2009).
Intraspecific variation in plant traits can account for 25% of total trait variation within plant
communities (Siefert et al., 2015). In grasslands, drought has been found to alter intraspecific
trait variation across a range of species (Jung et al., 2014), while for some species populations

from origins contrasting in level of precipitation show differences in resistance to drought

61



(Beierkuhnlein et al., 2011; Poirier et al., 2012). However research is needed to understand how

intraspecific trait variation influences plant responses to changes in precipitation.

As precipitation regimes change and potentially become more extreme, plants and soils will be
exposed to reduced precipitation, but also rewetting events at the end of reduced precipitation.
In grasslands, both reduced precipitation and rewetting can alter carbon (C) and nitrogen (N)
cycling through changes in plant growth, soil structure and microbial community activity
(Kalbitz et al., 2000; Sanderman et al., 2008). Reduced precipitation often results in reduced
plant biomass, and can also alter short term C and N cycling, biomass allocation and leaching
losses from soil (Harper et al., 2005; Jentsch et al., 2011; Smith, 2011; Hagedorn & Joos, 2014).
Rewetting of dry soils typically increases losses of dissolved organic matter (DOM), while plant
responses to rewetting can show compensatory growth (Kalbitz et al., 2000; Mirzaei et al.,
2008; Bloor & Bardgett, 2012). The relative importance of intraspecific plant trait variation for

modulating these plant responses to reduced precipitation is unknown.

Plant biomass, and its allocation above or belowground, has the potential to determine how
plants respond to water stress. Grasslands with the greatest plant biomass at the start of a drought
have been found to have the greatest drought-induced reduction in plant biomass, suggesting
responses to water stress in grasslands may be biomass-dependent (Wang et al., 2007). However
a strong effect of plant biomass has not been found in all studies: increased plant biomass,
brought about through increased N availability, has been found to have very little effect
determining CO; fluxes and C and N leaching (Bloor & Bardgett, 2012). Additionally the
relative allocation of biomass either above or belowground, which can vary intraspecifically
(Martin-Olmedo et al., 2002), may modulate plant responses to reduced precipitation. Plants
can allocate more C belowground during drought to aid exploitation of reduced water resources
(Kalapos et al., 1996; Kahmen et al., 2005; Poorter et al., 2012; Backhaus et al., 2014). It may
therefore be expected that plants with high root biomass relative to shoot biomass may maintain

growth under reduced soil moisture to a greater extent than plants with proportionally less

62



biomass allocated belowground. As the ratio of root-to-shoot biomass can vary within species,
intraspecific variation in this plant trait may be important for modulating plant responses to

reduced precipitation.

In addition to biomass and its allocation either below or aboveground, intraspecific variation
across a range of traits may explain differences in plant responses (Jung et al., 2014; Siefert et
al., 2015). Cross-ecosystem comparisons suggest plants can be characterised as having an
exploitative growth strategy, with high levels of photosynthesis, transpiration and specific leaf
area (SLA), or a conservative growth strategy, typically with slower growth and lower SLA
(Reich et al., 1999; Diaz et al., 2004). In grasslands, differences in growth responses to drought
were predictable across grassland species on the basis of plant traits (Macgillivray & Grime,
1995). Although grassland plant traits have been used to understand the drivers of CO; fluxes
in grasslands (Everwand et al., 2014; Milcu et al., 2014), the retention of N in plants and soil
(De Vries & Bardgett, 2016) the plasticity in root traits in response to drought (De Vries et al.,
2016) and feedbacks to soil moisture (Gross et al., 2008), studies typically only account for
interspecific trait variation. The role of intraspecifc trait variation in modulating CO; fluxes and

C and N leaching is currently unknown.

The aim of this study was to investigate the effect of reduced soil moisture on C and N cycling
in grassland species and in particular the role of intraspecific variation in plant traits, including
plant biomass and ratio of root-to-shoot biomass, in modulating the response to reduced soil
moisture. We hypothesised that i) reduced soil moisture will decrease CO; fluxes and increase
C and N leaching, and ii) changes in C and N cycling as a consequence of reduced soil moisture
will be exacerbated as plant biomass increases and the ratio of root-to-shoot biomass decreases.
To test these hypotheses a glasshouse experiment was conducted using four grassland species,
of varying growth strategies and plant functional types, and one mixed community. Planted
mesocoms differing in plant biomass, biomass allocation and plant traits were created through

application of nitrogen (N) and shading treatments singly and in combination. The effects of
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drought and rewetting on C and N cycling processes were then assessed through responses of

CO; fluxes and C and N lost in leaching.

3.3 Methods

3.3.1 Experimental design and plant communities

To understand the mechanisms controlling species’ level responses to reduced soil moisture a
‘drought-rewetting” mesocosm experiment was established in a controlled temperature
glasshouse at Lancaster University, UK. Mesocosms were plant pots (length=11cm,
width=11cm, height=12cm) set out in a split-plot design with 4 blocks. The experiment
consisted of 4 monocultures and one mixed species community, in a fully factorial design with
and without N addition, with and without shade conditioning and two levels of soil moisture.
The 5 plant species combinations, 8 treatment combinations and 4 replicates resulted in a total
of 160 mesocosms. Seeds were sown in January 2014 and after 2 weeks growth, transferred to
mesocosms containing loamy-sand soil (pH=5.6; %C=7.9; %N=0.28; Finch Aggregates,

Blackburn, UK; Fig 3.1).

Four species were grown in monoculture (Plantago lanceolata, Festuca rubra, Dactylis
glomerata, Holcus lanatus) which are found co-existing in grasslands (Rodwell 1993), but
differ in plant functional group (grasses or forbs) and have different growth strategies (resources
acquisitive vs. resource conservative) with varying plant traits. The forb P. lanceolata and the
grass F. rubra may be considered more resource conservative while the grasses D. glomerata
and H. lanatus may be considered more resource acquisitive (Baxendale et al., 2014). An
additional mixture community was included which had one individual from each of the four
species grown in monoculture. To match planting density across all communities, four

individuals were grown in each mesocosm.
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CO; flux measurements:
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Figure 3.1 Experimental timetable showing mesocosms setup, experimental treatments and
measurements. Sowing seed (closed circle), transplanting plants to mesocosms (closed triangle), N
addition (closed square), leachate collection (open diamond), final harvest (open triangle) and CO; flux
measurements (star). Each mesocosm for a given species received the same treatments and measurements
on the same day, however not all measurements and treatments could be carried out on all species on the

same day. The dates shown in the figure may therefore differ slightly depending on species.
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3.3.2 Nitrogen addition, shade and soil moisture treatments

To test the hypothesis that biomass would determine plant responses to reduced soil moisture,
we imposed two treatments that independently alter plant biomass. The first was N addition
applied as ammonium nitrate (25kg N ha't) which was added in solution to half the mesocosms
(applied week beginning 5 February 2014). The second treatment was shading of half of the
mesocosms, for 6 weeks (2 February — 14 March 2014), to bring about different biomass levels
independently of N addition (Fig 3.1). Neutral density plastic mesh was used above and to the
sides of sub-blocks receiving shade treatment, which was confirmed by a measured reduction

in PAR of 55%.

To simulate reduced rainfall, mesocosms were watered to maintain a set water holding capacity
(WHC). This was calculated as a percentage of a fully saturated mesocosm assessed
gravimetrically on a subset of mesocosms not otherwise used in the experiment. The control
treatment had soil moisture maintained at 60% WHC and the reduced soil moisture treatment
(RSM) was maintained at 30% WHC (started 24 March 2014). At the end of the reduced soil
moisture treatment all mesocosms were rewetted to 80% WHC with the leachate being collected
(rewetting in week beginning 21 April 2014, Fig 3.1). By maintaining mesocosms at a set WHC
we reduced the potential effect of larger plants using more water and therefore inducing a

greater water stress over time.

3.3.3 COzfluxes and C and N leaching

Net ecosystem exchange (NEE) and ecosystem respiration were measured using an infra-red
gas analyser (EGM 4, PP Systems, Hitchin, UK). Each mesocosm was enclosed in a static
chamber (30cm diameter, 35cm height) which was either transparent (for NEE) or opaque (for
ecosystem respiration). Measurements were made between 09:00 and 14:30 with all mesocosms

of the same community measured consecutively. CO, fluxes were measured twice before
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reduced soil moisture was imposed, four times during reduced soil moisture and twice after

rewetting (Fig 3.1).

Soil was rewet to 80% WHC, and all resulting leachate was collected and analysed. Dissolved
organic carbon (DOC) content was measured on a TOC analyser (Shimadzu 5000A, Milton
Keynes, UK). DON was calculated as the difference between total N and DIN, where DIN was
measured by running the leachate on an autoanalyser (Bran and Luebbe, Northampton, UK) for
ammonium and nitrate. Total N was measured by oxidising the leachate with potassium

persulphate (K2S:0s) before running on an autoanalyser in the same way.

3.3.4 Plant traits and soil properties at final harvest

The final harvest destructively sampled all aboveground and belowground biomass (week
beginning 5 May 2014, Fig 3.1). DOC and DON remaining in the soil was extracted from 5¢g
soil using 35mL deionised water. Extracts were then run in the same way as leachate DOC and
DON. Inorganic N was extracted using 25mL KCI with 5g soil and analysed using autoanalyser
procedures (Bran and Luebbe, Northampton, UK). Leaf area was measured on the youngest leaf
fully unfurled and without damage for each individual. These same leaves were weighed while
fresh, dried at 50°C and reweighed. Specific Leaf Area (SLA) was calculated as leaf area
divided by dry weight. Leaf dry matter content (LDMC) was calculated as fresh weight divided
by dry weight. Total C and N content of ground aboveground plant leaves was analysed on a

CN analyser (Tru-spec, Leco, St. Joesph, MI, USA).

Roots were removed when sieving soil samples (2mm sieve) then washed and stored in 40%
ethanol and analysed for diameter and length using EPSON flatbed scanner and WinRhizo
software (Regent Instruments Inc., Sainte-Foy-Sillery-Cap-Rouge, QC, Canada). Roots were
weighed fresh, dried at 50°C and reweighed. Specific root length (SRL) was calculated as root

length divided by dry weight. Root dry matter content (RDMC) was calculated as fresh weight
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divided by dry weight. Root:shoot allocation was the ratio of belowground biomass to

aboveground biomass.

3.3.5 Statistical approach

First, the proportion of variation in plant biomass, root:shoot allocation and leaf and root traits
which could be accounted for by differences between species, within species and residual
variation between replicates was investigated. To compare the different sources of variability,
nested linear models were used to separate the total variance into different components,
following Messier, McGill & Lechowicz (2010) Jung et al. (2014). For each plant measurement
the different components were: between species (interspecific trait differences), between
treatments but within species (i.e. intraspecific variability explained by treatments of N
addition, shade conditioning and drought), and between replicates (i.e. unexplained residual
variation). Principal component analysis of all plant traits across the four monocultures revealed

the primary two axes of variation.

Second, the effect of experimental treatments on plant properties, CO- fluxes and soil C and N
leaching and retention were examined. Linear mixed effects (LME) models were constructed
for which the explanatory variables were: species, N addition, shade and reduced soil moisture
(and all interactions). The response variables were: NEE and ecosystem respiration during
reduced soil moisture (averaged across four sampling dates) and after rewetting (average across
two sampling dates), DOC, DON and DIN leaching, DOC, DON and inorganic N retained in
soil at the final harvest, plant biomass, root:shoot allocation and other plant traits (Fig 3.2, Table
3.1). The random intercept term was split-plot nested within block to take account of the split-
plot design and weight functions were used to take account of unequal variances (Zuur et al.
2009). Response variables were logged where it improved normality of residuals. Significance
of interactions and main effects were assessed using likelihood ratio tests (LRT) comparing
models with and without the variable of interest. For DIN leaching only data from F. rubra and

H. lanatus could be analysed due to multiple zero values in DIN leaching for other species.
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The third element of statistical analysis was to investigate whether changes in CO; fluxes and
C and N leaching in response to reduced soil moisture was determined by variation in plant
traits. Paired mesocosms, which only differed in soil moisture treatment, were used to calculate
the difference between control and reduced soil moisture mesocosms for all measurements of
NEE, ecosystem respiration, and C and N leaching and retention in soil. NEE and ecosystem
respiration were averaged across sampling dates during reduced soil moisture treatment (four
sampling dates) and after rewetting (two sampling dates). Inorganic N, because of very large
differences in variation between species, did not meet model assumptions. Model selection was
based on the procedures proposed by Diaz et al. (2007) and follows those used by De Vries et
al. (2012) and Everwand et al. (2014). In this method parameters are added in a set hierarchical
order such that the measurements added first are hypothesised to have the greatest control on
ecosystem function. Parameter combinations found to be important at one stage are retained to
be included in the model to which the next set of parameters are added. Firstly, biomass,
root:shoot and plant species identity were added, followed by all two way interactions and
retained based on AIC. This process was then repeated for plant traits and then all two-way
interactions. As plant biomass and plant traits were sometimes highly correlated, we used
generalised variance inflation factors (VIF) to select parameters which had low levels of
collinearity (VIF<3). The r-squared of the final model was reported for fixed effects only
termed, ‘marginal r-squared’ (Nakagawa & Schielzeth, 2013) and comparison of the different
species was assessed using Tukey post hoc comparisons. All statistical analysis was carried out
in the R programming language 3.3.1 (R Core Development Team, 2016) using the additional
packages nlme (Pinheiro & Bates, 2013), plyr (Wickham, 2011) and vegan (Oksanen et al.,

2013).
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3.4 Results

3.4.1 Plant responses to experimental treatments

The experimental treatments of N addition, shade conditioning and reduced soil moisture
brought about intraspecific variation in biomass, root:shoot allocation and plant traits, which
was in addition to differences between species (Figs. 3.2 and 3.4). For some plant traits (plant
biomass and leaf C) intraspecific variation was far greater than interspecific differences, for
other traits it was the opposite (SLA, SRL and RDMC), while others showed similar levels of
intra- and interspecific variation (root:shoot, LDMC). The two dominant axes of PCA for plant
traits explained 68.0% of total variation in plant traits. Axis one explained 43.1% of variance,
with high loadings for plant traits related to biomass which showed high intraspecific variation,
while axis two explained 24.9% of variance with high loadings for plant height, RDMC and

root diameter which showed more interspecific variation (Fig 3.3).

Total plant biomass was increased approximately 3-fold by N addition, although the increase
varied across species (Species X N addition: LRT=20.98, d.f.=4, P=0.0003), and was marginally
larger in combination with shade conditioning (N addition x Shade: LRT=14.42, d.f.=1,
P=0.0001; Table 3.1). Reduced soil moisture independently reduced total biomass (LRT=12.28,
d.f.=1, P=0.0005; Table 3.1) while total biomass correlated very highly with both aboveground
biomass (Pearson correlation: r=0.93) and belowground biomass (r=0.94, Fig 3.3). Total
biomass in the mixed species community was greater than the monocultures, although this was
primarily the case for mesocosms with N addition. For other plant traits such as root:shoot,
SLA, LDMC and leaf N the mixed species community results were intermediate between those

seen in the monocultures (Fig 3.4).

Root:shoot allocation was generally reduced by shade conditioning, although the magnitude of
the reduction differed between species (Species x shade: LRT=14.60, d.f.=4, P=0.0056, Fig 3.3,

Table 3.1) and with N addition (N addition x shade: LRT=6.22, d.f.=1, P=0.0126). However N
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addition also decreased root:shoot allocation in the majority of species, and when in
combination with reduced soil moisture caused root:shoot allocation to be reduced further

(Species x N addition x RSM: LRT:13.03, d.f.=4, P=0.0111).
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Figure 3.2 Source of variance for plant biomass, root:shoot allocation and leaf and root traits. Variance
can be interspecific (variation between four species grown in monoculture), interspecific (variation
brought about by experimental treatments) or residual variation at the replicate level. Calculated using
variance component analysis (Messier et al., 2010; Jung et al., 2014). Plant traits grouped in a) biomass

related plant traits, b) leaf traits, ¢) root traits.
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Figure 3.3 Principal components analysis (PCA) of plant traits across all four monocultures in response

to N addition, shade conditioning and reduced soil moisture. Number in grey indicate species, where: 1

= D. glomerata, 2 = F. rubra, 3 = H. lanatus, 4 = P. lanceolata. Plant traits represented by initials as:

TB=total biomass, AB=aboveground biomass, RB=belowground biomass, R:S=root-to-shoot biomass

ratio, SLA=specific leaf area, LDMC=leaf dry matter content, Height=maximum plant height, RD=root
diameter, SRL=specific root length, RDMC=root dry matter content, LC=leaf C content, LN=leaf N
content, LCN=leaf C:N.
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Figure 3.4 Interactive effect of reduced soil moisture (RSM), shade conditioning (+S), N addition (+N)
and species identity on total plant biomass, root:shoot allocation, SLA, LDMC and Leaf N. Means and

standard errors are presented (n=4).
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Table 3.1 Effects of species identity, N addition, shade conditioning and reduced soil moisture and all
interactions on all measures of plant morphology and chemical composition. a) total biomass, b)
aboveground biomass, ¢) belowground biomass, d) root:shoot, €) max plant height, f) SLA, g) LDMC,
h) leaf C, i) Leaf N), j) leaf CN, k) SLR, I) RDMC) and m) root diameter. Significance tested using
likelihood ratio tests (LRT) comparing models with and without parameter of interest where degrees of
freedom (d.f.) shows the difference in degrees of freedom between the models. Significant effects
(P<0.05) are shown in bold type.

a) Total biomass b) Aboveground c) Belowground
biomass biomass
d.f. LRT P LRT P LRT P

Species (Sp) 4 26.30 <0.0001 38.08 <0.0001 33.30 <0.0001
N addition (N) 1 242.07 <0.0001 283.51 <0.0001 209.99 <0.0001
Shade (Sh) 1 6.78 0.0092 2.28 0.1311 10.35 0.0013
Reduced soil moisture (RSM) 1 12.28 0.0005 8.57 0.0034 20.30 <0.0001
SpxN 4 20.98 0.0003 29.61 <0.0001 16.09 0.0029
Sp x Sh 4 5.81 0.2136 19.43 0.0006 7.46 0.1136
Sp x RSM 4 5.35 0.2536 10.13 0.0384 2.90 0.5744
N x Sh 1 14.42 0.0001 11.88 0.0006 15.53 0.0001
N x RSM 1 0.12 0.7338 2.00 0.1569 1.03 0.3101
Sh x RSM 1 0.43 0.5115 0.08 0.7711 0.00 0.9969
Spx N x Sh 4 3.86 0.4246 4.67 0.3225 0.71 0.9496
Spx N x RSM 4 2.90 0.574 5.43 0.2458 6.97 0.1373
Sp x Sh x RSM 4 2.85 0.5827 8.86 0.0646 2.82 0.5887
N x Sh x RSM 1 1.24 0.2646 1.37 0.2433 0.17 0.6783
Sp x N x Sh x RSM 4 2.60 0.2315 3.21 0.5232 4.57 0.3343

d) Root:Shoot e) Max plant height f) SLA

d.f. LRT P LRT P LRT P
Species (Sp) 4 85.37 <0.0001 178.64 <0.0001 265.53 <0.0001
N addition (N) 1 25.20 <0.0001 100.10 <0.0001 77.91 <0.0001
Shade (Sh) 1 9.76 0.0018 6.12 0.0134 0.37 0.5456
Reduced soil moisture (RSM) 1 9.56 0.002 253 0.1114 0.03 0.8623
SpxN 4 23.27 0.0001 34.74 <0.0001 42.88 <0.0001
Sp x Sh 4 14.60 0.0056 7.48 0.1125 10.82 0.0286
Sp x RSM 4 891 0.0633 13.60 0.0087 12.26 0.0155
N x Sh 1 6.22 0.0126 0.05 0.8271 5.29 0.0214
N x RSM 1 11.84 0.0006 0.02 0.9012 1.73 0.188
Sh x RSM 1 0.12 0.7341 4.99 0.0255 0.51 0.4769
Spx N x Sh 4 6.42 0.1701 6.59 0.1594 8.58 0.0724
Sp x N x RSM 4 13.03 0.0111 217 0.7053 331 0.5076
Sp x Sh x RSM 4 1.15 0.8864 11.08 0.0257 3.69 0.4492
N x Sh x RSM 1 0.14 0.7119 1.37 0.2425 0.78 0.3777
Sp x N x Shx RSM 4 1.76 0.7801 1.67 0.7962 2.44 0.6547
continued
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Q) LDMC h) Leaf C i) Leaf N
d.f. LRT P LRT P LRT P
Species (Sp) 4 80.88 <0.0001 7.32 0.1199 88.79 <0.0001
N addition (N) 1 82.84 <0.0001 254.17 <0.0001 27.31 <0.0001
Shade (Sh) 1 452 0.0335 2.06 0.1515 6.53 0.0106
Reduced soil moisture (RSM) 1 0.36 0.5474 76.33 <0.0001 118.58 <0.0001
SpxN 4 39.36 <0.0001 11.71 0.0196 89.14 <0.0001
Spx Sh 4 17.37 0.0016 2.07 0.7222 3.49 0.4793
Sp x RSM 4 17.48 0.0016 5.34 0.2544 13.47 0.0092
N x Sh 1 1.83 0.1765 48.00 <0.0001 5.44 0.0197
N x RSM 1 6.13 0.0133 4.20 0.0404 43.87 <0.0001
Sh x RSM 1 0.43 0.5134 0.20 0.6521 7.04 0.008
Spx N x Sh 4 4.56 0.3356 10.42 0.0339 5.04 0.2829
Spx N x RSM 4 1.72 0.7872 9.48 0.0501 1.74 0.7841
Sp x Shx RSM 4 10.97 0.0269 5.55 0.2352 9.60 0.0477
N x Sh x RSM 1 0.30 0.5814 14.05 0.0002 0.00 0.9466
Sp x N x Sh x RSM 4 0.68 0.954 6.56 0.161 0.56 0.9678
j)  LeafCN k)  SRL ) RDMC
d.f. LRT P LRT P LRT P
Species (Sp) 4 92.15 <0.0001 167.08 <0.0001 287.98 <0.0001
N addition (N) 1 36.17 <0.0001 38.52 <0.0001 8.37 0.0038
Shade (Sh) 1 6.96 0.0084 0.20 0.6553 0.02 0.8815
Reduced soil moisture (RSM) 1 84.88 <0.0001 0.04 0.837 11.18 0.0008
Spx N 4 98.28 <0.0001 46.82 <0.0001 4.70 0.32
Sp x Sh 4 4.98 0.2895 2.79 0.5943 4.04 0.4002
Sp x RSM 4 22.92 0.0001 2.66 0.6154 2.13 0.7119
N x Sh 1 0.53 0.4656 19.44 <0.0001 0.34 0.5619
N x RSM 1 64.21 <0.0001 1.29 0.2569 18.62 <0.0001
Shx RSM 1 0.48 0.4876 1.52 0.2183 0.12 0.7263
Spx N x Sh 4 5.59 0.2326 10.93 0.0273 3.53 0.4731
Sp x N x RSM 4 8.59 0.0722 3.90 0.4193 5.10 0.2775
Sp x Sh x RSM 4 9.18 0.0569 214 0.7098 2.29 0.6824
N x Sh x RSM 1 0.48 0.4887 0.04 0.8425 0.44 0.5053
Sp x N x Shx RSM 4 211 0.7147 121 0.876 9.27 0.0547
m)  Root diameter
d.f. LRT P LRT P LRT P
Species (Sp) 4 275.67 <0.0001
N addition (N) 1 68.49 <0.0001
Shade (Sh) 1 0.31 0.5749
Reduced soil moisture (RSM) 1 0.44 0.5089
SpxN 4 29.53 <0.0001
Sp x Sh 4 3.74 0.442
Sp x RSM 4 218 0.7031
N x Sh 1 2.85 0.0913
N x RSM 1 0.38 0.5383
Sh x RSM 1 4.60 0.032
Spx N x Sh 4 6.46 0.1671
Sp x N x RSM 4 471 0.3188
Sp x Sh x RSM 4 221 0.6971
N x Sh x RSM 1 0.14 0.7105
Sp x N x Shx RSM 4 3.37 0.4987

75



The response of all plant traits depended on at least one interaction between experimental
treatments suggesting complex controls on intraspecific variation (Table 3.1). For example,
SLA differed between species, while the main intraspecific variation was brought about by N
addition which reduced SLA, although depending on species (Species x N addition:
LRT=42.88, d.f.=4, P<0.0001, Fig 3.4). Small changes in SLA also depended on the
combination of N addition and shade, species identity and shade and reduced soil moisture
(Table 3.1). Variation in LDMC was equally due to both differences between species and
variation within species (Fig 3.2). N addition primarily increased LDMC, although the size of
the increase varied between species (Species x N addition: LRT=39.36, d.f.=4, P<0.0001, Fig
3.4) and was larger when in combination with reduced soil moisture treatment (N addition x
shade: LRT=6.13, d.f.=1, P=0.0133). Leaf N content was more variable within species than
between species (Fig 3.4), with reductions in leaf N content with N addition and increases with
reduced soil moisture which were greater when in combination with N addition (N addition x

RSM: LRT=43.87, d.f.=1, P<0.0001).

3.4.2 COs> fluxes

The NEE sink strength was larger with N addition and generally smaller with reduced soil
moisture, although the effect of reduced soil moisture was small or absent without N addition
and varied between species (Species x N addition x RSM: LRT=17.17, d.f.=4, P=0.0018, Fig
3.5; Table 3.2). Shade conditioning generally brought about small reductions in NEE sink
strength although the size of the reduction was dependent on species and soil moisture (Species
x Shade x RSM: LRT=10.74, d.f.=4, P=0.0297). The difference in NEE sink strength between
control and reduced soil moisture treatment was explained by total plant biomass and SLA
(Table 3.3, Fig 3.6a,b), such that higher plant biomass was associated with larger declines in
NEE sink strength, however the effect of biomass was greater with low SLA (Total biomass x

SLA: LRT=6.35, d.f.=1, P=0.0117).
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Figure 3.5 Interactive effect of reduced soil moisture (RSM), shade conditioning (+S), N addition (+N)
and species identity on NEE and ecosystem respiration (Reco) while soil moisture was manipulated and
after rewetting when soil moisture was constant across treatments. Means and standard errors are

presented (n=4).
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Table 3.2 Effects of species identity, N addition, shade conditioning and reduced soil moisture (RSM)
and all interactions on CO. fluxes during and after the reduced soil moisture treatment: a) NEE with
RSM, b) NEE after rewetting, ¢) Ecosystem respiration (Reco) with RSM, d) Reco after rewetting.
Significance tested using likelihood ratio tests (LRT) comparing models with and without parameter of
interest where degrees of freedom (d.f.) shows the difference in degrees of freedom between the models.

Significant effects (P<0.05) are shown in bold type.

a) NEE with RSM b) NEE a_fter c) Reco with RSM d) Reco after
rewetting rewetting
d.f. LRT P LRT P LRT P LRT P
Species (Sp) 4 23.64 0.0001 16.18 0.0028 34.01 <0.0001 46.68 <0.0001
N addition (N) 1 144.88 <0.0001 147.98 <0.0001 111.53 <0.0001 104.83 <0.0001
Shade (Sh) 1 11.57 0.0007 8.40 0.0037 0.37 0.5419 0.16 0.6884
Reduced soil moisture (RSM) 1 11.01 0.0009 0.31 0.577 63.13 <0.0001 0.01 0.9096
SpxN 4 33.39 <0.0001 22.78 0.0001 7.38 0.1173 4.50 0.3423
Sp x Sh 4 1.49 0.8278 2.62 0.6237 2.99 0.5599 3.73 0.4433
Sp x RSM 4 17.72 0.0014 3.76 0.4389 7.07 0.1325 7.47 0.1129
N x Sh 1 0.00 0.9471 0.59 0.4421 0.69 0.4072 0.07 0.7865
N x RSM 1 67.13 <0.0001 1.05 0.3045 6.81 0.0091 0.01 0.9401
Sh x RSM 1 0.90 0.342 2.15 0.1424 0.01 0.9121 0.62 0.4315
Spx N x Sh 4 4.43 0.3514 5.35 0.2531 4.67 0.3226 3.24 0.5182
Spx N x RSM 4 17.17 0.0018 2.52 0.6419 6.02 0.1976 3.53 0.4736
Sp x Sh x RSM 4 10.74 0.0297 6.68 0.1539 4.72 0.3174 16.35 0.0026
N x Sh x RSM 1 0.31 0.5763 1.67 0.1958 0.75 0.3873 0.87 0.3518
Sp x N x Sh x RSM 4 2.84 0.5847 0.25 0.9927 4.97 0.2905 7.05 0.1333
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Table 3.3 The effect of plant species, plant biomass, root:shoot allocation and plant traits on the change

in CO-, fluxes and C and N leaching brought about by reduced soil moisture. Specific responses modelled

were: a) NEE before rewetting, b) NEE after rewetting, c) ecosystem respiration (Reco) before rewetting,
d) ecosystem respiration after rewetting, €) leached DOC, f) leached DON, g) leached DIN, h) DOC at

final harvest, i) DON at final harvest and j) inorganic N at final harvest. Parameters were included in the

final model on the basis of AIC. Significance tested using likelihood ratio tests (LRT) comparing models

with and without parameter of interest where degrees of freedom (d.f.) shows the difference in degrees

of freedom between the models. Significant effects (P<0.05) are shown in bold type. Marginal r-squared

estimated on the full model and for fixed effects only (Nakagawa & Schielzeth, 2013).

a) NEE with reduced
soil moisture

b) NEE After rewetting

c) Reco with reduced
soil moisture

d) Reco After
rewetting

LRT d.f. P

LRT d.f. P

LRT d.f. P

LRT d.f. P

Total biomass (TB)
Root:shoot (RS)
SLA

TB x SLA

Marginal r-squared

45.79 1 <0.0001
2.98 1 0.0844
7.04 1 0.008
6.35 1 0.0117
R?v = 0.60

Intercept only model

R2v=NA

11.10 1 0.0009
5.72 1 0.0168
R2v=0.13

Intercept only model

R%v = NA

e) Leached DOC

f) Leached DON

9) Leached DIN

LRT d.f. P

LRT d.f. P

LRT d.f. P

Species

Total biomass
Root:shoot

Leaf N

Marginal r-squared

30.78 4 <0.0001
4.28 1 0.0385
5.34 1 0.0208
R?m =0.40

45.05 4 <0.0001
4.44 1 0.0352
R2m = 0.46

44.34 3 <0.000
1

2.98 1 0.0845

R?m =0.52

h) DOC (final harvest)

i) DON (final harvest)

J) Inorganic N (final

harvest)
LRT d.f. P LRT d.f. P LRT d.f. P
Total biomass 10.73 1 0.0011  Data did not meet model
assumptions
LDMC 10.47 1 0.001
2
Marginal r-squared R?m=0.13 RZv=0.13
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Figure 3.6 The difference in NEE and ecosystem respiration under reduced soil moisture (RSM) and the
relationship with plant biomass and SLA; a) the difference in NEE with RSM and plant biomass with
modelled relationship for SLA when it is 10, 20 and 30mm?2 mg?, b) the difference in NEE with RSM

and SLA where colour of data points shows plant biomass on a continuous scale from black (high

biomass) to light grey (low biomass), c¢) the difference in ecosystem respiration with RSM and plant

biomass with model output shown in solid black line, d) the difference in ecosystem respiration with

RSM and SLA with model output shown in solid black line.
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After rewetting, the NEE sink was no longer reduced by the reduced soil moisture treatment,
while the NEE sink was still greater with N addition, although varying with plant species
(Species x N addition: LRT=22.78, d.f.=4, P=0.0001), and slightly reduced by shade
(LRT=8.40, d.f.=1, P=0.0037, Fig 3.4). The difference in NEE between control and reduced
soil moisture treatments following rewetting, was best explained by an intercept only model,
without either biomass or SLA which had best explained the difference before rewetting (Table

3.3).

Ecosystem respiration was increased by N addition and generally decreased by reduced soil
moisture, although the effect of reduced soil moisture was greater when in combination with N
addition (N addition x RSM: LRT=6.81, d.f.=1, P=0.0091), with additional small differences
between species (Species: LRT=34.01, d.f.=4, P<0.0001, Fig 3.5). The difference in ecosystem
respiration between control and reduced soil moisture treatment was greater as plant biomass
and SLA both increased, although models only had a marginal r-squared of 0.13 suggesting

limited explanatory power (Table 3.3, Fig 3.6¢,d).

After rewetting, ecosystem respiration was still increased by N addition as it had been before
rewetting (LRT=104.83, d.f.=1, P<0.0001). Ecosystem respiration also showed complex
responses to previous reduced soil moisture, shade conditioning and plant species (Species X
Shade x RSM interaction: LRT=16.35, d.f.=4, P=0.0026, Fig 3.5). Specifically, for H. lanatus
shade conditioning in combination with reduced soil moisture increased ecosystem respiration,
while in contrast, for P. lanceolata ecosystem respiration was reduced by previous reduced soil
moisture but only with shade conditioning. The difference in ecosystem respiration after
rewetting between control and reduced soil moisture treatment was best explained by an
intercept only model, suggesting differences in recovery were not due to differences in plant

biomass, root:shoot allocation or plant traits (Table 3.3).
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The CO; fluxes from the mixed species treatment were generally similar to those of the
monocultures, however reduced soil moisture in combination with N addition had a particularly
negative effect on NEE for the mixture. This reduction in NEE was equal to the reduction found
in P. lanceolata and F. rubra and greater than that found in D. glomerata and H. lanatus (Fig
3.5). After rewetting, NEE in the mixed species treatment with N addition was more negative
than for any of the monocultures (Fig 3.5). For mixed species communities, ecosystem
respiration during the reduced soil moisture treatment was broadly similar to that of the
monocultures (Fig 3.5). However, after rewetting, ecosystem respiration from the mixed species

community was generally lower than ecosystem respiration from the monocultures (Fig 3.5).

3.4.3 Leachate losses of C and N

DOC leaching after rewetting was approximately 20 times greater than DON leaching, which
was itself greater than DIN leaching (Fig 3.7). DOC, DON and DIN leaching were generally
greater in mesocosms subjected to the reduced soil moisture treatment. Increases in DOC
leaching with reduced soil moisture were not as large when in N amended mesocosms, but
varied between plant species (Species x N addition x RSM interaction: LRT=14.81, d.f.=4,
P=0.0051). For DON the increase in leaching with reduced soil moisture varied between plant
species (Species x N addition: LRT=37.40, d.f.=4, P<0.0001) and to a lesser extent with shade
and N addition (Table 3.4, Fig 3.7). For DIN leaching, analysis of F. rubra and H. lanatus
mesocosms (other species excluded due to multiple zero values) showed that the increase with
reduced soil moisture differed between species (Species x RSM: LRT=5.07, d.f.=1, P=0.0243).
Leachate of DOC and DON from the mixed species community was similar to leachate losses
from the monocultures, while DIN leachate from the mixture was intermediate when compared
with the monocultures (Fig 3.7). However, DON and inorganic N in soil at the final harvest

were lower in the mixed species community than any of the monocultures (Fig 3.9).

The differences in DOC, DON and DIN leaching between control and reduced soil moisture

mesocosms were associated with differences between species (Table 3.3, Fig 3.8), but
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additionally decreases in DOC leaching were associated with increasing plant biomass and

decreasing leaf N (Fig 3.8d), while increases in DON leaching were associated with increasing

root:shoot allocation (Fig 3.8¢e).
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Figure 3.7 Interactive effect of reduced soil moisture (RSM), shade conditioning (+S), N addition (+N)

and species identity on DOC, DON and DIN leaching upon rewetting. Means and standard errors are

presented (n=4).
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Table 3.4 Effects of species identity, N addition, shade conditioning and reduced soil moisture (RSM)
and all interactions on C and N leaching upon rewetting and retention in the soil at the final harvest : a)
leached DOC, b) leached DON, c) leached DIN, d) DOC retained in the soil at the final harvest, e) DON
retained in the soil at the final harvest, ) Inorganic N retained in the soil at the final harvest. Significance
tested using likelihood ratio tests (LRT) comparing models with and without parameter of interest where
degrees of freedom (d.f.) shows the difference in degrees of freedom between the models. Significant

effects (P<0.05) are shown in bold type.

a) Leached DOC b) Leached DON 9] Leached DIN

LRT d.f. P LRT d.f. P LRT d.f. P
Species (Sp) 123.70 4 <0.0001 63.91 4 <0.0001 30.23 1 <0.0001
N addition (N) 60.21 1 <0.0001 2.06 1 0.1508 0.38 1 0.5357
Shade (Sh) 4.62 1 0.0316 1.61 1 0.2047 0.20 1 0.651
Reduced soil moisture (RSM) 144.72 1 <0.0001 150.54 1 <0.0001 4531 1 <0.0001
SpxN 4.57 4 0.3339 213 4 0.7114 293 1 0.0871
Sp x Sh 522 4 0.2654 9.04 4 0.0601 0.14 1 0.7067
Sp X RSM 26.78 4 <0.0001 37.40 4 <0.0001 5.07 1 0.0243
N x Sh 0.99 1 0.3188 1.74 1 0.187 0.03 1 0.8579
N x RSM 14.77 1 0.0001 3.09 1 0.0785 0.52 1 0.4722
Sh x RSM 1.29 1 0.2563 2.20 1 0.1381 0.02 1 0.8784
Sp x N x Sh 8.20 4 0.0847 2.57 4 0.6314 0.46 1 0.496
Sp x N x RSM 14.81 4 0.0051 2.81 4 0.5897 0.04 1 0.8479
Sp x Sh x RSM 5.26 4 0.2612 2.96 4 0.5639 2.24 1 0.1345
N x Sh x RSM 6.53 1 0.0106 9.69 1 0.0019 3.24 1 0.0717
Sp x N x Sh x RSM 7.44 4 0.1144 4.08 4 0.3952 1.86 1 0.1727

d) DOC at final harvest e) DON at final harvest f) Innorganic N at final

harvest

LRT d.f. P LRT d.f. P LRT d.f. P
Species (Sp) 107.44 1 <0.0001 57.70 4 <0.0001 234.34 4 <0.0001
N addition (N) 8.89 1 0.0029 100.18 1 <0.0001 105.15 1 <0.0001
Shade (Sh) 0.08 1 0.7828 1.84 1 0.1746 0.94 1 0.3324
Reduced soil moisture (RSM) 63.87 1 <0.0001 64.26 1 <0.0001 62.65 1 <0.0001
SpxN 8.51 4 0.0746 9.61 4 0.0475 15.66 4 0.0035
Sp x Sh 3.52 4 0.4747 7.64 4 0.1058 9.34 4 0.0531
Sp X RSM 9.19 4 0.0566 6.37 4 0.1731 11.08 4 0.0257
N x Sh 292 1 0.0875 1.57 1 0.2097 0.23 1 0.6314
N x RSM 7.66 1 0.0056 0.00 1 0.9455 0.06 1 0.8104
Sh x RSM 3.94 1 0.0471 1.04 1 0.3083 111 1 0.2921
Sp x N x Sh 6.75 4 0.1496 2.38 4 0.6669 1.58 4 0.812
Sp x N x RSM 10.76 4 0.0294 3.62 4 0.4602 4.73 4 0.3159
Sp x Sh x RSM 2.79 4 0.5937 2.88 4 0.5788 2.29 4 0.6826
N x Sh x RSM 0.42 1 0.5177 0.28 1 0.5992 0.43 1 0.5112
Sp X N x Sh x RSM 6.07 4 0.1941 4.83 4 0.3053 1.58 4 0.812
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Figure 3.8 The difference in DOC, DON and DIN under reduced soil moisture (RSM) and the importance
of plant species, biomass and root:shoot allocation to determine C and N leaching; a) the difference in
leached DOC with RSM for each species, b) the difference in leached DON with RSM for each species,
c) the difference in leached DIN with RSM for each species, the difference in leached DOC with RSM
and plant biomass, b) the difference in leached DON with RSM and root:shoot allocation, c) the
difference in leached DIN with RSM and root:shoot allocation. Different letters in panels a-c show
significant differences between leaching in species. Solid black line in panel d and e is the modelled

significant relationship.
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3.4.4 C and N at the final harvest

DOC remaining in the soil at the final harvest was generally lower with reduced soil moisture,
although the size of the change depended on species and N addition (Species x N addition x
RSM: LRT=10.76, d.f.=4, P=0.0294; Fig 3.9). DON remaining in the soil at the final harvest
was decreased by reduced soil moisture (LRT=64.26, d.f.=1, P<0.0001; Fig 3.9) and N addition
although the reduction differed between (Species x N addition: LRT=9.61, d.f.=4, P=0.0475;
Fig 3.9). Inorganic N in the soil at the final harvest was very dependent on plant species, with
much higher inorganic N in P. lanceolata than the other species. N addition and reduced soil
moisture both reduced inorganic N, but the extent of the reduction depended on species identity
(Species x N addition: LRT=15.66, d.f.=4, P=0.0035; Species x RSM: LRT=11.08, d.f.=4,
P=0.0257; Fig 3.9). Models using plant biomass, root:shoot allocation and plant traits to explain
the difference in DOC and DON with reduced soil moisture only had r-squared of 0.13,

suggesting that even significant plant traits had limited explanatory power.
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Figure 3.9 Interactive effect of reduced soil moisture (RSM), shade conditioning, N addition and species

identity on DOC, DON and inorganic N retained in the soil at the final harvest. Means and standard errors

are presented (n=4).
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3.5 Discussion

This study tested the hypothesis that reductions in CO, fluxes in response to reduced soil
moisture, and increased leaching of C and N upon rewetting, would be modulated by
intraspecific plant trait variation, in particular, plant biomass and its relative allocation to root
or shoot biomass. Reduced soil moisture was found to reduce C storage and retention in plants
and soil through: i) reduced NEE, representing lower net C uptake, ii) proportionally more C
respired relative to C uptake, iii) increased DOC leaching losses upon rewetting. However these
changes were not consistent across all mesocosms of the same species, with differences
dependent on intraspecific trait variation. In particular large plant biomass and low SLA were
the best predictors of larger reductions in NEE sink strength, while large plant biomass predicted

smaller DOC leaching losses (Table 3.3).

3.5.1 Variation in plant traits

Plant traits differed within and between species, for which the intraspecific variation was
brought about by interactions between experimental treatments. Intraspecific variation was
particularly high for plant traits such as total biomass and leaf C, while it was a minimal source
of variation for traits such as SLA, RDMC and root diameter (Fig 3.2). The response of plant
traits always included an interaction between N addition, shade and reduced soil moisture,
suggesting complex controls on intraspecific trait variation (Table 3.1). Across studies, 25% of
leaf trait variation within a community can be due to intraspecific variation, while the leaf traits
used in this study have been found to show high levels of intraspecific variation (Siefert et al.
2015). However less is known regarding intraspecific variation in root traits (Albert et al. 2010),
although in this study, variation in root traits was primarily due to differences between species
(Fig 3.2). Given the different levels of intraspecific trait variation, not all plant traits may be

expected to contribute equally to intraspecific differences in plant responses to climate change.
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Intraspecific trait variation was primarily brought about by N addition, with smaller effects of
shade conditioning and reduced soil moisture (Fig 3.4; Table 3.1). Plant biomass varied three-
fold within species, while root:shoot allocation varied up to two-fold within and between
species. The large increase in plant biomass with N addition was as anticipated (Fornara et al.,
2013; Farrer & Suding, 2016), while the general decrease in root:shoot allocation with N
addition (although dependent on species and soil moisture), is likely because plants switch from
competition for nutrients belowground to competition for light (Tilman, 1990; DeMalach et al.,
2017). Plants with shade conditioning had lower biomass and lower root:shoot allocation. The
effect of shading has been less studied, although in mountain grasslands shading resulted in the
transfer of recently assimilated C to roots at the expense of aboveground C (Bahn et al., 2013),
which differed to this study where shade reduced root:shoot allocation. This difference may be
explained by differences in shading and methodology; Bahn et al. (2013) focussed on the short-
term fate of 3C, with shading only starting after pulse-labelling. In comparison this study used
shade conditioning to bring about a gradient of biomass and its allocation above or belowground

and focussed on whole biomass responses rather than fate of *3C.

Although total plant biomass was lower in the reduced soil moisture treatment, as found in
previous studies (Bloor & Bardgett, 2012; Vogel et al., 2012), the decline did not interact with
N addition or shading (Table 3.1). This contrasts with previous research which showed largest
drought-induced reduction in plant biomass in grasslands with greatest initial plant biomass
(Wang et al., 2007). This suggests, that in this study, the resistance of plant productivity to
reduced soil moisture was not biomass dependent. Root:shoot allocation did not increase with
reduced soil moisture across all treatments, instead depending on N addition. This was in
contrast to expectations as plants have typically been shown to allocate more C belowground
during drought to aid exploitation of reduced water availability (Kalapos et al., 1996; Kahmen

et al., 2005; Poorter et al., 2012; Backhaus et al., 2014).

89



3.5.2 CO fluxes and reduced soil moisture

It was hypothesised that greater plant biomass would increase vulnerability to reduced soil
moisture, due to greater water demand, causing greater water stress and therefore a greater
reduction in CO; fluxes. In support of this, greater NEE and ecosystem respiration reductions
were found with high biomass plants, however for NEE the decline in sink strength as biomass
increased was greater when SLA was low (Fig 3.6a,b), while for ecosystem respiration the
reduction was greater as SLA increased (Fig 3.6d). Cross-ecosystem comparisons suggest SLA
is generally higher in wetter environments and associated with increased photosynthesis and
transpiration, implying a general exploitative strategy (Reich et al., 1999; Diaz et al., 2004;
Gross et al., 2008). However, less is known about the potential importance of intraspecific SLA
variation, which in this study correlated with high SRL and low root diameter (Fig 3.3). The
impact of SLA on NEE in this study, suggests an exploitative growth strategy may confer
greater resistance of NEE to reduced soil moisture, and is therefore opposite to expected. In
contrast the effect of SLA on ecosystem respiration is consistent with previous findings. The
observed effect of SLA on NEE may partly be due to the species used in this study, as D.
glomerata had the highest SLA but also the smallest declines in NEE associated with reduced
soil moisture (Fig 3.4 and 3.5). It is unclear if this pattern would be consistent for other grassland

species with high SLA.

The decrease in NEE and ecosystem respiration with reduced soil moisture implies that
photosynthesis declined more than ecosystem respiration. If photosynthesis had stayed constant
with reducing ecosystem respiration the net balance, as represented by NEE, would have been
a stronger sink (Fig 3.5). Research of the effect of water stress on CO; fluxes in grasslands has
shown varying responses of photosynthesis and respiration. Grassland mesocosms with similar
species to this study, suggested greater reductions in photosynthesis than ecosystem respiration
under drought conditions (Bloor & Bardgett, 2012), with similar results in semi-arid grasslands

(Li et al., 2016). In contrast, while other studies have shown an overall net balance in
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photosynthesis and ecosystem respiration reductions in responses to drought (Fry et al., 2013),
with the same conclusion from a global meta-analysis of drought studies (Wu et al., 2011). It is
unclear why under drought or reduced soil moisture the balance between photosynthesis and
respiration differs between studies, however this study suggests that under reduced soil moisture
conditions a greater proportion of C is released through ecosystem respiration relative to C

uptake.

3.5.3 COq fluxes after rewetting

Lower CO; fluxes under reduced soil moisture, generally recovered completely after rewetting.
NEE had no lasting reduction or overcompensation after rewetting. However ecosystem
respiration results suggested that for particular species and with particular combinations of
treatments, there was overcompensation or incomplete recovery (Fig 3.4, Table 3.2 and 3.4).
However, these responses were not explained by differences in plant biomass, root:shoot
allocation or any plant traits (Table 3.3). A range of CO; flux responses to rewetting after
drought or water stress have been reported previously. Model grassland communities had
greater light use efficiency and NEE after drought (Mirzaei et al., 2008), while other model
grassland communities showed some overcompensation for both ecosystem respiration and
NEE, but generally with faster recovery for respiration (Bloor & Bardgett, 2012). For grasslands
in semiarid regions the reduction in CO, fluxes persisted for a long time without showing
overcompensation (Li et al., 2016), but also showed faster ecosystem respiration recovery to
rewetting than plant CO- uptake (Chen et al., 2009b). Our results suggest that both NEE and
ecosystem respiration recovered quickly after rewetting and that there was only small and

species specific overcompensation or incomplete recovery for ecosystem respiration.

The relationship between monocultures and diverse mixed species communities has been the
focus of a wide range of research, particularly in terms of plant productivity (Tilman &
Downing, 1994; Isbell et al., 2015; Craven et al., 2016), but also CO; fluxes and C and N

leaching (Mirzaei et al., 2008; Jentsch et al., 2011; Bloor & Bardgett, 2012). The four-species
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community used in this study, although simple and relatively species-poor, allows a comparison
with the monocultures. Despite the low plant species richness, the mixed species community
differed from being an average of the monocultures for CO, flux responses to rewetting. In
particular ecosystem respiration after rewetting was lower than the average of the monocultures,
while in contrast, NEE after rewetting was greater. This suggests the mixed community
recovered more quickly, with greater growth relative to respiration. Previous research has
shown differing effects of species diversity on CO; fluxes after rewetting. For example, it has
been found that recovery of NEE in more diverse communities after rewetting was greater than
in less diverse communities (Mirzaei et al., 2008), while in model grassland communities
ecosystem respiration after rewetting was greater in high, rather than low, diversity
communities, with no difference in net C uptake (Bloor & Bardgett, 2012). The faster recovery
of CO; fluxes in the mixed community after rewetting suggests that there may have been

complementarity between different species in accessing water resources after rewetting.

3.5.4 Controls on C and N leaching losses

Leaching of DOC, DON and DIN upon rewetting was greater in mesocosms with previous
reduced soil moisture compared to control soil moisture (Fig 3.7). This agrees with a large body
of research where rewetting following dry periods has been found to increase DOC losses
(Kalbitz et al., 2000; Hagedorn & Joos, 2014). The sources of DOC and DON can be complex,
including: litter, humus, root exudation and turnover and microbial biomass (Kalbitz et al.,
2000; Sanderman et al., 2008). It has been suggested that rewetting can increase DOC through:
i) reduced microbial use of DOC before rewetting, ii) enhanced microbial mortality and
turnover in dry soils, and iii) altered soil structure increasing DOC leachate (Lundquist et al.,

1999; Muhr et al., 2010).

The best predictors of the increase in leaching brought about by reduced soil moisture were
species identity, total biomass and root:shoot allocation (Table 3.3, Fig 3.8). Small increases in

DOC and DON leaching were respectively found in mesocosms with the greatest plant biomass
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and lowest root:shoot allocation. This suggests an important role for roots in regulating leaching
from grasslands as total biomass correlated highly with root biomass. Other studies of grassland
communities have attributed reductions in N leaching to increases in root biomass (De Vries et
al., 2015), with the amount of N leached dependant on root traits such as RDMC (De Vries &
Bardgett, 2016). The mechanism by which root biomass affects leaching is not clear, however
root exudates, one of the sources of DOC, can be reduced by fertilisation in grasslands
suggesting that high plant biomass may lead to lower DOC (Henry et al., 2005). As the increase
in root biomass in this study was predominantly brought about by N addition, any resultant
change in root exudation with fertilisation may be an important mechanism for changes in C

leachate.

The observed increase in C and N leaching upon rewetting of previously dry soil was likely to
be short in duration. DOC has been found to quickly return to baseline levels (Kalbitz et al.,
2000), while grassland communities exposed to drought have been found to have less DOC and
DON leachate from two to 20 days after rewetting (Bloor & Bardgett, 2012). This is also
supported by results, in this study, showing generally less DOC, DON and inorganic N
remaining in the soil at the end of the experiment (Fig 3.9). Therefore, these studies suggest that
for grassland species the spike of C and N leaching upon rewetting grasslands may last less than

two days.

3.6 Conclusions

Reduced soil moisture was found to alter C and N cycling in grassland plant species. Reduced
soil moisture reduced C storage and retention in plants and soil through: i) reduced NEE,
representing lower net C uptake, ii) proportionally more C respired relative to C uptake, iii)
increased C and N leaching losses upon rewetting. These responses generally followed
predictions from previous research, however the size of the change in C and N cycling was
modulated by intraspecific trait variation. Out of all traits, plant biomass was particularly

important, as larger plant biomass predicted greater reductions in net C uptake (particularly in
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combination with high SLA), predicted greater decreases in ecosystem respiration, and
predicted decreases in DOC leaching upon rewetting. This study shows that the response of
grasslands to climate change can be modulated by intraspecific trait variation. This suggests
that carbon cycling in high biomass grasslands, regularly found under intensive agricultural
systems, may therefore be more sensitive to future climate change that alters soil moisture

conditions.
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4.1 Abstract

The proportion of carbon (C) used to form new biomass, relative to C released in respiration, in
both soil microbial communities and plants, is key for determining the amount of C available
for sequestration and potential feedbacks to climate change. Yet this carbon use efficiency
(CUE) is rarely studied in plants and soil microbial communities in the same experiment.
Although CUE is not constant, many biogeochemical models assume constant CUE forcing
further assumptions on how plant and microbial CUE may counterbalance each other. We

hypothesized that CUE in plants and soil microbes is decreased by summer drought and
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increased by nutrient addition. This was tested using a **C-CO; pulse-labelling approach on
species-rich temperate grasslands in northern England, applied to factorial treatments of
experimental drought and fertiliser addition. This allowed us to determine how drought and
nutrient addition influenced plant and soil microbial CUE simultaneously, in addition to overall
ecosystem CUE. We found that microbial and plant CUE responded differently to drought and
nutrient addition. Contrary to expectations, drought increased microbial CUE when combined
with nutrient addition. However after rewetting microbial CUE was 11.8% lower than during
the drought, suggesting that drought events have short term but reversible impacts on microbial
CUE. In contrast plant CUE, when averaged across plant species, was reduced by nutrient
addition but was not affected by drought, although there were species specific responses. This
study shows that drought events, predicted to become more frequent under climate change, lead
to differing responses in plant and microbial CUE, which do not counterbalance each other as

assumed in many biogeochemical models of terrestrial ecosystems

Keywords: carbon use efficiency, soil microbial communities, bacteria, fungi, grassland,

drought, nutrient availability.

4.2 Introduction

Greater respiratory loss of CO, from plants and soil microbes results in less carbon (C) available
for long term storage and sequestration (Cotrufo et al., 2013; Kallenbach et al., 2016). However
we have a poor understanding of the proportion of C lost through respiration relative to biomass
production, and how losses may change in response to climate change (Allison et al., 2010;
Sinsabaugh et al., 2016). In soil microbial communities, estimates of the amount of C used in
new biomass relative to C uptake, termed carbon use efficiency (CUE), average around 50%
across diverse studies, although can vary considerably from close to 0% to 85% (Manzoni et
al., 2012b). For plants it is often stated that 50% of photosynthetic C is lost through respiration,
and that the ratio of respiration to photosynthesis is invariant, even under changes in temperature

and CO; concentrations (Gifford, 1995; Dewar et al., 1998; Cheng et al., 2000; Van Oijen et
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al., 2010). However, this ratio in plants has been shown to vary depending on several factors,
including crop species (Albrizio & Steduto, 2003), plant size (Van lersel, 2003) and forest age
(DeLucia et al., 2007). Despite the studies of plants and soil microbes separately, there has been
a lack of research bringing together the efficiency with which biomass is produced above and

belowground (Bradford & Crowther, 2013).

Despite the potential importance of CUE for C cycling, most biogeochemical models of
terrestrial ecosystems assume constant CUE, which does not change in response to climate
(Manzoni et al., 2012b). Biogeochemical models which use constant CUE make several
assumptions on ecosystem C use which are currently untested. For example as nutrient
availability increases in terrestrial ecosystems it might be expected that soil microbial CUE will
increase. For the models’ assumption of constant CUE to hold it requires other parts of the
ecosystem, particularly plants, to become less efficient C users to counterbalance the shift in
soil microbial CUE. However this counterbalance assumption between different parts of an
ecosystem is untested (Bradford & Crowther, 2013). Our understanding of plant and soil
microbial CUE, and their potential importance for C cycling and feedbacks to climate, is further
hindered as most studies measure plant and microbial CUE separately rather than
simultaneously. The lack of studies exploring growth efficiency of plants and soil microbes
simultaneously is in part due to the use of different methodologies. For soil microbes, CUE is
often measured using **C labelled substrates, with CUE estimated as the proportion of C used
in biomass relative to the total uptake (Geyer et al., 2016). In contrast studies of plant CUE use
the ratio of respiration to photosynthesis, which is equivalent to 1-CUE (Van lersel, 2003),
while studies of whole plant communities use the ratio of net primary production (NPP) to gross

primary production (GPP; DeLucia et al. 2007; Van Oijen et al. 2010).

Despite the variability in measurements of microbial CUE, there may be fundamental controls
on microbial growth, such as nutrient availability and temperature (Manzoni et al., 2012b).

Additionally, because microbial CUE can contribute to SOM formation, a change in microbial
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growth efficiency in response to climate change has the potential to lead to positive or negative
feedbacks (Cotrufo et al., 2013). This suggests fundamental controls on microbial CUE, such
nutrient availability, could interact with extreme climate events, such as drought, however the
relative importance of these contrasting controls on microbial CUE is currently unclear.
Increased nutrient availability has generally been found to increase microbial CUE (Steinweg
et al., 2008; Sinsabaugh et al., 2013). As soil microbes have tightly constrained C:N:P ratios
(60:7:1) and soils have increased ratios (186:13:1 Cleveland & Liptzin 2007), the resulting
imbalance requires soil microbes to allocate C for acquisition of N and P. Therefore microbial
communities in environments with more favourable substrate stoichiometry are likely to have
increased CUE (Manzoni et al., 2012b), which is supported by recent findings in European
grasslands in which N addition increased microbial CUE (Spohn et al., 2016b). In contrast to
the range of research into the effect of nutrient availability on microbial CUE, much less is
known about how drought events, and their subsequent rewetting, may alter microbial CUE.
Studies show no clear effect of changes in soil moisture on microbial CUE (Herron et al., 2009;
Tiemann & Billings, 2011), but that rewetting may increase microbial CUE following longer
periods without precipitation (Zeglin et al., 2013b). Despite the inconclusive research results,
drought may be expected to reduce microbial CUE for several reasons. Substrate diffusion is
likely to be reduced in dry soil, thereby limiting access of substrates and nutrients to microbes
(Schimel et al., 2007). Additionally, drought can cause microbes to accumulate solutes to avoid
dehydration, which may in turn inhibit both growth and growth efficiency (Borken & Matzner,
2009). Finally, if drought results in a shift in microbial community composition it could have
an impact on CUE as microbes may differ in their growth efficiencies (Payne & Wiebe, 1978;
Stark & Firestone, 1995). It may therefore be expected that microbial CUE is reduced under
drought, but increased after rewetting. However it is unknown how drivers expected to have
contrasting effects, such as drought and nutrient availability, may interact to determine

microbial CUE.
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The overall goal of this study was to determine the individual and combined effects of drought
and nutrient availability on microbial and plant CUE in species-rich temperate grassland.
Specifically we tested the following two hypotheses that: i) drought decreases both microbial
and plant CUE as water stress requires the use of C to maintain water potential in microbes and
access water in plants; and ii) alleviation of nutrient limitation via nutrient addition, increases
microbial and plant CUE as less C is used for nutrient acquisition. The result of these hypothesis
will be that microbial and plant CUE will correlate in their response to nutrient addition and
drought, and that overall ecosystem CUE, the retention of C in microbes and plants relative to
ecosystem respiration, will not remain constant but also increase in response to nutrient addition
and decrease in response to drought. This was tested in species-rich temperate grassland in
northern England using *C-CO pulse-labelling, which enabled measurement of plant and

microbial CUE.

This study focusses on grasslands because they rapidly cycle C from plants to soil microbes,
can act as soil C sinks, but also contain plant species with differences in C uptake and retention
(De Deyn et al., 2011a,b). In contrast to previous studies of microbial CUE, the microbial
community was enriched with $3C through photosynthetic assimilation of **C-CO; in the plants
and subsequent release of *C, through root exudation, into the soil. By using this novel
approach, soil microbial CUE can be measured by tracing the fate of labelled plant inputs in
order to predict how microbial CUE may feedback to ecosystem C dynamics in response to
climate change and nutrient availability. Additionally it allowed a comparison of soil microbial
CUE with plant CUE, which for the first time will enable investigating if CUE in plants and
soil microbial community counterbalance each other, which is currently untested but assumed

in biogeochemical models.
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4.3 Methods

4.3.1 Experimental setup and pulse-labelling

The field manipulation experiment was conducted at Colt Park meadows in Ingleborough
National Nature Reserve, northern England (latitude 54°12°N, longitude 2°21°W) on a Lolium
perenne-Cynosorus cristatus grassland, similar to those used by De Deyn et al. (2011b) and
Smith et al. (2008). The soil is a brown earth with shallow average depth of 28cm over limestone
bedrock. Experimental plots were set up on a uniform grassland community which prior to the
start of the experiment was grazed by cattle and sheep from autumn to May, before livestock
removal to allow hay production with an annual hay cut after mid-July. Four experimental
treatments were implemented in a randomized block design: control, nutrient addition,
experimental drought and combination of nutrient addition and experimental drought.
Experimental treatments were set up in six replicate blocks giving 24 plots of 4m2. Nutrient
addition comprised a propriety NPK fertiliser (50Kg N ha, 25Kg P ha, 25Kg K ha) and was
applied at the start of the experiment on 20 May 2014. Drought conditions were created using
rain shelters which intercepted all rainfall reaching the central plot region. Rain shelters were
open sided, constructed of transparent corrugated PVC, 0.8mm thick (Corolux, Staveley, UK),
and were 90cm x 105cm in size with a height of 38cm to 63cm giving a sloped roof of 16
degrees (Chapter 2). Rain shelters were set up on 28 May 2014 and removed on 14 July 2014,
Soil moisture was assessed in each plot with a ThetaProbe soil moisture meter (Delta-T, UK).
The annual hay cut which removed aboveground vegetation to approximately 5cm sward height,
and was consistent with annual agricultural management, was applied across all experimental

plots was on 22 July 2014.

The drought treatment excluded 157mm of rainfall which was equivalent to 6.5% of average
annual precipitation at Colt Park meadows field site (mean: 2404mm, SD: 82mm). To assess
drought severity and potential recurrence, a Gumbel | distribution was fitted to annual drought
extremes representing the number of days with less than 1mm of precipitation during the
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primary growth period (April-September). Due to insufficient number of years of precipitation
data for the field site, data from two nearby weather stations were used. At Malham Tarn field
centre, 18km southeast of the field site, a 100-year drought equated to 27 days <1mm rainfall.
Similarly data from Hazelrigg Field station, 31km southwest, showed a 100-year drought
equated to 34 days of <Imm rainfall (Bloor & Bardgett, 2012). These results suggest a 100 year
drought event may be between 27 and 34 days, while in this study the drought treatment was in
situ for 48 days. However the drought treatment in this study may not equate to the same level
of water stress as a 100-year drought event, as to avoid disturbance to the plant community,

plots were not trenched so lateral flow of water in the soil will have still occurred.

Pulse-labelling of each experimental plot was carried out on 31 June 2014. For each plot a
transparent static chamber, 30cm in diameter and 19 litres in volume, was placed in the central
plot area onto a matching base ring cut 5¢cm into the soil, for 20 minutes and 40ml of 99.9%
atom 3C-CO, was injected (Ward et al. 2009). This was repeated seven times in the day for
each plot with 30 minutes between each labelling event. The fate of 3C-CO, was assessed in
the field by measuring *C in plant biomass and *C-CO; in ecosystem respiration (described
below). The uptake and metabolism of **C by the microbial biomass from root exudation was
assessed using a laboratory incubation of soil collected from field plots 24 hours after pulse-
labelling. Samples were taken after 24 hours because previous research at a neighbouring field
site demonstrated that 3C in the microbial biomass peaks 24 hours after pulse-labelling with

13C-CO; (De Deyn et al., 2011a).

4.3.2 Sample collection and analysis

The loss of *C-CO, through ecosystem respiration was measured in the field using opaque
static chambers, which were the same size as those used in pulse-labelling, and incorporated
both autotrophic and heterotrophic respiration. Natural abundance measurements were taken
before ‘pulse-labelling” on three replicate blocks. Measurements after pulse-labelling were

taken: +2 hours, +1 day, +3 days, +5 days, +7 days, +11 days , +16 days and +25 days on all 6
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replicate blocks. Chambers were in place for 30 minutes and gas samples were taken
immediately after enclosing and then every 10 minutes. For each time point two gas samples
were taken in exetainer vials (Labco Ltd, UK), one for total CO, (10ml) and analysed using gas
chromatography (PerkinElmer Autosystem Gas Chromatograph), and a second sample (25ml)

for isotopic analysis.

The retention of 3C in plant biomass over time was measured in leaf samples from five common
grassland species from each plot. Leaf samples were taken at four time points after ‘pulse-
labelling’: +2 hours, +1 day, +7 days and +14 days to assess *C incorporation into plant
biomass. Natural abundance measurements were taken in the same way before the ‘pulse-
labelling’ from three replicate blocks. Five plant species were selected to represent the three
main plant functional groups and were the most abundant species in each group; grasses:
Anthoxanthum odoratum, Holcus lanatus; forbs: Ranunculus repens, Plantago lanceolata; and
legume: Trifolilum repens. Roots were collected from three soil cores per plot (diameter 2.4cm)
and bulked together, and were sampled from field plots one day and 14 days after pulse-
labelling. Leaf and root samples were freeze dried and ground in preparation for isotopic

analysis.

The uptake of *3C into soil microbial biomass and lost through soil respiration was measured
using a laboratory incubation, following field pulse labelling with **C-CO,. Three soil cores
(2.4cm diameter) were collected from each field plot 24 hours after pulse-labelling and then
bulked together. Roots were removed from the soil by hand to reduce any further plant inputs
of 3C. Two subsamples of soil from drought treatment plots were used: one was kept at field
drought soil moisture (37.7% [SE:0.7] water content, assessed gravimetrically) while the second
was brought back to control soil moisture content using deionized water (41.0% [SE:0.6] water
content). In total there were 40 soil incubations: 24 for each field plot, 12 from field drought
plots which were rewetted at the start of the incubation and 4 natural abundance incubations.

For each incubation 10g of soil was incubated at 25°C in 1.8L containers (Lock ‘n’ lock, UK).
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Before incubations were sealed, they were flushed for 20 seconds with compressed air.
Incubations were sealed for the first 4.5 hours with gas samples taken at +0h (immediately after
sealing), +1.5h, +3h and +4.5h. Lids were removed after 4.5 hours and incubations flushed
again with compressed air before re-sealing and further headspace samples taken at +4.5h
(immediately after resealing), +7h, +9.5h and +24h. The reason incubations were opened and
flushed partway through the incubation was to avoid headspace CO. becoming excessively
high, and secondly to reduce the amount of air being removed for analysis relative to total
headspace volume. At each time point two headspace gas samples were taken, one for total CO»
concentration (PerkinElmer Autosystem Gas Chromatograph) and a second for isotopic analysis

(see below).

Microbial biomass C was measured using chloroform fumigation extraction (Brookes et al.,
1985) with total C content of K;SO. extracts measured on Elemental Analyser (5000A,
Shimadzu, Milton Keynes, UK) for soil 59 subsamples before and after the incubation.
Following this extracts were freeze-dried and ground in preparation for isotopic analysis.
Additional soil properties were measured to assess the treatment effects of nutrient addition.
Inorganic N concentrations in soil were assessed using KCI extracts with 5g soil with 25mL
KCI before colorimetric analysis on an AutoAnalyser (Bran and Luebbe, Northampton, UK).
Olsen’s P, a measure of plant available phosphate in soil, used 0.5M sodium bicarbonate
extraction on 5¢g soil before Autoanalyser analysis (Bran and Luebbe, Northampton, UK). pH
was measured on 10g fresh soil with 25 mL deionised water, left to stand for 30 minutes and

then tested with 210 pH Meter (Hanna Instruments, RI, USA).

4.3.3 Soil microbial community structure

Treatment effects on microbial community structure was measured using phospholipid fatty
acids (PLFA) analysis, while bacterial and fungal community structure was assessed using
terminal restriction fragment length polymorphism (T-RFLP) analysis. PLFAS were extracted

from freeze-dried soil using a modified Bligh-Dyer extraction method, and separated from other
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lipids using aminopropyl solid phase extraction cartridge (Phenonenex, US)(White et al., 1979).
Gas chromatography was carried out on Agilent 6890 GC with CP-Sil 5 CB fused silica
capillary column (Agilent, US). Biomarkers were used for bacteria (i15:0, a15:0, 15:0, i16:0,
i17:0, 17:0, cy-17:0, cy-19:0 and 18:1w7) and fungi (18:2®6,9) with the ratio of the two defined
as the fungi-to-bacteria ratio (F:B), following Bardgett, Hobbs & Frostegard (1996) and Smith
et al. (2008). For T-RFLP, total genomic DNA was extracted from soil samples using the
procedures described by Plassart et al. (2012) in combination with the powersoil96 kit (MoBio,
US). T-RF peaks were converted to relative abundance before analysis. **C-PLFA was extracted
from soil at the start of the incubation, while T-RFLP was extracted from soil at the start and

end of the incubation.

4.3.4 Stable isotope analysis and calculations

For isotopic analysis the freeze-dried and ground plant and microbial biomass samples were
weighed into tin capsules and combusted in an elemental analyser (CarloErba, Italy). The
resulting CO, from combustion was analysed for 8*3C using Isotope Ratio Mass Spectrometry
(IRMS Dennis Leigh technology, UK). 8*C of CO, for field ecosystem respiration and
laboratory soil respiration were measured using IRMS (Isoprime Ltd, UK) coupled to a trace-
gas pre-concentrator. After sample injection to the pre-concentrator, water was removed by a
magnesium perchlorate chemical trap and the CO, was then cryogenically focused followed by

IRMS analysis giving 8°C values.

81C notation represents the ratios (R) of *C:'2C relative to the VPDB (Vienna Pee Dee

Belemnite) standard. For microbial biomass samples 3*C was given by:

(613Cfum X mgcfum) - (813Cunfum X mgcunfum)
(mgcfum - mgcunfum)

Microbial biomass §3C =
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where mgCrnm and mgCuntum represents mg of C measured in fumigated and unfumigated
samples respectively. §*C values were converted to isotopic ratio (*3C/*2C) for each sample

(Rsample) .

§13C
Rsample = <m X RPDB) X Rppp

where, Repg = 0.011237 is the ratio for Pee Dee Belemnite. Rsample Was converted to *Catom o

R
13 sample
C % = |=——] X100
atom % (Rsample + 1)

For ecosystem and soil respiration samples, the **Caiomss in respired CO, was calculated using a

two-source mixing model:

13 13
(Csample X Catom % sample) - (Cair X Catom % air)

13 —
Catom %resp — C C
sample — “air

where Csample IS the CO- concentration at the end of the enclosure and C.ir is CO2 concentration
immediately after enclosing. For *3C in plant biomass, soil microbial biomass and ecosystem
and soil respiration, the enrichment relative to natural abundance was calculated as **Catom %

excess:

13 _ 13 13
Catom % excess — Catom % of sample — Catom % of natural abundance

To take account of the differing sizes of C pools and fluxes, 2Catom % excess Was converted to g

13C following Hafner et al. (2012):

13
Catom % excess

100

ug °c = X g C
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where pg C is the mass of C in plant biomass, soil microbial biomass and soil and ecosystem

respiration.

Isotopic enrichment of individual PLFAs were expressed as *°C values corrected for the methyl

group added during methanolysis:

si3c _ [(Nprra + 1)8"°Crame — 6'°Cymeon]
PLFA =

NPLFA

where Npira is the number of C-atoms in the PLFA molecule, §*3Crame is the 8*3C value after
methanolysis and 8% *Cwmeon is the 5°C value of the methanol (Tavi et al., 2013). Absolute

amount of *C in individual PLFA biomarkers was given by:

M(PLFA — C)

ug PLFA'3C g~ 1soil(dwt) = '3Catom % x ug PLFA g~ 'soil(dwt) x M(PLFA)

where M(PLFA-C) is the molar mass of the C in the PLFA molecule and M(PLFA) is the molar

mass of the PLFA molecule.

4.35 Estimates of CUE

In this study, CUE was estimated for soil microbes, plants and at the ecosystem level. Microbial

CUE was measured in soil incubations allowing separation of soil and plant respiration. Plant

and ecosystem CUE were measured in field plots. Microbial CUE was calculated as the

percentage of *3C in microbial biomass at the end of the incubation, relative to total *3C uptake.
13C microbial biomass

Microbial CUE = 4 - — 3 x 100
C microbial biomass + *°C—CO,

where total 3C uptake was the sum of *C in microbial biomass and cumulative **C-CO,
respired during the incubation (Geyer et al., 2016). In contrast to previous studies the **C comes
only from root exudation and turnover, rather than labelled substrate additions. Under the
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framework set out by Geyer et al (2016), microbial CUE would be classified as community

scale microbial CUE.

CUE in plants was estimated in two ways, both of which were based on the % of 3C retained
in plant biomass over a set length of time (Street et al., 2013). Overall plant CUE was averaged

across species and estimated as:

13C shooty + *3Croot,
Plant CUE; = 3 x 100
C ShOOt+2 hours

where d was the time point at which *C incorporation was measured, either 24 hours or 14 days
after pulse-labelling, while *C incorporation in shoots two hours after pulse labelling was used
as the baseline representing maximum C uptake. *C incorporation in shoots was averaged
across five species by their representative % cover while root samples represented roots from
all species. Although **C incorporation in plant roots was not measured two hours after pulse
labelling, this is unlikely to alter the results as **C incorporation in roots was very low compared
to shoots and increased over time, suggesting there would have been very little *3C in roots two

hours after pulse-labelling.

The second estimate of CUE in plants, looked at species specific CUE. Because roots could not
be split into species, species specific CUE only considered the retention on *C in shoot biomass.

This was done for five species:

] . 13¢ species shoot biomass,
Species specific shoot CUE; = 43 - - x 100
C species shoot biomass., s hours

where d was the time point at which 3C incorporation was measured, either 24 hours, 7 days or
14 days after pulse-labelling. In the same way as plant CUE, **C incorporation in shoots two

hours after pulse labelling was used as the baseline representing maximum *3C uptake
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Ecosystem CUE estimated the percentage of **C in soil microbial biomass and total plant
biomass relative to total **C uptake, which was estimated as the total **C in plant and microbial

biomass and lost through ecosystem respiration:

Ecosystem CUE,
13C microbial biomass; + 3C shooty + *3Croot,
13C microbial biomass; + 13Cshoot; + 3Croot; + 3C—C0, 4
x 100

where d was the time point at which *C incorporation was measured, either 24 hours or 14 days
after pulse-labelling. **C-CO, respired is the cumulative loss of *C in respiration from pulse
labelling to the time of measurement. This was done through interpolating *C-CO, ecosystem
respiration between sampling dates, assuming measured ecosystem respiration were

representative for the time between sampling.

4.3.6 Statistical analysis

To test the hypothesis that nutrient and drought altered microbial, plant and ecosystem CUE,
linear mixed effects (LME) models were used with fixed effects of: nutrient addition, drought
and the two-way interaction. The random effect was block to take account of the blocked
experimental design. For analysis of ecosystem respiration and plant CUE over time, sampling
date was added as a categorical fixed effect with plot ID as a random effect nested within block
to take account of repeated measures. For microbial CUE, which included samples which had
been rewetted, an additional fixed effect (“rewet”) and interaction with nutrient addition was
added, with an additional random effect of plot ID, nested within block, to take account of the
fact that rewetted soil was taken from drought plots and therefore acted as repeated measures.
For all LME models, assumptions of normality and equal variances were checked graphically
and response variables logged to improve normality where necessary. Weight functions were
used to account for unequal variances, following Zuur et al. (2009). We determined the

significance of fixed effects by comparing models with and without the factor of interest using
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likelihood ratio tests (LRT). All statistical analyses were carried out in the R programming
language 3.3.1 (R Core Development Team, 2016) using the additional packages nime (Pinheiro

& Bates, 2013), plyr (Wickham, 2011) and vegan (Oksanen et al., 2013).

4.4 Results

The drought treatment effectively reduced soil moisture from around 50% to 30%, although this
reduction was greater at later sampling dates (Drought x Date: LRT=201.19, P<0.0001, Fig
4.1a). The time lag between the start of the drought treatment and reduction in soil moisture,
was due to low rainfall in the first weeks of the experiment (Fig 4.1b). Artifacts of having rain
shelters in place were not found for either air (Drought=14.7°C; Control=14.5°C ; T-test, t=-
0.56, P=0.5972) or soil temperatures (Drought=15.1°C; Control=15.2°C ; T-test, t=0.31,

P=0.776).

Drought increased soil inorganic N concentrations (LRT=5.06, P=0.0245, Fig 4.2), but did not
alter soil pH, Olsen’s P or aboveground plant biomass. The nutrient addition treatment brought
about a 2.1 fold increase in aboveground plant biomass (LRT=28.45, P<0.0001, Fig 4.2d),
which depending on sampling date led to lower soil moisture (Nutrient x Date: LRT=19.79,
P=0.006, Fig 4.1a). Nutrient addition significantly increased Olsen’s P (LRT=6.29, P=0.0121)
and inorganic N availability (LRT=20.335, P<0.0001), and reduced soil pH (LRT=4.71,
P=0.0299, Fig 4.2). Soil collected from field plots and used in laboratory incubations also had
soil moisture content reduced by drought conditions and in nutrient addition plots (Fig 4.2f),

matching changes measured directly in field plots (Fig 4.1a).

Despite changes in soil moisture and nutrient availability, there was no associated change in
fungal microbial community structure in response to nutrient addition or drought as assessed by
T-RFLP analysis (Appendix 2). However soil bacterial community structure was changed by
nutrient addition, but this only occurred in soils that had been exposed to drought and then

subsequently rewetted (Appendix 2). Similarly, analysis of total PLFA concentrations showed

109



no change in the abundance of fungi or bacteria PLFA or the ratio of fungi to bacterial PLFA

in response to nutrient addition and drought (Fig 4.3a,b,c).
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Figure 4.1 Abiotic properties from field experimental plots and on site weather station during the
experiment: a) soil moisture for each combination of treatments. Day of pulse labelling (*) and day of
hay cut (#); b) rainfall and c¢) air temperature with daily mean (black line) and daily minimum and
maximum (grey shading).
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Figure 4.2 The effect of nutrient addition and drought on plant and soil properties: a) Olsen’s P, b)
inorganic N, c¢) soil pH, d) shoot biomass, €) root biomass and f) water content assessed gravimetrically
in soil incubations. Significance of nutrient and drought treatments assessed using likelihood ratio tests
with significance indicated as: P<0.0001****, P<0.001***, P<0.01**, P=<0.05*.
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Figure 4.3 The structure of the soil microbial community and incorporation of 3C into microbial PLFA
biomarkers. Response of total PLFA biomarkers to drought and nutrient addition representing a) fungi,
b) bacteria and c) fungi:bacteria. The incorporation of 3C in PLFA-C biomarkers for d) fungi, e) bacteria
and f) fungi:bacteria. Significance of nutrient and drought treatments assessed using likelihood ratio tests
with significance indicated as: P<0.0001****, P<0.001***, P<0.01**, P=<0.05*.
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441 Microbial CUE

Microbial CUE was increased by nutrient addition, but only when in combination with drought
(drought x nutrient interaction: LRT=6.17, P=0.013, Fig 4.4), while rewetting of soil reduced
microbial CUE (LRT=14.16, P=0.0008, Fig 4.4). However, microbial CUE did not correlate

with either plant or ecosystem CUE when assessed over 24 hours (Fig 4.5).

The total CO; respired during soil incubations was increased by nutrient addition, but not under
drought conditions (Drought x Nutrient, LRT=4.10, P=0.0429; Rewet x Nutrient, LRT=6.69,
P=0.0097, Fig 4.6c). However, the amount of *C-CO; respired during the incubation was
reduced by a third with nutrient addition (LRT=20.12, P<0.0001, Fig 4.6f). The size of the total
microbial biomass C pool did not change over the course of the incubation and was not altered
by drought or nutrient addition (Fig 4.6a,b). However, at the start of the incubation, more C
was assimilated by the microbial biomass when soils were subject to drought (LRT=7.18,
P=0.0074, Fig. 4.12d). At the end of the incubation *C retained in microbial biomass was
reduced by rewetting and nutrient addition, however, the reduction with nutrient addition was

greater without drought (drought x nutrient interaction: LRT=5.12, P=0.0237, Fig. 4.12¢).

The fate of C in the soil microbial community was assessed using PLFA biomarkers, which
showed 3C was assimilated by fungi more than bacteria (Fig 4.3). °C in bacterial PLFAs were
decreased in communities with nutrient addition (LRT=14.67, P<0.0001) and drought
(LRT=5.30, P=0.0213, Fig 4.3e). The resulting ratio of *C in fungal to bacterial PLFA was

increased in communities with nutrient addition (LRT=4.67, P=0.0307, Fig 4.3f).
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Figure 4.4 Microbial CUE response to drought, rewetting and nutrient addition. Calculated as the
proportion of *C in microbial biomass relative to total *3C uptake (calculated as **C in microbial biomass
and soil respiration). Significance of nutrient and drought treatments assessed using likelihood ratio tests
with significance indicated as: P<0.0001****, P<0.001***, P<0.01**, P=<0.05*.
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Figure 4.5 The relationship of CUE between microbes, plants and the whole ecosystem, a) microbial
CUE and plant CUE assessed over 24 hours, b) microbial CUE and ecosystem CUE assessed over 24
hours, ¢) ecosystem CUE and plant CUE assessed over 24 hours, and d) ecosystem CUE and plant CUE
assessed over 14 days. Black lines show significant correlations as tested by Pearson correlation where r
shows strength of correlation. Significance of correlation indicated as: P<0.0001**** P<0.001***,
P<0.01**, P=<0.05*.
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Figure 4.6 Pools of total C and *3C in microbial biomass during the laboratory incubation and released
through soil respiration. Total C in microbial biomass at the a) start of the laboratory incubation, b) end
of the laboratory incubation and c) total C-CO; in soil respiration. The pig **C in microbial biomass at the
d) start of the laboratory incubation, e) end of the laboratory incubation and f) pug *C-CO; in soil
respiration. Significance of nutrient and drought treatments assessed using likelihood ratio tests with
significance indicated as: P<0.0001**** P<0.001***, P<0.01**, P=<0.05*.
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4.42 Plant CUE

When averaged across all five species, plant CUE was approximately 50-60% for the first 24
hours, and was not altered by nutrient addition or drought (Fig 4.7a). However after 14 days
plant CUE decreased to 20-30% and was significantly lower in communities which had received

nutrient addition (14 days nutrient: LRT=6.72, P=0.0095, Fig 4.7b).

Nutrient addition increased *3C in shoot biomass when averaged across plant species (Fig 4.8a),
primarily due to increased overall plant biomass. This increase in *3C shoot enrichment was
found two hours (LRT=19.87, P<0.0001), one day (LRT=15.13, P=0.0001) and 14 days
(LRT=4.95, P=0.0261, Fig 4.8a) after pulse labelling. In contrast *C allocation to roots was not
affected by nutrient addition or drought, either one day or 14 days after pulse labelling (Fig
4.8a). The ratio of 3C incorporation in roots-to-shoots was less than 0.10 one day after pulse
labelling, and was reduced by nutrient addition (LRT=9.92, P0.0016). The root-to-shoot ratio
of 3C allocation increased to 0.16-0.31, 14 days after pulse labelling but was not affected by

nutrient addition or drought (Fig 4.8b).

Aboveground plant CUE, measured in specific species, decreased over time for all species (Fig
4.9). However there were species specific CUE responses to nutrient addition (Nutrient x
species interaction: LRT=30.91, P<0.0001) and drought (Drought X species interaction:
LRT=10.46, P=0.0334). For grasses, nutrient addition increased CUE in H. lanatus over short
timescales (Nutrient x Time: LRT=9.16, P=0.0103, Fig 4.9a). For A. odoratum, nutrient
addition reduced CUE but only non-drought conditions, however the strength of this interaction
between nutrient and drought treatments reduced over time (Nutrient x drought x time:
LRT=6.32, P=0.0424, Fig 4.9b). The two forb species had contrasting responses to nutrient
addition and drought: for R. repens nutrient addition and drought reduced CUE (Nutrient:
LRT=5.98, P=0.0144; Drought: LRT=6.91, P=0.0086), while for P. lanceolata nutrient addition

and drought had no significant effect (Fig 4.9d). For the legume, T. repens, nutrient addition
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decreased CUE, which over 14 days resulted in half the *C being assimilated in biomass with

nutrient addition than in plants without (Nutrient: LRT=12.06, P=0.005).
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Figure 4.7 Plant and ecosystem CUE responses to nutrient addition and drought over two time periods
a) plant CUE over 24 hours, b) 14 days, c¢) ecosystem CUE over 24 hours, and d) 14 days. Significance
of nutrient and drought treatments assessed using likelihood ratio tests with significance indicated as:
P<0.0001**** P<0.001***, P<0.01**, P=<0.05%
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Figure 4.8 Incorporation of *3C in plant shoots and roots over time ; a) shoot incorporation, above zero
line, and root incorporation, below zero line, for samples taken 2 hours (shoot only), one day and 14 days
after pulse labelling for each nutrient and drought treatment, b) Ratio of *3C incorporation in roots to
shoots, for sample taken one day and 14 days after pulse labelling for each nutrient and drought treatment.
Significance of nutrient and drought treatments assessed using likelihood ratio tests with significance
indicated as: P<0.0001**** P<0.001*** P<0.01**, P=<0.05*.
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Figure 4.9 Species specific shoot CUE over 24 hours, 7 days and 14 days. Shoot CUE calculated as the
% 13C retained in plant biomass. Results shown for five species: a) Holus lanatus, b) Anthoxanthum
odoratum, ¢) Ranunculus repens, d) Plantago lanceolata and €) Trifolium repens. Significance of nutrient
and drought treatments assessed using likelihood ratio tests with significance indicated as:
P<0.0001**** P<0.001***, P<0.01**, P=<0.05*.
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4.4.3 Ecosystem CUE

Over 24 hours, ecosystem CUE was greater in plots receiving nutrient addition (96.5%) than
those without (94.6%) nutrient addition (LRT=10.27, P=0.0014, Fig 4.7¢). Ecosystem CUE was
much lower when measured over 14 days, but there was no effect of nutrient addition or drought
(Fig 4.7d). Ecosystem CUE positively correlated with aboveground plant CUE when measured

over 24 hours and weakly correlated over 14 day (Fig 4.5¢,d).

A key component of ecosystem CUE, was the amount of *C lost through ecosystem respiration.
During the drought manipulation the total C-CO, ecosystem respiration flux was increased by
nutrient addition and decreased by drought, although the size of the increase and decrease
depended on sampling date (Nutrient x date: LRT=11.92, P=0.0358; Drought x date:
LRT=19.30, P=0.0017, Fig 4.10a). However, *C content in ecosystem respiration declined very
rapidly after pulse labelling (Fig 4.10b), but was consistently higher in treatments receiving

nutrients (LRT=11.43, P=0.0006).

Although more *C-CO, was respired in plots receiving nutrients, this did not result in lower
ecosystem CUE (Fig 4.5 and 4.7). This was because plots with nutrient addition had greater
plant biomass and therefore more *3C stored in aboveground biomass (Fig 4.8). This greater
storage of 13C in plants was sufficient to offset the greater **C-CO; lost through respiration and

therefore ecosystem CUE was generally increased by nutrient addition (Fig 4.4).
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Figure 4.10 The release of CO; in ecosystem respiration and *3C-CO; enrichment from field plots over
the course of the experiment, a) total ecosystem respiration flux, b) total *C in ecosystem respiration as
log pg B*C-CO,. Time since pulse labelling is shown in days and P is the day of pulse labelling. Sampling
dates are split by vertical dotted lines into those from during the drought (left), after the drought (centre)
and after the hay cut (right). Significance of nutrient, drought and date assessed using likelihood ratio
tests, with significance indicated as: P<0.0001**** P<0.001***, P<0.01**, P=<0.05*.

122



45 Discussion

Many studies have considered either: microbial CUE (Frey et al., 2013; Hagerty et al., 2014;
Spohn et al., 2016b) or plant CUE (De Lucia et al., 2007; Metcalfe et al., 2010; Van Oijen et
al., 2010; Street et al., 2013) inisolation. As such our understanding of how CUE may be related
between plant and soil microbial communities is limited, which is particularly important as
global terrestrial C models often assume constant CUE (Bradford & Crowther, 2013). The goal
of this study was to test the hypothesis that in grasslands, the CUE of soil microbes and plants
would decrease in response to summer drought and increase in response to nutrient addition. In
contrast to our hypotheses it was found that microbial CUE increased under drought when in
combination with nutrient addition, while plant CUE generally decreased with nutrient addition.
As a result, there was no detectable relationship between microbial and plant CUE (Fig 4.5a,b).
This suggests no counterbalance between microbial and aboveground plant CUE under

changing drought and nutrient conditions.

The experimental drought increased in severity over time. Upon pulse-labelling and the
measurement of microbial, plant and ecosystem CUE over 24 hours, soil moisture was reduced
from 41.0% to 37.7%. This is likely to represent only a mild drought event, and potentially less
severe than previous drought studies (Mirzaei et al., 2008; Bloor & Bardgett, 2012). However
as the experiment progressed the drought become more severe with greater differences in soil
moisture (Fig 4.1a). Therefore, measurements of plant and ecosystem CUE over 14 days will

represent responses to a more severe drought event.

45.1 Environmental controls of microbial CUE

Drought was hypothesized to decrease, and nutrient addition increase, microbial CUE. In partial
support of this, drought did reduce microbial CUE in the absence of nutrient addition, but
drought increased microbial CUE when in combination with nutrient addition. Additionally,

soils which had been subjected to drought, had reduced microbial CUE when rewetted (Fig 4.4).
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Both stoichiometric theory and previous research suggest that increasing nutrient availability
should increase microbial CUE (Cleveland & Liptzin, 2007; Sinsabaugh et al., 2008, 2016;
Manzoni et al., 2012b; Spohn et al., 2016b). However our results show that this positive effect
of nutrient addition on microbial CUE can be counteracted by small changes in soil moisture.
In this study a reduction in soil moisture, from 41.0% to 37.7% water content, altered the effect
of nutrient addition on microbial CUE. This contrasts with previous research showing that
microbial CUE is generally resistant to changes in soil moisture, except in very dry soils (Herron
et al., 2009; Tiemann & Billings, 2011). This study shows that microbial CUE can be sensitive

to changes in soil water content, and this can interact with nutrient addition.

There are a range of mechanisms that might explain the response of microbial CUE to drought
and nutrient addition. The most likely mechanism underlying the increase in microbial CUE
with nutrient addition and drought in combination is the accumulation of osmolytes, which
microbes use to survive water stress (Borken & Matzner, 2009). To counteract dehydration and
control water potential inside the cell, bacteria use amino compounds (such as proline,
glutamine and glycine betaine) and fungi use polyols (such glycerol, erythritol and mannitol)
as osmolytes (Csonka, 1989; Schimel et al., 2007). In bacteria under water stress, solutes may
account for 7 to 20% of total bacterial C, while for fungi it can be over 10% of cell mass
(Koujima et al., 1978; Killnam & Firestone, 1984; Tibbett et al., 2002). Accumulation of
osmolytes enriched with *C, would increase *C in microbial biomass and explain how
measures of CUE could increase under drought conditions. This is supported by the finding in
this study that *3C in microbial biomass was increased with the combination of drought (Fig

4.6d).

Osmoregulation may also explain why the increase in microbial CUE with drought only
occurred when in combination with nutrient addition. Because bacteria and fungi differ in the
N requirements associated with osmoregulation, there is potential for osmoregulation to differ

depending on N availability. Solutes used by fungi, such as polyols, do not contain N, while
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bacterial solutes do contain N, so that fungi will have lower N costs than bacteria in
accumulating osmolytes (Schimel et al., 2007). The N costs associated with osmoregulation for
bacteria can be between 11% and 30% of total bacteria N (Schimel et al., 2007), which suggests
that in N-limited microbial communities, bacteria may be unable to meet the N cost associated
with osmoregulation. This is supported by results in this study, that changes in *C assimilation
in bacterial PLFAs were reduced by drought but not in fungal PLFAs (Fig 4.3). As PLFAs are
found in cell membranes, this suggests that the small change in soil moisture in the drought
treatment was sufficient to cause more stress in bacteria than fungi indicating a greater need for
osmoregulation in bacteria than fungi. Evidence for osmoregulation being important in
determining microbial CUE also comes from the prediction that a reduction in CUE would
occur after rewetting due to the release of accumulated solutes (Fig 4.1; Schimel et al. 2007,
Borken & Matzner 2009), with such a reduction found in this study (Fig 4.4). This suggests that
CUE may increase under drought due to osmoregulation, particularly when bacteria can meet

the associated N cost, but that microbial CUE is reduced upon rewetting as solutes are removed.

A second potential mechanism that could account for changes in microbial CUE is a change in
plant root exudates in response to drought and nutrient addition. It is known that low nutrient
availability can alter root system architecture and promote secretion of exudates to facilitate
nutrient uptake, while mild drought may also increase secretion (Badri & Vivanco, 2009). If
exudates shifted to be more labile and N-rich, microbial CUE would be expected to increase. A
change in root exudates is supported by an increase in *3C enrichment of microbial biomass in
droughted soils at the start of incubation suggesting altered uptake of root derived substrates
(Fig 4.6d). However, a change in root exudates does not explain the reduction in microbial CUE
after rewetting, which occurred after plant roots were removed from the soil to limit any further
C inputs. Rewetting would not have changed root exudates, but is likely to have increased
substrate diffusion in the soil as water content increased (Stark & Firestone, 1995). If root

exudation were entirely responsible for the change in microbial CUE, then upon rewetting
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microbial CUE should have increased as microbes have more access to substrates due to

increased diffusion, while in this study microbial CUE decreased upon rewetting.

Two mechanisms previously suggested for understanding microbial CUE responses to drought
(Herron et al., 2009), are however, unlikely to explain the response of microbial CUE in this
study. First drought may alter microbial community composition, and as microbial species or
functional groups can differ in their ability to cope with water stress and C utilization, there
may be concomitant changes in CUE (Payne & Wiebe, 1978; Rinnan & Baath, 2009). However,
this is unlikely to explain the changes in CUE found in this study as microbial community
structure did not change, as assessed by total PLFA ratios and T-RFLP (Fig 4.3c; Appendix 2).
A second potential mechanism is that drought will reduce substrate supply due to reduced
diffusion in thin water films potentially bringing about lower CUE (Stark & Firestone, 1995).
Although this reduced diffusion of substrate under drought probably occurred in this study, it is
unlikely to explain the results, as microbial CUE was highest in the driest plots (those with
drought and nutrient addition, Fig 4.1 and 4.2f). Therefore the mechanism explaining the
response of microbial CUE in this experiment must be sufficient to overcome any negative
effect of reduced substrate supply. Change in microbial CUE was therefore likely dependent on

osmoregulation and the differential accumulation of solutes depending on nutrient availability.

Microbial CUE has been found to be very variable, in part due to the use of different labelled
single substrates (Dijkstra et al. 2011; Frey et al. 2013; Hagerty et al. 2014). In this study
microbial CUE was assessed using *3C enrichment from labelled root exudates and potentially
root turnover. Two previous studies that did not use labelled substrates, instead using **0 and
cell division, found microbial CUE ranged from 31% to 45% (Spohn et al., 2016a,b). These
estimates of microbial CUE were very similar to those in this study (38% to 50%), suggesting
when methods do not rely on single substrates, microbial CUE is more restricted than the wide

range of previous estimates.
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4.5.2 Variation in plant CUE

We hypothesised that plant CUE would be increased by nutrient addition and decreased by
drought. In contrast we found that species averaged plant CUE was resistant to changes over 24
hours and was then decreased by nutrient addition (Fig 4.7a,b). Previous research has suggested
that if plant CUE is measured over weeks it is approximately 50% and invariant to
environmental change, while over shorter timescales it shows greater variation (Gifford, 1995;
Cheng et al., 2000; Van lersel, 2003). The estimates of plant CUE in this study, using a
relatively new method (Street et al., 2013), were both lower than 50% and varied depending on
nutrient addition. However the change in plant CUE was almost entirely due to changes in *C
retention in leaves; 3C incorporation in roots was very low, although increased over time (Fig
4.8). This agrees with previous research in grasslands which found low allocation of recent
photosynthate C to roots, compared with shoots, and that the proportion of C allocated
belowground was not altered by drought (Hasibeder et al., 2014). This, however, contrasts with
research showing increased C allocation to roots under water stress (Kalapos et al., 1996;
Kahmen et al., 2005; Backhaus et al., 2014). The reduction in the proportion of **C allocation
to roots with nutrient addition matches predictions that nutrient addition may reduce
competition belowground for nutrient acquisition and increase competition aboveground for
light (Tilman, 1990; Poorter et al., 2012; DeMalach et al., 2017). This suggests that changes in
retention of C in leaves is most important for understanding changes in plant CUE, with only a

limited role for roots, although their contribution to plant CUE increases over time.

In addition to changes in plant CUE brought about by nutrient addition over 14 days, there were
also strong differences between species, which were dependent on drought, nutrient addition,
and their interaction (Fig 4.9). Our findings support previous research in a neighbouring field
site, that the uptake and retention of $3C can depend on plant species identity with no clear plant
functional group effects (De Deyn et al., 2011b). However in contrast the previous research

found that grassland treatments, including cessation of fertiliser application, did not alter the
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retention of *3C in plant biomass (De Deyn et al., 2011a). In this study there were effects of
nutrient or drought in four of the five species, although nutrient addition brought about both
increases and decreases in CUE depending on the species (Fig 4.9). For low stature species such
as T. repens, nutrient addition would have increased shading with potentially strong competition
for light. Photosynthesis and growth in T. repens may have been much lower resulting in less
13C retained in leaf biomass. Our results suggest differences in the retention of C in aboveground
plant biomass are not due to plant functional groups, but species specific responses which also

depend on the length of time over which CUE is measured.

4.5.3 Whole ecosystem CUE

As there was no evidence of counterbalancing between microbial and plant CUE, ecosystem
CUE was expected to vary in response to nutrient addition and drought. As expected, ecosystem
CUE did increase in response to nutrient addition over 24 hours which also correlated with
aboveground plant CUE, but did not depend on drought (Fig 4.7c, 4.5¢). This suggests in these
grasslands, ecosystem CUE may be more strongly determined in the short term after
photosynthesis by plant CUE, rather than microbial CUE (Fig 4.7c,d). Few studies have
investigated ecosystem CUE, although in forests increased nutrient availability has been found
to increase ecosystem CUE, although assessed using very different methods (Fernandez-

Martinez et al., 2014).

Estimates of ecosystem CUE in this study are dependent on the size of the *C-CO; flux in
ecosystem respiration, relative to the amount of 3C retained in plant and microbial biomass (Fig
4.6, 4.8 and 4.10). However these are difficult to estimate across equivalent scales. It is
necessary to interpolate **C-CO, ecosystem respiration fluxes, while the soil microbial biomass
is hard to estimate accurately to depth. In this study assumptions had to be made regarding
ecosystem respiration and soil microbial biomass. Estimates of ecosystem respiration are
therefore liable to not capture the full **C dynamics over time for ecosystem respiration or in

space for microbial biomass.
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4.6 Conclusions

It is untested whether CUE in plants and soil microbial communities counterbalance each other
in order to maintain an overall constant CUE. In this study, there was no evidence of such a
counterbalance in response to nutrient addition and drought. Contrary to hypotheses drought
increased microbial CUE when in combination with nutrient addition, potentially through the
accumulation of solutes for osmoregulation, particularly when bacteria could meet the
associated N costs. However rewetting led to an 11.8% reduction in microbial CUE suggesting
increases in CUE brought about by drought will be short-term and reversible. Although drought
had no effect on plant CUE when averaged across species, drought did alter CUE in specific
plant species. CUE in microbial biomass and plants was therefore shown to respond differently
to expected changes in climate, with small changes in soil moisture capable of bringing about

significant changes in how efficiently the soil microbial community cycles C.
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5.1 Abstract

The uptake and storage of carbon (C) in grasslands can depend on the presence of particular
plant functional groups. Although drought events, which are predicted to become more frequent
under climate change, are known to disrupt grassland C cycling, it is unknown how plant
functional groups differ in their response to drought in terms of C cycling. An important aspect
of C cycling in plants is their carbon use efficiency (CUE), the proportion of C uptake which is
used in new biomass. In particular mosses, which have distinct physiology and morphology, are
likely to be especially sensitive to drought but also changes in nutrient availability. Yet it has

been suggested that mosses have higher CUE than vascular plants. This study aims to
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investigate if mosses differ in CUE to vascular plants, and if their response to drought and
nutrient addition are also different. A 1*C-CO, ‘pulse-labelling’ experiment, with both drought
and nutrient addition treatments, was combined with transplanting moss communities to
measure assimilation of *C-CO, during the experiment. Across the range of experimental
treatments, moss CUE ranged from 36-86% and 12-64% depending on the method of CUE
calculation. Regardless of methodology, moss CUE overlapped vascular plant CUE which
ranged from 34-58% across experimental treatments. However the effect of drought and nutrient
addition on moss CUE differed to that of vascular plant CUE. Moss CUE was increased under
drought conditions, with no change in vascular plant CUE, while nutrient addition also
increased moss CUE, but decreased vascular plant CUE. Nutrient addition decreased C uptake
in mosses by 80% suggesting less C was cycled through the moss biomass, even if that **C was
retained at a higher proportion in moss biomass. This study shows that in grasslands the
response of moss C cycling to drought and nutrient addition is distinct to that of vascular plants
and could therefore lead to altered retention of C in moss biomass, in contrast to the rest of the
plant community. However the amount of C photosynthesised by the moss community was
reduced as vascular plant biomass increased, showing the extent to which mosses may impact

ecosystem C storage is sensitive to the indirect effects of vascular plants.

Keywords: Bryophytes, mosses, carbon use efficiency, drought, nutrient availability,

grasslands.

5.2 Introduction

Extreme climate events can alter carbon (C) cycling and the potential for C storage in terrestrial
ecosystems (Chen et al., 2009a; Jentsch et al., 2011). However, in grasslands, the effect of
climate change on C cycling and storage is likely to be dependent on the community
composition (Mirzaei et al., 2008; Isbell et al., 2013), with particular plant functional groups
responding differently drought (Knapp et al., 2002; Fry et al., 2013; Mariotte et al., 2013; Shi

et al., 2014). In particular, drought events, which are predicted to increase in frequency and
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severity with climate change, can reduce grassland plant productivity, photosynthesis and
respiration (Kharin et al., 2007; O’Gorman & Schneider, 2009; Zhao & Running, 2010). While
plant functional groups might modulate effects of drought on C cycling and storage, the
composition of plant functional groups in grasslands is also often affected by nutrient addition,
whether from the use of fertiliser or from atmospheric depositions (Smart et al., 2005; Wesche
et al., 2012). For example, plant species diversity was shown to be negatively related to
atmospheric nitrogen (N) deposition in grasslands (Stevens et al., 2004), and it is well
established that the addition of inorganic fertilisers to grasslands suppresses plant species
diversity and promotes more competitive grasses at the expense of slower growing herbs (Smith
et al., 2003; Kirkham et al., 2008; La Pierre et al., 2016). However, this, in turn might alter C
cycle feedbacks to climate change (Vogel et al., 2012). The potential interactive effects of
climate and nutrient addition on grassland C cycling in different plant functional groups is not

fully understood.

A distinct group of plants found in grasslands are the mosses, which can account for up to nearly
50% of aboveground biomass (Carroll et al., 2000; Virtanen et al., 2000; De Deyn et al., 2011b).
Mosses, in common with other Bryophytes, have unique physiology and ecology setting them
apart from vascular plants (Turetsky, 2003; Cornelissen et al., 2007; Orwin & Ostle, 2012). For
example, mosses have been found to retain a greater proportion of photosynthesised C in their
biomass over time than vascular plants (De Deyn et al., 2011a; Street et al., 2013). This suggests
mosses have high carbon use efficiency (CUE), an estimate of the proportion of C used in new
biomass relative to total C uptake (Manzoni et al., 2012b; Sinsabaugh et al., 2013). CUE is
important as it can help to explain feedbacks to climate change as low CUE suggests less C
storage and more respired as CO,. However CUE is methodologically challenging to measure
(Manzoni et al., 2012b). For plants *C stable isotope methods have recently been used to
calculate CUE, defined as the proportional decline of *C in plant biomass over a set length of
time (Street et al. 2013; Bradford & Crowther 2013). However this method is dependent on no

additional **CO; being photosynthesised after the initial measurement, as this would increase
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13C enrichment over time. In *3C ‘pulse-labelling’ experiments, ecosystem respiration is also
enriched with *C-CO; (Johnson et al., 2002; Ostle et al., 2003; Street et al., 2013), so if mosses,
partly because of their low stature, photosynthesise recently respired *C-CO,, one of the key
assumptions of calculating CUE will not be met. This will have the effect of inflating estimates
of CUE (Fig 5.1a). It is unknown if later uptake of *C-CO, by mosses in pulse-labelling
experiments is responsible for the high moss CUE reported in arctic communities (Street et al.,
2013) and high C retention in grasslands (De Deyn et al., 2011a). It is therefore unclear whether

mosses do produce new biomass C more efficiently than vascular plants.

Mosses distinct physiology means that they are also very sensitive to water availability, yet
desiccation tolerance allows them to survive very dry periods and undergo fast recovery upon
rewetting (Proctor & Smirnoff, 2000; Turetsky, 2003; Proctor et al., 2007). This sensitivity to
water availability likely explains why moss cover in grasslands generally responds negatively
to drought and reduced precipitation (Bates et al., 2005; Ingerpuu & Kupper, 2007), while as
moisture decreases, mosses in peatlands switch from net C uptake to C emission (Nijp et al.,
2014). The physiology of mosses therefore suggests they are likely to be sensitive to drought
events, potentially shifting the proportion of C lost through respiration relative to
photosynthesis. In addition to sensitivity to water availability, mosses also differ to many
vascular plants in their generally low stature, altering light accessibility (Bisbee et al., 2001),
and their lack of roots altering nutrient and water acquisition strategies (Bates, 1994; Ayres et
al., 2006). In agricultural grasslands, the application of fertiliser has led to significant reductions
in moss biomass as they are unable to compete with vascular plants that benefit from increased
nutrient availability (Carroll et al., 2000; Virtanen et al., 2000; Arréniz-Crespo et al., 2008).
Although mosses do not have roots, through their rhizoids, some species may be able to access
soil nutrients and respond with higher growth rates and efficient nutrient retention (Bates, 1994).
The effect of nutrient addition on moss C cycling may therefore be mixed, and dependent on
relationships with vascular plants. In particular, it is unknown how changes in nutrient

availability will modulate responses to drought events in mosses.
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Figure 5.1 Experimental design of this study and previous research: a) Estimates of moss CUE in
previous studies measure *C enrichment over time. Using this method, estimates of CUE are potentially
overestimated as *3C enrichment can be increased after initial pulse-labelling through uptake of recently
respired ecosystem respiration; b) Experimental design showing three sets of moss and microbial biomass
communities, 1) sample taken at day one, 2) transplanted communities from day 14 and, 3) in situ
communities from day 14. Pulse labelling was carried out on 30 June 2014, day one samples on 1 July

2014 and transplanted and cores from the intact sward on 14 July 2014.
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This study investigates how drought and nutrient addition alter C cycling and CUE in mosses
and vascular plants. In particular, this study tests the following hypotheses: a) drought will
reduce moss C uptake and CUE, due to moss growth being very dependent on water availability,
b) nutrient addition will increase moss C uptake and CUE due to increased growth and reduced
nutrient limitation, c) previous estimates of moss CUE are overestimates and that moss CUE
does not differ to that of vascular plants. To test these hypotheses we established a drought-
nutrient factorial experiment on species-rich temperate grassland in northern England. This was
coupled with 3C-CO; pulse-labelling and moss transplantation to investigate C uptake, turnover

and CUE in mosses.

5.3 Methods

5.3.1 Experimental setup and pulse-labelling

The study was conducted at Colt Park meadows in Ingleborough National Nature Reserve,
northern England (latitude 54°12°N, longitude 2°21°W) on a Lolium perenne-Cynosorus
cristatus grassland. These grassland meadows were chosen as previous research on neighboring
meadows has shown that mosses can have an important role in ecosystem carbon storage (De
Deyn et al., 2011a,b). The soil is a brown earth with shallow average depth (28cm) over
limestone bedrock (De Deyn et al., 2011b). In these grasslands, among the most common moss
species are Brachythesium rutabulum and Rhytidiadelphus squarrosus (Rodwell 1993).
Experimental plots were set up on a uniform grassland community which before the experiment
had received the same management of autumn to early spring cattle and sheep grazing, followed
by livestock removal to allow hay production, and an annual hay cut after mid-July. Four
experimental treatments were implemented in a fully factorial design: control, nutrient addition,
experimental drought, and a combination of nutrient addition and experimental drought (also
see chapter 4). Treatments were set up in six replicate blocks, with a total of 24 plots of 4m?,
The nutrient addition treatment involved adding propriety NPK fertiliser (50Kg N ha, 25Kg P
hal, 25Kg K ha) and was applied by hand on 20 May 2014. Experimental drought conditions
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were created using rain shelters which intercepted all rainfall reaching the central plot region,
as used by Cole et al. (Chapter 4). Rain shelters were open sided, constructed of transparent
corrugated PVC, 0.8mm thick (Corolux, Staveley, UK), and were 90cm x 105cm in size with a
height of 38cm to 63cm giving a sloped roof of 16 degrees. Rain shelters were set up on 28 May
2014 and removed on 14 July 2014. Soil moisture was assessed in each plot with a ThetaProbe
soil moisture meter (Delta-T, UK). Pulse-labelling of each experimental plot with **C-CO, was
carried out on 31 June 2014. This was done on a per plot basis by placing a transparent static
chamber, 30cm in diameter, on an in situ base ring in the central plot area for 20 minutes and
40ml of 99.9% atom **C-CO, was injected into the chamber (Ward et al. 2009). This was
repeated seven times in the day for each plot. All aboveground vegetation in the central plot

area was removed 17 days after ‘pulse-labelling’ and was dried at 60°C for 48 hours.

The drought treatment excluded 157mm of rainfall which was equivalent to 6.5% of average
annual precipitation at Colt Park meadows field site (mean: 2404mm, SD: 82mm). To assess
drought severity and potential recurrence, a Gumbel I distribution was fitted to annual drought
extremes representing the number of days with less than 1mm of precipitation during the
primary growth period (April-September). Due to insufficient number of years of precipitation
data for the field site, data from Malham Tarn field centre was used, 18km southeast of the field
site, and showed that a 100-year drought equated to 27 days <1mm rainfall. Similarly data from
Hazelrigg Field station, 31km southwest, showed a 100-year drought equated to 34 days of
<1mm rainfall (Bloor & Bardgett, 2012). These results suggest a 100 year drought event may
be between 27 and 34 days, while in this study the drought treatment was in situ for 48 days.
However the drought treatment in this study may not equate to the same level of water stress as
a 100-year drought event, as to avoid disturbance to the plant community, plots were not

trenched so lateral flow of water in the soil will have still occurred.
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5.3.2 Moss sampling and core transplantation

Moss was sampled from the intact grassland sward across all plots one day and 14 days after
pulse labelling, using a 2.4cm diameter core to remove both moss biomass, and the top 10cm
of soil for measurement of microbial biomass. These two sets of samples, from one and 14 days
after pulse-labelling, showed the retention of **C in both moss and soil microbial biomass over
two weeks. As the moss samples collected 14 days after pulse labelling were from the intact
grasslands sward and had remained in situ, they therefore received *C from initial uptake during

pulse-labelling, but also through subsequent indirect uptake of recently respired *C-COs.

In 3C pulse-labelling experiments, mosses may photosynthesise recently respired **C-CO,,
meaning that not all *3C in moss biomass is from the initial pulse-labelling and that therefore
the assumptions in previously used estimates of CUE will not be met (Street et al., 2013). To
investigate the amount of *3C in moss biomass from later photosynthesis of **C-CO, enriched
respiration, moss was transplanted from areas of the plot which had not received pulse-labelling
(‘buffer region’ in Fig 5.1b) to the area which had received pulse-labelling (‘central region’ in
Fig 5.1b). The moss was transplanted one day after pulse-labelling, with the top 10cm of soil
(diameter 2.4cm) and placed into the gaps in the grassland sward from the moss and soil samples
collected one day after pulse-labelling (see above). Transplanted moss and soil was removed
14 days after pulse labelling and therefore only received *C from enriched ecosystem

respiration and not directly from initial pulse labelling.

The experimental design produced three sets of cores as outlined above: i) samples taken from
the intact grassland sward one day after pulse-labelling, termed ‘day 1 intact sward’, ii) samples
taken from the intact grassland sward 14 day after pulse-labelling, termed ‘day 14 intact sward’,
and iii) samples taken from transplanted moss and soil 14 days after pulse-labelling, termed
‘day 14 transplanted cores’. There were 24 cores in each set, one for each field plot and 3C

enrichment was measured in moss biomass and soil microbial biomass in each core.
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5.3.3 Harvesting and ‘3C analysis

Moss biomass, from the intact grassland sward and transplanted cores, was frozen and freeze-
dried before ball milling for *C analysis. Once dried, moss biomass was weighed to estimate
how moss abundance had changed in response to nutrient and drought treatments. Microbial
biomass C in soil cores was calculated using chloroform fumigation and K.SO4 extraction
(Brookes et al., 1985). Soil was sieved (2mm) to remove roots and split into two 10g
subsamples. One subsample was fumigated with chloroform for 24 hours after which both
subsamples were shaken with 25ml K;SO4. The resulting extract was run on TOC (5000A,
Shimadzu, Milton Keynes, UK) for total C content before the extract was freeze-dried and

ground for *3C analysis.

To allow comparison of moss CUE and that of vascular plants, leaf samples were collected from
five vascular plant species one day and 14 days after pulse labelling. The five plant species were
selected to represent the three main vascular plant functional groups and the most abundant
species in each group, grasses: Anthoxanthum odoratum, Holcus lanatus, forbs: Ranunculus
repens, Plantago lanceolata, and legume: Trifolilum repens. Roots were collected from three
soil cores per plot and bulked together (diameter 2.4cm), and were sampled from field plots one
day and 14 days after pulse-labelling. Leaf and root samples were freeze dried and ground in

preparation for 3C analysis.

Moss, microbial biomass and vascular plant samples were weighed into tin capsules and
combusted using an elemental analyser (CarloErba, Italy). The resulting CO; from combustion
was analysed for §**C using isotope ratio mass spectrometry (IRMS, Dennis Leigh technology,
UK). The standard deviation of 8°C of duplicate samples was no more than 0.33%. for

microbial biomass and 0.88%. for moss biomass.

813C notation represents the ratios (R) of B°C:'2C relative to the VPDB (Vienna Pee Dee

Belemnite) standard. For microbial biomass samples 3*C was given by:
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(813Cfum X mgcfum) - (813Cunfum X mgcunfum)

Microbial biomass §13C =
(mgcfum - mgcunfum)

where mgCrum and mgCunium represent mg of C measured in fumigated and unfumigated samples
respectively. 5C values were converted to isotopic ratio (*C/**C) for each sample (Rsampte):

§13C
Rsample = <m X RPDB) X Rppp

where Rppg = 0.011237 is the ratio for Pee Dee Belemnite. Rsampie Was converted to 3Catom %:

Rsample

BCatomu = (R ) x 100

sample 1

The enrichment relative to natural abundance was calculated as *3Catom o excess:

13 _ 13 13
Catom % excess — Catom % of sample — Catom % of natural abundance

5.3.4 Calculating Carbon Use Efficiency

This study used two methods to estimate moss CUE. The first has previously been used to
measure CUE in arctic mosses, and in this thesis (Chapter 4), and uses the proportional retention
of 3C in moss biomass over time (Street et al., 2013), and in this study is termed “proportional
retention CUE’. The second method adapts the ‘proportional retention CUE’ measure to take
into account that in pulse labelling experiments mosses may assimilate *C through recently
respired 3C-CO after initial uptake. Estimates of CUE taking into account this indirect uptake

of $3C-COy is termed ‘adapted uptake CUE’.
The ‘proportional retention CUE’ estimate was calculated as:

13 :
C Moss blomaSSDa 14 intact sward
Y x 100

Proportional retention CUE = — -
C Moss blomassDay 1 intact sward

139



where *C moss biomass is the mg *3C in moss biomass at a given time point. Vascular plant
CUE was also estimated using the ‘proportional retention CUE’ equation. The ‘adapted uptake

CUE’ estimate was calculated as:

Adapted uptake CUE

13 . A
C Moss blorrlaSSDay 14 intactsward X (1 ~ Pindirect uptake ) 100
= X
13 :
C Moss blOrnaSSDay 1 intact sward

where Pingirect uptake 1S the proportion of 13C in moss biomass which was not assimilated during
pulse labelling but instead from later uptake through photosynthesis of recently respired *C-

CO2. Pindirect uptake is given by:

13 :
C Moss blornassDay 14 transplant

Binct = .
indirect uptake 13C Moss blomassDay 14 in sit

5.3.5 Statistical analysis

The effect of nutrient addition and drought on the fate of recently assimilated **C in moss and
soil microbial biomass was tested using linear mixed effects (LME) models. The fixed effects
were nutrient addition, drought and the two-way interaction. The random effect was block to
take account of the blocked experimental design. For all LME models assumptions of normality
and equal variances were checked graphically and when necessary response variables logged to
improve normality. Weight functions were used to account for unequal variances following
Zuur et al. (2009). We determined the significance of fixed effects by comparing models with
and without the factor of interest using likelihood ratio tests (LRT). All statistical analysis was
carried out in the R programming language 3.3.1 (R Core Team, 2016) using the additional

packages nlme (Pinheiro & Bates, 2013) and plyr (Wickham, 2011).
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5.4 Results

Moss biomass averaged 62.5g m? but did not differ between nutrient addition or drought
treatments (Fig 5.2a). Aboveground vascular plant biomass was increased from 231.7g m? to
491.2g m? in plots with nutrient addition (LRT=25.02, P<0.0001, Fig 5.2b), for which there was
a 2% reduction in soil moisture (LRT=4.80, P=0.0284, Fig 5.2c). The drought treatment
significantly reduced soil moisture from an average of 47.6% to 28.0% (LRT=62.31, P<0.0001,
Fig 5.2c) although drought did not alter aboveground vascular plant biomass (LRT=0.96,

P=0.3267, Fig 5.2b).

The uptake and incorporation of **C in moss biomass was significantly reduced in plots with
nutrient addition (Fig 5.3). Reduced **C incorporation was found one day after pulse-labelling
in moss in the intact grassland sward (LRT=28.30, P<0.0001, Fig 5.3a), 14 days after pulse
labelling in the intact grassland sward (LRT=17.40, P<0.0001, Fig 5.3b) and 14 days after pulse
labelling in transplanted moss communities (LRT=11.61, P=0.0007, Fig 5.3c). Drought did not
alter incorporation of *3C in moss biomass although the generally lower reduction in enrichment

one day after pulse labelling was marginally non-significant (LRT=3.66, P=0.0556, Fig 5.3a).

The 3C incorporation in soil microbial biomass, sampled from intact grassland soil, was
temporarily reduced in nutrient addition plots: one day after pulse labelling, nutrient addition
had no effect on 3C in soil microbial biomass (Fig 5.4a), however after 14 days **C in soil
microbial biomass was lower in plots with nutrient addition (LRT=4.37, P=0.0366, Fig 5.4b).
Drought had a longer lasting effect on 3C incorporation in soil microbial biomass, increasing
enrichment one day (LRT=22.83, P<0.0001, Fig 5.4a) and 14 days after pulse labelling

(LRT=8.66, P=0.0032, Fig 5.4b).
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Figure 5.2 Grassland characteristics in response to drought and nutrient addition on, a) moss biomass, b)
vascular plant biomass, c) average field plot soil moisture over the duration of the experiment.
Significance of nutrient and drought treatments assessed using likelihood ratio tests where:
P<0.0001****, P<0.001***, P<0.01**, P<0.05*, not significant=ns.
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Figure 5.3 Enrichment of *3C in moss biomass measured in samples: a) 1 day after pulse labelling from
the intact sward, b) 14 days after pulse labelling from the intact sward, c) 14 days after pulse labelling
from transplanted moss communities. Significance of nutrient and drought treatments assessed using
likelihood ratio tests where: P<0.0001****, P<0.001***, P<0.01**, P<0.05*, not significant=ns.
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Figure 5.4 Enrichment of *3C in microbial biomass measured in *3C atom % excess from samples: a) 1

day after pulse labelling, b) in situ soil cores 14 days after pulse labelling, c) transplanted soil cores 14

days after pulse labelling. Significance of nutrient and drought treatments assessed using likelihood ratio
tests where: P<0.0001****, P<0.001***, P<0.01**, P<0.05*, not significant=ns.
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5.4.1 Estimates of Carbon Use Efficiency

Carbon use efficiency in mosses was estimated using two methods: proportional retention CUE
and adapted uptake CUE. The proportional retention CUE estimate for mosses, using samples
taken from the intact grassland sward, was significantly increased from 46.4% under ambient
conditions to 70.2% under drought (LRT=4.36, P=0.0369, Fig 5.5b), however the general
increase with nutrient addition was not significant (LRT=3.14, P=0.0766). Adapted uptake CUE
was on average 20.7 percentage points lower than proportional retention CUE and was
increased independently in plots with nutrient addition (LRT=5.65, P=0.0174) and drought
(LRT=4.42, P=0.0356, Fig 5.5¢). The adapted uptake CUE estimate takes into account that on
average 38.7% of the *C in moss biomass did not come directly from the initial pulse labelling
but from later photosynthesis of recently respired *C-CO, from surrounding vegetation and
soils (Fig 5.5a). Vascular plant CUE, estimated using proportional retention CUE, was
decreased from 53.2% to 38.2% with nutrient addition, averaged across five species (LRT=4.22,

P=0.0399, Fig 5.6).
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Figure 5.5 Proportion of C indirectly taken up, and estimates of CUE: a) percentage of ‘C in transplanted
moss biomass relative to moss biomass from the intact sward, showing uptake of *C not from initial
pulse labelling but from *3C-CO; recently respired from surrounding plants and soil, b) Percentage of °C
remaining in moss biomass in the intact sward over 14 days, termed ‘proportional decline CUE’, c)
percentage of 3C remaining in moss biomass over 14 days, but correcting for the indirect uptake of °C
estimated in panel a, termed ‘adapted uptake CUE’. Significance of nutrient and drought treatments
assessed using likelihood ratio tests where: P<0.0001**** P<0.001***, P<0.01** P<0.05*, not

significant=ns.
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Figure 5.6 Vascular plant CUE in response to drought and nutrient addition, estimated using the
proportional decline CUE estimate. C=control plots, N=nutrient addition. Significance of nutrient and
drought treatments assessed using likelihood ratio tests where: P<0.0001****, P<0.001***, P<0.01**,

P<0.05*, not significant=ns.

145



5.5 Discussion

The overall aim of this study was to investigate the effect of drought and nutrient addition on C
cycling in mosses and whether it differed to C cycling in vascular plants. Estimates of moss
CUE depended on CUE methodology (36-86% and 12-64%) and overlapped estimates of
vascular plant CUE (34-58%). However the response of mosses to drought and nutrient addition
was different to vascular plants: moss CUE was increased by drought and nutrient addition,
while vascular plant CUE was not changed by drought but decreased by nutrient addition (Fig
5.5 and 5.6). Drought and nutrient addition had independent effects on moss C cycling, with no

evidence of an interaction.

5.5.1 Estimates of CUE

It has been suggested that mosses may retain a greater proportion of photosynthesised C in
biomass than vascular plants and therefore have higher CUE (De Deyn et al., 2011a; Street et
al., 2013). In this study it was hypothesised that these high moss CUE values may be
overestimates because in *C-CO; pulse-labelling experiments, mosses photosynthesise *C
indirectly after initial pulse-labelling from recently respired **C-CO- from enriched vegetation
and soils. This leads to the appearance of a greater retention of initial 3C uptake during pulse-
labelling experiments which is not accounted for in commonly used CUE estimates. In this
study 38.7% of the 3C in moss biomass at the end of the experiment did not come from the
initial pulse-labelling, but from later uptake (Fig 5.5a). This was estimated using the proportion
of 3C in transplanted moss biomass relative to **C in moss biomass which had remained intact
in the grassland sward. As such, estimates of moss CUE using proportional decline were 20.7
percentage points higher than adapted uptake CUE estimates. The proportional decline method
has previously been used to estimate CUE in arctic mosses at 62-81% over 19 days, which was
greater than that for a community with vascular plants (Street et al., 2013). However, the results
from this study suggest that estimates of moss CUE in pulse-labelling experiments should
account for uptake of *C after the initial pulse labelling.
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Both calculations of moss CUE in this study fall within those of vascular plants when considered
across the range of experimental treatments (Fig 5.6). However in control plots moss CUE was
18 to 42 percentage points lower than vascular plant CUE. For plants, it is often thought that
50% of photosynthetic C is lost through respiration, and that the ratio of respiration to
photosynthesis is invariant, even under changes in temperature and CO, concentrations
(Gifford, 1995; Dewar et al., 1998; Cheng et al., 2000; Van Oijen et al., 2010). Although this
ratio has also been found to increase with forest age (DeLucia et al., 2007), depend on crop
species (Albrizio & Steduto, 2003) and decrease with size of plants (Van lersel, 2003).
Estimating plant CUE using the retention of *3C differs to the methods used in most previous
studies, and will require further investigation across a range of plant species to investigate how
results may differ to previous estimates of plant CUE. The results in this study suggest that
vascular plant CUE is sensitive to changes in nutrient addition, but that the effect of drought

and nutrient addition on CUE can differ between mosses and vascular plants.

This study focusses on C cycling in mosses and vascular plants from one to 14 days after pulse
labelling. Previous research suggests moss *C enrichment often peaks one day after pulse
labelling, while after two weeks most of the labile C is either respired or allocated to growth
(De Deyn et al., 2011a; Street et al., 2013). Not including the initial 24 hours after pulse-
labelling will result in higher estimates of CUE as the initial rapid decline in enrichment is not
included, however this method therefore investigates longer-term C cycling, rather than being
heavily dependent on C cycling over the first 24 hours. The comparisons made in this study

between mosses and vascular plants therefore all use the same time scale.

5.5.2 C cycling responses to drought

In this study it was hypothesised that moss C uptake and CUE would be reduced by drought
due to their sensitivity to water availability. While drought did not alter **C uptake, moss CUE
was higher under drought conditions for both CUE estimates (Fig 5.5b,c). Although moss CUE

has not previously been measured in response to drought, these results are in contrast to previous
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research which shows respiration in mosses is maintained at lower water potentials than
photosynthesis, suggesting drought could increase respiratory losses relative to photosynthesis
and therefore lower CUE (Proctor et al., 2007). Other research shows that drought tends to have
a negative effect on moss growth, for example during dry conditions mosses in peatlands switch
from net C uptake to emission (Nijp et al., 2014), while drought tends to reduce moss percentage
cover (Bates et al., 2005) with similar responses to inter-annual rainfall variation (Ingerpuu &

Kupper, 2007).

Despite the general negative effect of drought on moss growth in previous studies, there are
several factors which may influence moss CUE and explain our result that drought increased
moss adapted uptake CUE. Nine years of drought in a Mediterranean forest increased C content
in moss biomass, potentially due to changes in sclerophylly (Sardans & Pefiuelas, 2008). This
suggests the increase in moss CUE in this study could be due to increased overall C content in
response to drought. However summer drought events, as used in this study, may have less of
an effect on moss growth than expected. First, it has been hypothesised that mosses may get
much of their moisture from dewfall (Bates et al., 2005), such that the drought manipulation
used in this study may have had minimal effects on water availability for moss growth. Second,
the primary growth period for mosses may be during wetter periods, outside the growth period
for many vascular plants, and therefore outside the time period of summer drought events (Bates
et al., 2005). Even if mosses did rely on dewfall and were not in their primary growth period
during this study, neither consideration would explain why moss CUE increased in drought
plots. This suggests there may be an important mechanism controlling moss growth when water
availability is low which increases the retention of C over time and which could be related to

increases in overall C content.

Water stress has previously been found to reduce **C incorporation in mosses (Rice & Giles,
1996; Williams & Flanagan, 1996; Rice, 2000). The increase in C isotope discrimination as

water content decreases, has allowed 5'°C to be used as a measure of the water availability for
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mosses at a given site or season (Deane-Coe et al., 2015). This potential change in moss *C
discrimination under drought is unlikely to alter the results in this study. Firstly, measures of
natural abundance 5'°C revealed no difference between control (mean=-28.04%., SD=0.71) and
drought treatments (mean=-28.06%., SD=0.67). Secondly, conclusions regarding CUE depend
on the proportional retention of 3C in moss biomass, so that any difference in discrimination

will not alter estimates of CUE as it controls for differences in initial *3C uptake.

Transfer of 1*C to the microbial community was increased under drought conditions, suggesting
greater transfer of *C to roots which subsequently becomes accessible to soil microbes (Fig
5.4). 3C in the microbial biomass from the intact grassland sward could come from root
exudation from all plant species. The very low enrichment in transplanted cores, which were
not directly pulse-labelled with **C-CO,, suggests some *3C from other indirect sources, which
could either be from mosses or lateral flow of C belowground from surrounding soil into the
transplanted soil. Drought has generally been found to increase the proportion of recently
assimilated C which is allocated to roots (Sanaullah et al., 2012a; Burri et al., 2014), or that the
proportion transferred is maintained under drought (Hasibeder et al., 2014). The role of mosses
transferring C belowground is not fully understood, although rewetting mosses after desiccation
can leach sufficient carbohydrates to support mycorrhizal growth (Turetsky, 2003). In this study
it is unclear whether mosses released *C with subsequent uptake by the soil microbial

community, or if the 3C was from lateral movement of C in the soil.

5.5.3 C cycling responses to nutrient addition

Contrary to expectations, C uptake in mosses was reduced in nutrient addition plots (Fig 5.3),
however this may have been brought about by changes in vascular plant biomass. Nutrient
addition doubled aboveground vegetation (Fig 5.2b), and likely increased shading of low stature
mosses, potentially leading to lower moss photosynthesis and the observed lower C uptake. A
negative effect of nutrient addition on moss growth is supported by research in grassland

communities where mosses have been found to decline following increased N deposition or
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fertilisation as they are likely unable to compete with vascular plants (Carroll et al., 2000;

Virtanen et al., 2000; Arréniz-Crespo et al., 2008).

Although nutrient addition decreased moss C uptake, it was associated with increased CUE (Fig
5.5). Some moss species exposed to a pulse of nutrients can have efficient nutrient uptake and
fast growth (Bates, 1994), suggesting moss CUE could be increased, by nutrient addition, and
therefore supporting the results in this study. However, in a neighbouring field site **C retention
in moss biomass, an estimate of CUE, did not differ with cessation of fertiliser addition (De
Deyn et al., 2011a). This suggests that any effect of nutrient addition on moss CUE may differ
between initial application and long-term annual application or cessation. More broadly, these
results follow findings in a range of systems that removing nutrient limitation increases CUE
(Sinsabaugh et al., 2008; Manzoni et al., 2012b; Vicca et al., 2012). Overall, this study found
that with nutrient addition less C is cycled through the moss community, however the C that is

cycled is done so more efficiently with a greater proportion retained in moss biomass over time.

5.5.4 Conclusions

This study suggests that the unique physiology and morphology of mosses results in differences
in C cycling in response to nutrient addition and drought events, and that the moss CUE
responses to these environmental drivers differ to vascular plant CUE responses. Increasing
nutrient addition was associated with higher moss CUE but lower vascular plant CUE, while
drought increased moss CUE, but had no effect on vascular plant CUE. The overall level of
moss CUE depended on the method of estimation as, in a pulse-labelling experiment, 38.7% of
C in moss biomass can come from enriched *3C-CO, which has been recently respired by plants
or soil. Using a new measure of CUE, which takes this into account, moss CUE varied from
12% to 64% across treatments, overlapping the range in vascular plants (35-60%). Under
climate change, mosses therefore have the potential to alter C cycling in grasslands, particularly
by increasing C retention in response to drought, in contrast to vascular plants, and especially

when mosses account for a large proportion of aboveground biomass.
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6 General Discussion

It is predicted that with climate change, precipitation regimes will become more extreme, and
for the UK this may include summer drought where rainfall is up to 60% below average (Met
Office, 2015). How plants and soils respond to such water stress will determine the ability of
grassland communities to maintain agricultural production, continue to sequester carbon (C),
and retain nutrients. This thesis has focussed on understanding how C cycling in plants and soil
microbial communities responds to drought and subsequent rewetting, but also vary with

changes in nutrient availability, as a result of changes in agricultural practices.

Four key findings emerged from these studies. First, plant productivity was resistant to drought
in field studies, but not in the glasshouse study. Second, drought reduced CO; fluxes, but only
occasionally changed the balance of respiration relative to C uptake. Third, the effect of drought
and nutrient addition on plant carbon use efficiency (CUE) was species specific. Fourth, both
soil microbial community function and structure were altered by drought and changes in nutrient
availability. These overarching findings are discussed in the context of previous research,

followed by a discussion of the potential for further research.

6.1 Plant productivity was resistant to summer drought in field experiments

This thesis found that plant productivity was resistant to drought events in two field experiments
(Chapter 2, 4 and 5). In contrast, in a glasshouse experiment, the reduced soil moisture treatment
caused a decline in plant biomass in both monocultures and four-species mixtures (Chapter 3).
It is known that plant productivity increases with precipitation; globally, aboveground net
primary productivity (ANPP) increases as mean annual precipitation (MAP) increases, while at
a given site ANPP will also increase in years with greater precipitation (Estiarte et al., 2016).
Despite this, plant productivity responses to experimental drought are mixed. Drought has both
reduced plant productivity (Wang et al., 2007; VVogel et al., 2012; Isbell et al., 2015), and had

no effect (Mirzaei et al., 2008; Jentsch et al., 2011; Carter & Blair, 2012). Given the results in
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this thesis, it may be predicted that the reduced soil moisture treatment in the mesocosms
experiment brought about greater water stress for plants than the field drought manipulations.
Yet, this thesis showed that plant productivity in species-rich temperate grasslands was

consistently resistant to two summer droughts of contrasting number of days.

This thesis has investigated drought events by using rain-out shelters to experimentally
manipulate precipitation in the field (Chapter 2, 4 and 5). Rain-out shelters are a widely used
technique, which can effectively intercept rainfall (Beier et al., 2012), although shelters can
alter radiation reaching the plants and may have small effects on air and soil temperatures
(Vogel et al., 2013). The use of rain-out shelters, designed and built for this thesis, included a
roofed control treatment to check for unanticipated artifacts (Chapter 2). These roofed control
shelters had no detectable effect on air and soil temperatures, plant biomass or CO, fluxes,
suggesting they are effective for studying drought events (Chapter 2). The severity of drought
brought about by the rainout shelters likely differed between field experiments. Rain-out
shelters intercepted rainfall for 35 days (Chapter 2) and 48 days (Chapter 4 and 5), which were
both longer than predicted 100-year recurrence drought events, based on long-term data from
nearby weather stations. However, to avoid disturbing the plant community, drought plots were
not trenched to isolate them hydrologically from surrounding soil. This means the drought
severity will likely have been less severe than if trenching had been carried out. However the
field drought manipulations were severe enough to change plant C:N, CO; fluxes, soil microbial
community structure, microbial biomass C and nitrogen (N), and plant and soil microbial CUE
(Chapter 2, 4 and 5). In contrast, the reduced soil moisture treatment in the glasshouse
experiment, may have imposed greater water stress on plants, compared with the field drought
experiments. This is supported by the results that plant biomass was reduced in the glasshouse

experiment (Chapter 3), but not in the field experiments (Chapter 2, 4 and 5).

It has been suggested that resistance of plant productivity to drought increases with species

richness (Isbell et al., 2015), decreases with increasing pre-drought plant biomass (Wang et al.,
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2007), and is altered by management intensity (Vogel et al., 2012). In the glasshouse mesocosm
experiment, where reduced soil moisture did lead to a reduction in plant biomass, the size of the
reduction in plant biomass did not depend on the level of nitrogen addition or shade conditioning
and with only a very marginal difference between species (Chapter 3). The relative importance
of initial plant biomass, species diversity or species identity in determining resistance of plant
productivity to drought is still unclear for grasslands with real-world levels of species diversity

and agricultural management.

6.2 Drought reduced CO: fluxes, but only occasionally changed the balance of

respiration relative to C uptake

Drought reduced ecosystem respiration across all field and mesocosm studies (Chapter 2, 3 and
4), and also reduced net ecosystem exchange (NEE) in the mesocosm study (Chapter 3). In the
mesocosm experiment, reductions in NEE were greater than reductions in ecosystem
respiration, suggesting greater reductions in photosynthesis than ecosystem respiration (Chapter
3). In contrast experimental drought in the field experiment led to no change in NEE, despite
reductions in ecosystem respiration, suggesting similar declines in both respiration and
photosynthesis (Chapter 2). These ratios of respiration to photosynthesis are particularly
important as they can determine the amount of C not lost in respiration which is then available
for longer term C storage in either plants or soil (Bradford & Crowther, 2013). Previous research
of drought has shown both an overall balancing of reductions in photosynthesis and respiration
(Fry et al., 2013), but, more commonly, greater reductions in NEE compared with respiration,
suggesting proportionally more C is lost through respiration (Wu et al., 2011; Bloor & Bardgett,
2012; Li et al., 2016). It is likely that as drought and water stress became more severe, as may
have been the case in the glasshouse mesocosm experiment (Chapter 3), the balance shifted so
that more C was respired by plants relative to C uptake. This is because respiration tends to
continue, or even increase under water stress, while photosynthetic machinery is more sensitive

to water availability (Flexas et al., 2006). The results in this thesis suggest that as water stress
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becomes more severe, proportionally more C will be lost in respiration, from plants and soils,

relative to C uptake.

The potential feedbacks to climate, through changing the ratio of C uptake to respiration, were
also investigated through estimating ecosystem CUE. This is a measure of the CUE in both
plants and soil microbes, and indicates how efficiently carbon is used in new biomass relative
to total C uptake (Chapter 4). Assessed over 24 hours and 14 days, ecosystem CUE was not
changed by drought. In contrast to results from CO- fluxes in chapters 2 and 3, this suggests
that the effect of drought may not regularly change the proportion of C lost in respiration, and
therefore have less chance of C losses having a positive feedback to climate change. Few studies
have investigated ecosystem CUE, although in forests increased nutrient availability has been
found to increase ecosystem CUE, although assessed using very different methods (Fernandez-
Martinez et al., 2014). This thesis is the first time ecosystem CUE has been calculated using
13C-CO; stable isotope techniques, but suggests a promising approach to understand whole
community responses to environmental change and potential feedbacks to C cycling and

climate.

6.3 Plant CUE responses to drought and nutrient addition were species specific

The proportional retention of 3C in plant biomass was used to estimate plant CUE, which
showed species-specific responses to drought and nutrient addition (Chapter 4 and 5). Previous
research on a neighbouring long-term grassland restoration experiment showed that while *C
retention did not depend on grassland restoration practices, there were species-specific
differences in retention of C in plant biomass (De Deyn et al., 2011a). This thesis confirms such
species-specific differences, but in contrast to previous research also shows variability in plant

CUE in response to both drought and nutrient addition.

Estimating plant CUE using the proportional retention of *3C, follows work in the arctic dwarf

shrub community (Bradford & Crowther, 2013; Street et al., 2013). In this thesis, estimates of
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plant CUE over two weeks tended to be lower (typically under <40%; Chapter 4) than arctic
dwarf shrub community (58-74%; Street et al. 2013), despite this study measuring CUE over a
shorter length of time. Using the proportional retention of 3C to estimate CUE, relies on the
assumption that no additional *C-CO, is photosynthesised after initial pulse-labelling.
However, this thesis shows that in mosses this later photosynthesis of *C-CO; led to
overestimates of moss CUE (Chapter 5). As it was not possible in this thesis to account for later
uptake of enriched respiration in vascular plants (Chapter 4 and 5), CUE estimates for vascular
plants may be overestimates. However any overestimation of CUE is most likely for low stature
plants, such as mosses, as **C-CO, enrichment from plants and soil is likely to be greater near
the soil surface. This thesis is the first time the proportional retention of **C in plant biomass
has been used to investigate the effect of climate change on plant CUE, and shows that plant
CUE responses to drought vary between species. However this thesis also shows assumptions

in plant CUE calculations must be taken into account.

6.4 Both soil microbial community function and structure were altered by

drought and changes in nutrient availability

Soil microbial community structure was sensitive to drought and long term-restoration
treatments (Chapter 2), but less sensitive to short-term nutrient addition (Chapter 4). For
example, drought increased fungal PLFA concentrations but did not change bacterial PLFA
concentrations in response to long-term cessation of fertiliser addition, used to restore plant
species diversity (Chapter 2). Additionally upon rewetting microbial biomass C and N
recovered more rapidly than did community structure, suggesting elements of C and N cycling
can recover before the microbial community structure has fully recovered (Chapter 2). In
contrast, short-term nutrient addition, applied at a higher rate than in Chapter 2, had no effect
on overall soil microbial structure (Chapter 4). This supports the general findings that fungi are
more resistant than bacteria to drought, but that there can be a large range of responses to water

stress (Yuste et al., 2011; De Vries et al., 2012a).
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The primary measure used for microbial community function was microbial CUE, which was
primarily increased by drought in combination with nutrient addition. Previous research
suggests microbial CUE only changes in very dry soils (Herron et al., 2009; Tiemann &
Billings, 2011), and increases after rewetting (Zeglin et al., 2013a). In contrast this thesis shows
microbial CUE was sensitive to relatively small changes in soil moisture, and then decreases
upon rewetting (Chapter 4). The changes in microbial CUE were likely to be due
osmoregulation in response to water stress rather than changes in overall community
composition (Chapter 4). However, the results did suggest that differences in solutes used for
osmoregulation between bacteria and fungi may have been important to determining the
interactive effect between drought and nutrient addition without an overall change in soil
microbial community structure (Chapter 4). This thesis confirms the challenge in understanding
how microbial community structure influences community function (Thiele-Bruhn et al., 2012;
You et al.,, 2014), yet suggests differences in microbial physiology and morphology are
important for determining responses to drought and nutrient addition even when no overall

change in community composition is detected.

Changes in microbial biomass and microbial CUE are particularly important for potential
feedbacks to climate change. Microbial biomass was reduced by drought, although this response
was dependent on plant community composition (Chapter 2), while microbial CUE was reduced
by drought without nutrient addition, and increased with nutrient addition (Chapter 4). Evidence
is growing for the key role of soil microbes in processing plant inputs and ultimately
synthesising soil organic matter (SOM; Schmidt et al. 2011; Kallenbach, Grandy & Frey 2016).
Both the size of the microbial biomass and the efficiency with which it produces new biomass
are likely to be important (Manzoni et al., 2012b; Miltner et al., 2012; Lange et al., 2015;
Kallenbach et al., 2016). This thesis suggests that the effect of drought on microbial biomass
and activity and its potential influence on SOM formation is likely to depend on the complex

interplay between plant community composition and level of nutrient availability.
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6.5 Conclusion

Drought events can have widespread impacts on grassland plants and soils. This thesis found
that although plant productivity was generally resistant to drought, there were changes in
grassland biogeochemical cycles and changes in soil microbial community structure and
function. Many of the changes brought about by drought differed depending on grassland
management, with an important role for long-term grassland restoration treatments, which
altered the effect of drought on CO; fluxes, microbial biomass C and microbial community
composition, while short-term nutrient addition altered the effect of drought on microbial CUE
and species-specific plant CUE. Plant C cycling responses to drought differed depending on
plant functional group, species identity and level intraspecific trait variation, showing that the
response of grassland biogeochemical cycles to drought can be modulated by differences within
and between species. Changes in microbial community function in response to drought and
nutrient addition were likely related to differences in morphology and physiology between
bacteria and fungi potentially through differences in osmoregulation. Overall, this thesis shows
the mechanisms by which drought may alter C cycling and feedbacks to climate are complex,

but at least in part, depend on nutrient availability.

6.6 Further work

This thesis has investigated the effect of drought and changes in nutrient availability on plants
and soil microbial communities in species-rich temperature grasslands. The research raises

several questions and challenges which would benefit from further research.

First, climate change is predicted to not only change precipitation regimes, but also temperature
and CO,. There may be important interactions between these climatic variables such that the
effect of drought and temperature, for example, are non-additive. Through focussing just on

drought it has been possible for this thesis to investigate the effect of drought in detail, however
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future research will need to consider the multiple climate drivers in addition grassland

properties, such as nutrient availability.

Second, this thesis uses a new methodology for labelling C in soil microbial communities to
measure microbial CUE, and study in combination with plant CUE. Further research can use
the methodology to investigate how microbial and plant CUE may relate to each other in
different ecosystems and respond to different environmental drivers. For example the
methodology would allow looking at how increasing plant diversity may alter microbial CUE
through utilising the range of root exudates from the plant community. However it will be

important to test and take into account the assumptions made in calculating plant CUE.

Third, in this thesis it was only possible to study intraspecific trait variation in four species.
However given the importance of intraspecific trait variation on grassland C and N, further
research could extend the number of species studied. This would allow representatives from a

greater range of plant functional groups and species with differing growth strategies.

Finally, this thesis has focussed on the effect of single drought events on plant and soil
communities. As drought events become more frequent with climate change, research needs to
consider how grassland resistance and recovery to a single drought may impact resilience to

future drought events.
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Appendix 2

a) Pre—incubation b) After—incubation c) Rewet after—incubation
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Appendix Figure A2.1 The effect of nutrient addition, drought and subsequent re-wetting on the soil
fungi community structure, a) in soil before the laboratory incubation, b) after the laboratory incubation
and c) after the laboratory incubation comparing soils from field drought plots with the same soils which
have been re-wetted.
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Appendix Figure A2.2 The effect of nutrient addition, drought and subsequent re-wetting on the soil
bacteria community structure, a) in soil before the laboratory incubation, b) after the laboratory
incubation and c) after the laboratory incubation comparing soils from field drought plots with the same
soils which have been re-wetted.
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Appendix Table A2.1 The effect of drought, nutrient addition and rewetting on fungi and bacteria

community structure. Permutational Multivariate Analysis of Variance using T-RFLP data.

a) Pre-incubation

b) After-incubation

¢) Rewet: After-incubation

Fungi T-RFLP F(d.f) P F(d.f) P F(d.f) P
Drought 0.807 (1,21) 04915  1.194(1,21)  0.2877 Rewet  0.332(1,21)  0.9620
Nutrient 0.840 (1,21)  0.5005  0.991(1,21)  0.4016 Nutrient ~ 1.034 (1,21)  0.3437
Block 1.448 (1,21) 0.2298 1.270 (1,21) 0.2647 Block 5.200 (1,21) 0.0050
Drought x Nutrient 0.341 (1,21) 0.9331  0.460 (1,21) 0.8951 Rewet : Nutrient  0.297 (1,21) 0.9760

a) Pre-incubation

b) After-incubation

c) Rewet: After-incubation

Bacteria T-RFLP F(d.f.) P F(d.f) P F(d.f.) P
Drought 0.859 (1,22) 0.5654 0.509 (1,22) 0.9141 Rewet 1.104 (1,22) 0.3547
Nutrient 1.153 (1,22) 0.3337 1.043 (1,22) 0.3796 Nutrient  2.565 (1,22) 0.0110
Block 1359 (1,22) 0.2098 1.075(1,22)  0.3586 Block  1.491(1,22)  0.1389
Drought x Nutrient 1.485 (1,22) 0.1459 0.801 (1,22) 0.6503 Rewet : Nutrient 1.211 (1,22) 0.2937

188



