Optimizing grazing management for climate
mitigation: the influence of livestock grazing on
carbon storage and greenhouse gas emission in

upland grassland.

A thesis submitted to The University of Manchester for the degree of Doctor of Philosophy

in the Faculty of Science and Engineering.

2019

Melanie Jane Edgar

School of Natural Sciences, Department of Earth and Environmental Science

Page 1 of 215



Table of Contents

L [ 2 (OO OSSOSO 1
TabIE Of CONTENTS ...ttt st e e e st e e s s s s s s eae e 2
LiST OF FIGUIES... ittt ettt ettt ettt e s e eassaeeseeaeeteseestesbesteste st seennenennsnennensnnns 3
LISt OF TADI@S......e et et st s e b e et b e e s e en e e 10
ADSTIACT ...t e b s bbb e s b s e e n e 14
DRCIAIALION. ...ttt sttt sttt e st e bt e ae st s et e be e en et et se s s 15
COPYIIBNT STAtEMENTS ... ittt ste st s e e se e se s ste e e e e assensansaneas 16
ACKNOWIEAGEMENTS. ...ttt ettt sttt e e e e s bt ettt aes et e s eeaneaneaneaneenes 17
Chapter 1. Optimizing grazing management for climate mitigation: an overview..................... 20

Chapter 2. Impacts of grazer type and grazing intensity on soil carbon and nitrogen stocks in

UTo] = oo I =d = T - [ T - USRS 51

Chapter 3. Short term impacts of grazer exclusion on soil microbial communities and

ecosystem function in contrasting grassland habitats.........ccccocueoeeeicn e, 82

Chapter 4. Understanding the short-term impacts of clipping and warming on carbon and

nitrogen cycling in contrasting habitats at the landscape scale........coovvvevveiveccenece e, 117

Chapter 5. Individual and interactive effects of clipping, faecal return, and warming on the

plant and soil properties of upland grassland...........cccce e 158
Chapter 6. Optimizing grazing management for climate mitigation —an overview................. 198
Appendix 1. Detailed methodology for PLFA @analysiS......c.cceueeeeieiesecceereestieeeecee e s eeeseeeveeneas 212
Appendix 2. Detailed methodology for DNA analysis........ueceeeeeeieececceisieiecces e e 214

Word Count: 59160

Page 2 of 215



List of Figures

Figure 1.1. A schematic diagram illustrating the interaction between herbivores, plants and

decomposers within the soil carbon (shown in yellow) and nitrogen (shown in purple)

Figure 2.1. Grazing management (ungrazed or absent, cattle, mixed and sheep) effects on [a]
soil total carbon stocks (kg/m?) and [b] soil total nitrogen stocks (kg/m?) measured to 10cm
depth. Both carbon and nitrogen stocks were lower in fields grazed by sheep either solo or in
combination with cattle. The box represents the interquartile range, with the median
displayed as a black line within the box. The represent error bars showing the 95% confidence

interval, and any outliers are shown as black dots above and below the box-and-whisker

Figure 2.2. Grazing management (ungrazed or absent, cattle, mixed and sheep) effects on
plant species richness (number of species/50cm?). Plant species richness was higher in the
fields grazed solely by cattle, compared to fields grazed by sheep or ungrazed fields. The box
represents the interquartile range, with the median displayed as a black line within the box.
The represent error bars showing the 95% confidence interval, and any outliers are shown as

black dots above and below the box-and-whisker plots.......cccovveiecieiene e, 66

Figure 2.3 Grazing intensity (LU/ha) effects on [a] soil total carbon stocks (kg/m?) and [b] soil

total nitrogen stocks (kg/m?) measured to 10cm depth. No pattern was observed................... 67

Figure 2.4. Grassland type (CG=Calcareous Grasslands; H-Heath; M=Mire; MG=Mesotrophic
Grasslands; OV=Vegetation of Open Habitats; and U=Acid Grasslands) effects on [a] soil total
carbon stocks (kg/m?) and [b] soil total nitrogen stocks (kg/m?) measured to 10cm depth. Mire
were significantly different to the other grasslands types, with higher soil carbon and nitrogen
stocks. The box represents the interquartile range, with the median displayed as a black line
within the box. The represent error bars showing the 95% confidence interval, and any

outliers are shown as black dots above and below the box-and-whisker plots.........cccceeennncen. 68

Figure 3.1. Location of study sites in the Yorkshire Dales National Park, northern England. Sites

A (Chimney) and B (Tenant Gill) are on Malham Tarn Estate (54°06’09.9”N, 2°10’38.5”W)

Page 3 of 215



owned by the National Trust who lease the farm tenancies. Sites C (Park Fell) and D (Philpin
Sleights) are on Ingleborough National Nature Reserve (54°11’47.4”N, 2°21’00.8”W) owned

and managed by Natural ENGland.........coc it es s er et es s s 87

Figure 3.2. Grazing exclusion (control or mixed, sheep and ungrazed) effects on [a] plant
available or soil inorganic nitrogen (g/m?) measured to 10cm depth, [b] aboveground plant
biomass (g/50cm?), [c] aboveground plant tissue nitrogen (g/m?), and [d] aboveground plant
tissue carbon (g/m?). All four variables increased under grazer exclusion, with the sheep only
plots higher than the controls, and the ungrazed plots higher still. The box represents the
interquartile range, with the median displayed as a black line within the box. The represent
error bars showing the 95% confidence interval, and any outliers are shown as black dots

above and below the box-and-whisker Plots.........cceviiciiiiieiie e 102

Figure 3.3. Grassland type (acid and calcareous) effects on the fungal to bacterial PLFA ratio
measuring to 10cm depth in July. Acid grassland plots had high fungal to bacterial PLFA ratios,
indicated the microbial communities are more fungal-dominated than those found in
calcareous grasslands. The box represents the interquartile range, with the median displayed
as a black line within the box. The whiskers represent error bars showing the 95% confidence

interval, and any outliers are shown as black dots above and below the box-and-whisker

Figure 3.4. PCoA showing the first two principle coordinates for [a] bacterial DNA sequences
and [b] fungal DNA sequences extracted from soil taken to 10cm depth in July. The different
grassland types are represented using colours: red for acidic plots, and blue for limestone
plots. The different sites or fields are represented using symbols: circle for Chimney Field or
Site A, plus for Tenant Gill or Site B, triangle for Park Fell or Site C, and square for Philpin
Sleights or Site D. Some plots have fewer replication due to problems with the sequencing
data. For the bacteria, there is evidence of clustering by both habitat and site. For the fungi,

there is the same clustering but it is weaker due to the reduced number of data points........ 104

Figure 3.5. Grassland type (acid and calcareous), separated by sampling month (May to
September) effects on [a] PER activity (umol h-1 g-1 dry soil), [b] POX activity (umol h-1 g-1
dry soil), [c] XYL activity (umol h-1 g-1 dry soil), and [d] CBH activity (umol h-1 g-1 dry soil). All

soil measured were taken to 10cm depth. These graphs highlight how varied the activity of

Page 4 of 215



PER, POX, XYL and CBH were between the grassland types and across the sampling months.
Enzymatic activity was generally greater in the acid grasslands. PER and XYL activity were both
higher in June, whereas POX activity was highest in August and September. The box
represents the interquartile range, with the median displayed as a black line within the box.
The whiskers represent error bars showing the 95% confidence interval, and any outliers are

shown as black dots above and below the box-and-whisker plots.........cccceeveeevnirininineineenn 105

Figure 4.1. Location of study sites in the Yorkshire Dales National Park, northern England. Sites
A (Chimney) and B (Tenant Gill) are on Malham Tarn Estate (54°06’09.9”N, 2°10’38.5”W)
owned by the National Trust who lease the farm tenancies. Sites C (Park Fell) and D (Philpin
Sleights) are on Ingleborough National Nature Reserve (54°11’47.4”N, 2°21'00.8”W) owned

and managed by Natural ENGland.........cocoeiiieeiieeie et e e e aes s aes s e 123

Figure 4.2. Clipping, to 4cm sward height, effects on [a] plant available or soil inorganic
nitrogen (g/m?) measured to 10cm depth, and [b] aboveground plant biomass (g/50cm?).
Both variables decreased in response to clipping. The box represents the interquartile range,
with the median displayed as a black line within the box. The represent error bars showing
the 95% confidence interval, and any outliers are shown as black dots above and below the

oTo et TaTo BV VT oY =T gl o] (o | =3RS 140

Figure 4.3. Monthly effects, separated by application or not of clipping treatment, on net
ecosystem exchange of carbon (mgCO2/m?/hr). Net ecosystem carbon exchange showed high
levels of variation, including a varied relationship with clipping. During June, clipping
decreased net ecosystem carbon exchange, whereas the opposite was observed in August.
Over the other months, clipping did not affect net ecosystem carbon exchange. The box
represents the interquartile range, with the median displayed as a black line within the box.
The whiskers represent error bars showing the 95% confidence interval, and any outliers are

shown as black dots above and below the box-and-whisker plots.........ccoeeieccnin e, 141

Figure 4.4. Warming, of approximately 1°C, effects on aboveground plant biomass (g/25cm?).
Aboveground plant biomass declined under warming. The box represents the interquartile
range, with the median displayed as a black line within the box. The represent error bars
showing the 95% confidence interval, and any outliers are shown as black dots above and

below the box-and-Whisker PIOtS........ccu ettt st sre e 142

Page 5 of 215



Figure 4.5. Warming, of approximately 1°C, effects on root tissue nitrogen (g/m?) separated
by grassland type. On the limestone, or calcareous, grasslands warming had no effect on root
tissue nitrogen. Contrastingly, one the acid grasslands warming reduced root tissue nitrogen.
The box represents the interquartile range, with the median displayed as a black line within
the box. The represent error bars showing the 95% confidence interval, and any outliers are

shown as black dots above and below the box-and-whisker plots.........cccceeveeevnirininineineenn 143

Figure 4.6. Site, separated by warming, effects on [a] microbial biomass carbon (g/m?)
measured to 10cm depth, and [b] ecosystem respiration (mgCO2/m?/hr). At site B, under
warming both ecosystem respiration and microbial biomass carbon decreased. At the other
sites, ecosystem respiration did not alter in response to warming, but microbial biomass
carbon increased. The box represents the interquartile range, with the median displayed as a
black line within the box. The represent error bars showing the 95% confidence interval, and

any outliers are shown as black dots above and below the box-and-whisker plots................. 144

Figure 4.7. Treatment, specifically clipping to 4cm sward height and warming to
approximately 1°C, effects on aboveground plant tissue carbon (g/m?). Treatments are
classified as A=Control, C=Clipped, CW=Clipped and Warmed, and W=Warmed. In the
absence of clipping, warming caused a small decline in aboveground plant tissue carbon.
Clipping, in the absence of warming, caused a larger decline in aboveground plant tissue
carbon. The combination of clipping and warming caused a decline that matched that caused
by clipping alone, indicating the effect of clipping overrides the effect of warming. The box
represents the interquartile range, with the median displayed as a black line within the box.
The represent error bars showing the 95% confidence interval, and any outliers are shown as

black dots above and below the box-and-whisker plots.........cueceevevene e cveeceereeee e e, 145

Figure 5.1. Clipping, to 4cm sward height, effects on [a] plant available or soil inorganic
nitrogen (g/m?) measured to 10cm depth, and [b] aboveground plant biomass (g/25cm?). Soil
inorganic nitrogen declined in response to clipping whereas aboveground plant biomass
increased. The box represents the interquartile range, with the median displayed as a black
line within the box. The represent error bars showing the 95% confidence interval, and any

outliers are shown as black dots above and below the box-and-whisker plots....................... 175

Page 6 of 215



Figure 5.2. Effects of clipping the sward to 4cm, separated by application or not of 1°C
warming treatment, on [a] belowground root biomass (g/m?), and [b] microbial biomass
nitrogen (g/m?). Both variables declined under warming in the absence of clipping, but
increased under warming in the presence of clipping. The box represents the interquartile
range, with the median displayed as a black line within the box. The whiskers represent error
bars showing the 95% confidence interval, and any outliers are shown as black dots above

and below the box-and-WhisKer PIOTS........uuuecciee e e et 176

Figure 5.3. Faecal application, approximately 80g per plot, effects on [a] soil total carbon
stocks (kg/m?) measured to 10cm depth, and [b] soil total nitrogen stocks (kg/m?) measured
to 10cm depth. Both variables declined in response to faecal application. The box represents
the interquartile range, with the median displayed as a black line within the box. The
represent error bars showing the 95% confidence interval, and any outliers are shown as black

dots above and below the box-and-whisker Plots........ccccooiviiieiieiesenerrcr e 177

Figure 5.4. Effects of applying approximately 80g faecal matter per plot, separated by
application or not of 1°C warming treatment, on dissolved organic nitrogen (g/m?). Dissolved
organic nitrogen increased under warming in the faeces application, but decreased under
warming if faeces were applied. The box represents the interquartile range, with the median
displayed as a black line within the box. The whiskers represent error bars showing the 95%
confidence interval, and any outliers are shown as black dots above and below the box-and-

WHISKEE PlOTS.. ittt ettt et et bbbt sbesbesae e s eebaesbense e steensersaesbensennsensentes 178

Figure 5.5. Warming, approximately a 1°C temperature increase, effects on ecosystem
respiration (mgC0O2/m?/hr). Ecosystem respiration increased in response to warming, but the
data was highly varied. The box represents the interquartile range, with the median displayed
as a black line within the box. The represent error bars showing the 95% confidence interval,

and any outliers are shown as black dots above and below the box-and-whisker plots.......... 179

Figure 5.6. Treatment, specifically clipping to 4cm sward height, warming to approximately
1°C, and faeces application of approximately 80g per plot, effects on total PLFAs (umol/g).
Treatments are classified as N=Control, C=Clipped, W=Warmed, and P=Faeces Application.
Microbial abundance was highly variable across the treatments, additional research is require

to determine why these patterns have been observed. The box represents the interquartile

Page 7 of 215



range, with the median displayed as a black line within the box. The represent error bars
showing the 95% confidence interval, and any outliers are shown as black dots above and

below the box-and-WhiSKer PlOtS.......ccc i e s e 180

Figure 5.7. Treatment, specifically clipping to 4cm sward height, warming to approximately
1°C, and faeces application of approximately 80g per plot, effects on [a] soil bulk density
(kg/m?), and [b] soil moisture (%). Treatments are classified as N=Control, C=Clipped,
W=Warmed, and P=Faeces Application. Soil bulk density followed the same pattern in
variation as microbial abundance, whereas soil moisture showed the opposite pattern. The
box represents the interquartile range, with the median displayed as a black line within the
box. The represent error bars showing the 95% confidence interval, and any outliers are

shown as black dots above and below the box-and-whisker plots.........ccccecvvevnirininineiceenn 181

Figure 6.1. A schematic diagram illustrating the key findings of our long-term landscape scale
experiment. All fields within this experiment have been under consistent grazing
management for 10 or more years. The effect of grazing on soil carbon and nitrogen stocks,
and plant and microbial communities was tested using GLMs. We found fields grazed solely
with cattle or those that were not grazed had significantly higher soil total carbon and
nitrogen stocks, compared to those grazed by sheep only or a mixture of sheep and cattle.
Additionally, fields grazed solely by cattle had greater plant biodiversity than those under

different grazing ManagemMENT... ..o st st a e e s tesreerees 201

Figure 6.2. A schematic diagram illustrating the key findings of our three short-term
experiments. The first experiment involved excluding grazers from mixed grazed fields at the
landscape scale and monitoring the effect of grazer exclusion on soil carbon and nitrogen
stocks, and plant and microbial communities. The second, also at the landscape scale,
simulated grazing and warming, and the third, a single site experiment, simulated grazing,
warming and faecal deposition. We found that faeces application decrease soil total carbon
and nitrogen. Neither clipping, using to simulate grazing, nor grazing affected soil total carbon
and nitrogen stocks, however both reduced soil inorganic nitrogen and had mixed effects on
aboveground net plant biomass. Net ecosystem exchange of carbon responded differently to
clipping depending on the month sampled indicating that the response is partially regulated

by environmental factors, such as temperature. Clipping also had mixed effects on soil

Page 8 of 215



dissolved organic carbon depending but only under simulated warming indicating this

response is also temperature dependent..........ccceeieieiciie e e s 202

Page 9 of 215



List of Tables

Table 2.1. The effects of grazing management (ungrazed, cattle, mixed, sheep) on the
ecosystem properties listed determined using generalized linear models. Significance is

indicated as * P<0.05, ** P<0.01, and *** P<O.001.......ccoceeiriiiceieeisrecrieeeee et eer s see v e 62

Table 2.2. The effects of grazing intensity (LU/ha) on the ecosystem properties listed
determined using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01,

AN FHF POL00L.. ettt ettt et ettt ea et st s bt s et eae st eb s ses st et es et e b sttt en e 63

Table 2.3. The effects of grassland type (NVC) on the ecosystem properties listed determined
using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

PRO.O0T ..o ettt s ettt et st s he st e s e e sre ehe et e s e ea et sheeae e e e r e st e sre ene 64

Table 3.1. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the soil
properties listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<O.00L.......cceutrirrrereeriier ettt seies e s es e sesses e e s e see s e e s 95

Table 3.2. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the soil
carbon pools listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<O.001........ceeuvmriiiiiiiiicri it s s s b s s 96

Table 3.3. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the soil
nitrogen pools listed determined using generalized linear models. Significance is indicated as

* P<0.05, ** P<0.01, and *** P<O.00L.......cuoeeenireeieneireeie ettt st e s s es e s s e e 97

Table 3.4. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the plant
properties listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<O.001........cceueurmriiiriiiiicri st s er s s s s 98

Page 10 of 215



Table 3.5. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid) and site (A, B, C, D) on the microbial properties listed determined using
generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

e O OO 99

Table 3.6. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid) and site (A, B, C, D) on the microbial properties listed determined using

adonis models. Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.................. 99

Table 3.7. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the soil
enzyme activities listed determined using generalized linear models. Significance is indicated

as * P<0.05, ** P<0.01, and *** P<O.00L.......ooooiieiiie ettt sttt st s snre s sas e sresenne s snas 100

Table 3.8. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the gas fluxes
listed determined using generalized linear models. Significance is indicated as * P<0.05, **

O 0 = T o Vo Bkl > O N 010 i RS TRRN 101

Table 4.1. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,
C, D) and month (May-September, if applicable) on the soil properties listed determined using
generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

PROLOOT ..ot et e e e s e bbb s st a e she saes 130

Table 4.2. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,
C, D) and month (May-September, if applicable) on the soil carbon pools listed determined
using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

PO.O0L. ..o e e b e e s e b b she b sa sa saes 131

Table 4.3. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,
C, D) and month (May-September, if applicable) on the soil nitrogen pools listed determined
using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

PROLOOT ..ot et e e b e e s et e s e et e e she eaes 132

Table 4.4. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,

C, D) and month (May-September, if applicable) on the gas fluxes listed determined using

Page 11 of 215



generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

PO.O0L ..ot e e e e e e e e s eat b she b b sa sannes 134

Table 4.5. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,
C, D) and month (May-September, if applicable) on the microbial properties listed determined
using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

PROLOOT ..ottt ettt e e st sae s et r s e et e sae e ee e e e sre enes 135

Table 4.6. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,
C, D) on the microbial properties listed determined using adonis models. Significance is

indicated as * P<0.05, ** P<0.01, and *** P<O.001L........cccooceiiieiinmiricrieenee e esreer e sve v e 135

Table 4.7. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,
C, D) and month (May-September, if applicable) on the soil enzyme activities listed
determined using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01,

=TT Bkl 2 0 1N 010 PP 136

Table 4.8. The effects of treatment (clipping, warming), habitat (calcareous, acid) and site (A,
B, C, D) on the aboveground plant properties listed determined using generalized linear

models. Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001........cccecevvrveurnen. 138

Table 4.9. The effects of treatment (clipping, warming), habitat (calcareous, acid) and site (A,
B, C, D) on the belowground plant properties listed determined using generalized linear

models. Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001........ccccevvrreurnnn. 139

Table 5.1. The effects of treatment (clipping, faeces, warming) and month (May-September,
if applicable) on the soil properties listed determined using generalized linear models.

Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.......c..cccceeveveevrerrecrecrerenennns 169

Table 5.2. The effects of treatment (clipping, faeces, warming) and month (May-September,
if applicable) on the soil carbon pools listed determined using generalized linear models.

Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.........ccccceeoereevrereecrecrerernennns 170

Table 5.3. The effects of treatment (clipping, faeces, warming) and month (May-September,
if applicable) on the soil nitrogen pools listed determined using generalized linear models.

Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.......c..cccceevereevrrreecrecrerernennns 171

Page 12 of 215



Table 5.4. The effects of treatment (clipping, faeces, warming) and month (May-September,
if applicable) on the gas fluxes listed determined using generalized linear models. Significance

is indicated as * P<0.05, ** P<0.01, and *** P<O.001.......cceovvieiirueenreeereeeee e eeeveeereeseseessveesnaes 172

Table 5.5. The effects of treatment (clipping, faeces warming) on the aboveground plant
properties listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<O.00T......ccecrurirereireeieeiire ettt sttt st st e et s et s s eneseas 172

Table 5.6. The effects of treatment (clipping, faeces warming) on the belowground plant
properties listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<O.00T......ccccrureeeriirieieneire ettt sttt s et st e ses e eeas 173

Table 5.7. The effects of treatment (clipping, faeces, warming) and month (May-September,
if applicable) on the microbial properties listed determined using generalized linear models.

Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001........c.ccoeverveeereceeveereeervennnne 174

Table 5.8. The effects of treatment (clipping, faeces, warming) on the microbial properties
listed determined using adonis models. Significance is indicated as * P<0.05, ** P<0.01, and

FAE PQOL00L. .ttt sttt st h et e et st e s bt et e eh et et e sttt e be b st en et et ene seeentenene 175

Page 13 of 215



Abstract

A major challenge for agriculture is the need to manage soils to reduce greenhouse gas
emissions to contribute to climate mitigation targets. Upland grasslands cover a third of the
UK and are a major carbon store. Grazing is the main form of upland land management. It has
been proposed that facilitating soil carbon storage through improved grazing management
could offset greenhouse gas emissions to mitigate climate change. However, our
understanding of the consequences of changing land management, and the mechanisms

involved, is limited.

This thesis aims to redress this by examining the influence of grazing on carbon sequestration
and greenhouse gas emissions in upland grasslands. We test the hypotheses that: (a)
extensive grazing, as opposed to intensive grazing or grazer exclusion, is optimal for soil
carbon sequestration, due to increased carbon inputs and reduced greenhouse gas emission
from soil; and (b) the scale and direction of grazer impact on soil carbon sequestration and
greenhouse gas emission depends on soil fertility and plant functional diversity, and its impact

on soil biological communities and the carbon cycling processes that they drive.

This work has demonstrated that grazing management alters soil carbon, and nitrogen,
storage in the long term, >10 years (Chapter 2), but has limited impact in the short-term, <2.5
years (Chapter 3). Although, in the short-term simulated faecal deposition (Chapter 5) did
reduced soil carbon and nitrogen storage, grazing and simulated warming had no effect. This
indicates that upland grassland ecosystems are potentially resilient to changes in land
management, at least in the short-term, and it may be that grazing management effects take
a long time to materialise. Net ecosystem carbon exchange was unaffected by grazing, but
was affected some months by simulated grazing (Chapter 4). This indicates that the impact of
grazing on carbon sequestration is likely to be altered by environmental factors, such as
temperature and rainfall. Overall, this thesis presents a comprehensive overview of the
impact of grazing on carbon and nitrogen cycling in upland grasslands, and the influence of

grazing on plant and microbial communities.
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Chapter 1. Optimizing grazing management for climate mitigation: an overview

Globally we are experiencing a climate emergency. Climate scientists broadly agree that
reducing greenhouse gas emissions alone will be insufficient to prevent a 1.5°C, or more,
increase in global annual temperature unless we bridge the gap using negative emissions
strategies. In other words, we need to sequester carbon and nitrogen from the atmosphere

and store it our ecosystems (IPCC 2019).

In June 2019, the British government became the first major economy to pass a net zero
emissions law. This law requires the UK to reduce greenhouse gas emissions to zero by 2050
by offsetting any anthropogenic emissions through the promotion of carbon capture and
storage. At the global scale, the ‘4 per mille Soils for Food Security and Climate’ initiative was
launched at the COP21 or 21 Conference of the Parties to the United National Framework
Convention on Climate Change in Paris (November 30t to December 11t 2015). It aims to
increase global soil organic matter by 0.4% per year, thereby compensating for greenhouse
gas emissions from anthropogenic sources. As a result, stakeholders committed to a voluntary
action plan to implement farming practices to maintain soil carbon stocks and/or enhance soil

carbon sequestration (Chambers et al 2016, Lal 2016).
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Natural Climate Solutions are a series of proposed conservation, restoration and land
management actions designed to increase carbon storage and reduce greenhouse gas
emissions from forests, wetlands, grasslands and agricultural lands. A recent review
suggested these could provide 37% of the greenhouse gas mitigation required to ensure a
‘good chance’ of preventing warming above 2°C by 2030 (Griscom et al 2017). The
investigation of Natural Capital Solutions that decrease emissions of greenhouse gases
without reducing agricultural outputs per unit area of land is imperative to the development
of sustainable agricultural practices (Lal 2004). The success of initiatives like these is, however,
highly dependent on collaboration between researchers, policy makers, and farmers
(Minasny et al 2017), and particularly on the research enhancing our understanding of the

impact of land management decisions on the carbon cycle (Thornton et al 2009).

The overarching aim of this thesis is to further our understanding of the impact of agricultural
land management decisions on soil carbon sequestration and greenhouse gas emissions,
using grazed upland grasslands as a model ecosystem. In this chapter, | will discuss why land
management plays a key role in tackling global challenges, the mechanisms by which
herbivore grazing influences carbon cycling, and the potential impact of projected climate
warming on these mechanisms. | will also highlight the importance of upland grassland
ecosystems, focusing on their potential for carbon sequestration. Finally, | will outline the
structure of the thesis, discussing the novel contributions it provides and detailing the studies

that make up the body of work presented herein.

1. Why is understanding land management important to tackle global challenges?

Soils are fundamental to life on Earth providing a host of ecosystem services integral to
ecosystem functioning and human wellbeing. If we carefully manage our soils, by developing
sustainable agricultural practices, then they will continue to aid climate regulation, support
biodiversity and provide additional ecosystem services for years to come (FAO and ITPS 2015).
The carbon sequestration capacity of soils is an essential contribution to mitigating climate
change as soil carbon sequestration may buy time for 10-20 years whilst other effective

sequestration and low carbon technologies become available (Minasny et al 2017). As such,
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it is of primary importance that we progress our understanding of how soil carbon
sequestration occurs and develop land management strategies to promote carbon

sequestration in soils.

Land management is critical to successfully tackling a number of global challenges, including
climate change (Smith et al 2013, Smith et al 2016) and food security (Godfray et al 2010).
Agriculture and forestry, the primary mechanisms by which humans alter land use, are
responsible for approximately 24% of anthropogenic greenhouse gas emissions (Smith et al
2013). But, through changes in management, these industries have the potential to reduce
their greenhouse gas emissions and increase their carbon storage capacity (Smith et al 2013).
Changes proposed include afforestation and reforestation to increase the area of carbon-rich
ecosystems or increase forest stocking density, and enhancing carbon sequestration in soils
by altering cropland and grazing land management (Smith 2018). Sustainable intensification,
whereby more food is produced from the same area of land without increasing the
environmental impacts, is an important component of tackling food security (Bennetzen et al
20164a, Bennetzen et al 2016b). The sequestration of carbon, and nitrogen, into soils may aid
intensification through increasing land production, and may therefore also contribute

towards increased food security.

Several ways to increase soil carbon sequestration and cut greenhouse gas emissions in
agricultural lands have been proposed. Grazing land occupies more land than arable farming,
and is usually managed less intensively. One potentially important strategy, therefore, is
modifying grazing land management (Smith et al 2008). Soil carbon levels are determined by
the balance between inputs of carbon, through faecal deposition and plant residue, and losses
of carbon, primarily through decomposition and respiration (both autotrophic and
heterotrophic). Consequently, to increase soil carbon sequestration we must either increase
carbon inputs, reduce decomposition and respiration, or both. Carbon accumulation in soils
is often greater on optimally grazed land than on overgrazed or ungrazed land (Liebig 2005,
Abdalla et al 2018). However, the effects are inconsistent due to variation in grazing
management practices, plant community composition, soil, and climatic conditions (Derner

et al 2006).
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2. How do grazing livestock affect aboveground-belowground feedbacks?

Plant-soil feedbacks can be defined as positive or negative effects that the soil, within which
certain plant species have grown, have on the performance of that or surrounding plant
species (Medina-Roldan et al 2012). The chemical, physical and biological properties of soil
play a key role in determining plant growth and reproductive success, plant-plant interactions
and overall community productivity. Understanding the feedbacks between the producer,
herbivore and decomposer subsystems are key to understanding terrestrial ecosystem
function (Bardgett and Wardle 2003), although the complex interactions make identifying the

key biological drivers of these subsystems difficult (Klumpp et al 2009).

Several key, but interrelated, mechanisms whereby herbivores can influence aboveground-
belowground feedbacks have been identified (Bardgett and Wardle 2003, Figure 1.1). These
mechanisms are broadly similar for foliar and root herbivores. They can be divided according
to the scale at which they operate: (1) landscape; (2) community; and (3) individual plant

scale.

2.1 Mechanisms operating at the landscape scale

Harper (1974), quoting A.G. Tansley, stated that “though the organisms may claim our
primary interest, when we are trying to think fundamentally we cannot separate them from
their spatial environment, with which they form one physical system...it is the systems so
formed which, from the point of view of the ecologist, are the basic units of nature on the
face of the earth”. In order to make use of our understanding of grazing-carbon dynamics,
models need to be produced at a landscape level. However, in order to construct models we
need to understand herbivore spatial distribution, the effect of environmental gradients, and

how these relationships change over time.

Predicting the spatial distribution of herbivores, particularly in natural systems, is complex.
Models indicate that both forage quantity and quality affect herbivore distribution. There is
evidence that herbivores track net primary productivity across landscapes, whilst not
reducing the productivity of these patches compared to others indicating herbivore feeding

allows these productive patches to remain productive (Augustine et al 2003). Forage quantity
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and quality are heterogeneously distributed across the landscape both spatially, largely due
to environmental gradients, and temporally, largely due to plant phenology. Iversen et al
(2014) showed seasonal variation in Norwegian reindeer distribution, with reindeer being
selective in their forage choice early in the growing season, feeding on palatable phenological
stages or plant growth forms. Later in the season, when forage availability within their habitat
became more homogeneous, the reindeer became less selective. Garcia et al (2003)
hypothesised, through studying sheep grazing, that the positive correlation between
herbivore foraging preferences and digestibility, resulting from the grazer maximising diet
quality, can be used to predict habitat choice in a heterogeneous landscape. Predicting
herbivore distributions are further complicated because the nutrients limiting herbivore
species differ depending on the situation, and their distribution is likely to be primarily
determined by the most restricted nutrient. For example, models have shown that under high
predation risk herbivores are limited by soluble carbon availability, but respire excess
nitrogen, whilst in the absence of predators herbivores excrete excess carbon but are limited
by nitrogen availability (Leroux et al 2012). Climate fluctuations can also affect foraging
decisions. For example, seasonal water fluctuations affect herbivore foraging patterns. In
savanna grasslands, mammalian herbivore body sizes have been used to predict resource
partitioning in the dry season when food is scarce based on the theory that small herbivores
are more selective than larger ones. However, in the wet season all herbivores utilised similar
resources presumably due to the higher quality and quantity of forage available (Kleynhans

et al 2011).

Herbivore effects also vary substantially across environmental gradients, particularly
gradients of soil fertility and precipitation (OIlff and Ritchie 1998, OIff et al 2002, Anser et al
2009). Sensitivity to temperature and moisture changes have also been shown to vary widely
across the landscape, as have other associated factors including soil pH, texture, nutrient

concentration and oxygen availability (Risch and Frank 2007).

Another problem with currently available data is the lack of knowledge of timescale factors.
Parfitt et al (2010) proposed that aboveground community composition responded much
more rapidly, within a few weeks, than belowground community changes, which appeared to
take a few years to alter. However, these timescale variables are difficult to take into

consideration when designing large-scale grazing experiments and associated models.
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Figure 1.1. A schematic diagram illustrating the interaction between herbivores, plants and

decomposers within the soil carbon (shown in yellow) and nitrogen (shown in purple) cycles.
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2.2 Grazing impacts at the community scale

The organic carbon required by soil organisms, including decomposers, pathogens,
invertebrate root herbivores and mycorrhizal fungi, is provided by plants. Soil microorganisms
breakdown animal excreta, including dung, urine and saliva, and dead fauna and flora.
Biodiversity and plant community composition changes may alter this cycle, although
evidence indicates such changes are context dependant (Wardle et al 2004). Herbivore
induced changes in volume of organic material returned to the soil can result in shifts in net

primary productivity.

Undigested or non-assimilated nutrients from faecal matter are decomposed returning large
guantities of labile nutrients to the soil (Hester et al 2006). These stimulate microbial activity
(Bardgett et al 1998), carbon and nitrogen mineralisation (McNaughton et al 1997), and plant
nutrient acquisition (Robinson et al 1999), and increase microbial (Bardgett et al 1998) and
plant biomass (Shiyomi et al 1998). Haynes and Williams (1993) estimated in managed
pastures 60-90% of material ingested by herbivores is returned to the pasture in these forms.
Nutrients returned to the soil via excreta, rather than through litter, are also released much
more rapidly into the soil leading to increased nutrient availability (Bardgett and Wardle
2010). However, these effects are localised influencing only a small proportion of the
landscape (Augustine and Frank 2001, Mikola et al 2009). The proportion of vegetation
consumed by herbivores determines the balance between nutrients recycled through
herbivore digestion or through litter decomposition. Senescing leaf material has lower
nitrogen concentration compared to green herbage resulting in an estimated 75% of nitrogen
returned to the soil through urine and faeces (Jarvis 2000, Allard et al 2003). Additionally,
changes in nutrient allocation in plants can alter the amount of nitrogen and carbon in
excretory products. Allard et al (2003) showed that decreased leaf nitrogen and increased
water-soluble carbohydrate concentration occurred under elevated carbon dioxide, and that
sheep increased the proportion of legume in their diet under these conditions resulting in
diets with similar nitrogen concentrations to their original diet, but with higher water-soluble
carbohydrate concentration and therefore digestibility. Urine nitrogen concentration,
however, increased under elevated carbon dioxide, indicating that, under these conditions,
higher proportions of nitrogen are partitioned into urine. The reason for this change is

unclear. Faeces and urine can also have localised negative effects due to their toxicity and

Page 26 of 215



physical damage caused by their deposition (Bolger et al 1997, Doudill et al 1998). Insect
excrement, known as frass, has analogous effects to herbivore excrement, as it is also rich in
nitrogen (Fielding et al 2013). Some insects excrete honeydew, a mixture of surplus
carbohydrates, which contains a high concentration of labile carbon (Seeger and Filser 2008).

This too is likely to have analogous effects to vertebrate excrement.

The deposition of excreta is hypothesised to be the primary mechanism by which ecosystem
nutrient cycling is switched from slow cycling, with fungal dominated soil microbial
communities and high amounts of recalcitrant organic matter, to fast cycling, with bacterial
dominated soil microbial communities that mineralise large amounts of labile substrates in
the soil (Bardgett and Wardle 2010). Bacterial dominated systems, usually with low carbon to
nitrogen ratio and lignin content, can be described as carbon releasing ecosystems where
carbon storage in the litter continuum is relatively low; these are typically intensively grazed
(Bardgett and Wardle 2010). Ecosystems adapted to lower grazing levels have a higher carbon
to nitrogen ratio and lignin content. These systems are dominated by fungi and can be
described as carbon storing (Klumpp et al 2009). Current research, however, has focused on
general trends rather than the responses of individual species, despite the potential
ecological importance of specific species or functional groups (Allan et al 2014). Murray et al
(2010) showed that grazing increased arbuscular mycorrhizal fungi species richness but
reduced overall spore abundance. Additional analysis showed, however, that species
responded individualistically to grazing. Changes in microbial biomass can, in addition, affect
the cycling of other soil nutrients, such as phosphorus (Anderson et al 2007b). Again, these

relationships are often overlooked.

Saliva deposited onto plants by mammalian herbivores during feeding has been reported to
have positive (McNaughton 1979b), negative (Detling et al 1981) and no effect on plant
growth (Reardon et al 1974). On the other hand relatively high concentrations of natural plant
growth regulators have been found in herbivorous insect saliva (Detling et al 1981). The
absence of this variable in recent literature reflects both the hypothesis that saliva deposits
are too small to significantly affect ecosystems and the lack of a firm conclusion as to the

direction of their effects.

Cadaver decomposition is an understudied variable when considering soil nutrient cycling,
despite the fact that, with their narrow carbon to nitrogen ratio and high water content, their
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deposition can result in a localised pulse of nutrients in the soil (Carter et al 2007). Cadavers,
like animal excreta, result in hotspots of activity and are likely to have similar effects on

excreta deposition.

In the short-term, grazing alters plant diversity. Several studies show increased species
diversity caused by herbivores (OIff and Ritchie 1998). Wardle et al (2001) studied the effect
of introducing deer and goats to New Zealand forests. However, they observed mixed effects,
with increases and decreases in plant diversity across a number of different sites. Milchunas
et al (1988) proposed a conceptual model predicting herbivore response gradient, with
negative effects in infertile grasslands and positive effects in productive grasslands. Frank
(2005) identified this gradient in Yellowstone National Park and suggested that competition
for light and moisture, as well as plant competitive interactions, could explain the
observations. The effect of herbivore grazing on species diversity can be proposed as a simple

metric for the stability of ecosystem services (Hooper et al. 2005, Tilman et al 2006).

In the long-term, herbivore effects on plant diversity disappear owing to the effects of
herbivores on succession. Retardation of succession occurs when late successional plants are
disadvantaged by herbivory. This process is commonly observed in fertile grasslands in
response to foliar herbivory. Acceleration of succession occurs when early successional
species are disadvantaged by selective grazing. The interactions between herbivores and
plants are thought to be mediated by plant traits (Lavorel and Garnier 2002). It has been
proposed that the same is true of dominant belowground organism functional traits (de Bello
et al 2010). Many grazers are selective, preferentially feeding on palatable species, which
generally have a high nutrient content. These herbivore feeding habits can lead to retardation
or acceleration of succession through enhancing colonisation rates or reducing extinction
rates (OIff and Ritchie 1998). Plant traits associated with higher litter quality also result in
foliage that is more palatable to herbivores. This may result in a positive feedback loop that

enhances soil fertility (Wardle 2002, Bardgett and Wardle 2010).

Different physiological responses to topographic heterogeneity that promote species
coexistence are facilitated by herbivory (Anderson et al 2006). This matches the ecological
theory that organisms modify their environments in ways beneficial to themselves (Hunter
and Aarssen 1988, Bianchi et al 1989, Bertness and Callaway 1994, Jones et al 1994).
Maintaining high levels of plant productivity under grazing is an adaptation to herbivore
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grazing. Factors that are proposed to affect the growing capacity of palatable plants are high
soil nutrient concentrations and intermittent herbivory (Augustine and McNaughton 1998).
However, although competitive fitness of a species may be enhanced through grazing, the
absolute fitness may be reduced when compared to conspecifics grown in ungrazed
conditions (McNaughton 1979b). Ravolainen et al (2011) constructed grazing exclosures on a
Norwegian Peninsula and found that rapid plant community composition changes occurred
after grazers were removed but that the overall effect was not consistent across sites. This
mechanism has only been studied in foliar herbivores. Bardgett and Wardle (2003) proposed
root herbivory would accelerate plant succession either through plant consumption or
nitrogen transfer from early successional nitrogen fixing plants to late successional plants,

although this theory is untested.

As well as changes in plant community composition, changes in soil microbial community
composition in response to grazing are often observed. Mycorrhizal fungi are documented to
affect plant nutrition and growth (Smith and Smith 2011). Certain bacterial functional groups
play key roles in a variety of plant and soil processes (Youngberg and Wollum 1976, Shearer
et al 1983). Frank et al (2003) grew grass from grazed and ungrazed sites in either grazed or
ungrazed soils. Plants grown in grazed soil consistently grew better than those in ungrazed
soils; the soil microbial community differed significantly between both conditions. The
inclusion of mycorrhiza further enhanced plant growth, with fungal spore abundance and
species richness differing significantly between the soils. Attard et al (2008) studied changes
in grassland management and demonstrated that soil bacterial community changed much
faster than plant community. They also demonstrated that the bacterial community
composition was determined by past and present grazing routines rather than just current
management practices. More recently, Xun et al (2018) found cattle grazing-induced changes

in the microbiome, which drove soil organic carbon turnover in meadow steppe.

Long-term grazing can result in a shift in community level net primary productivity. The
direction of this shift appears to be ecosystem specific and can be compensated or stimulated
through changes in the photosynthetic rate, leaf senescence rate, transpiration rate, nutrient
content and hormone content of the residual tissue (McNaughton 1979b). The herbivore
optimisation hypothesis was proposed to explain variation in productivity under different

grazing routines (McNaughton 1979a). The hypothesis argues there is an optimum defoliation
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level where the balance between residual leaf area and photosynthesis per unit leaf area
maximises net primary productivity (Caughley 1976). Intermediate levels of herbivory can,
therefore, be optimal for maximising aboveground net primary productivity (McNaughton
1985), and are proposed to optimise whole community productivity in fertile ecosystems (de
Mazancourt et al 1999). However, the effect of herbivory on root productivity is more varied.
Milchunas and Lauenroth (1993) reported both increased and decreased root biomass in
response to herbivory resulting in decreased belowground net primary productivity. The
overall effect of herbivores on net primary productivity is uncertain. The effect is determined
by the balance between microbe stimulation by carbon addition and inhibition of microbe
activity via resource depletion (Bardgett 2005). In fertile ecosystems the overall effect is
thought to be positive due to stimulation of microbial activity though increased carbon

addition to the soil from plants which relieves microbial carbon limitation.

2.3 Grazing impacts at the individual plant scale

Grazing can induce changes in nutrient and secondary metabolite concentrations in root
exudates and plant tissues. This can alter soil microbial community composition and

associated soil flora.

Plants can allocate large proportions of their assimilated carbon to root exudates (Bokhari
1977). In the presence of herbivores many plants increase this allocation thus stimulating the
growth and carbon use efficiency of heterotrophic rhizosphere microbes (Denton et al 1999,
Guitian and Bardgett 2000, Hamilton and Frank 2001). This, in turn, results in enhanced
nitrogen availability for the plant (Hamilton and Frank 2001). Overall it has been proposed
that this mechanism results in increased soil carbon storage through increased plant biomass
and increased rhizospheric carbon input to the soil, despite the associated increase in root
respiration (Hamilton et al 2008). Although, it is also possible that it will result in carbon loss
from the soil through stimulation of carbon mineralisation (Bardgett and Wardle 2010).
Increases in root exudates are also hypothesised to switch ecosystem nutrient cycling from a
slow cycling fungal dominated soil microbial community to a fast cycling bacteria dominated
soil microbial community (Hamilton et al 2008). Mycorrhizal fungi, in particular, have been

shown to respond to defoliation, although their response varies (Barto and Rillig 2010).
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Grazing herbivores can alter nutrient and secondary metabolite allocation and concentrations
within plants. These changes in leaf chemistry have previously been shown to affect
invertebrate community composition (Koricheva et al 2009). Grazing in Yellowstone National
Park has been shown to affect plant lignin and cellulose concentration, presumably with
knock-on effects on herbivore consumption rates and microbial activity (Frank et al 2011),
with sheep grazing appearing to destabilise carbon at productive sites, but stabilising it at
unproductive ones. Generally, the overall effect of grazers on litter quality is positive when
herbivores increase nutrient concentration and decrease secondary metabolite
concentration (Anderson et al 2007a). Increased leaf nutrient concentration is thought to
result from herbivore removal of older leaf tissue which allows the plant to concentrate
nutrients in younger leaves. Enhanced litter quality increases microbial activity and soil
mineralisation processes (Bardgett et al 1998). However, herbivores can also increase
secondary metabolite concentration and decrease nutrient concentration resulting in

reduced litter quality and therefore slower decomposition rates (Findlay et al 1996).
2.4 Herbivore impacts on other soil properties

Variation in soil temperature and moisture has a significant effect on soil nutrient cycling and
carbon storage. The presence or absence of grazing herbivores can further alter these
dynamics (Paul et al 2003, Paz-Ferreiro et al 2012), making the overall effect difficult to
predict. For both variables, balance is important; too low and the variable will limit nutrient
mineralisation, but too high and other variables can become limiting. Large herbivores also
compact soil via trampling, which can affect properties such as aeration, leeching and pore

size (Bardgett and Wardle 2010).

Microbial activity and nutrient cycling can be limited by soil temperature. Studies across
multiple ecosystems have shown that herbivores increase soil temperatures. This can
accelerate decomposition rates and thus increase soil nutrient availability if the temperature
increase is not accompanied by a reduction in soil moisture (Bardgett and Wardle 2010). One
study compared carbon and nitrogen cycling in grazed acid grasslands with adjacent
moorlands from which grazers were removed 7 years previously as part of a re-wilding
project. This study noted that, whilst no effects on soil carbon stocks were observed, there
was a slowing down of rates of nitrogen cycling (Medina-Roldan et al 2012); it was proposed
that over a longer timescale, stocks of soil carbon will increase in this system as result of
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cessation of grazing. Paz-Ferreiro et al (2012) also found that, in upland sheep farmed
systems, soil organic matter temperature sensitivity was greater in grazed than ungrazed
grasslands. Carbon dioxide and methane emissions increased with increasing temperature
and this response was greater in grazed grasslands. This variation could be explained through
changes in soil microbial community composition altering nutrient availability and plant
productivity between grazed and ungrazed pastures. Temperature sensitivity may also be
greater in labile than recalcitrant carbon pools. By contrast, Chuckran and Frank (2013)
reported a decrease in temperature sensitivity of respiration by 20% uniformly across sites in
Yellowstone National Park in response to grazing by mixed ungulates. They proposed that the
effect of herbivores on soil temperature sensitivity may depend on the environmental
conditions, herbivore type and herbivore density. The effect may, therefore, not be uniform

across a heterogeneous landscape.

Soil moisture also plays a key role in nutrient cycling. Heterogeneous moisture availability
means some ecosystems are water limited, and future changes in rainfall are likely to enhance
this spatial variation (Risch and Frank 2007). The relationship between soil water content and
grazing is unimodal, with estimates placing favourable soil moisture content between 10%
and 30% (Paul et al. 2003, Wang et al 2010). Below this range, lack of water limits microbial
activity. Above this range anoxic soil conditions can be generated reducing microbial activity.
Nitrogen mineralisation is closely associated with plant productivity and moisture availability
(Augustine and McNaughton 2006). Nitrous oxide emissions from soil largely depend on
faecal nitrogen deposition and the rate of nitrogen transformation (de Klein et al 2014). The
presence of grazing mammals at high stocking densities reduces emissions to hardly
detectable levels. This pattern was identified in Mongolian steppe grasslands by Wolf et al
(2010), who hypothesised that reduced vegetation height caused by herbivore grazing
reduced snow cover. At temperatures below -10°C soil microbial growth is no longer
supported. Therefore, this reduction in insulation and the consequential decrease in winter
soil temperatures and soil water content resulted in reduced microbial biomass thereby
reducing spring nitrous oxide release. Soil moisture levels also affect carbon release. Klumpp
et al (2011) demonstrated that, in years with high soil water content, intensively grazed

paddocks lost more carbon, presumably through higher heterotrophic respiration rates, than
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extensively grazed paddocks. However, during water limited growth periods there was no

significant difference between the paddocks.

Soil compaction, erosion and surface soil poaching can also be caused by trampling. There are
a large number of documented cases of long-term overgrazing leading to widespread soil
degradation particularly in ecosystems where moisture is limited. Whilst agricultural
management prescriptions currently focus on maintaining grasslands, climate change may
lead to increased grazing pressure potentially leading to more widespread loss of vegetation
cover and soil disturbance (Bardgett and Wardle 2010). The effect of trampling is in part
determined by soil texture. A strong unimodal relationship has been demonstrated between
soil texture and grazing impact on net mineralisation rates. This indicates that at intermediate
textures herbivores speed up nitrogen mineralisation the most (Schrama et al 2013a, Schrama
et al 2013b). However, in some ecosystems this is not known to be the case (e.g. Pastor and
Durkee-Walker 2006). Trampling also reduces soil porosity, thereby decreasing nitrogen
mineralisation rates through reduced oxygen availability leading to reduced microbial activity

(Breland and Hansen 1996, Rasiah and Kay 1998, Leroux et al 2003, Menneer et al 2005).
3. Will the climate emergency affect aboveground-belowground feedbacks?

Terrestrial ecosystems are important in climate-feedbacks as act as a significant global carbon
sink (Schimel et al 1994). They store large quantities of carbon in soil and living vegetation,
and release and absorb greenhouse gases, such as CO;, CHs and N2O. The impact of climate
change on the soil carbon sink remains a major source of uncertainty. Warming could
potentially enhance microbial breakdown of soil organic matter thereby increasing the
release of carbon dioxide from soils into the atmosphere. The accelerated loss of carbon from
soils could significantly alter the carbon cycle feedback (Bardgett et al 2008). General
circulation models that include climate feedbacks when modelling the impact of climate
change have found significantly different results to those which used static vegetation
distributions and carbon dioxide concentrations from carbon cycle models that did not
include climate change (Cox et al 2000). Cox et al (2000) found carbon-cycle feedbacks could
significantly accelerate climate change over the 21t century with the terrestrial ecosystem
switching from source to sink around 2050. Understanding the mechanisms by which climate

change impacts ecosystem functioning is complex and requires consideration of
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aboveground-belowground linkages. We require much more research in order to understand

how grazing impacts on these linkages shifts under climate warming across different habitats.

4. Why are upland grassland ecosystems important for carbon sequestration?

Grasslands cover approximately one-fifth of the Earth’s surface (Hadley 1993) and are
complex ecosystems formed though herbivore-vegetation-soil-atmosphere interactions and
agricultural or other land management practices (Graux et al 2013). They are estimated to
store between 10% and 30% of global soil carbon (Anderson 1991, Eswaran et al 1993). In the
UK grasslands cover around one-third of land surface and are a major carbon store (Milne and

Brown 1997).

Upland grasslands are highly heterogeneous habitats. They can provide a number of
ecosystem services, including carbon sequestration (Ostle et al 2009), natural flood
management (Marshall et al 2009) and biodiversity conservation (Young et al 2005). The
impact of livestock grazing on upland calcareous and acid grasslands, which are the most
extensive grassland types in upland areas, are of particular concern to land managers. The
Countryside Survey, undertaken in 2009, found both the area covered by calcareous and acid
grassland habitats have declined between 1990 and 2007 in favour of species-poor neutral

grasslands (Countryside Survey 2009).

Upland calcareous grasslands occur on lime-rich shallow soils. There are an estimated 22,636
ha of upland calcareous grasslands in the UK (Natural England 2009), and many are at risk of
damage due to agricultural intensification leading to overgrazing (Petit and Elbersen 2006). In
this habitat, overgrazing can lead to soil erosion and reduced plant biodiversity (Wiesmair et
al 2017). Studies have previously demonstrated that using cattle, rather than sheep, to graze
these grasslands promotes a diverse sward and that grazing extensively, rather than

intensively, benefits plant biodiversity (BugLife 2019b).

Upland acid grasslands typically consist brown podzolic soils upon which organic matter
accumulates. There are an estimated 1,476,795 ha of upland acidic grassland in the UK
(Countryside Survey 2009). Acid grasslands are acidic and dominated by acid-loving plant and

bryophyte species. Similarly to calcareous grasslands, intensive grazing has been shown to
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significantly alter vegetation composition, with trampling by herbivores through to be
particularly detrimental to the fragile bryophyte communities found in these habitats (BuglLife

2019a).

5. An overview of the thesis

This thesis explores how grazing influences soil carbon cycling and greenhouse gas emissions
in upland grasslands. The ultimate goal is to provide a mechanistic understanding of the
effects of grazing that can be used to formulate land management strategies for climate
mitigation in the uplands. We aim to test the hypothesis that: (a) extensive grazing, as
opposed to intensive grazing or grazer exclusion, is optimal for soil carbon sequestration, due
to increased carbon inputs and reduced greenhouse gas emission from soil; and (b) the scale
and direction of grazer impact on soil carbon sequestration and greenhouse gas emission
depends on soil fertility and plant functional diversity, and their impact on soil biological

communities and the nutrient cycling processes that they drive.

This thesis was a BBSRC CASE partnership with Natural England. | have, therefore, produced
a short report for Natural England containing a summary of the conclusions, grazing
management recommendations, study limitations, and recommendations for future research
topics. This report forms Chapter 6 of this thesis. The experimental work undertaken during

this thesis in is documented in the form of scientific research papers in Chapters 2 to 5:

e Chapter 2. Impacts of grazer type and grazing intensity on soil carbon and nitrogen

stocks in upland grasslands

Changing grazing livestock management to promote soil carbon sequestration and reduce
greenhouse gas emissions has been proposed as a key mechanism for climate mitigation in
upland grasslands. However, we lack the understanding of the long-term, 10+ vyears,
consequences of changing management on soil carbon and nitrogen cycling necessary to
predict optimum grazing strategies. Our aim, therefore, is to determine the impact of
different management strategies commonly using in the UK uplands. We investigated shifts
in soil carbon and nitrogen pools, plant community composition, and microbial community

composition in response to either: mixed cattle and sheep grazing; cattle grazing; sheep
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grazing; or grazer exclusion. We analysed the impact of both livestock type and grazing
intensity. Soil total carbon and nitrogen stocks declined under sheep grazing, but were
consistently higher under the mixed, cattle and grazer exclusion. Plant species richness was
higher under cattle grazing, but consistently lower under mixed, sheep and grazer exclusion.
Grazing intensity had no effect on soil carbon and nitrogen stocks. Although our study covered
a limited number of sites, these findings are likely to be important to land managers making

decisions about stocking type and density.

e Chapter 3. Short term impacts of grazer exclusion on soil microbial communities and

ecosystem function in contrasting grassland habitats

Semi-natural upland grasslands provide a host of ecosystem services. Grazing livestock is the
predominant management practice in these ecosystems and their importance for vegetation
dynamics and ecosystem functioning is widely acknowledged. However, our understanding
of the impact of altering grazing management practices on soil microbial communities, which
drive many ecosystem processes, is limited. This experiment explored the short-term (i.e. 2.5
years) impact of excluding livestock on soil microbial communities, and the soil properties and
processes that underpin ecosystem services related to carbon and nitrogen cycling. This was
done using fenced exclosures erected on two widespread upland grassland habitats, namely
acid and calcareous grasslands, at two locations in the Yorkshire Dales National Park, northern
England. The exclosures were designed to eliminate both sheep and cattle or cattle. We found
that grazer exclusion increased available inorganic nitrogen, and increased aboveground
plant biomass and aboveground plant tissue carbon and nitrogen content. Ecosystem carbon
fluxes, however, did not respond to grazer exclusion, nor did they correlate with any other
variables. Soil total carbon and nitrogen also did not change in response to grazer exclusion,
likely because of the short duration of this study. Despite the short timescale, our study
contributes to the understanding the early responses of plant and soil communities to grazer
exclusion, which can inform agricultural land management decisions and future policy

changes.

e Chapter 4 Understanding the short-term impacts of clipping and warming on carbon

and nitrogen cycling in contrasting habitats at the landscape scale
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Changing land management, particularly grazing livestock management, can affect ecosystem
carbon and nitrogen cycling, both directly and indirectly by altering plant and microbial
community composition. Understanding the mechanisms by which this occurs under current
and warmed conditions will allow us to contribute to models looking at the impact of altering
land management on greenhouse gas emission, and soil carbon and nitrogen storage at large
spatial scales. We set up a factorial experiment at four field sites. At each site the treatments,
clipping and warming, were applied both on acid and calcareous grasslands. We found that
clipping altered inorganic nitrogen and aboveground plant net productivity. We also found
clipping altered net ecosystem carbon fluxes, but this response varied depending on month
sampled. Our study found no change in microbial community composition or activity in
response to either treatment, but these did vary between sampling locations. Overall, our
study showed both clipping and warming affect labile carbon and nitrogen pools, but in the
short-term they do not alter soil total carbon or nitrogen stocks. We propose that
understanding site specific variation in microclimate and microbial community composition
may be important to accurately determine responses to changing grazing and projected

climate change.

e Chapter 5. Individual and interactive effects of clipping, faecal return, and warming on

the plant and soil properties of upland grassland

The structure and functioning of terrestrial ecosystems is strongly influenced by the
interactions between herbivores, producers and decomposers. Different aspects of grazing
livestock behavior, namely eating and defecating, have different effects on both plant and soil
properties. They also likely have a different effects if occurring in combination. Understanding
how these behaviours, alone or in combination, are affected by projected climate warming is
important for modelling climate change impacts and ‘future proofing’ nature reserves by
allowing land managers to moderate land management practices in response to climate
change. This experiment explored the impact of clipping, faecal deposition and warming on
plant and soil properties in the short-term through an 18 month field experiment undertaken
on species-poor limestone grassland. We found that soil total carbon and nitrogen pools were
reduced under faecal deposition. Clipping increased aboveground net plant productivity and,
under warming only, belowground root biomass. It also affected some labile carbon and

nitrogen pools, including increasing inorganic nitrogen but decreasing microbial nitrogen and
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dissolved organic nitrogen when in conjunction with warming. Ecosystem respiration
increased under warming, although there was much variation. However, net ecosystem
carbon fluxes did not respond to any treatments. The response of the microbial communities
to clipping, faecal application, and warming varied greatly and additional research is needed
to clarify these responses. Caution should be taken when applying these findings given this
was a short-term single site experiment, however it provides important insight into the
individual and interactive effects of the different aspects of grazing behaviour on carbon and

nitrogen cycling.
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Abstract

Changing grazing livestock management to promote soil carbon sequestration and reduce
greenhouse gas emissions has been proposed as a key mechanism for climate mitigation in
upland grasslands. However, we lack the understanding of the long-term, 10+ vyears,
consequences of changing management on soil carbon and nitrogen cycling necessary to
predict optimum grazing strategies. Our aim, therefore, is to determine the impact of
different management strategies commonly used in the UK uplands. We investigated shifts in
soil carbon and nitrogen pools, plant community composition, and microbial community

composition in response to either: mixed cattle and sheep grazing; cattle grazing; sheep
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grazing; or grazer exclusion. We analysed the impact of both livestock type and grazing
intensity. Soil total carbon and nitrogen stocks declined under sheep and mixed grazing, but
were consistently higher under cattle grazing and grazer exclusion. Plant species richness was
higher under cattle grazing, but consistently lower under mixed, sheep and grazer exclusion.
Grazing intensity had no effect on soil carbon and nitrogen stocks. Although our study covered
a limited number of sites, these findings are likely to be important to land managers making

decisions about stocking type and density.

1. Introduction

A major challenge for agriculture is the need to manage land to increase soil carbon
sequestration and reduce greenhouse gas emissions to contribute to climate change
mitigation targets. Grasslands, predominately managed pastures and rangelands, cover
approximately 40% of the Earth’s land surface (Gibson 2009). Livestock grazing is the main
form of land management in the grassland regions of Europe, and it has been widely proposed
that facilitating soil carbon storage through improved grazing management could help to
offset greenhouse gas emissions to mitigate climate change (Lal 2004, Lal 2010, Doran-
Browne et al 2017). However, our understanding of the consequences of changes in grazing
management for soil carbon storage and greenhouse gas emissions, and of the mechanisms

involved, is limited.

The majority of studies investigating the effects of grazing on soil properties and functions,
such as carbon and nutrient cycling, have not distinguished between different types of
grazers, which have different grazing behaviours and preferences, and might thus affect soil
properties differently, and commonly co-occur in mixed grazing systems. However, a subset
of studies have begun to look at the effects of different types of grazers in mixed herbivore
systems to determine their individual and combined impacts on soil nutrient cycling. For
instance, Wang et al. (2019) recently showed that diversifying livestock increased grassland
multifunctionality, measured using variables relating to productivity, nutrient cycling, soil
carbon stocks, water regulation and plant-microbe symbiosis, and biodiversity, including
aboveground and belowground organisms, in managed grasslands. Likewise, Bakker et al.

(2004) showed that variations in the relative abundance and body size of different herbivores,
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which vary spatially and with time, can modify the effects of grazers on soil nutrient cycles.
Houlbrooke et al. (2009) compared overwintering of cattle or sheep on crop pastures, and
found that, while soil compaction and bulk density were greater under cattle than sheep, no
differences in soil carbon and nitrogen measures were detected. These differences may be
due to differences in livestock foraging behaviour. These studies highlight our need to
understand the impact of different grazer types, but they did not specifically explore the

mechanisms that lead to the varied impacts.

There are a number of mechanisms through which grazers can affect soil functioning. The
effect of different herbivores on grassland vegetation and soil properties and processes
appears to be related to differences in diet composition and time spent foraging (Benavides
et al. 2009). Free-ranging grazers self-select what to eat from available food sources (Rutter
2006). Cattle are largely indiscriminate grazers, whereas sheep selectively forage and alter
their behaviour according to sward composition (Hilario et al 2017a), although the two
species appear to spend similar lengths of time foraging (Schlecht et al 2005). Cattle have
been shown to prefer moist productive habitats near a water source, whilst sheep prefer dry
nutrient-poor habitats near shelter (Putfarken et al 2008). Combining different grazing
species together can alter their grazing behaviour in response to the presence of other
species, and thus have non-additive effects on soil functioning. For example, Hilario et al.
(2017b) showed that cattle reduce the proportion of time spent grazing in the presence of
sheep, although effects on soil properties and processes were not tested. Although some
patterns in behavioural variation have been identified, it is likely that these are highly
dependent on habitat heterogeneity, animal life-history, and animal breed. Therefore, the

impact of grazing behaviour is likely to be complex and site specific.

Whilst behavioural differences account for some of the variation in the impacts of different
livestock species on biodiversity and nutrient cycling, other factors, such as variation in their
excrement composition and behaviour, also play a role. Cattle urine has a greater nitrogen
concentration than that of sheep and deer (Bristow et al. 1992), and the experimental
application of cattle urine has been shown to result in greater nitrogen leaching than with
sheep or goat urine (Hoogendoorn et al. 2011). Further, Williams and Haynes (1995) showed
that rates of decomposition of cattle, deer and sheep dung differ, with sheep and deer dung

degrading quicker than cattle dung. For all species, dung increased soil carbon, nitrogen and
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phosphorus content compared to control plots, but for cattle this was accompanied by an
increase in soil microbial biomass, which was still evident 3 years after dung application. This
suggests that the legacy effect of dung on soil properties and processes might vary across
different types of grazing animal, with consequent impacts on grassland production and
composition. Excretion behaviour varies between cattle and sheep, both in terms of the

number of excretion events and the locations chosen (Betteridge et al 2010).

Despite the volume of evidence that both the foraging behaviour and the excrement
composition of livestock species varies, there has been very little work undertaken on how
these factors impact soil carbon and nitrogen stocks in grassland systems. A review by Rook
et al (2004) identified differences between the impact of different domestic livestock types
on sward biodiversity, largely due to their varied dietary preferences and body size. It has
been hypothesised that herbivore body size positively correlates with the scale at which they
make foraging decisions. Veen et al. (2012) demonstrated that rabbits responded to local
scale habitat heterogeneity. However, in the presence of cattle, which reduced landscape
heterogeneity, rabbits no longer selected foraging sites but foraged uniformly within
landscape. Tanentzap et al. (2011) studied invertebrates and deer. They showed that different
species selectively fed on plants with different functional traits and suggested a high
proportion of this variation could be explained on the basis of phylogeny, as herbivore forage
selection has affected the evolutionary and ecological structuring of plant communities
(Ohgushi 2005). Nevertheless, uncertainties remain over the impact of different livestock
grazing species and their combinations on soil functioning and vegetation diversity and

composition, which needs to be addressed to aid future agricultural policy decisions.

Many studies demonstrate that optimizing livestock type is the most important land
management tool for biodiversity conservation (Téth et al 2016), but changing grazing
intensity is also likely to have a significant impact on ecosystem functioning. Studies
comparing sites with different grazing intensities, or sites where grazing has been ceased,
vary in their conclusions regarding the relationship between grazing and soil carbon and
nitrogen cycling. Conant et al. (2003) showed increased soil carbon and nitrogen under
intensive grazing, which is consistent with Allard et al. (2007) who reported increased primary
productivity and greenhouse gas sink activity in intensively managed pastures over a 3 year

period. However, Marriott et al. (2010) compared grazer exclusion with lightly and intensively
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grazed sites, and concluded that the impact of grazing intensity varies between habitat types:
soil carbon and nitrogen was greater in intensively grazed pastures in wetter sites, but greater
in extensively managed pastures in drier sites. Studies on greenhouse gas emissions
comparing semi-natural moorland to productive fertilised grassland with high grazing
pressures showed higher carbon dioxide uptake rates in the grassland, although this positive
effect was largely offset by greater emissions of methane and nitrous oxide, which are more
potent greenhouse gases than carbon dioxide (Skiba et al. 2013). However, nitrous oxide
emissions have been shown to reduce in response to increasing grazing intensity on the
Mongolian steppe grasslands (Wolf et al 2010). Other studies have, by contrast, found no
correlation between stocking density and greenhouse gas emissions (van den Pol-van
Dasselaar et al. 1999). With many land managers considering altering livestock stocking
densities or removing livestock from pastures for environmental or welfare reasons,
knowledge of how these changes will affect soil carbon and nutrient cycling will help to
determine whether management strategies are optimal for maintaining and/or increasing soil

carbon storage in grasslands.

The goal of this study was to explore at the landscape scale how grazing by different types of
livestock, namely sheep and cattle, whether individually or in combination, influences soil
carbon and nitrogen stocks in upland grasslands. We also explored how grazing management
influenced soil microbial communities, soil nutrient availability, and vegetation composition
to provide a mechanistic understanding of the effects of grazing on surface soil carbon and
nitrogen storage that can be used to inform climate mitigation in upland grasslands (Manning
et al 2015). We hypothesised that cattle grazing, as opposed to sheep grazing, promotes soil
carbon and nitrogen storage, and that livestock grazing at low intensities, as opposed to
intensive grazing or grazer exclusion, is optimal for soil carbon and nitrogen storage. This was
tested using a network of grassland sites within the Yorkshire Dales National Park, northern

England, that had been under their current grazing management regime for >10 years.
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2. Materials and methods
2.1 Site description and experimental design

The study was carried out in Yorkshire Dales National Park, northern England. The geology is
predominantly carboniferous limestone, including Great Scar limestone and the Yoredale
series of layered limestone interspersed with shale and sandstone, with millstone grit at
higher ground (Waltham 2007). Sites were selected at two locations: Ingleborough National
Nature Reserve (54°11’47.4”N, 2°21'00.8”W), owned and managed by Natural England; and
Malham Tarn Estate (54°06’09.9”N, 2°10’38.5”W), owned by the National Trust. Eight fields
were selected at Ingleborough: 2 ungrazed, 2 grazed only by sheep, 2 grazed only by cattle,
and 2 grazed by a combination of sheep and cattle. Thirteen fields were selected at Malham
Estate: 3 ungrazed, 4 grazed only by sheep, 3 grazed only by cattle, and 3 grazed by a
combination of sheep and cattle. Sheep were predominately Swaledales, whereas cattle were
a mixture of traditional breeds, such as beef Longhorns or Belted Galloways, and European
breeds, largely Limousins. Each field was treated as an independent grazing unit, and this
design meant that, in total, there were 5 independent replicate fields for each treatment. For
each field, grazing intensity was calculated as livestock units (LU)ha? based on DEFRA
guidelines. Livestock units, sometimes referred to as cow equivalents, are based on the feed
requirements of different livestock breeds and ages. These values can then be multiplied by
the monthly livestock units and then averaged across the whole year. All fields selected had
been under consistent grazing management for >10 years with no application of artificial
fertilisers. The only non-grazing management undertaken in these fields was the removal of
creeping thistle (Cirsium arvense) using scythes or by the application of a targeted herbicide.
We focussed on grasslands because they cover a large portion of the UK land surface and
contain an estimated 32% of the national soil carbon stock, thereby representing a nationally

significant carbon store (Ostle et al. 2009, Manning et al. 2015).

2.2 Soil and vegetation sampling

In summer 2014, we marked a single transect across each field from its edge to the centre,
and four equidistant sampling points were selected. At each sampling point, we identified a

5m? sampling area from which we took 5 soil cores of 4cm diameter to 10cm depth. These
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were bulked to form a composite sample, and a single core of the same dimensions was taken
to measure bulk density. We focused on the surface 10cm soil as this is the zone of soil under
most influence from grazing animals and where the greatest soil carbon content relative to
subsurface soil occurs (Ward et al. 2016). However, we recognise that substantial stocks of
carbon and nitrogen are found at depth in grasslands (Jobbagy and Jackson 2000; Ward et al.

2016), but deeper sampling was beyond the scope of this study.

All soil samples were taken back to the laboratory, passed through a 2mm sieve, and stored
at 4°C until analysis, and a subset of soil was frozen at -80°C for microbial community
assessment using Phospholipid Fatty Acid (PLFA) analysis. Bulk density samples were dried at

105°C for 48hours prior to weighing.

Plant and bryophyte surveys were undertaken in the centre 50cm? with identification done to
species level. Vegetation, classed as living plant or bryophyte tissue, and litter samples,

classed as dead and partially decomposed tissue, were taken from the central 25cm?.

2.3 Soil nutrient analysis

Extractions were undertaken on the sieved soil samples. Water soluble carbon and nitrogen
extracts consisted of 5g fresh soil in 35ml MilliQ H;0, shaken for 10minutes and filtered
through a 1-grade Whatman paper. Inorganic nitrogen (NHs* and N-NOs) concentration in
water extracts was determined by automated continuous flow colourimetry in a Seal AA3
Segmented Flow Multi-Chemistry Analyser (Mequon, WI, USA) and DOC was measured using
a Shimadzu TOC Analyser (Tokyo, Japan). Rates of ammonium-N mineralisation were
determined by measuring the difference in N-NHs* concentration between KCl extracts of
incubated soil samples, stored in sealed tubes at 25°C for 14 days, and non-incubated soil
samples (Campbell et al. 1993, Harrison and Bardgett 2010). Extractions consisted of 10g fresh
soil and 25ml 1M KCI, shaken for 60minutes and filtered through 1-grade Whatman paper.
Ammonium mineralisation rate was calculated as (N-NHs*t1a - N-NH4"t0)/(14 days) (mg N-
NHs*kg dry soil"day™). Nitrate mineralisation rate was determined using the same
procedure, but for N-NOs'". For all extracts, N-NH4* and N-NOs” were determined by automated
continuous flow colourimetry in a Seal AA3 Segmented Flow Multi-Chemistry Analyser

(Mequon, WI, USA) and total carbon was measured using a Shimadzu TOC Analyser (Tokyo,
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Japan). Residual soil was oven-dried at 70°C for 48 hours. Total carbon and nitrogen was
determined using this soil on a Dry Combustion Elemental Analyser Elementar Vario EL Cube

(Hanau, Germany).

2.4. Microbial community analysis

Microbial carbon and nitrogen were determined by measuring the difference between
fumigated, sealed with CHCls for 24hours, and unfumigated soil samples (Cabrera and Beare
1993, Vance et al. 1987). Extracts consisted of 5g fresh soil in 0.5M K;SOa4, shaken for
30minutes and filtered through 1-grade Whatman paper. Microbial carbon and nitgrogen
biomass were calculated as the difference between total carbon, N-NHs and N-NOs™ in the
fumigated and unfumigated samples, using an extraction efficiency factor of ke.=0.43 for
carbon (Sparling et al. 1990) and ke.=0.54 for nitrogen (Brookes et al. 1985). Microbial
community structure, based on PLFAs, was analysed on freeze-dried subsamples of soil (Bligh
and Dyer 1959, Frostegard et al. 1991, White et al. 1979), as modified by Buyer and Sasser
(2012, Appendix 1). The samples were analysed on an Agilent 7890A Gas Chromatograph
(Santa Clara, CA, USA). The fatty acids i15: 0, al15: 0, 15 :0, i16: 0, 17 :0, i17: O, cy17 :0,
cis18:1w7 and cy19: 0 were chosen to represent bacterial PLFAs (Federle 1986; Tunlid et al.
1989; Frostegard et al. 1993) and 18:2w6 was used as an indicator of fungal biomass (Federle
1986). The ratio of fungal PLFAs to bacterial PLFAs was taken to represent the ratio of
fungal:bacterial biomass in soil (Bardgett et al. 1996; Yeates et al. 1997). Total PLFA was used

as a measure of the active microbial biomass (White et al. 1979).

2.5 Vegetation and litter analysis

Vegetation and litter samples were oven-dried at 70°C for 72 hours, and then weighed to
determine vegetation and litter biomass per plot on a dry weight basis, respectively. Total
carbon and nitrogen of vegetation and litter samples were determined using a Dry
Combustion Elemental Analyser Elementar Vario EL Cube (Hanau, Germany). Vegetation
survey data was used to allocate the most appropriate national vegetation classification (NVC)

for each plot. NVCs were developed as a common standard for UK nature conservation
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agencies, designed to classify and describe British plant communities systematically (JNCC
2019). NVCs allow us to determine whether a plots response to livestock management was
dependent on their vegetation communities. A score of species richness was calculated for

each plot by adding up the total number of species.

2.6 Statistical analysis

Exploratory principle component analyses (PCA) were performed to identify correlations
between the measured plant and soil variables, and grazing type and intensity. These
variables included: grazing type, grazing intensity, pH, bulk density, soil moisture, total
nitrogen, dissolved organic nitrogen (DON), dissolved inorganic nitrogen (DIN), plant available
or inorganic nitrogen, nitrogen mineralisation rate, microbial nitrogen, total carbon, dissolved
organic carbon (DOC), microbial carbon, bacterial PLFAs, fungal PLFAs, PLFA ratio, grassland
type, vegetation richness, vegetation biomass, vegetation total nitrogen, vegetation total
carbon, litter biomass, litter total nitrogen and litter total carbon. PCAs were performed using

the command prcomp() and plotted using biplot() in R (R Development Core Team 2010).

Pairwise linear regression models were then performed to examine the relationships between
variables shown to be strongly associated with grazing intensity on the PCA. Generalised
linear mixed effects models were performed on variables shown to correlate with grazing
intensity. These were done using the Im() and glm() functions respectively in R (R
Development Core Team 2010). To determine whether grassland type, categorised using
NVCs, was impacting the results GLMs, using the glm() and anova() function in R (R Core
Development Team 2010), were also calculated to compare grassland type with all variables
shown to significantly correlate with either grazer type or grazing intensity, as well as soil total
nitrogen and soil total carbon. The associated graphs were plotted with ggplot() in R (R Core

Development Team 2010).

3. Results

Soil total nitrogen stocks varied across all sampling sites from 0.32 kg m? to 3.89 kg m?, with

an average of 1.58kg m?, whereas total soil carbon varied from 5.45kg m? to 76.58 kg m?, with
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an average of 23.66kg m2. Across all sites, fields grazed by sheep, either solely or in
combination with cattle had significantly lower total soil nitrogen (Table 2.1, GLM: df=3,
F=3.2042, P<0.05, Figure 2.1a) and total soil carbon (Table 2.1, GLM: df=3, F=6.0129, P<0.001,
Figure 2.1b) than those that were ungrazed or grazed solely by cattle. Cattle only fields had
significantly higher soil pH (Table 2.1, GLM: df=3, F=3.3219, P<0.05), microbial carbon (Table
2.1, GLM: df=3, F=3.0835, P<0.05), bacterial PLFAs (Table 2.1, GLM: df=3, F=3.741, P<0.05)
and fungal PLFAs (Table 2.1, GLM: df=3, F=2.7357, P<0.0.5), but significantly lower rates of
nitrogen mineralisation (Table 2.1, GLM: df=3, F=3.3424, P<0.05) compared to the other
grazing treatments. Fields under different grazing regimes otherwise did not differ in terms
of their soil properties, specifically bulk density, soil moisture, dissolved inorganic nitrogen
(DIN), dissolved organic nitrogen (DON), plant available or inorganic nitrogen, dissolved

organic carbon (DOC), microbial nitrogen, and fungal to bacterial PLFA ratio (Table 2.1).

Fields grazed by cattle had higher plant species richness than those that were ungrazed, or
grazed solely by sheep or grazed by a combination of sheep and cattle (Table 2.1, GLM: df=3,
F=2.9435, P<0.05, Figure 2.2). Grazer type significantly changed both vegetation and litter
biomass (Table 2.1, GLM: df=3, F=4.9986, P<0.01; GLM: df=3, F=3.8272, P<0.05, respectively),
vegetation carbon and nitrogen pools, (Table 2.1, GLM: df=3, F=5.1436, P<0.01; GLM: df=3,
F=4.898, P<0.01, respectively), and litter carbon and nitrogen pools (Table 2.1, GLM: df=3,
F=5.1436, P<0.01; GLM: df=5.3221, P<0.01, respectively). Specifically, sheep only fields had
the lowest aboveground live vegetation biomass, carbon and nitrogen, whereas cattle and

ungrazed fields had the greatest litter biomass, carbon and nitrogen.

Grazing intensity, measured as LU/ha, did not correlate with either soil total nitrogen (Table
2.2, Figure 2.3a) or soil total carbon (Table 2.2, Figure 2.3b). However, grazing intensity did
positively correlate with soil bulk density (Table 2.2, LM: df=1, F=12.277, P<0.001), microbial
nitrogen (Table 2.2, LM: df=1, F=5.2014, P<0.05) and bacterial PLFA (Table 2.2, LM: df=1,
F=6.0872, P<0.05). In terms of vegetation, grazing intensity negatively correlated with litter
biomass (Table 2.2, LM: df=1, F=5.8354, P<0.05), and both vegetation total carbon (Table 2.2,
LM: df=1, F=5.2122, P<0.05) and litter total carbon (Table 2.2, LM: df=1, F=5.1127, P<0.05).
Grazing intensity was not related to plant species richness or overall vegetation biomass, nor

any of the other measures of carbon and nitrogen in soil (Table 2.2).
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The field sites covered a range of grassland types, categorised according to their NVC, and
spanned calcicolous grassland (CG), heaths (H), mires (M), mesotrophic grasslands (MG),
calcifugous grasslands and montane communities (U), and vegetation of open habitats (OV).
Only mires differed significantly from the other grassland types in their soil properties, with
significantly lower pH (Table 2.3, GLM: df=5, F=7.0497, P<0.001) and bulk density (Table 2.3,
GLM: df=5, F=2.421, P<0.05), and higher soil moisture (Table 2.3, GLM: df=5, F=4.0282,
P<0.01). They also differed in their soil chemistry having higher total soil nitrogen (Table 2.3,
GLM: df=5, F=6.6055, P<0.001, Figure 2.4a) and total soil carbon (Table 2.3, GLM: df=5,
F=3.4931, P<0.01, Figure 2.4b). Additionally, mires had lower bacterial and fungal PLFAs
(Table 2.3, GLM: df=5, F=5.823, P<0.001; df=5, F=6.3838, P<0.001, respectively). They also
had higher litter biomass (Table 2.3, GLM: df=5, F=3.5976, P<0.01), and lower plant carbon
(Table 2.3, GLM: df=5, F=2.5603, P=0.05). Both calcareous and mire habitats had higher
species richness than the other grassland types (Table 2.3, GLM: df=5, F=3.1658, P<0.05).
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Table 2.1. The effects of grazing management (ungrazed, cattle, mixed, sheep) on the

ecosystem properties listed determined using generalized linear models. Significance is

indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Predictor Variable: Grazing Management

Response Variable
pH
Bulk density
Soil Moisture
Soil total nitrogen
Dissolved inorganic nitrogen
Dissolved organic nitrogen
Inorganic nitrogen
Nitrogen mineralisation rate
Microbial biomass nitrogen
Soil total carbon
Dissolved organic carbon
Microbial biomass carbon
Bacterial PLFAs
Fungal PLFAs
Fungal : Bacterial PLFAs
Plant species richness
Plant biomass
Plant tissue nitrogen
Plant tissue carbon
Litter biomass
Litter tissue nitrogen
Litter tissue carbon

Df

W W wWwwwwwwwwwwwwwwwwwwuw

F
3.322
2.447
1.571
3.204
0.229
1.526
0.547
3.342
2.355
6.013
2.159
3.084
3.741
2.736
0.217
2.944
4.999
5.622
5.144
3.827
5.322
4.898

Pr(>F)
0.024 *
0.070
0.203
0.028 <
0.876
0.214
0.652
0.023 *
0.078
0.001 S
0.099
0.032 s
0.014 *
0.049 s
0.885
0.038 s
0.003 *
0.002 et
0.003 *
0.013 <
0.002 **
0.034 et
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Table 2.2. The effects of grazing intensity (LU/ha) on the ecosystem properties listed

determined using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01,

and *** P<0.001.

Predictor Variable: Grazing Intensity

Response Variable
pH
Bulk density
Soil Moisture
Soil total nitrogen
Dissolved inorganic nitrogen
Dissolved organic nitrogen
Inorganic nitrogen
Nitrogen mineralisation rate
Microbial biomass nitrogen
Soil total carbon
Dissolved organic carbon
Microbial biomass carbon
Bacterial PLFAs
Fungal PLFAs
Fungal : Bacterial PLFAs
Plant species richness
Plant biomass
Plant tissue nitrogen
Plant tissue carbon
Litter biomass
Litter tissue nitrogen
Litter tissue carbon

O
-

P R R RPRRPRRRPRRPRRRRPRRRRRPERRERIERERR

F
2.376
12.277
9.717
1.979
2.074
1.244
0.027
0.781
5.201
0.746
2.916
0.411
6.087
0.295
0.007
1.188
3.934
3.750
5.212
5.835
3.865
5.113

Pr(>F)
0.127
0.001
0.003
0.163
0.154
0.268
0.869
0.380
0.025
0.390
0.092
0.524
0.016
0.588
0.934
0.279
0.051
0.056
0.025
0.018
0.053
0.026

%k %k %k
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Table 2.3. The effects of grassland type (NVC) on the ecosystem properties listed determined

using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

P<0.001.

Predictor Variable: Grassland Type

Response Variable
pH
Bulk density
Soil Moisture
Soil total nitrogen
Dissolved inorganic nitrogen
Dissolved organic nitrogen
Inorganic nitrogen
Nitrogen mineralisation rate
Microbial biomass nitrogen
Soil total carbon
Dissolved organic carbon
Microbial biomass carbon
Bacterial PLFAs
Fungal PLFAs
Fungal : Bacterial PLFAs
Plant species richness
Plant biomass
Plant tissue nitrogen
Plant tissue carbon
Litter biomass
Litter tissue nitrogen
Litter tissue carbon

O
-

(SO 2 RO RO B O RO RO B O O O s RO L RO RO, RO, RO, RO RO RO O Oy RO, RO,

F
7.050
2.421
4.028
6.606
1.594
0.845
2.197
4.128
1.008
3.493
2.248
0.476
5.823
6.384
3.077
3.166
1.486
2.560
1.649
3.598
1.942
2.280

Pr(>F)

0.000
0.043
0.003
0.000
0.172
0.522
0.063
0.002
0.419
0.007
0.058
0.793
0.000
0.000
0.014
0.012
0.204
0.034
0.157
0.006
0.097
0.055

3k %k %k
*
%k %k

* %k %

* %

%k %k %k

%k %k %k

* %k
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Figure 2.1. Grazing management (ungrazed or absent, cattle, mixed and sheep) effects on [a]

soil total carbon stocks (kg/m?) and [b] soil total nitrogen stocks (kg/m?) measured to 10cm

depth. Both carbon and nitrogen stocks were lower in fields grazed by sheep either solo or in

combination with cattle. The box represents the interquartile range, with the median

displayed as a black line within the box. The represent error bars showing the 95% confidence

interval, and any outliers are shown as black dots above and below the box-and-whisker plots.
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Figure 2.2. Grazing management (ungrazed or absent, cattle, mixed and sheep) effects on
plant species richness (number of species/50cm?). Plant species richness was higher in the
fields grazed solely by cattle, compared to fields grazed by sheep or ungrazed fields. The box
represents the interquartile range, with the median displayed as a black line within the box.
The represent error bars showing the 95% confidence interval, and any outliers are shown as

black dots above and below the box-and-whisker plots.
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Figure 2.3 Grazing intensity (LU/ha) effects on [a] soil total carbon stocks (kg/m?) and [b] soil

total nitrogen stocks (kg/m?) measured to 10cm depth. No pattern was observed.
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Figure 2.4. Grassland type (CG=Calcareous Grasslands; H-Heath; M=Mire; MG=Mesotrophic
Grasslands; OV=Vegetation of Open Habitats; and U=Acid Grasslands) effects on [a] soil total
carbon stocks (kg/m?) and [b] soil total nitrogen stocks (kg/m?) measured to 10cm depth. Mire
were significantly different to the other grasslands types, with higher soil carbon and nitrogen
stocks. The box represents the interquartile range, with the median displayed as a black line
within the box. The represent error bars showing the 95% confidence interval, and any

outliers are shown as black dots above and below the box-and-whisker plots.
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4, Discussion

Our aim was to explore the long-term, landscape scale impacts of different livestock
management practices on soil carbon and nitrogen stocks, and plant diversity. We found that,
despite much variation in soil properties and vegetation across sites, livestock grazing had a
significant impact on soil properties, with both soil total carbon and nitrogen stocks being
lower in fields grazed only by sheep or sheep and cattle in combination. We also found that
livestock type significantly impacts plant species richness, with fields grazed solely by cattle
having greater species richness per unit area than the other grazing treatments. Grazing
intensity, by contrast, was not related to either soil carbon or nitrogen stocks, or plant
diversity, but was positively related to soil bulk density, microbial biomass nitrogen and
microbial abundance, suggesting that it is an important determinant of soil physical and

biological properties at the landscape scale.

A key finding of our study was that fields grazed by sheep, either solo or in combination with
cattle, had lower soil carbon and nitrogen stocks than ungrazed fields or those grazed solely
by cattle. Sheep do not significantly differ in terms of the average nitrogen content (8.7NI?)
of their urine compared to cattle (7.2NI") (Selbie et al 2015). Therefore, the composition of
excreted material is unlikely to account for this variation. However, sheep produce a
significantly lower volume of excreta (1-4kg/head) than cattle (42-64kg/head), with annual
nitrogen excretion rate estimated at 9kg per adult sheep and 76-116kg per adult cow (Smith
and Frost 2000). As such, the higher carbon and nitrogen stocks in fields grazed by cattle alone
could be attributed in part to greater return of excreta to soil from cattle, which is known to
stimulate rates of carbon and nitrogen cycling in grassland soils (Liu et al 2017). Foraging
behaviour may also help to explain why soil carbon and nitrogen stocks were lower in fields
grazed by sheep. For example, Chang et al (2018) compared the same grazing strategies on
both low and high diversity semi-arid grasslands in China and found that, in high diversity
grasslands, sheep grazing decreased soil carbon storage, likely due to their selective foraging
on high quality forbs. As part of the same experiment, Liu et al (2017) found that soil nitrogen
availability increased in response to all grazing in high diversity grasslands. Sheep foraging
behaviour likely caused the lower vegetation biomass in the fields observed in our study.
Lower vegetation biomass may impact plant root exudates and plant root turnover (van Hees

et al 2005), with are key sources of carbon and nitrogen for microbial metabolism, might
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therefore have contributed to reduced soil total carbon and nitrogen stocks, but the

mechanisms behind this are unclear and warrant further investigation.

The lack of a significant difference in soil total carbon and nitrogen between the cattle and
ungrazed fields may be because insufficient time has passed to observe an effect. All fields
within this experiment had been under the same grazing prescription for 10+ years, which is
likely insufficient for the impact of grazer exclusion to be detected. Comparing sheep grazed
areas on montane grassland at Moor House, northern England, with adjacent exclosures
established in the 1950s and 1960s, Marrs et al (2018) found no significant differences in the
soil or vegetation properties between the two, which was taken to suggest that rewilding
strategies relying on the cessation of grazing alone are unlikely to impact ecosystem recovery
in the short to medium term. Similarly, Medina-Roldan et al (2012) compared adjacent grazed
and ungrazed grasslands in the same vicinity as this study, and found no detectable impact
on soil carbon and nitrogen content after 7 years of grazing exclusion. As such, it is likely that
the effects, if any, of grazing exclusion on soil carbon and nitrogen will take many years to

occur.

Although fields grazed by cattle alone did not significantly differ from the ungrazed sites in
terms of soil total carbon and nitrogen, they did have higher microbial abundance and
microbial biomass carbon, but lower rates of nitrogen mineralisation. Microbial communities
are key regulators of terrestrial carbon and nitrogen cycle-climate feedbacks (Bardgett et al
2008); as such, these responses could be of longer-term significance for plant production and
carbon cycling in grasslands. Wang et al (2006) compared cattle grazed to ungrazed pastures
in Florida and found increased microbial biomass under cattle grazing. Likewise, in a study of
hill grasslands in North Wales, Bardgett et al. (1997) found that long-term exclusion of grazers
reduced soil microbial biomass and activity in the surface soil, but had no impact on bacterial
biomass measured using PLFA, as done here. It is possible that these responses link to faecal
deposition, although Lovell and Jarvis (1996) found no impact of cow pat application on soil
microbial biomass unless dung was mixed into soil. This also does not explain the
counterintuitive result of higher microbial biomass, but lower rates of nitrogen
mineralisation. However, soil pH, hypothesised to be a major regulator of carbon and nitrogen

in soils, was significantly higher in cattle only fields and this may alter the functioning and
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composition of the microbial community resulting in the observed changes (Kemmitt et al

2006).

Grazing solely by cattle was associated with higher plant species diversity than with other
grazer types, or the cessation of grazing. By grazing these habitats with non-selective
herbivores, such as cattle, completion for resources is maintained and hence plant
biodiversity is increased. Studies in the Swiss Alps showed more diverse structures of
vegetation under mixed grazed systems, with sheep grazing selectively at high altitudes and
cattle grazing less selectively close to shelters (Zabel 2019). Comparing cattle and sheep
grazing on short-grass steppe in Hungary, Toth et al (2016) found cattle grazing increased
both taxonomic and functional diversity, as well as increasing forbs cover. In France, a study
analysing the effect of introducing a biodiversity-friendly rotational grazing system found that
using cattle instead of sheep increased the abundance and species richness of flower visiting
insect assemblages, due to increased flower cover and sward heterogeneity (Ravetto Enri et
al 2017). Mu et al (2016) studied grazing on the Tibetan rangelands found that light to
moderate grazing, as opposed to grazer exclusion or heavy grazing, promoted plant
biodiversity at the individual and community level, as well as increasing nectar production by
lowering light competition resulting in more flowering individuals. Competition for light may
well explain variation within this study. Ungrazed sites studied here were mostly dominated
by single or a few plant species, typically with a light blocking plants such as heather or rushes.
In the absence of grazing livestock, grasslands can become dominated by fast growing,
palatable species, at least in the short term although this response is highly variable
depending on nutrient availability (Proulx and Mazumder 1998). The biodiversity benefits of
grazing cattle, versus grazing sheep or ceasing grazing, are therefore likely due to the non-

selective grazing behaviour expressed by cattle.

We also tested whether soil carbon and nitrogen, and other soil properties, were related to
stocking density, measured in terms of livestock units per area of land. Although we found
that bulk density increased with stocking density, which was presumably due to increased
trampling and compaction (Zhao et al 2007), no relationship between stocking density and
total soil carbon and nitrogen content was detected, suggesting that there is no optimal
stocking density for soil carbon and nitrogen sequestration across our grassland sites. This

finding contrasts with studies that have focused on single grassland types, which have
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identified optimal levels of grazing for soil carbon and nitrogen storage. For example, Chen et
al (2015) compared high and moderate intensity grazing on semi-arid temperate steppe
grasslands in China. They demonstrated that moderate grazing pressure increased soil carbon
sequestration, but lowered soil nitrogen compared to high grazing pressure. On upland
grasslands, similar to those studied here, Smith et al (2014) concluded no or low intensity
sheep grazing were optimal for soil carbon sequestration when compared to current ‘high’
intensity or standard commercial stocking levels. The lack of correlation between grazing
intensity and most soil properties in this study maybe due to the diversity of habitat types
contained therein. Both McSherry and Ritchie (2013) and Abdalla et al (2018) modelled the
impact of grazing on soil carbon at the global scale and concluded that grazer impacts were
context specific with different grasslands types, in this case Cz and Cs-dominated, responding
differently. They concluded that grazers in different regions may need to be managed
differently to help mitigate greenhouse gas emissions. Future studies should therefore either
focus on single grassland types, or ensure sufficient replicates of each grassland type to allow
them to be analysed individually. This apparent inconsistencies in the response of different
grassland types complicates the role of land managers and policy makers in determining
optimal grazing livestock management practices across heterogeneous environments. It is
likely that future decision makers will have to recognise that a ‘one-size-fits-all’ agricultural

policy is unsuitable and that decisions need to be made at the individual farm scale.

In addition to exploring the impact of livestock grazing on soil physical and chemical
properties, our study also addressed whether these varied across habitats. The NVC system
of classifying grasslands using their plant communities is widely used by UK ecologists (JNCC
2019). However, classification by plant community does not take into account soil physical or
chemical properties. Our study found that most plant communities included within this study
did not vary significantly in soil properties, with the exception of plots classified as mires,
which varied significantly across all soil physical and chemical measures undertaken. Mire
habitats are ecologically significant as they are globally restricted in their distribution (Keith
et al 2014) and include peatlands, which are an important store of carbon (Limpens et al 2008,
Dise 2009). In addition, mires support highly specialised species (Minayeva et al 2017) of
fauna, including Sphagnum mosses and sedges (Desrochers and van Duinen 2006), and flora,

including spiders (Oxbrough et al 2007) and beetles (Sushko 2019). It is therefore not
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surprising that habitats classified as mires differ in their soil properties from other vegetation
types commonly found in the UK uplands. However, this finding has implications for future
landscape scale grazing studies that include mire, as variation maybe due to the habitat itself
rather than the agricultural management. Separate assessment of the impact of grazing on
mires was beyond the scope of this study due to the lack of accessible mire habitat within the
Yorkshire Dales National Park, and mires represented less than 5% of the plots within this
experiment. Land managers should also be wary of including mire habitat in their assessment

of stocking due to the unique nature of this habitat.

5. Conclusion

The results of this study suggest that the optimal grazing management for ecosystem service
provision in upland grasslands is to graze the landscape with cattle. This management strategy
promotes plant diversity and does not reduce surface soil carbon and nitrogen stocks, when
compared to other common methods of livestock management, especially grazing by sheep
alone. Grazing solely by cattle is by no means the dominant practice in British uplands, which
are traditionally dominated by sheep grazing for cultural and economic reasons. The
reduction of surface soil total carbon and nitrogen in response to sheep grazing brings into
guestion current upland management that is dominated by sheep grazing. However, with the
current shift towards agricultural policy based on sustainability, the decline in the economic
viability of sheep farming, and the consumer-driven movement to reduce the environmental
impact of agriculture, it may be that changing from sheep to cattle grazing becomes a practical
solution for upland farmers. On a cautionary note, there are a number of variables that were
beyond the scope of this study that would need to be investigated before large-scale changes
in grazing were used a strategy for climate mitigation. Specifically, our study was restricted to
one area with a limited number of sites; as such, further studies need to be conducted across
grassland regions covering a wider range of soil and climatic conditions to draw firm
conclusions. Furthermore, we only measured soil carbon and nitrogen stocks in the surface
10cm soil. It is known that large pools of carbon are found at depth in grasslands, and that
these can also be sensitive to grazing management (Ward et al. 2016). Additionally, the

impact of changing grazing management on vertebrate and invertebrate biodiversity, water
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quality and run off, and the economic viability of large-scale cattle farming would need to be

determined.
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Abstract

Semi-natural upland grasslands provide a host of ecosystem services. Grazing livestock is the
predominant management practice in these ecosystems and their importance for vegetation
dynamics and ecosystem functioning is widely acknowledged. However, our understanding
of the impact of altering grazing management practices on soil microbial communities, which
drive many ecosystem processes, is limited. This experiment explored the short-term (i.e. 2.5
years) impact of excluding livestock on soil microbial communities, and the soil properties and

processes that underpin ecosystem services related to carbon and nitrogen cycling. This was
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done using fenced exclosures erected on two widespread upland grassland habitats, namely
acid and calcareous grasslands, at two locations in the Yorkshire Dales National Park, northern
England. The exclosures were designed to eliminate both sheep and cattle or cattle. We found
that grazer exclusion increased available inorganic nitrogen, and increased aboveground
plant biomass and aboveground plant tissue carbon and nitrogen content. Ecosystem carbon
fluxes, however, did not respond to grazer exclusion, nor did they correlate with any other
variables. Soil total carbon and nitrogen also did not change in response to grazer exclusion,
likely because of the short duration of this study. Despite the short timescale, our study
contributes to the understanding the early responses of plant and soil communities to grazer
exclusion, which can inform agricultural land management decisions and future policy

changes.

1. Introduction

Extensively managed upland grasslands are one of the most widespread semi-natural habitats
in the United Kingdom (Ratcliffe 1977) and represent one of the largest soil carbon stores
(Milne and Brown 1997, Ostle et al. 2009, Ward et al. 2016). Livestock farming has a long
history in upland regions (Simmons 2003), although recent shifts in agricultural policy and
public opinion mean that meat production is no longer the sole objective of upland farming.
Changes in livestock management are often proposed as a method to optimise ecosystem
service delivery, including mitigating climate change through promoting soil carbon
sequestration and reducing greenhouse gas emissions (Smith et al 2013, Smith et al 2016).
Close links between carbon and nitrogen cycles mean that increased carbon storage can result
in increased nitrous oxide emissions, unless nitrogen inputs are also controlled through
appropriate management (Lugato et al 2018). Changes in grassland management usually
involve changing the livestock type and intensity, or occasionally excluding grazing livestock
entirely. However, despite these habitats being classified as sensitive to land management
change (Thompson et al 1995), our knowledge of how altering livestock management impacts

soil properties and processes that underpin grassland ecosystem services is limited.

Grazing livestock management has been shown to alter soil properties and processes through

a number of mechanisms. The type of livestock used to graze land effects vegetation in
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different ways because herbivore species differ in their diet preferences, terrain use, and their
potential to alter plant growth (Walker 1994). For example, cattle are non-selective grazers
but consume large volumes, whereas sheep are selective grazers preferentially consuming
nutrient dense species (Grant et al 1985). Putfarken et al (2008) found cattle also prioritised
access to water and grazed local to water sources. Contrastingly, they found sheep were
typically found nearer shelter. Houlbrokke et al (2009) compared sheep and cattle grazing
impacts on soil in pastures in New Zealand. Although they found no difference in soil carbon
and nitrogen content, which was expected given the study lasted only 3 years, they did find
that cattle increased soil compaction, which would likely effect soil carbon and nitrogen
cyclingin the long-term. In contrast, Zhou et al (2017) undertook a meta-analysis to determine
the effect of grazing intensity on soil carbon and nitrogen cycling. They found that livestock
type, climate and soil depth were the main factors affecting soil carbon and nitrogen stocks.
For example, they found that soil carbon and nitrogen content, as well as root carbon and
nitrogen content, decreased more under sheep than cattle grazing. Excreta deposition
stimulates microbial activity and rates of nutrient cycling (Augustine et al 2003, Bardgett and
Wardle 2003). Short-term grazer exclusion has been shown to slow-down rates of nutrient
cycling (Bardgett et al 2001, Medina-Roldan et al 2012), which is largely attributed to a
reduction in nitrogen inputs to soil due to the absence of animal excreta. Despite many
studies, it remains unclear how changing livestock management, including changing the
livestock type or ceasing grazing, impacts soil carbon and nitrogen cycling in grasslands. This
is an important gap in our knowledge that needs filling in order to determine what livestock
management practices promote soil carbon and nitrogen sequestration across different

grassland types.

The composition of soil microbial communities affects the soil carbon and nitrogen cycling
(Bardgett et al. 1998; Bardgett and Wardle 2003). Grasslands with bacterial-dominated soil
microbial communities typically have faster rates of carbon and nitrogen cycling, and support
fast growing, more productive plant species, but exhibit lower levels of carbon storage and
reduced nutrient retention (De Vries et al. 2012). In contrast, grasslands with fungal-
dominated microbial communities have slower rates of nutrient cycling and a predominance
of slow-growing plants. They exhibit higher levels of carbon storage and increased nutrient

retention. Further, studies have shown that changes in grazing intensity can lead to shifts
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between these two systems, with intensive grazing causing shifts to more bacterial-
dominated microbial communities, and extensive grazing or the cessation of grazing causing
a shift to a more fungal dominated microbial communities (Bardgett et al 1993, Bardgett et
al 1996, Bardgett et al 2001). Previous studies that have explored changes in microbial
community composition and microbial abundance in response to grazing management
changes have found varying results. For example, Yang et al (2019) compared winter and
annual grazing on a Tibetan alpine meadows, and found that grazing had no effect on
microbial community richness and evenness, but did alter community composition. They also
found that soil microbial community composition was related to soil carbon and nitrogen
pools, with annually grazed plots having higher soil carbon and nitrogen stocks, and more
stable microbial communities. Contrastingly, Xun et al (2018) studied grazing impacts on soil
microbial communities on meadow steppe. They found grazing shifted microbial community
composition from fungi dominated to bacteria dominated, and this resulted in a shift from
fungal dominated food webs using recalcitrant soil organic carbon to bacterial dominated
food webs using labile soil organic carbon. Studies on the impact of grazing on microbial
community activity have also found conflicting results. Prieto et al (2011) studied soil enzyme
activity in grazed arid grasslands in Argentina and found that R-glucosidase, phosphatase, and
protease activities declined with increasing grazing, and that these changes were associated
with reduced perennial grass cover and soil organic carbon. However, Hewins et al (2015) also
studied the activity of multiple enzymes in grassland soils in western Canada, and found that
grazing, and associated plant community changes, reduced the activity of some enzymes.
They suggested that microbes in ungrazed grasslands have a greater amount of organic
matter to decompose resulting in greater enzymatic activity. Understanding the impact of
livestock grazing on soil microbial communities, which regulate processes of carbon and
nitrogen cycling, is essential if we are to predict changes in soil carbon sequestration and

greenhouse gas emissions in response to projected climate change.

Grazing livestock have been shown to maintain and support landscape heterogeneity and
plant biodiversity (OIff et al 1999, Bakker et al 2004). This likely occurs through herbivore
consumption of competitively dominant species, thereby altering plant-plant competition
(Huntly 1991, McNaughton 1985, Milchunas et al 1988). The introduction of herbivores to

abandoned agricultural land has been shown to increase landscape heterogeneity (Bokdam
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and Gleichman 2000, van Uytvanck et al 2008). Smit et al (2010) compared ungrazed, rabbit
only, and cattle and rabbit grazed areas of ancient wood pastures in the Netherlands. They
found herbivory inhibited expansion of shrubs. This indicates that managing herbivore
densities would lead to increase vegetation structural heterogeneity and biodiversity.
However, the exclusion of grazing livestock has also been shown to increase plant
biodiversity. A study comparing grazed and ungrazed subalpine meadows on the Qinghai-
Tibetan Plateau found that, at large scales, diversity in grazed areas was 75% lower than in
corresponding ungrazed areas (Zhang et al 2013). Understanding the response of plants to

changes in grazer management is important for conserving ecosystem functioning.

Our limited understanding of plant-herbivore-decomposer interactions on carbon fluxes
means these are often not included in climate models. This creates discrepancies between
the predicted and empirical results (Fontaine and Barot 2005). Grazing can alter greenhouse
gas fluxes through altering plant growth, soil nutrient and microbial activities. A meta-analysis
on greenhouse gas fluxes found heavy grazing consistently inhibited carbon dioxide and
nitrous oxide emissions, but at the expensive of declining plant productivity and soil fertility.
Conversely, light and medium grazing had no effect on greenhouse gas fluxes (Tang et al
2019). A better understanding of plant-herbivore-decomposer relationships would contribute

to new models that can more accurately predict the impact of grazing.

The aim of this study was to determine the impact of grazer exclusion on soil microbial
communities and soil properties and processes related to carbon and nitrogen cycling in
upland grasslands. We tested the hypothesis that the cessation of livestock grazing would
slow-down nutrient cycling by reducing microbial activity and altering microbial abundance
and microbial community composition, and increasing the abundance of fungi relative to
bacteria. We also hypothesised that any responses will be greater for plots where both cattle
and sheep are excluded, rather than plots where just cattle are excluded, and greater in more
fertile calcareous grasslands that sustain higher plant productivity and livestock densities.
Finally, we hypothesised that, despite microclimatic variation between the sites, site specific
variation would be limited as our sites had similar plant communities and histories of past
management. To test this we set up different types of grazing exclosures, which excluded
either just cattle (i.e. sheep only) or cattle and sheep (i.e. no livestock or ungrazed), at four

geographically distinct locations, each with acidic and calcareous vegetation and a similar
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history of mixed livestock (i.e. cattle and sheep) grazing. Soils were analysed for microbial
biomass, microbial community structure, and microbial activity, based on a suite of
extracellular enzyme activities. These were accompanied by measures of soil carbon and

nitrogen cycling, including stocks of carbon and nitrogen, and ecosystem carbon fluxes.

2. Materials and methods

2.1 Site description and experimental design

Yockenthwaite

National Park
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Figure 3.1. Location of study sites in the Yorkshire Dales National Park, northern England. Sites
A (Chimney) and B (Tenant Gill) are on Malham Tarn Estate (54°06’09.9”N, 2°10°38.5"W)
owned by the National Trust who lease the farm tenancies. Sites C (Park Fell) and D (Philpin
Sleights) are on Ingleborough National Nature Reserve (54°11’47.4”N, 2°21’00.8”W) owned

and managed by Natural England.
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This experiment was setup across four sites (Figure 3.1): two at Malham Tarn Estate (A and B,
54°06’09.9”N, 2°10’38.5”W) and two at Ingleborough National Nature Reserve (C and D,
54°11'47.4”N, 2°21’00.8”W). Each site contained both acidic and calcareous grassland
communities, classified by UK National Vegetation Classification as CG and U communities
respectively (Rodwell 2006), and were grazed by a combination of cattle (Beef Shorthorn or
Limousin) and sheep (Swaledale, Cheviots, Texels or cross-breeds). Within each site and on
each grassland community, two fenced exclosures were erected in April 2015. One was
designed to exclude all livestock and the other was erected to just keep out cattle but allow
sheep grazing. An additional unfenced control plot was marked out adjacent to the
exclosures. All of the exclosures were 6m x 6m in size. The fences were approximately 1.5m
high and topped with barbed wire. This design yielded a total of 8 ungrazed, 8 sheep only,

and 8 control plots across the two grassland types.

2.2 Soil sampling

Between May and September 2017, soil samples were collected at monthly intervals. Samples
were collected from the central 5m? of each exclosure to minimise edge effects. In each plot,
3 soil cores of 10cm depth and 4cm diameter were collected. These were then bulked to form
a composite sample. An additional soil core of the same dimensions was kept separate for
bulk density analysis. We focused on surface soil in this study as this is the where the short-
term impacts of livestock exclusion are most likely to be observed (Bardgett and Wardle
2003). However, we recognise that there are substantial carbon and nitrogen stocks found at
depth in grassland that might be vulnerable to changing grazing livestock management in the

longer-term (Ward et al 2016).

The soil samples were transported to the laboratory. The composite samples were passed
through a 2mm sieve: approximately one quarter of each composite sample was stored in an
-80°C freezer for phospholipid fatty acid analysis (PLFA) and DNA sequencing, and the
remainder was placed in a 4°C refrigerator for 4 days prior to analysis. The bulk density
samples were placed into a 105°C oven for 48 hours, and then weighed to calculate dry weight

of soil per unit volume of soil.
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2.3 Soil nutrient analysis

To measure water soluble carbon and nitrogen pools, 35ml MilliQ H.O was mixed with 5g
fresh soil, shaken for 10minutes and filtered through a 1-grade Whatman paper. Dissolved
organic and inorganic nitrogen (NHs* and N-NOs) concentration was determined by
automated continuous flow colourimetry in a Seal AA3 Segmented Flow Multi-Chemistry
Analyser (Mequon, WI, USA) and dissolved organic carbon (DOC) was measured using a
Shimadzu TOC Analyser (Tokyo, Japan). The difference in N-NH4* concentration between KCI
extracts of incubated soil samples, stored in sealed tubes at 25°C for 14 days, and non-
incubated soil samples were used to calculated the rates of ammonium-N mineralisation
(Campbell et al. 1993, Harrison and Bardgett 2010). These extractions consisted of 10g fresh
soil and 25ml 1M KCI, shaken for 60minutes and filtered through 1-grade Whatman paper.
Rates of N mineralisation were calculated using the formula: (N-X*t14 - N-X*t0)/(14 days) (mg
N-xkg dry soil"*day™?), where x is N-NH4* and N-NOs™ for ammonia and nitrate respectively. N-
NH4* and N-NOs” were determined by automated continuous flow colourimetry in a Seal AA3
Segmented Flow Multi-Chemistry Analyser (Mequon, WI, USA) and DOC was measured using
a Shimadzu TOC Analyser (Tokyo, Japan). Residual soil was oven-dried at 70°C for 48 hours
and used to calculate soil total carbon and nitrogen on a Dry Combustion Elemental Analyser

Elementar Vario EL Cube (Hanau, Germany).

2.4. Microbial community analysis

Microbial carbon and nitrogen biomass were calculated as the difference between DOC, N-
NHs4 and N-NOs in the fumigated, sealed with CHCIls for 24hours, and non-fumigated soil
samples, using an extraction efficiency factor of ke.=0.43 for carbon (Sparling et al. 1990) and
kec=0.54 for nitrogen (Brookes et al. 1985). For the microbial biomass extracts, 25ml 0.5M
K2SOs was mixed with 5g fresh soil, shaken for 30minutes and filtered through 1-grade
Whatman paper. N-NHs* and N-NOsz were determined by automated continuous flow
colourimetry in a Seal AA3 Segmented Flow Multi-Chemistry Analyser (Mequon, WI, USA) and
DOC was measured using a Shimadzu TOC Analyser (Tokyo, Japan).

Phospholipid fatty-acid analysis (PLFA) was used to determine broad-scale shifts in microbial

community structure. The frozen soil samples were freeze-dried and then analysed using the
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method of Buyer and Sasser (2012, Appendix 1), which is a modified method of Bligh and Dyer
(1959), as used by White et al. (1979) and Frostegard et al. (1991). The resulting PLFA extracts
were analysed on an Agilent 7890A Gas Chromatograph (Santa Clara, CA, USA). The fatty acids
i15:0, a15:0, 15:0, i16:0, 17:0, i17:0, cy17:0, cis18:1w7 and cy19:0 were chosen to represent
bacterial PLFAs (Federle 1986; Tunlid et al. 1989; Frostegard et al. 1993) and 18:2w6 was used
for fungal PLFAs (Federle 1986). The ratio of fungal to bacterial biomass in soil was calculated
using the totals for fungal and bacterial PLFA (Bardgett et al. 1996; Yeates et al. 1997). PLFAs

were analysed for the July soil samples only.

Microbial community composition, determined through DNA sequencing, was also
undertaken on freeze-dried subsamples of soil, using the methods of Horner et al. (in revision,
Appendix 2). ITS rRNA was amplified for fungi as this region has become the universal DNA
barcode marker for fungi (Schloch et al 2012). 16s rRNA was amplified for bacteria as it has
been used extensively in the classicisation and identification of bacteria (Kim et al 2014). The
samples were analysed on an lllumina MiSeq platform at the University of Salford, and data
pre-processing was conducted using the dada2 pipeline in R (Callahan et al 2016). DNA

sequencing was done on the July samples only.

2.5 Enzyme analysis

For pNP linked substrates, B-glucosidase (GLC), B-xylosidase (XYL) and cellobiohydrolase
(CBH), soil slurries of 0.75g/ml were prepared using 50mM pH 5.0 acetate buffer. For each
sample, equal amounts, 150ul, of soil slurry and acetate buffer were mixed in two wells of a
96-well deepwell block. In four wells, 150ul pNP-GLC solution was mixed with an equal
amount of soil slurry. Any spare wells were used as blanks with 150ul pNP-GLC and 150l
acetate buffer. This process was repeated for pNP-XYL and pNP-CBH. All plates were covered
with parafilm and incubated at 18°C under continuous shaking. After 1.5 hours the pNP-GLC
plate was centrifuged and 100ul solution pipetted into clean 96-well microplate with 200ul
50mM NaOH. The absorbance was read at 405nm. This process was repeated for the pNP-XYL
plate after 3 hours and the pNP-CBH plate after 4 hours. This method is based on Jackson et

al (2013), adapted by Irene Cordero for upland grassland soils (unpublished).
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For lignin peroxidase (PER) and phenol oxidase (POX), 0.4ml of 0.01g/ml soil solution and
0.4ml of DOPA was added to six wells. The plates were shaken for 10 minutes and centrifuged.
Then 250ul supernatant was transferred into a clean 96-well microplate, with 10ul 0.3% H,0>
in three of the wells. The starting absorbance was read at 450nm. Plates were incubated in
the dark at 18°C for 1.5 hours and measured again to calculate peroxidase. Plates were then
incubated in the dark at 18°C for an additional 18.5 hours and measured again to calculate
phenol oxidase. Any spare wells were used as blanks with 0.4ml acetate buffer and 0.4ml
DOPA. This method is based on Bach et al (2013), adapted by Irene Cordero for upland

grassland soils (unpublished).

2.6 Vegetation analysis

In September 2017, aboveground vegetation was harvested from the central 50cm? of each
plot. The samples were dried at 70°C for 48 hours, and then weighed. A subsample was then
ground, and total carbon and nitrogen were determined using a Dry Combustion Elemental

Analyser Elementar Vario EL Cube (Hanau, Germany).

2.7 Root analysis

In July 2017, three extra soil cores, 10cm depth by 4cm diameter, were collected from each
plot. These were kept separate from the others and stored at 4°C prior to analysis. The cores
were placed into a 2mm sieve and the soil was gently washed off to leave behind roots and
debris. The debris was removed by hand with fine tweezers. The root sample was placed into
an oven at 70°C for 48 hours and weighed. The samples were then ground, and the total
carbon and nitrogen were determined using a Dry Combustion Elemental Analyser Elementar

Vario EL Cube (Hanau, Germany).

2.8 Gas analysis

Carbon dioxide fluxes were measured using a closed static chamber (Livingston and

Hutchinson 1995, Ward et al 2007). In April 2016, a base ring of 30cm diameter by 15cm
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height was sunk into the ground. To take measurements, a lid, made of a clear plastic plant
cloche, was sealed to the base using a rubberized band. A plastic pipe was pushed through
the top of the cloche and sealed. Fluxes were determined using a light and dark chamber
technique employed around midday (Ward et al 2007). Carbon dioxide net flux was measured
using clear chamber lids, whilst respiration was measured using a blacked-out chamber lid.
This method of measuring flux allows measures to be taken at remote sites in the absence of
power supply, and has been used across multiple habitat types (Ward et al 2007). Headspace
gases were sampled using infrared gas analysis (EGM4, PP Systems, Hitchin, UK) in situ.
Photosynthetically active radiation was recorded at vegetation height using a light meter
(Skye Instruments, Llandridod Wells, UK). Air temperature was recorded also at vegetation
height using a thermometer. To get mass flux per unit area, gas fluxes were adjusted for air

temperature, headspace volume, and ground area coverage (Holland et al 1999).

2.9 Statistical analysis

Generalised linear models (GLM) were performed to test effects of grazing and grassland type
on soil carbon and nitrogen cycling, and microbial and plant communities. We also tested for
site specific variation. The predictor variables used were grazing type (control, sheep and
ungrazed), grassland type (acidic and calcareous), and site (A, B, C and D). For response
variables measured over multiple months, time was also included as a predictor variable to
determine seasonal variability. Two-way interactions between grazing type and the other
predictor variables were included in all models. The response variables related to soil were
pH, bulk density, soil moisture, total nitrogen, dissolved inorganic nitrogen (DIN), dissolved
organic nitrogen (DON), plant available or inorganic nitrogen, microbial biomass nitrogen,
nitrogen mineralisation rate, total carbon, dissolved organic carbon (DOC) and microbial
biomass carbon. The response variables related to the microbial community were bacterial
PLFAs, fungal PLFAs, fungal to bacterial PLFA ratio, peroxidase activity, phenol oxidase
activity, glucosidase activity, xylosidase activity, and cellobiohydrolase activity. The response
variables related to plants were aboveground vegetation biomass, and plant tissue carbon
and nitrogen content, and root biomass and root tissue carbon and nitrogen content. The
response variables related to gas flux were ecosystem respiration and net ecosystem
exchange of CO; (NEE). GLMs were performed using the command glm() and anova(), and
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plotted using ggplot() in R (R Development Core Team 2010). The effects of grazing type,
grassland type and site on microbial community taxonomic composition (i.e. beta-diversity,
as determined by amplicon sequence data) were analysed using multivariate analysis of
variance (permANOVA) with the adonis function in the vegan package in R (R Development

Core Team 2010).

3. Results

Soil total carbon and nitrogen pools were not affected by changing grazing management, nor
did they vary between habitats or sites. However, habitat type, site and month sampled
explained most of the variation in other soil properties (Table 3.1), and labile carbon (Table
3.2) and nitrogen (Table 3.3) pools Grazing management only affected the amount of soil
inorganic nitrogen (Table 3.3, GLM: df=2, F=4.3023, P<0.05, Figure 3.2a), which was greater
in ungrazed than sheep only plots, which in turn had higher concentrations than the mixed

grazed plots.

Grazing management significantly altered aboveground plant biomass (Table 3.4, GLM: df=2,
F=12.3574, P<0.01, Figure 3.2b), aboveground plant tissue carbon pool (Table 3.4, GLM: df=2,
F=11.9942, P<0.01, Figure 3.2c) and aboveground plant tissue nitrogen pool (Table 3.4, GLM:
df=2, F=13.2006, P<0.01, Figure 3.2d). Ungrazed plots had higher biomass, carbon and
nitrogen than sheep grazed plots, which in turn had higher values than the mixed plots.
Aboveground plant biomass, aboveground plant tissue carbon and aboveground plant tissue
nitrogen also varied by site (Table 3.4), but the sites did not respond differently to grazing
management. Conversely, root biomass, carbon and nitrogen were unaffected by changes in

grazing management, habitat or site (Table 3.4).

Soil microbial community composition and activity were highly variable. The ratio of fungi to
bacteria differed significantly between grassland types (Table 3.5, GLM: df=1, F=8.7287,
P<0.05, Figure 3.3), with acid grassland plots having a greater abundance of bacteria relative
to fungi than calcareous grassland plots. Both bacterial (Table 3.5, GLM: df=1, F=6.4506,
P<0.05) and fungal PLFAs (Table 3.5, GLM: df=1, F=9.2034, P<0.05) were greater in soils of
calcareous than acid grassland. Bacterial PLFAs also varied between sites (Table 3.5, GLM:

df=3, F=3.9228, P<0.05). Microbial community composition was not sensitive to grazing
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management (Table 3.6, Figure 3.4). Enzymatic activities were unaffected by changes in
grazing management. Enzyme activities were, however, greater on acid grasslands compared
to calcareous grasslands for PER, POX, XYL and CBH activity (Table 3.7, Figure 3.5). Seasonal
variation was also observed for PER, POX and XYL activity (Table 3.7, Figure 3.5), and PER, GLC,

XYL and CBH activity also varied between sites (Table 3.7).

All grasslands in this study were sinks of carbon. Carbon flux, measured as net ecosystem
exchange of carbon dioxide, was not affected by changing grazing management, nor did it
vary consistently seasonally or by grassland type (Table 3.8), although some variation was
observed between sites (Table 3.8). Likewise, ecosystem respiration was unaffected by

changes to grazing management, although did vary seasonally (Table 3.8).
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Table 3.1. The effects of grazing management (control, sheep only, ungrazed), habitat

(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the soil

properties listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)
pH | Grazing 2 0.123 0.885
Habitat 1 248.007 0.000  ***
Site 3  23.345 0.000  ***
Month 4 1.128 0.348
Grazing:Habitat 2 0.187 0.830
Grazing:Site 6 0.598 0.731
Grazing:Month 8 0.310 0.961
Bulk density | Grazing 2 0.050 0.951
Habitat 1 15.459 0.000  ***
Site 3 2.108 0.105
Month 4 0.329 0.858
Grazing:Habitat 2 0.007 0.993
Grazing:Site 6 0.125 0.993
Grazing:Month 8 0.025 1.000
Soil moisture | Grazing 2 0.119 0.888
Habitat 1 21.450 0.000  ***
Site 3 3.938 0.011 *
Month 4 0.307 0.873
Grazing:Habitat 2 0.047 0.954
Grazing:Site 6 0.025 1.000
Grazing:Month 8 0.033 1.000
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Table 3.2. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the soil
carbon pools listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)
Soil total carbon | Grazing 2 0.271 0.769
Habitat 1 3.919 0.079
Site 3 2.613 0.116
Grazing:Habitat 2 0.054 0.948
Grazing:Site 6 0.364 0.884
Dissolved organic carbon | Grazing 2 1.051 0.354
Habitat 1 14.463 0.000  ***
Site 3 11.166 0.000  ***
Month 4 8.822 0.000  ***
Grazing:Habitat 2 0.536 0.587
Grazing:Site 6 1.170 0.329
Grazing:Month 8 0.540 0.823
Microbial biomass carbon | Grazing 2 0.681 0.509
Habitat 1 2.776 0.099
Site 3 3.692 0.015 *
Month 4 12.577 0.000  ***
Grazing:Habitat 2 0.711 0.494
Grazing:Site 6 1.140 0.345
Grazing:Month 8 0.478 0.869
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Table 3.3. The effects of grazing management (control, sheep only, ungrazed), habitat

(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the soil

nitrogen pools listed determined using generalized linear models. Significance is indicated as

* P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable  Df F Pr(>F)
Soil total nitrogen | Grazing 2 0.603 0.568
Habitat 1 2.783 0.130
Site 3 1.412 0.302
Grazing:Habitat 2 0.383 0.692
Grazing:Site 6 0.832 0.574
Dissolved inorganic nitrogen | Grazing 2 2.399 0.096
Habitat 1 7.532 0.007  **
Site 3 10.904 0.000  ***
Month 4 3.275 0.015 *
Grazing:Habitat 2 0.431 0.651
Grazing:Site 6 0.199 0.976
Grazing:Month 8 1.139 0.345
Dissolved organic nitrogen | Grazing 2 0.764 0.469
Habitat 1 3.761 0.055
Site 3 1.144 0.336
Month 4 12.012 0.000  ***
Grazing:Habitat 2 0.462 0.631
Grazing:Site 6 0.805 0.568
Grazing:Month 8 0.210 0.988
Inorganic nitrogen | Grazing 2 4.302 0.016 *
Habitat 1 0.952 0.332
Site 3 2.961 0.036 *
Month 4 2.248 0.070
Grazing:Habitat 2 0.507 0.604
Grazing:Site 6 1.439 0.208
Grazing:Month 8 0.479 0.868
Nitrogen mineralisation rate | Grazing 2 0.350 0.706
Habitat 1 12.326 0.001  ***
Site 3 6.515 0.000  ***
Month 4 0.152 0.962
Grazing:Habitat 2 3.962 0.022 *
Grazing:Site 6 0.866 0.523
Grazing:Month 8 0.520 0.839
Microbial biomass nitrogen | Grazing 2 1.165 0.317
Habitat 1 44.120 0.000  ***
Site 3 11.495 0.000  ***
Month 4 7.148 0.000  ***
Grazing:Habitat 2 0.955 0.389
Grazing:Site 6 0.522 0.790
Grazing:Month 8 0.627 0.753
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Table 3.4. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the plant
properties listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)
Aboveground plant biomass | Grazing 2 12.357 0.003 **
Habitat 1 1.760 0.217
Site 3 6.792 0.011 *
Grazing:Habitat 2 1.241 0.334
Grazing:Site 6 0.547 0.762
Aboveground plant tissue carbon | Grazing 2 11994 0.003 **
Habitat 1 2.159 0.176
Site 3 7.151 0.009  **
Grazing:Habitat 2 1.568 0.260
Grazing:Site 6 0.647 0.693
Aboveground plant tissue nitrogen | Grazing 2 13.201 0.002 **
Habitat 1 0.200 0.665
Site 3 7.751 0.007  **
Grazing:Habitat 2 2.609 0.128
Grazing:Site 6 0.810 0.588
Belowground plant biomass | Grazing 2 0.096 0.909
Habitat 1 0.129 0.727
Site 3 2.674 0.110
Grazing:Habitat 2 0.815 0.473
Grazing:Site 6 0.657 0.686
Belowground plant tissue carbon | Grazing 2 0.062 0.940
Habitat 1 0.044 0.839
Site 3 2.308 0.145
Grazing:Habitat 2 0.909 0.437
Grazing:Site 6 0.624 0.709
Belowground plant tissue nitrogen | Grazing 2 0.340 0.721
Habitat 1 0.854 0.380
Site 3 2.046 0.178
Grazing:Habitat 2 1.097 0.375
Grazing:Site 6 0.547 0.762
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Table 3.5. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid) and site (A, B, C, D) on the microbial properties listed determined using

generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable  Df R Pr(>F)

Bacterial PLFAs | Grazing 2 0.028 0.973
Habitat 1 6.451 0.032 *
Site 3 3.923 0.048 *

Grazing:Habitat 2 0.262 0.776

Grazing:Site 6 0.732 0.637

Fungal PLFAs | Grazing 2 0.108 0.899
Habitat 1 9.203 0.014 *

Site 3 3.582 0.060

Grazing:Habitat 2 0.147 0.866

Grazing:Site 6 0.400 0.861

Fungal : Bacterial PLFAs | Grazing 2 0.763 0.494
Habitat 1 8.729 0.016 *

Site 3 1.796 0.218

Grazing:Habitat 2 0.677 0.532

Grazing:Site 6 0.279 0.933

Table 3.6. The effects of grazing management (control, sheep only, ungrazed), habitat
(calcareous, acid) and site (A, B, C, D) on the microbial properties listed determined using

adonis models. Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable  Df R2 Pr(>F)
Bacterial DNA | Site 3 0.215 0.004  **
Grazing 2 0.045 0.894
Habitat 1 0.186 0.001  ***
Fungal DNA | Site 3 0.192 0.026  *
Grazing 2 0.121 0.908
Habitat 1 0.067 0.013  *
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Table 3.7. The effects of grazing management (control, sheep only, ungrazed), habitat

(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the soil

enzyme activities listed determined using generalized linear models. Significance is indicated

as * P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable  Df R Pr(>F)

PER activity | Grazing 2 2.721 0.071
Habitat 1 33.722 0.000  ***
Site 3 9.829 0.000  ***
Month 4 3.218 0.016 *
Grazing:Habitat 2 1.179 0.312
Grazing:Site 6 1.057 0.394
Grazing:Month 8 1.936 0.064

POX activity | Grazing 2 0.386 0.681
Habitat 1 64.276 0.000  ***
Site 3 1.250 0.296
Month 4 5.588 0.000  ***
Grazing:Habitat 2 0.399 0.672
Grazing:Site 6 0.337 0.916
Grazing:Month 8 0.194 0.991

GLC activity | Grazing 2 0.005 0.995
Habitat 1 1.969 0.164
Site 3 4.376 0.006  **
Month 4 1.220 0.308
Grazing:Habitat 2 0.191 0.827
Grazing:Site 6 0.399 0.878
Grazing:Month 8 0.113 0.999

XYL activity | Grazing 2 0.398 0.673
Habitat 1 14.092 0.000  ***
Site 3 7.714 0.000  ***
Month 4 5.326 0.001  ***
Grazing:Habitat 2 0.336 0.716
Grazing:Site 6 0.570 0.753
Grazing:Month 8 0.114 0.999

CBH activity | Grazing 2 2.445 0.092
Habitat 1 15.933 0.000  ***
Site 3 6.990 0.000  ***
Month 4 1.577 0.187
Grazing:Habitat 2 1.478 0.233
Grazing:Site 6 0.846 0.538
Grazing:Month 8 0.164 0.995
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Table 3.8. The effects of grazing management (control, sheep only, ungrazed), habitat

(calcareous, acid), site (A, B, C, D) and month (May-September, if applicable) on the gas fluxes

listed determined using generalized linear models. Significance is indicated as * P<0.05, **

P<0.01, and *** P<0.001.

Response Predictor Df F Pr(>F)

Net ecosystem change of CO2 | Grazing 2 0.019 0.982
Habitat 1 0791 0.376

Site 3 4701 0.004  **
Month 4 1512 0.205
Grazing:Habitat 2 0.407 0.667
Grazing:Site 6 0499 0.808
Grazing:Month 8 1.200 0.308
Respiration | Grazing 2 2.066 0.133
Habitat 1 3481 0.065
Site 3 2300 0.082

Month 4 3.927 0.005  **
Grazing:Habitat 2 0.866 0.424
Grazing:Site 6 1.587 0.160
Grazing:Month 8 0.347 0.945
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Figure 3.2. Grazing exclusion (control or mixed, sheep and ungrazed) effects on [a] plant
available or soil inorganic nitrogen (g/m?) measured to 10cm depth, [b] aboveground plant
biomass (g/50cm?), [c] aboveground plant tissue nitrogen (g/m?), and [d] aboveground plant
tissue carbon (g/m?). All four variables increased under grazer exclusion, with the sheep only
plots higher than the controls, and the ungrazed plots higher still. The box represents the
interquartile range, with the median displayed as a black line within the box. The represent
error bars showing the 95% confidence interval, and any outliers are shown as black dots

above and below the box-and-whisker plots.
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Fungal : Bacterial PLFA Ratio

acid calcareous
Habitat
Figure 3.3. Grassland type (acid and calcareous) effects on the fungal to bacterial PLFA ratio
measuring to 10cm depth in July. Acid grassland plots had high fungal to bacterial PLFA ratios,
indicated the microbial communities are more fungal-dominated than those found in
calcareous grasslands. The box represents the interquartile range, with the median displayed
as a black line within the box. The whiskers represent error bars showing the 95% confidence

interval, and any outliers are shown as black dots above and below the box-and-whisker plots.

Page 103 of 215



[a]

Axis.2 [15.2%)]
=}

0,50 025 0.00 0.25 0.50
Axis.1 [26.3%]

Axis.2 [6.7%)]

-0.50-

050 0.25 0.00 0.25 0.50
Axis. 1 [7.5%]

Figure 3.4. PCoA showing the first two principle coordinates for [a] bacterial DNA sequences
and [b] fungal DNA sequences extracted from soil taken to 10cm depth in July. The different
grassland types are represented using colours: red for acidic plots, and blue for limestone
plots. The different sites or fields are represented using symbols: circle for Chimney Field or
Site A, plus for Tenant Gill or Site B, triangle for Park Fell or Site C, and square for Philpin
Sleights or Site D. Some plots have fewer replication due to problems with the sequencing
data. For the bacteria, there is evidence of clustering by both habitat and site. For the fungi,
there is the same clustering but it is weaker due to the reduced number of data points.

Page 104 of 215



[a] &0

Peroxidase Activity (umol h-1 g-1 dry soil)

-

=

Phenol Oxidase Activity (pmol h-1 g-1 dry soil)

£

acid calcareous

Habitat

[c

30004

20004

Xylosidase Activity (umol h-1 g-1 dry soil)

i

acid calcareous
Habitat

=

Cellobiohydrolase Activity (umol h-1 g-1 dry soil)

acid calcareous

Habitat

m
=
=

1000+

m

=]

=1
L

s

acid calcareous
Habitat

MONTH
august
july

E june

E may

september

Figure 3.5. Grassland type (acid and calcareous), separated by sampling month (May to

September) effects on [a] PER activity (umol h-1 g-1 dry soil), [b] POX activity (umol h-1 g-1

dry soil), [c] XYL activity (umol h-1 g-1 dry soil), and [d] CBH activity (umol h-1 g-1 dry soil). All

soil measured were taken to 10cm depth. These graphs highlight how varied the activity of

PER, POX, XYL and CBH were between the grassland types and across the sampling months.

Enzymatic activity was generally greater in the acid grasslands. PER and XYL activity were both

higher in June, whereas POX activity was highest in August and September. The box

represents the interquartile range, with the median displayed as a black line within the box.

The whiskers represent error bars showing the 95% confidence interval, and any outliers are

shown as black dots above and below the box-and-whisker plots.
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4, Discussion

The goal of this study was to determine the short-term impacts of grazer exclusion on soil
microbial communities and ecosystem functioning in contrasting semi-natural grassland
habitats. We found grazer exclusion had very limited impacts on soil nitrogen cycling and no
impact on any soil carbon stocks. Soil microbial community composition was also unaffected
by grazing management. Grazer exclusion did have significant impacts on aboveground plant
biomass, and plant tissue carbon and nitrogen, but these impacts were not matched by
belowground plant measures, which might explain the limited impacts observed for soil
measures. Gas fluxes did not alter under grazing exclusion, nor did they correlate with other
measures from this study. These results may contribute to informing land management in
upland grasslands, but also raise questions about the potential for changesin livestock grazing
to modify soil properties and processes that underpin ecosystem services delivery in these

grasslands, at least in the short-term.

The exclusion of cattle resulted in an increase in soil inorganic nitrogen concentrations, and
the exclusion of all livestock resulted in a further increase. The same response to grazer
exclusion was observed for aboveground plant biomass, and aboveground plant tissue carbon
and nitrogen concentrations. Corresponding changes in belowground plant tissues were not
found. These findings directly contrast with studies from Ruess and McNaughton (1987) and
Singh et al (1991) who found grazing increased available nitrogen in soils at grazed sites, which
they attributed to reduced plant nitrogen uptake due to a reduction in aboveground plant
biomass in grazed sites. Increased inorganic nitrogen has been shown to alter plant growth
patterns. Carlisle et al (2012) compared wheat plants grown hydroponically with inorganic
nitrogen in the form of either ammonium or nitrate. They found plants supplied with nitrate
allocated more nutrients and biomass to aboveground plant tissues, than those supplied with
ammonium. This may therefore explain changes in aboveground biomass and plant tissue
nutrient content, however it does not explain why grazer exclusion increased inorganic
nitrogen. We propose that, under grazer exclusion, more plant litter remains. This means
more material is available for decomposition, thereby increasing soil inorganic nitrogen due

to increased amounts of decomposed and decomposing material entering the soil.

Whilst microbial community was not altered by grazer exclusion, we did observe differences

between grassland habitats. Specifically, acid grasslands had a greater proportion of bacteria
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relative to fungi, measured using PLFAs. The distinctive plant communities associated with
different grassland types are also likely to exert strong selective pressures on the soil
microbial community (Grayston et al 1998). Although litter was not analysed in this study, it
is likely that these grassland habitats differ in terms of the volume and composition of litter
return to the soil. Lange et al (2014) studied in impact of plant species and functional group
richness on the soil microbial community as part of the Jena Experiment, Germany. They
found bacterial community composition was related to abiotic differences caused by plant
diversity, whereas fungi were more affected by plant-derived organic matter inputs. If the
decomposition of organic matter is a key factor in determining microbial community
composition, this may explain why the responses varied by site as the exact composition of
litter from the different habitat types and sites likely varies depending on the relative

abundance and exact species found within each grassland.

We did not observe any changes in extracellular enzymatic activity in response to grazer
exclusion. Instead, we found the activity of a majority of the enzymes studied varied according
to grassland type, month, and site. Soil enzyme activity has been demonstrated to show
spatiotemporal variation across environmental gradients and ecological processes
(Sinsabaugh et al 2008, Sinsabaugh 2010). We found that enzymatic activity was generally
higher in acid than calcareous grasslands, which might be a consequence of the higher bulk
density in these sites (Cenini et al (2016), although other soil properties, such as pH and
resource availability likely also play a role. We propose seasonal variation in enzymatic activity
likely relates to field temperature and moisture variation. Steinweg et al (2012) measured B-
glucosidase enzyme activity from soils collected from the Boston-Area Climate Experiment
every 2 weeks for 10 weeks. They found activity primarily responded to changes in
temperature, except for very dry soils. This indicates soil moisture likely limits soil enzyme
activity, which may limit any potential increase in enzymatic activity under projected climate

warming.

Ecosystem respiration and net carbon fluxes did not change in response to grazer exclusion,
nor did they correlate with any of the variables measured in this study. De Long et al (2019)
studied aboveground and belowground plant traits, soil properties and ecosystem carbon
fluxes in nearby temperate grassland. Their structural equation models found fluxes were

best predicted using plant traits, particularly shoot biomass, in monocultures, but that in
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mixed species plots net ecosystem exchange was unrelated to plant traits. This indicates that
plant species composition is likely to be a key influencer of net ecosystem exchange of carbon.
A meta-analysis from Tang et al (2019) on grazing impacts on greenhouse gas fluxes indicated
heavy grazing influenced emissions, but light or medium grazing did not. However, their
review also found that experiments running for less than 5 years did not find grazing-induced
changes in gas fluxes, but experiments running longer than this did. This indicates several
years are required for grazing to alter greenhouse gas emissions even when grazing is heavy.
Further research is clearly needed to identify the factors that regulate net ecosystem
exchange of carbon in grasslands and the longer term role livestock grazing plays.
Understanding this is of primary importance if we are to increase the long-term storage of

carbon in soils to help mitigate climate change.

5. Conclusion

The results of this study highlight the importance of undertaking livestock management
studies across multiple habitat types and temporal scales. We found that short-term grazer
exclusion significantly increased plant available nitrogen, and aboveground plant biomass,
and plant tissue carbon and nitrogen, which will likely effect soil carbon and nitrogen cycling
in the longer term. We hypothesised that changes in microbial community composition would
explain changes in ecosystem carbon and nitrogen pools, and fluxes in response to changing
grazing management. However, despite changes in aboveground plant biomass, only site and
grassland type affected soil microbial community composition, and no change in ecosystem
carbon fluxes were observed in this study. Grazer exclusion did not affect total soil carbon
and nitrogen, but given the length of this study this was not unexpected. Overall, our findings
suggest changing livestock management has minimal effects on soil microbial communities
and processes of carbon and nitrogen cycling in the short term (i.e. <2.5 years). However,
given the responses detected aboveground we expect changes in soil carbon and nitrogen

stocks will become apparent in the longer term.
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Abstract

Changing land management, particularly grazing livestock management, can affect ecosystem
carbon and nitrogen cycling, both directly and indirectly by altering plant and microbial
community composition. Understanding the mechanisms by which this occurs under current
and warmed conditions will allow us to contribute to models looking at the impact of altering

land management on greenhouse gas emission, and soil carbon and nitrogen storage at large
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spatial scales. We set up a factorial experiment at four field sites. At each site the treatments,
clipping and warming, were applied both on acid and calcareous grasslands. We found that
clipping altered inorganic nitrogen and aboveground plant net productivity. We also found
clipping altered net ecosystem carbon fluxes, but this response varied depending on month
sampled. Our study found no change in microbial community composition or activity in
response to either treatment, but these did vary between sampling locations. Overall, our
study showed both clipping and warming affect labile carbon and nitrogen pools, but in the
short-term they do not alter soil total carbon or nitrogen stocks. We propose that
understanding site specific variation in microclimate and microbial community composition
may be important to accurately determine responses to changing grazing and projected

climate change.

1. Introduction

Altering land management can dramatically alter ecosystem functioning. In the United
Kingdom, livestock grazing is the predominant agricultural land management practice in
upland grasslands. Changes in carbon and nitrogen cycling, caused by altering grazing
livestock management, have been well documented (Houghton 1995, Kaye et al 2005,
Kopittke et al 2016, Mudge et al 2017), and the impact of projected climate warming on these
cycles, in the presence and absence of grazing, have also been extensively explored (Zhang et
al 2015, Dangal et al 2016, Eze et al 2018). However, there are a limited number of studies
that have attempted to assess the impact of grazing livestock management and climate
warming at a large spatial scale and across multiple habitats. Whilst we recognise that studies
conducted at single locations and within one habitat type can be useful to inform small-scale
decision making, their practical implications are limited given land managers and policy
makers often make decisions at large spatial scales and across heterogeneous landscapes.
We, therefore, aim to build on previous work undertaken, but expand the experimental
design to encompass key UK upland grassland habitats and provide data at the landscape

scale.

Soil carbon and nitrogen cycling have been shown to shift in response to both defoliation and

warming across multiple habitat types, although the responses are often habitat specific and
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affected by climatic variables including rainfall and temperature. Belay-Tedla et al (2009)
simulated grazing, by clipping, and warming, using suspended infrared heaters. They found
warming increased labile carbon and nitrogen, measured using acid hydrolysis, in clipped
plots, compared to warmed unclipped plots, likely due to increased belowground plant
biomass increasing root exudation and root decay under warming and clipping. Sjogersten et
al (2012) performed a similar study on mesic heath and wet meadows in the Arctic. They too
found warming and grazing affected soil carbon. Specifically, they found that intensive grazing
combined with warming reduced soil carbon storage and decomposition, and this effect was
strongest at the drier site. It is proposed that as soil dissolved organic carbon and nitrogen
pools in soil respond rapidly to changes in microclimate and plant community composition
(Lundquist et al 1999). These measures may help to predict changes in long-term carbon

stores through altered dissolved organic matter inputs into the subsoil (Schmidt et al 2011).

A major source of uncertainty in climate warming models is our lack of knowledge of the
impact of warming on soil microbial communities under different land management
practices. Clipping had no impact on microbial community composition in Mediterranean
grasslands (Carey et al 2015), but reduced both microbial diversity and activity in grasslands
in China (Du et al 2014). These contrasting conclusions lead us to hypothesis that both habitat
and microclimate are likely to affect microbial community responses to defoliation. Zhang et
al (2005) studied the effect of clipping and warming on tallgrass prairies in the USA, and found
that warming did not alter soil microbial biomass, but did cause a shift in microbial community
composition towards relative dominance of fungi. Contrastingly, clipping did reduce soil
microbial biomass. They concluded that microbial community responses to warming were
dependant on warming-induced increases in plant biomass, rather than temperature. This
directly contradicts the results of Yoshitake et al (2015) who studied the response of semi-
natural grassland to in situ warming in Japan. They found that warming decreased microbial
biomass, particularly fungal biomass, suggesting a shift to a bacterial dominated microbial
community under warming. Zhang et al (2015) undertook a meta-analysis on the effect of
warming on carbon and nitrogen on the Tibetan Plateau. They found warming increased
microbial biomass carbon and nitrogen in grassland and forest, but that this was dependent
on microclimatic variation with colder environments more responsive to warming. They

concluded future warming studies need to include ecosystem type and consider
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microclimate. Thus, to predict microbial responses to either warming or clipping across
heterogeneous landscapes, and understand the consequences for ecosystem carbon and

nitrogen cycling, further work is needed particularly at the landscape scale.

Primary productivity is an important component of ecosystem functioning and is central to
processes of ecosystem carbon and nitrogen cycling. It also determines a sites’ livestock
carrying capacity, which is sued to determine optimal stocking density by a number of
organizations including Natural England (Chu et al 2013). Wan et al (2005) examined the
impact of warming on tallgrass prairie in the USA. They found warming increased total plant
biomass in summer. Whereas clipping reduced aboveground biomass, but increased
belowground biomass. Fu and Shen (2017) studied plant responses to clipping and warming
at three alpine meadow sites in Tibet. They found aboveground biomass declined in response
to clipping and was unaffected by warming. In an earlier experiment testing similar
parameters, Fu et al (2015) found aboveground biomass declined under warming in the
absence of clipping, but at clipped sites biomass increased. They concluded grazing may
therefore form part of a strategy to mitigate climate change in these grasslands. Despite the
fact that grazing is one of the most common management types in grassland ecosystems, the
mechanisms through which grazing and warming affect plant biomass, and plant tissue
carbon and nitrogen, and the consequence for ecosystem carbon and nitrogen cycling, are

still not understood.

Increasing soil carbon sequestration has been proposed as an important mechanism for
climate mitigation. We therefore need to understand how changes in land management and
projected climate warming interactively affect the strength and direction of net ecosystem
carbon uptake, which is determined by the balance between photosynthetic rate and
ecosystem respiration. Many studies have assessed the impacts of grazing on net ecosystem
exchange, but with varying results. For example, Susiluoto et al (2008) found no difference in
net ecosystem exchange between reindeer grazed fell lands and an adjacent long-term
reindeer exclosure, but instead that net ecosystem exchange was dependent on dwarf shrub
cover. Similarly, Risch and Frank (2006) found no difference in net ecosystem exchange inside
and outside 40-45 year old grazing exclosures; instead, they found that variation in
aboveground plant biomass and soil moisture explained the observed variation in net

ecosystem exchange. Warming can directly and indirectly alter net ecosystem exchange,
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through altering plant growth and community composition, as well as microbial activity and
community composition. In a 3 year warming experiment, Chen et al (2017) found that
warming reduced ecosystem carbon uptake. They proposed that changes in the relative
biomass of different types of plants may be responsible as they found graminoids and
legumes showed different biomass increases under warming. Given these studies, we
propose that grazing induced changes in aboveground biomass and community composition
are likely to affect ecosystems responses to warming, but the evidence to support this is
limited. Zhou et al (2006) studied changes in carbon dioxide efflux under clipping and warming
treatments on the American Great Plains, but found no interactive effects of warming and
clipping. They did find, however, that warming increased soil carbon dioxide efflux, whereas
clipping had no effect in the long-term, 5 years, but reduced efflux in the short-term, 1 year.
Similarly, Niu et al (2013) applied clipping and warming treatments to C4 and Cs dominated
grasslands also on the American Great Plains. They found that, whilst net ecosystem exchange
was unaffected by warming on the C4 grasslands, net ecosystem exchange was enhanced, i.e.
carbon sequestration increased in Cs grasslands. Clipping, on the other hand, enhanced net
ecosystem exchange across both grasslands. Further evidence is still needed to understand

how grazing and warming interact to alter carbon and nitrogen cycling.

This study aims to determine the impact of grazing on carbon and nitrogen cycling under
current and projected climatic conditions in multiple grassland habitats at the landscape
scale. We hypothesise that both warming and defoliation will reduce ecosystem carbon
uptake, i.e. increase net ecosystem exchange. Specifically, we hypothesise that clipping
reduces ecosystem carbon uptake by reducing overall plant biomass, and that this effect will
be exacerbated under warming due to an increase in microbial activity and increases in
dissolved carbon and nitrogen pools. To test these hypotheses, we set up a factorial
experiment including both clipping and warming across four field sites and two grassland

types.
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2. Materials and methods
2.1 Site description and experimental design

The experiment was setup at four sites, two on Malham Tarn Estate (54°06'09.9”N,
2°10’38.5”W) and two on Ingleborough National Nature Reserve (54°11’47.4"N,
2°21’00.8”W), both of which are situated in the southern part of the Yorkshire Dales National
Park, UK (Figure 4.1). All fields are grazed with cattle (Limousin and Beef Shorthorn) and sheep
(Swaledale, Cheviots, Texels or cross-breeds). The sites include a mosaic of acidic and
calcareous grasslands, classified on the basis of UK National Vegetation Classification (NVC)
survey data. This habitat combination is typical of upland areas of western Britain, and both
of these habitats are recognised as being important for biodiversity conservation and soil

carbon storage (Ratcliffe 1977, Milne and Brown 1997).

Two grazing exclosures were erected at each field site in April 2015. One was erected on acid
grassland and the other was erected on calcareous grassland. The exclosures were 6m x 6m,
and consisted of stock proof fencing approximately 1.5m high topped with barbed wire. The
exclosures were divided into quarters and a fully factorial experiment, with two treatments,
was established in April 2016. The treatments were simulated grazing, by hand-clipping sward
to 4cm height monthly according to DEFRA guidelines, and simulated warming, using ITEX-
style warming chambers based on Marion et al (1997) and Ward et al (2007b). This method
of warming is a widely used method of experimentally manipulating temperature. The
temperature inside and outside the chambers was monitored using iButton temperature
loggers. These showed an average of a 1°C increase in air temperature inside the chambers,
but had no significant effect on soil temperature at a depth of 5cm over the course of the
experiment. Clipping was undertaken once a month between April to October 2016 and the
same in 2017. This design yielded 8 control, 8 clipped, 8 warmed, and 8 clipped and warmed

plots across two grassland types.
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Figure 4.1. Location of study sites in the Yorkshire Dales National Park, northern England. Sites
A (Chimney) and B (Tenant Gill) are on Malham Tarn Estate (54°06’09.9”N, 2°10’38.5”W)
owned by the National Trust who lease the farm tenancies. Sites C (Park Fell) and D (Philpin
Sleights) are on Ingleborough National Nature Reserve (54°11’47.4”N, 2°21’00.8”W) owned

and managed by Natural England.

2.2 Soil sampling

During the second year of the experimental treatments, soil samples were collected on the
third week of the month from May to September 2017. Soil samples of 4cm diameter by 10cm
depth were collected from each plot two weeks after the cutting treatment had been applied.
All samples were taken from the central 50cm? of the plot to minimise edge effects. Every

month three soil cores were collected and bulked to form a composite sample, and one
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additional intact core was taken to measure soil bulk density. Soil samples were transported
to the laboratory and passed through a 2mm sieve. Approximately one quarter of each sample
was stored in -80°C freezer for microbial community analysis, using phospholipid fatty acid
analysis (PLFA) and DNA sequencing, and the remaining soil was stored in a 4°C refrigerator
for 4 days prior to analysis. The bulk density sample was placed into a 105°C oven for 48 hours

and then weighed to calculate bulk density as mass of dry soil divided by core volume.

2.3 Soil nutrient analysis

Composite soil samples were used to determine dissolved organic and inorganic nitrogen,
dissolved organic carbon, nitrogen mineralisation rate and plant available inorganic nitrogen
pools. To extract water soluble carbon and nitrogen, 5g fresh soil was mixed with MilliQ H0,
shaken for 10 minutes and filtered through a 1-grade Whatman paper. Inorganic nitrogen
(NHs* and N-NOs) concentration in water extracts was determined by automated continuous
flow colourimetry in a Seal AA3 Segmented Flow Multi-Chemistry Analyser (Mequon, WI,
USA) and DOC was measured using a Shimadzu TOC Analyser (Tokyo, Japan). The difference
in N-NHs* concentration between KCl extracts of incubated soil samples, stored in sealed
tubes at 25°C for 14 days, and non-incubated soil samples was used to calculate the rate of
ammonium-N mineralisation (Campbell et al. 1993, Harrison and Bardgett 2010). Extractions
consisted of 10g fresh soil and 50ml 1M KCI, shaken for 60minutes and filtered through 1-
grade Whatman paper. The rate of ammonium mineralisation was calculated as: (N-NHa*t14 -
N-NHas*to)/(14 days) (mg N-NHa*kg dry soil~*day™). Nitrate mineralisation rate was determined
using the same procedure, but for N-NOs. For all extracts, N-NHs* and N-NOs;  were
determined by automated continuous flow colourimetry in a Seal AA3 Segmented Flow Multi-
Chemistry Analyser (Mequon, WI, USA) and total carbon was measured using a Shimadzu TOC
Analyser (Tokyo, Japan). Residual soil was oven-dried at 70°C for 48 hours, and used to
measure total carbon and nitrogen using a dry combustion elemental analyser (Elementar

Vario EL Cube, Hanau, Germany).
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2.4. Microbial community analysis

Microbial carbon and nitrogen were determined by measuring the difference between
fumigated, sealed with CHCIs; for 24hours, and unfumigated soil samples. Extracts consisted
of 5g fresh soil in 0.5M K;SO4, shaken for 30minutes and filtered through 1-grade Whatman
paper. Microbial carbon and nitrogen biomass were calculated as the difference between
total Carbon, N-NHs and N-NOs  in the fumigated and unfumigated samples, using an
extraction efficiency factor of kec=0.43 for carbon (Sparling et al. 1990) and ke.=0.54 for
nitrogen (Brookes et al. 1985). Microbial community structure was measured using
phospholipid fatty acid analysis (PLFA) on freeze-dried subsamples of soil. This was done using
the method of Bligh and Dyer 1959, Frostegard et al. 1991, and White et al. 1979, as modified
by Buyer and Sasser (2012, Appendix 1). The samples were analysed on an Agilent 7890A Gas
Chromatograph (Santa Clara, CA, USA). The fatty acids i15: 0, a15: 0, 15 :0, i16: 0, 17 :0, i17:
0, cyl7 :0, cis18:1w7 and cy19: 0 were chosen to represent bacterial PLFAs (Federle 1986;
Tunlid et al. 1989; Frostegard et al. 1993) and 18:2w6 was used as an indicator of fungal
biomass (Federle 1986). The ratio of fungal PLFAs to bacterial PLFAs was taken to represent
the ratio of fungal to bacterial biomass ratio in soil (Bardgett et al. 1996; Yeates et al. 1997).
Total PLFA was used as a measure of the active microbial biomass (White et al. 1979). PLFAs

were analysed for July soil samples only.

Microbial community composition, based on DNA sequencing, was also undertaken on
freeze-dried subsamples of soil, using the methods of Horner et al (in revision, Appendix 2).
ITS rRNA was amplified for fungi as this region has become the universal DNA barcode marker
for fungi (Schloch et al 2012). 16s rRNA was amplified for bacteria as it has been used
extensively in the classicisation and identification of bacteria (Kim et al 2014). The samples
were analysed on an Illumina MiSeq platform at the University of Salford, and data pre-
processing was conducted using the dada2 pipeline in R (Callahan et al 2016). This was done

on the July soil samples only.

2.5 Enzyme analysis

For pNP linked substrates, B-glucosidase (GLC), B-xylosidase (XYL) and cellobiohydrolase
(CBH), soil slurries of 0.75g/ml were prepared using 50mM pH 5.0 acetate buffer. For each
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sample, equal amounts, 150ul, of soil slurry and acetate buffer were mixed in two wells of a
96-well deepwell block. In four wells, 150ul pNP-GLC solution was mixed with an equal
amount of soil slurry. Any spare wells were used as blanks with 150ul pNP-GLC and 150yl
acetate buffer. This process was repeated for pNP-XYL and pNP-CBH. All plates were covered
with parafilm and incubated at 18°C under continuous shaking. After 1.5 hours the pNP-GLC
plate was centrifuged and 100ul solution pipetted into clean 96-well microplate with 200l
50mM NaOH. The absorbance was read at 405nm. This process was repeated for the pNP-XYL
plate after 3 hours and the pNP-CBH plate after 4 hours. This method is based on Jackson et

al (2013), adapted by Irene Cordero for upland grassland soils (unpublished).

For lignin peroxidase (PER) and phenol oxidase (POX), 0.4ml of 0.01g/ml soil solution and
0.4ml of DOPA was added to six wells. The plates were shaken for 10 minutes, and
centrifuged. We then transferred 250pul supernatant into a clean 96-well microplate, with 10ul
0.3% H0> in three of the wells. The starting absorbance was read at 450nm. Plates were
incubated in the dark at 18°C for 1.5 hours and measured again to calculate peroxidase. Plates
were then incubated in the dark at 18°C for an additional 18.5 hours and measured again to
calculate phenol oxidase. Any spare wells were used as blanks with 0.4ml acetate buffer and
0.4ml DOPA. This method is based on Bach et al (2013), adapted by Irene Cordero for upland

grassland soils (unpublished).

2.6 Vegetation analysis

At monthly intervals from May to August 2017, clipped vegetation from the clipped plots was
placed into paper bags and transported to the laboratory to measure total accumulated
aboveground plant biomass. Each sample was dried at 70°C for 48 hours and then weighed.
At the final sampling, in September 2017, all plots were clipped and the vegetation was oven-
dried and weighed as previously described. The samples from September were then ground,
and the total carbon and nitrogen of the vegetation samples was determined using a Dry

Combustion Elemental Analyser Elementar Vario EL Cube (Hanau, Germany).
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2.7 Root analysis

During July sampling only, three additional soil cores were collected from each plot. These
were transported to the laboratory and stored at 4°C. The root biomass was obtained by
washing soil from cores through a 2mm sieve. The debris remaining in the sieve with the roots
was removed by hand with fine tweezers. The roots were then placed into an oven at 70°C
for 48 hours and weighed to calculate dry root biomass. After weighing, the samples were
ground, and the total carbon and nitrogen of the vegetation samples were determined using

a Dry Combustion Elemental Analyser Elementar Vario EL Cube (Hanau, Germany).

2.8 Gas analysis

Carbon dioxide fluxes were measured using a closed static chamber, following a similar design
to Ward et al (2007a). A base ring of 30cm diameter by 15c¢cm height was sunk into the ground
when the experiment was setup in April 2016. A clear plastic cloche was sealed to the base
with a rubberized band. A plastic pipe, inserted and sealed into the top of the cloche,
connected to an infrared gas analyser (EGM4, PP Systems, Hitchin, UK) to measure carbon
dioxide net flux. An opaque cloche of the same design was then used to measure ecosystem
respiration. Photosynthetically active radiation (PAR) was recorded at vegetation height using
a PAR sensor (Skye Instruments, Llandridod Wells, UK). Air temperature was recorded also at
vegetation height using a thermometer. To calculate flux per unit area, measurements were
adjusted for air temperature, headspace volume and ground area coverage (Holland et al

1999).

2.9 Statistical analysis

Generalised linear models (GLM) were run to determine correlations between the treatments
applied and the variables measured. General soil properties included as response variables
were pH, bulk density and soil moisture. Long-term carbon and nitrogen stocks were tested
using soil total carbon and nitrogen. Short-term carbon and nitrogen stocks were dissolved
organic carbon (DOC), dissolved organic nitrogen (DON), dissolved inorganic nitrogen (DIN),

plant available or inorganic nitrogen, and nitrogen mineralisation rate. Microbial response
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variables were microbial biomass carbon, microbial biomass nitrogen, total bacterial PLFA,
total fungal PLFA, and fungal to bacterial PLFA ratio. Enzymatic response variables were
peroxidase (PER), phenol oxidase (POX), glucosidase (GLC), xylosidase (XYL), and
cellobiohydrolase (CBH) activity. Vegetation variables were aboveground plant biomass,
belowground plant biomass, plant tissue carbon and nitrogen, and root tissue carbon and
nitrogen. Net ecosystem changes of carbon was also included as a response variable. Clipped
(yes or control), warmed (yes or control), habitat type (acidic or calcareous), and field site (A,
B, C and D) were used as predictor variables. Month (May-September) was also used as a
predictor variable for all measurements undertaken monthly. GLMs were performed using
the command gIm() and plotted using ggplot() in R (R Development Core Team 2010). The
effects of grazing type, grassland type and site on microbial community taxonomic
composition (i.e. beta-diversity, as determined by amplicon sequence data) were analysed
using multivariate analysis of variance (permANOVA) with the adonis function in the vegan

package in R (R Development Core Team 2010).

3. Results

Soil total nitrogen and soil total carbon varied across the experimental plots, from 0.07 kg m?
to 0.33 kg m? and 0.77 kg m? to 4.92 kg m? respectively. Soil physical properties and pH were
unaffected by treatment (Table 4.1). Soil total carbon and nitrogen were also not affected by
treatment, nor did they differ between grassland type and site (Table 4.2, Table 4.3). Inorganic
nitrogen was lower in clipped plots (Table 4.3, GLM: df=1, F=6.37, P<0.05, Figure 4.2b).
Dissolved organic nitrogen pools varied with grassland type, site and month sampled, but
were unaffected by treatment (Table 4.3). Warming altered microbial biomass carbon, but
the response was dependant on site with reduced microbial biomass carbon under warming
at one site B and increased microbial biomass carbon at the other sites (Table 4.2, GLM: df=3,
F=4.1425, P<0.01, Figure 4.6b). The combination of clipping and warming affected soil
dissolved organic carbon concentrations but this response was also dependant on site (Table
4.2, GLM: df=3, F=3.2146, P<0.05). Sites A and C had increased dissolved organic carbon under
clipping and warming, whereas dissolved organic carbon at sites B and D did not change in
response to treatment. Both dissolved organic carbon and microbial biomass carbon also

varied with sampling month, and grassland type for biomass carbon only (Table 4.2).
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Clipping altered net ecosystem exchange, but this effect was dependent on sampling month
(Table 4.4, GLM: df=4, F=3.1711, P<0.05, Figure 4.3). Clipping resulted in less carbon loss in
August, more carbon loss in June, and no change in May, July and September. Net ecosystem
exchange of CO, was higher at sites C and D than A and B (Table 4.4, GLM: df=3, F=4.8849,
P<0.01). Warming altered ecosystem respiration, however this effect was dependent on site
(Table 4.4, GLM: df-3, F=3.2631, P<0.05, Figure 4.6a). Warming decreased ecosystem
respiration at sites A and B, but had no effect at sites C and D. Ecosystem respiration also
changed monthly, increasing from May to July and then declining until September (Table 4.4,

GLM: df=4, F=5.3002, P<0.001).

Neither microbial abundance (Table 4.5), community composition (Table 4.6), nor enzymatic
activity (Table 4.7) were affected by treatment. However, they did vary between habitats and

sites, and month sampled for enzymes only.

Aboveground plant biomass was reduced by clipping (Table 4.8, GLM: df=1, F=4.8517, P0.05,
Figure 4.2a) and warming (Table 4.8, GLM: df=1, F=5.6294, P<0.05, Figure 4.4) independantly.
The aboveground plant nitrogen pool was reduced by clipping (Table 4.8, GLM: df=1,
F=69.4674, P<0.001). The aboveground plant carbon pool was reduced by warming, only in
the absence of clipping, although clipping reduced aboveground plant carbon to a greater
extent in both the presence and absence of warming (Table 4.8, GLM: df=1, F=5.5831, P<0.05,
Figure 4.7). Belowground root biomass and carbon were unaffected by treatment (Table 4.9).
The response of root nitrogen to warming was dependant on habitat, with calcareous
grasslands unaffected whilst warming reduced root nitrogen on acid grasslands (Table 4.9,

GLM: df=1, F=4.939, P<0.05, Figure 4.5).
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Table 4.1. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,

C, D) and month (May-September, if applicable) on the soil properties listed determined using

generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Predictor Df F Pr(>F)
pH | Clipping 1 0.229 0.63309
Warming 1 1.0803 0.30065
Habitat 1 453.202 <2e-16 HoEx
Site 3 38714 <2e-16 rEx
Month 4 25034 0.04567 *
Clipping*Warming 1 0.0438 0.8345
Clipping*Habitat 1 0.251 0.61726
Warming*Habitat 1 1.7915 0.18319
Clipping*Site 3 0.0801 0.9707
Warming*Site 3 0.3841 0.76462
Clipping*Month 4 0.481 0.74962
Warming*Month 4 0.0633 0.99254
Clipping*Warming*Habitat 1 0.5046 0.47881
Clipping*Warming*Site 3 0.2032 0.89403
Clipping*Warming*Month 4 0.3991 0.808096
Bulk density | Clipping 1 0.4609 0.498468
Warming 1 09452 0.33283
Habitat 1 22.2782 6.26E-06 roEx
Site 3  4.8996 0.002979 *x
Month 4  0.1296 0.9713
Clipping*Warming 1 0.089 0.765189
Clipping*Habitat 1 1.0942 0.29758
Warming*Habitat 1 0.0027 0.958457
Clipping*Site 3  0.9913 0.3993
Warming*Site 3 0.8302 0.479695
Clipping*Month 4 0.0048 0.999953
Warming*Month 4 0.1372 0.968239
Clipping*Warming*Habitat 1 0.3243 0.570088
Clipping*Warming*Site 3 0.1951 0.899564
Clipping*Warming*Month 4 0.0079 0.999875
Soil moisture | Clipping 1 0.1086 0.74235
Warming 1 0.0875 0.76786
Habitat 1 23.1505 4.27E-06 roAx
Site 3 3.8399 0.01141 *
Month 4 0.7052 0.58981
Clipping*Warming 1 0.0055 0.94084
Clipping*Habitat 1 0 0.99769
Warming*Habitat 1 0.0782 0.78019
Clipping*Site 3 0.0784 0.9716
Warming*Site 3  0.0409 0.98894
Clipping*Month 4 0.1173 0.97616
Warming*Month 4 0.0337 0.9978
Clipping*Warming*Habitat 1 0.0025 0.96019
Clipping*Warming*Site 3 0.0135 0.99784
Clipping*Warming*Month 4 0.0113 0.99974
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Table 4.2. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,
C, D) and month (May-September, if applicable) on the soil carbon pools listed determined

using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

0.9132 0.436708
4.1425 0.007767 *x
0.7725 0.54507
0.0279 0.998474
0.7498 0.388209
1.2652 0.289316

Clipping*Site
Warming*Site
Clipping*Month
Warming*Month
Clipping*Warming*Habitat
Clipping*Warming*Site

P<0.001.
Response Predictor Df F Pr(>F)
Soil total carbon | Clipping 1 0.2699 0.61282
Warming 1 0.9587 0.34685
Habitat 1 2.2592 0.15867
Site 3 2.6075 0.09984
Clipping*Warming 1 0.0414 0.84221
Clipping*Habitat 1 0.0036 0.95314
Warming*Habitat 1 0.0245 0.87816
Clipping*Site 3 0.5108 0.68235
Warming*Site 3 0.3599 0.78303
Clipping*Warming*Habitat 1 0.0569 0.81547
Clipping*Warming*Site 3 0.742 0.54727
Dissolved organic carbon | Clipping 1 0.5677 0.45258
Warming 1 0.0282 0.86681
Habitat 1 36.3337 1.76E-08 il
Site 3 13.1179 1.70E-07 rEx
Month 4 10.9512 1.30E-07 roEx
Clipping*Warming 1 0.0132 0.90884
Clipping*Habitat 1 0.1154 0.73471
Warming*Habitat 1 0.1733 0.67794
Clipping*Site 3 0.6792 0.56635
Warming*Site 3 0.1438 0.93346
Clipping*Month 4 0.3681 0.831
Warming*Month 4 1.2349 0.29958
Clipping*Warming*Habitat 1 0.2695 0.60457
Clipping*Warming*Site 3 3.2146 0.02528 *
Clipping*Warming*Month 4 0.2832 0.8884
Microbial biomass carbon | Clipping 1 0.2215 0.63874
Warming 1 3.0304 0.084201
Habitat 1 2.4877 0.117285
Site 3 3.7977 0.012037 *
Month 4 6.7645 5.86E-05 il
Clipping*Warming 1 0.802 0.372222
Clipping*Habitat 1 1.9473 0.165369
Warming*Habitat 1 0.231 0.631594
3
3
4
4
1
3
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Table 4.3. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,

C, D) and month (May-September, if applicable) on the soil nitrogen pools listed determined

using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

P<0.001.
Response Predictor Df F Pr(>F)
Soil total nitrogen | Clipping 1 1.0509 0.32552
Warming 1 2.2313 0.16106
Habitat 1 3.1922 0.09926
Site 3 0.6828 0.57954
Clipping*Warming 1 0.0214 0.886
Clipping*Habitat 1 0.0009 0.97712
Warming*Habitat 1 0.0009 0.97712
Clipping*Site 3 1.6594 0.22824
Warming*Site 3 0.9136 0.46342
Clipping*Warming*Habitat 1 0.193 0.66822
Clipping*Warming*Site 3 0.9594 0.44332
Dissolved inorganic nitrogen | Clipping 1 1.5733 0.212082
Warming 1 3.2983 0.071766
Habitat 1 9.0825 0.00313 *x
Site 3 7.1132 0.00019 rEx
Month 4 4.9334 0.001004 *x
Clipping*Warming 1 0.2404 0.624782
Clipping*Habitat 1 1.0431 0.309086
Warming*Habitat 1 0.1266 0.722545
Clipping*Site 3 0.3448 0.792967
Warming*Site 3 0.0291 0.993267
Clipping*Month 4 1.4365 0.225858
Warming*Month 4 0.404 0.805447
Clipping*Warming*Habitat 1 0.0061 0.937762
Clipping*Warming*Site 3 1.6808 0.174577
Clipping*Warming*Month 4 2.0149 0.09642
Dissolved organic nitrogen | Clipping 1 1.408 0.23765
Warming 1 0.5472 0.46088
Habitat 1 5.0188 0.02685 *
Site 3 5.4295 0.00153 *E
Month 4  15.2875 3.45E-10 il
Clipping*Warming 1 0.0997 0.75267
Clipping*Habitat 1 2.063 0.15343
Warming*Habitat 1 0.0203 0.88689
Clipping*Site 3 0.0599 0.98071
Warming*Site 3 0.2004 0.89593
Clipping*Month 4 1.1802 0.32285
Warming*Month 4 0.4302 0.78658
Clipping*Warming*Habitat 1 0.1784 0.67349
Clipping*Warming*Site 3 0.9048 0.44093
Clipping*Warming*Month 4 1.6054 0.11709
Plant available nitrogen | Clipping 1 6.37 0.01287 *
Warming 1 0.0682 0.79436
Habitat 1 16.6317 8.06E-05 Hokx
Site 3 5.5032 0.001395 *E
Month 4 6.9104 4.69E-05 HoEx
Clipping*Warming 1 2.0114 0.158627
Clipping*Habitat 1 2.2032 0.140262
Warming*Habitat 1 0.0002 0.987752
Clipping*Site 3 1.0681 0.365237
Warming*Site 3 0.7472 0.525938
Clipping*Month 4 0.5777 0.679296
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Nitrogen mineralisation rate

Microbial biomass nitrogen

Warming*Month
Clipping*Warming*Habitat
Clipping*Warming*Site
Clipping*Warming*Month
Clipping

Warming

Habitat

Site

Month

Clipping*Warming
Clipping*Habitat
Warming*Habitat
Clipping*Site
Warming*Site
Clipping*Month
Warming*Month
Clipping*Warming*Habitat
Clipping*Warming*Site
Clipping*Warming*Month
Clipping

Warming

Habitat

Site

Month

Clipping*Warming
Clipping*Habitat
Warming*Habitat
Clipping*Site
Warming*Site
Clipping*Month
Warming*Month
Clipping*Warming*Habitat
Clipping*Warming*Site
Clipping*Warming*Month

AWFRPAPAPNOWWRRPRRPRMNOVRPRRPRPAWURANWWRRPRRPRMNWRRPRRAWR-N

0.8559
2.6004
0.1315
0.452
1.0711
0.5224
0.0861
1.7657
0.3772
0.2668
0.4081
0.2274
1.4275
1.8263
0.8879
0.5916
0.294
0.8677
0.3123
0.0172
0.5455
68.6455
6.6153
8.8358
0.0393
0.4568
0.0543
0.378
0.8662
0.3478
0.9742
0.0813
1.1955
0.0995

0.492568
0.109377
0.94119
0.770769
0.3027
0.4712
0.7696
0.1572
0.8246
0.6064
0.5241
0.6343
0.238
0.1458
0.4734
0.6694
0.5886
0.4599
0.8693
0.89588
0.461564
1.62E-13 ok
0.00035 rrx
2.61E-06 orx
0.84315
0.500374
0.816115
0.769006
0.460654
0.845133
0.53113
0.775967
0.314352
0.982416
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Table 4.4. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,

C, D) and month (May-September, if applicable) on the gas fluxes listed determined using

generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Predictor Df F Pr(>F)

Net ecosystem exchange of CO2 | Clipping 1 0.0111 0.916339
Warming 1 0.7231 0.396767
Habitat 1 0.1081 0.742844
Site 3 4.8849 0.003035 *E
Month 4 49515 0.000976 oAk
Clipping*Warming 1 0.2246 0.636354
Clipping*Habitat 1 0.0296 0.982178
Warming*Habitat 1 0.0005 0.862732
Clipping*Site 3 0.1252 0.945018
Warming*Site 3 1.0986 0.352422
Clipping*Month 4 31711 0.01611 *
Warming*Month 4 0.1216 0.974526
Clipping*Warming*Habitat 1 0.0098 0.921421
Clipping*Warming*Site 3  0.1199 0.948273
Clipping*Warming*Month 4 0.5421 0.70512

Respiration | Clipping 1 0.1015 0.750607
Warming 1 3.1481 0.078468
Habitat 1 1.1082 0.294513
Site 3 4.308 0.006297 *x
Month 4 5.3002 0.000565 roEx
Clipping*Warming 1 0.0736 0.78665
Clipping*Habitat 1 0.0186 8.92E-01
Warming*Habitat 1 29279 0.089562
Clipping*Site 3 0.6482 0.585535
Warming*Site 3 3.2631 2.38E-02 *
Clipping*Month 4 1.1334 0.343927
Warming*Month 4 0.644 0.632119
Clipping*Warming*Habitat 1 0.2662 6.07E-01
Clipping*Warming*Site 3 0.7552 0.521354
Clipping*Warming*Month 4 1.1659 0.329173
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Table 4.5. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,
C, D) and month (May-September, if applicable) on the microbial properties listed determined

using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01, and ***

P<0.001.
Response Predictor Df F Pr(>F)
Bacterial PLFAs | Clipping 0.2836 0.604102
Warming 0.2667 0.61494
Habitat 11.3343 0.005605 *E
Site 4.4657 0.025142 *

0.0386 0.847514
0.4526 0.513857
1.164 0.301853
0.7593 0.538211
0.6384 0.604663
2.1278 0.17032
1.9179 0.180548
0.0523 0.822952

Clipping*Warming
Clipping*Habitat
Warming*Habitat
Clipping*Site
Warming*Site
Clipping*Warming*Habitat
Clipping*Warming*Site
Fungal PLFAs | Clipping

Warming 0.1014 0.755602
Habitat 21.157 0.000611 *Ak
Site 5.5731 0.012494 *

0.1598 0.696406
1.3223 0.272579

Clipping*Warming
Clipping*Habitat

Warming*Habitat 0.087 0.773065
Clipping*Site 0.3877 0.763921
Warming*Site 0.111 0.95199
Clipping*Warming*Habitat 1.954 0.187461

1.5932 0.242632
3.1323 0.102138

Clipping*Warming*Site
Fungal : Bacterial PLFAs | Clipping

Warming 1.3051 0.275563
Habitat 11.3432 0.005591 *x
Site 1.392 0.292825

0.0842 0.776591
1.9168 0.191414
0.5008 0.49266
0.9167 0.462058
0.1623 0.919667
0.4531 0.513639
0.569 0.645964

Clipping*Warming
Clipping*Habitat
Warming*Habitat
Clipping*Site
Warming*Site
Clipping*Warming*Habitat
Clipping*Warming*Site

WR WWRRPRRPWRRPRRPWRWOVWWRRPRRPRWRRPRPWRWWRR,RL,WERRR

Table 4.6. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,
C, D) on the microbial properties listed determined using adonis models. Significance is

indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df R2 Pr(>F)

Bacterial DNA | Site 3 0.184 0.001 wkx
Habitat 1 0.175 0.001 HoEx
Clipping 1 0.020 0.623
Warming 1 0.022 0.472

Fungal DNA | Site 3 0.134 0.02 o

Habitat 1 0.051 0.001 HoE
Clipping 1 0.042 0.713
Warming 1 0.043 0.559
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Table 4.7. The effects of treatment (clipping, warming), habitat (calcareous, acid), site (A, B,

C, D) and month (May-September, if applicable) on the soil enzyme activities listed

determined using generalized linear models. Significance is indicated as * P<0.05, ** P<0.01,

and *** P<0.001.

Response Predictor Df F Pr(>F)

PER activity | Clipping 1 0.2013 0.654433
Warming 1 0.0673 0.795752
Habitat 1 65.2491 4.96E-13 *Ex
Site 3 6.0664 0.000691 Ak
Month 4 2.5717 0.041089 *
Clipping*Warming 1 1.03121 0.331643
Clipping*Habitat 1 0.4946 0.483221
Warming*Habitat 1 0.4616 0.498124
Clipping*Site 3 0.055 0.982947
Warming*Site 3 1.9477 0.125378
Clipping*Month 4 0.5567 0.694502
Warming*Month 4 0.1188 0.975593
Clipping*Warming*Habitat 1 0.001 0.97499
Clipping*Warming*Site 3 0.0638 0.978871
Clipping*Warming*Month 4 0.2327 0.919543

POX activity | Clipping 1 0.0041 0.949182
Warming 1 0.0081 0.928305
Habitat 1 128.1165 <2.2e-16 roEx
Site 3 3.9539 0.009869 *E
Month 4 6.6099 7.43E-05 il
Clipping*Warming 1 0.0007 0.979063
Clipping*Habitat 1 0.0046 0.946197
Warming*Habitat 1 0.0837 0.772863
Clipping*Site 3 0.0259 0.994336
Warming*Site 3 0.9627 0.412665
Clipping*Month 4 0.5731 0.682662
Warming*Month 4 0.1713 0.952709
Clipping*Warming*Habitat 1 0.0353 0.851314
Clipping*Warming*Site 3 0.6205 0.602994
Clipping*Warming*Month 4 0.1036 0.981062

GLC activity | Clipping 1 0.594 0.442357
Warming 1 0.0036 0.952057
Habitat 1 1.5987 0.208459
Site 3 5.1068 0.002295 *E
Month 4 1.4531 0.220602
Clipping*Warming 1 0.0017 0.967103
Clipping*Habitat 1 0.1523 0.696987
Warming*Habitat 1 0.0092 0.92391
Clipping*Site 3 0.6044 0.61337
Warming*Site 3 0.0792 0.971198
Clipping*Month 4 0.3351 0.853898
Warming*Month 4 0.0613 0.992983
Clipping*Warming*Habitat 1 0.0819 0.775259
Clipping*Warming*Site 3 0.0979 0.961049
Clipping*Warming*Month 4 0.076 0.989408

XYL activity | Clipping 1 0.4636 0.497225
Warming 1 0.0015 0.968936
Habitat 1  13.1522 0.000418 *Ek
Site 3 8.197 5.08E-05 ok
Month 4 8.7315 3.02E-06 HoE
Clipping*Warming 1 0.1058 0.745581
Clipping*Habitat 1 0.2852 0.594277
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CBH activity

Warming*Habitat
Clipping*Site
Warming*Site
Clipping*Month
Warming*Month
Clipping*Warming*Habitat
Clipping*Warming*Site
Clipping*Warming*Month
Clipping

Warming

Habitat

Site

Month

Clipping*Warming
Clipping*Habitat
Warming*Habitat
Clipping*Site
Warming*Site
Clipping*Month
Warming*Month
Clipping*Warming*Habitat
Clipping*Warming*Site
Clipping*Warming*Month

PWORPPPOVWORPRRPRPPRPPORPRPPRPPPORPDEPPLOVWWER

0.5192
0.6425
0.6092
0.4585
1.6047
0.036
0.0198
0.2445
0.1252
0.0833
18.8569
7.5567
2.5233
0.0714
0.0083
0.0002
0.8576
0.5746
0.362
0.5197
0.2867
0.159
0.3628

0.472529
0.589131
0.610257
0.766031
0.17728
0.849746
0.996199
0.912487
0.724097
0.773397
2.90E-05 rwk
0.00011 rxk
0.044284 *
0.789774
0.92743
0.988497
4651564
0.632779
0.835253
0.721379
0.593294
0.923684
0.834681
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Table 4.8. The effects of treatment (clipping, warming), habitat (calcareous, acid) and site (A,

B, C, D) on the aboveground plant properties listed determined using generalized linear

models. Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Predictor Df F Pr(>F)

Aboveground plant biomass | Clipping 1 4.8517 0.04791
Warming 1 5.6294 0.03523
Habitat 1 44168 0.05738
Site 3 1.1817 0.35772
Clipping*Warming 1 3.1097 0.10325
Clipping*Habitat 1 0.1845 0.67513
Warming*Habitat 1 0.334 0.574
Clipping*Site 3 14298 0.2826
Warming*Site 3 0.4108 0.74823
Clipping*Warming*Habitat 1 1.6038 0.2294
Clipping*Warming*Site 3 0.5578 0.65285

Aboveground plant nitrogen | Clipping 1 69.4674 2.47E-06 il
Warming 1 19121 0.19192
Habitat 1 3.8825 0.07231
Site 3 1.459 0.27495
Clipping*Warming 1 2.3377 0.1522
Clipping*Habitat 1 1.1827 0.29817
Warming*Habitat 1 0.0123 0.91338
Clipping*Site 3 1.4642 0.2736
Warming*Site 3 0.0375 0.9898
Clipping*Warming*Habitat 1 0.115 0.74038
Clipping*Warming*Site 3 0.354 0.78716

Aboveground plant carbon | Clipping 1 99.5501 6.11E-07 *E

Warming 1 6.255 0.02786 *
Habitat 1 1.5301 0.23975
Site 3  1.4868 0.26787
Clipping*Warming 1 5.5831 0.03586 *
Clipping*Habitat 1 0.326 0.57857
Warming*Habitat 1 0.0001 0.99238
Clipping*Site 3 1.5737 0.24704
Warming*Site 3 0.0689 0.97545
Clipping*Warming*Habitat 1 0.2592 0.61991
Clipping*Warming*Site 3 0.137 0.93599
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Table 4.9. The effects of treatment (clipping, warming), habitat (calcareous, acid) and site (A,

B, C, D) on the belowground plant properties listed determined using generalized linear

models. Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Predictor Df F Pr(>F)
Belowground plant biomass | Clipping 1 0.0428 0.83957
Warming 1 1.8833 0.19507
Habitat 1 0.0723 0.79254
Site 3 1.5194 0.25986
Clipping*Warming 1 0.0107 0.91953
Clipping*Habitat 1 0.0039 0.95153
Warming*Habitat 1 3.6753 0.07934
Clipping*Site 3  0.9059 0.4669
Warming*Site 3 0.2933 0.82951
Clipping*Warming*Habitat 1 0.1828 0.67655
Clipping*Warming*Site 3 0.4064 0.75122
Belowground plant nitrogen | Clipping 1 0.0597 0.81112
Warming 1 26228 0.13131
Habitat 1 0.054 0.82008
Site 3  1.2354 0.33981
Clipping*Warming 1 0.0343 0.85617
Clipping*Habitat 1 0.0013 0.97229
Warming*Habitat 1 4.939 0.04624 *
Clipping*Site 3 0.7817 0.52666
Warming*Site 3 0.2283 0.87488
Clipping*Warming*Habitat 1 0.3493 0.56545
Clipping*Warming*Site 3  0.3626 0.78121
Belowground plant carbon | Clipping 1 0.0088 0.9269
Warming 1 1.664 0.2214
Habitat 1 0.0374 0.8499
Site 3 0.8375 0.4989
Clipping*Warming 1 0.0386 0.8475
Clipping*Habitat 1 0.0096 0.9236
Warming*Habitat 1 28349 0.1181
Clipping*Site 3 0.8152 0.5099
Warming*Site 3 0.3782 0.7704
Clipping*Warming*Habitat 1 0.1943 0.6672
Clipping*Warming*Site 3  0.4282 0.7365
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Figure 4.2. Clipping, to 4cm sward height, effects on [a] plant available or soil inorganic
nitrogen (g/m?) measured to 10cm depth, and [b] aboveground plant biomass (g/50cm?).
Both variables decreased in response to clipping. The box represents the interquartile range,
with the median displayed as a black line within the box. The represent error bars showing
the 95% confidence interval, and any outliers are shown as black dots above and below the

box-and-whisker plots.
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Figure 4.3. Monthly effects, separated by application (shown in blue) or not (shown in red) of

clipping treatment, on net ecosystem exchange of carbon (mgCO2/m?/hr). Net ecosystem

carbon exchange showed high levels of variation, including a varied relationship with clipping.

During June, clipping decreased net ecosystem carbon exchange, whereas the opposite was

observed in August. Over the other months, clipping did not affect net ecosystem carbon

exchange. The box represents the interquartile range, with the median displayed as a black

line within the box. The whiskers represent error bars showing the 95% confidence interval,

and any outliers are shown as black dots above and below the box-and-whisker plots.
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Figure 4.4. Warming, of approximately 1°C, effects on aboveground plant biomass (g/25cm?).
Aboveground plant biomass declined under warming. The box represents the interquartile
range, with the median displayed as a black line within the box. The represent error bars

showing the 95% confidence interval, and any outliers are shown as black dots above and

below the box-and-whisker plots.
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Figure 4.5. Warming, of approximately 1°C, effects on root tissue nitrogen (g/m?) separated
by grassland type. On the limestone, or calcareous, grasslands warming had no effect on root
tissue nitrogen. Contrastingly, one the acid grasslands warming reduced root tissue nitrogen.
The box represents the interquartile range, with the median displayed as a black line within
the box. The represent error bars showing the 95% confidence interval, and any outliers are

shown as black dots above and below the box-and-whisker plots.
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Figure 4.6. Site, separated by warming, effects on [a] microbial biomass carbon (g/m?)
measured to 10cm depth, and [b] ecosystem respiration (mgCO2/m?/hr). At site B, under
warming both ecosystem respiration and microbial biomass carbon decreased. At the other
sites, ecosystem respiration did not alter in response to warming, but microbial biomass
carbon increased. The box represents the interquartile range, with the median displayed as a
black line within the box. The represent error bars showing the 95% confidence interval, and

any outliers are shown as black dots above and below the box-and-whisker plots.
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Figure 4.7. Treatment, specifically clipping to 4cm sward height and warming to
approximately 1°C, effects on aboveground plant tissue carbon (g/m?). Treatments are
classified as A=Control, C=Clipped, CW=Clipped and Warmed, and W=Warmed. In the
absence of clipping, warming caused a small decline in aboveground plant tissue carbon.
Clipping, in the absence of warming, caused a larger decline in aboveground plant tissue
carbon. The combination of clipping and warming caused a decline that matched that caused
by clipping alone, indicating the effect of clipping overrides the effect of warming. The box
represents the interquartile range, with the median displayed as a black line within the box.
The represent error bars showing the 95% confidence interval, and any outliers are shown as

black dots above and below the box-and-whisker plots.

4, Discussion

The goal of this study was to examine the impact of defoliation, simulated by clipping, on
ecosystem carbon and nitrogen uptake, and determine whether this response varied under
simulated climate warming at the landscape scale across contrasting grassland types. Clipping
reduced inorganic nitrogen and aboveground net plant productivity, and affected net

ecosystem carbon fluxes, although the effect of the latter was dependant on month sampled.
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Warming also reduced net plant productivity, and affected the root nitrogen pool, but only
on acid grasslands. Combined clipping and warming altered dissolved organic carbon stocks,
and the aboveground carbon pool. Overall, our results indicate that clipping and warming
have varied effects on soil carbon and nitrogen cycling, but that these are highly dependent

on grassland type and show site specific variation.

4.1 The effects of clipping

We found that clipping reduced available inorganic nitrogen. Ruess and McNaughton (1987)
and Singh et al (1991) proposed regular defoliation by herbivores leads to increased available
inorganic nitrogen through decreased aboveground net plant productivity. However, we
found aboveground net productivity also declined in response to clipping. Ruess et al (1983)
found clipping Kyllinga nervosa to 5cm weekly stimulated the uptake of ammonium and
nitrate, increasing the plants investment in green leaf production. We therefore propose that
the need for constant growth in response to clipping, to ensure plants are developed enough
to set seed, results in increased inorganic nitrogen requirements. Alternatively, it is possible
that clipping induced reduction in aboveground biomass may result in reduced litter,
decreasing carbon and nitrogen returns to the soil, and therefore lowering soil inorganic
nitrogen stocks. This may also form a feedback loop, whereby reduced plant biomass reduces
inorganic nitrogen, which then reduces plant growth by limiting nitrogen availability (LeBauer
and Treseder 2008). Additional experimental work would be required to confirm either
hypothesis. Understanding the impact of defoliation by grazing livestock is important as other
processes, including microbial community biomass and composition, are dependent on soil
carbon and nitrogen availability (Stitt and Krapp 1999, Bowles et al 2014). Although we did
not find corresponding shifts in microbial community composition or activity, it maybe that

in the longer term shifts would be observed.

Clipping also altered ecosystem carbon fluxes, but this response was dependant on month
sampled. We observed increased fluxes in clipped plots in August, decreased fluxes in June,
and no change in May, July and September. This variation in net ecosystem exchange was not
accompanied by an associated change in ecosystem respiration indicating that it is changing

photosynthetic rate causing the shift. Given photosynthetic rate is related to net radiation
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and air temperature (Valentini et al 1995), this demonstrates that environmental conditions
are likely altering ecosystem responses to grazing even in the short term. The precise
conditions determining responses are unclear from our experiment and future work is
required to understand why we observe monthly variation in gas fluxes under different land

management practices, including livestock grazing.

4.2 The effects of warming

Aboveground net primary production was lower under warming. Ciais et al (2005) studied the
European wide impact of heat and drought on plant growth. They estimated reductions of
30% biomass in response to rainfall deficit and extreme summer heat. Our experimental
warming only increased air temperature by 1°C. However, the experiment ran over a summer
of unusually warm weather for the UK uplands. It may be that these ecosystems were already
at the upper limit of productivity under warming and therefore this small increase in
temperature may have led to a decline in productivity. Alternatively, changes in plant
community composition may have altered net primary production. Cantarel et al (2013) found
4 years of simulated warming reduced aboveground productivity in grassland ecosystems.
This occurred through changes in the relative abundance of plant communities. We did not
measure abundance during this study but changes in abundance of plants and bryophytes in
response to warming would potentially explain changes in primary productivity, although

given the short timescale of this experiment this is unlikely to be the case.

The root tissue nitrogen pool declined on acid grasslands, but not on calcareous grasslands,
in response to warming. This change was not associated with a change in root biomass.
Inorganic nitrogen and dissolved organic nitrogen concentrations are lower in acid grassland
soils than calcareous grassland soils. This tells us that these grasslands are under greater
nitrogen limitation than the calcareous grasslands, as these are the two principle sources of
nitrogen utilised by plants (Jones et al 2005). The decline in root nitrogen pool on acid
grasslands may, therefore, reflect plants reduced ability to uptake nitrogen in a nitrogen

limited environment.

Ecosystem respiration is one of the largest terrestrial carbon fluxes (Luo 2007). It has been

hypothesised that warming has the potential to stimulate carbon release across various
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terrestrial biomes (Wan et al 2005, Niu et al 2013), largely due to temperature increases
stimulating root and microbial respiration (Niu et al 2008). We found, however, that
ecosystem respiration declined under warming, but at site B only. Site B also had reduced
microbial biomass carbon under warming, although sites C and D had elevated microbial
biomass carbon and no increase in ecosystem respiration was observed. However, declines in
microbial biomass carbon indicates accelerated turnover resulting in increased microbial
respiration (Prommer et al 2019). We would expect accelerated turnover to be associated
with increased plant growth. Whilst this was not observed in our study, it is possible that it
would be observed in the longer term, as was found by Prommer et al (2019) who sampled
the Jena Experiment 13 years after it was founded. Further work is needed to understand the

cause of site specific responses to change.

4.3 The effects of combined clipping and warming

Dissolved organic carbon was increased under combined clipping and warming, but only at
sites A and C. We found clipping increased plant productivity, and other studies have shown
that warming can increase turnover (Hutsch et al 2002, Weintraub et al 2007). We can,
therefore, hypothesise that the combination of these two factors resulted in increased
availability of dissolved organic carbon. Given how dependent turnover is on microbial
community, and given our study found microbial abundance differed between sites, site
specific microbial community composition may explain why this pattern is observed at only

half of our sites.

Our study found aboveground plant tissue carbon pools declined in response to clipping and
this response was not affected by warming. It also declined in response to warming, in the
absence of clipping. Plants produce carbon through respiration. As plants in clipped plots are
required to grow consistently throughout the season in order to try to produce sufficient
material to flower and set seed, they likely require more carbon for growth. It may be that
they cannot accumulate as much carbon as unclipped plants to store in their tissues given
their need to utilise it for growth. This requirement for growth is not affected by warming.
However, we also found that under warming aboveground plant carbon declined in the

absence of clipping. This decline may be attributed to warming induced changes in microbial
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community. We found that, at a majority of sites, microbial biomass carbon increased under
warming. Soil microorganisms are better able to complete for dissolved organic carbon
(Boddy et al 2007) than plant roots, this may result in greater carbon allocation to the

microbes through utilisation of the organic carbon pool.

4.4 Site-specific, habitat and sampling month variation

Unlike other studies, we found that defoliation and warming had very little effect on carbon
and nitrogen cycling, when compared to the effect of sampling location or month sampled.
Given the short timescale of this experiment, it is perhaps not surprising that no change in
soil total carbon and nitrogen was observed. de Mazancourt et al (1999) modelled the grazing
optimization hypothesis on savanna habitat; this hypothesis proposes an optimum level of
grazing where grazing is beneficial to soil carbon and nitrogen storage (McNaughton 1979).
They found it would take several decades for optimization to be reached, assuming 24%
return of nitrogen from digested materials through defecation, and several centuries, if

nitrogen return was less than 19%.

The duration of this experiment was sufficient to have observed changes in labile carbon and
nitrogen. Sampling location and sampling month explained most of the variation in labile
carbon and nitrogen pools, microbial community and microbial enzymatic activity, observed
in this study. Labile carbon and nitrogen pools have been demonstrated to be highly variable
at across large spatial scales (Ruess and Seagle 1994, Liu et al 2015). Spatial variation in labile
pools are linked climatic variation, particularly temperature and rainfall which are also likely
to be responsible for observed monthly variation. Daily to seasonal changes in soil water and
temperature have been demonstrated to determine carbon and nitrogen mineralization in
semi-arid soils (Schimel and Parton 1986). Additionally, microclimate has been shown to
interact with distribution and quality of soil organic matter to regulate carbon and nitrogen
turnover and availability (Burke 1989). Enzyme activity also shifts in response to changes in
temperature and moisture (Wallenstein et al 2009, Brockett et al 2012, Chen et al 2018). We
can therefore hypothesise that, at the landscape scale, difference in climate conditions and
soil physical properties exert a greater influence on short-term soil carbon and nitrogen pools,

and enzymatic activity, than land management practices do.
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5. Conclusions

Our study found that, in the short term, clipping decreased inorganic nitrogen, and reduced
aboveground net productivity. Additionally clipping affected net ecosystem carbon flux,
although the direction of influence was dependent on month sampled indicating climate
conditions affect ecosystem responses to defoliation. Warming did not alter root tissue
biomass but decreased the root nitrogen pool only in acid grasslands. Acid grasslands have
lower nitrogen availability than calcareous grasslands, indicating ecosystem response to
warming maybe dependent on nutrient availability. Clipping and warming in combination
altered labile carbon, but this was site specific. The microbial community and its activity were
unaffected by treatment. We propose that site specific variation in climate and soil properties
has a greater effect on microbial communities, and labile carbon and nitrogen pools, than

grazing management practices do.
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Abstract

The structure and functioning of terrestrial ecosystems is strongly influenced by the
interactions between herbivores, producers and decomposers. Different aspects of grazing
livestock behavior, namely eating and defecating, have different effects on both plant and soil
properties. They also likely have a different effects if occurring in combination. Understanding

how these behaviours, alone or in combination, are affected by projected climate warming is
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important for modelling climate change impacts and ‘future proofing’ nature reserves by
allowing land managers to moderate land management practices in response to climate
change. This experiment explored the impact of clipping, faecal deposition and warming on
plant and soil properties in the short-term through an 18 month field experiment undertaken
on species-poor limestone grassland. We found that soil total carbon and nitrogen pools were
reduced under faecal deposition. Clipping increased aboveground net plant productivity and,
under warming only, belowground root biomass. It also affected some labile carbon and
nitrogen pools, including increasing inorganic nitrogen but decreasing microbial nitrogen and
dissolved organic nitrogen when in conjunction with warming. Ecosystem respiration
increased under warming, although there was much variation. However, net ecosystem
carbon fluxes did not respond to any treatments. The response of the microbial communities
to clipping, faecal application, and warming varied greatly and additional research is needed
to clarify these responses. Caution should be taken when applying these findings given this
was a short-term single site experiment, however it provides important insight into the
individual and interactive effects of the different aspects of grazing behaviour on carbon and

nitrogen cycling.

1. Introduction

It is widely recognised that feedbacks between the producer, herbivore, and decomposer
subsystems strongly influence the structure and functioning of terrestrial ecosystems
(Bardgett and Wardle 2003). However, the complex nature of these interactions makes it
difficult to identify the key biological drivers involved (Klumpp et al. 2009). Large grazing
animals can influence soil properties and processes through a variety of mechanisms, both
direct and indirect. The principle direct mechanisms are defecation and trampling. Indirect
mechanisms operate via herbivore-induced changes in plant productivity and community
composition, both of which influence the amount and quality of organic matter entering soil
(Bardgett and Wardle 2003). Given the strong influence of herbivores on terrestrial ecosystem
functioning, it is imperative to disentangle the relative importance of these mechanisms, and
also determine how they are modified by environmental factors, including on-going climate

change.
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A key mechanism by which grazing animals impact the structure and functioning of terrestrial
ecosystems is through the defoliation of plants. Studies on grasslands have shown that they
are particularly affected by defoliation by grazing animals, and that it is a primary factor
influencing primary productivity and plant community structure, as well as the size and
structure of soil microbial communities. Mikola et al (2009), for example, explored the relative
impact of defoliation, faeces and trampling on vegetation and soil properties in Finnish dairy
cow pasture. They found that defoliation was the main factor explaining changes in plant
community and physiology, but changes in soil were impacted by a combination of
defoliation, faeces and trampling. Further, the herbivore optimisation hypothesis argues that
optimal levels of defoliation can maximise net primary productivity by balancing residual leaf
area and photosynthesis per unit leaf areas (Caughley 1976, McNaughton 1979). Intermediate
levels of herbivory can, therefore, maximise aboveground net primary productivity
(McNaughton 1985), and are proposed to optimise whole community productivity in fertile
ecosystems (de Mazancourt et al. 1999). The effect of herbivory on root production, however,
is more varied, but comparative studies of temperate grassland plants show that grazing
reduces root biomass in most plant species. This response is associated with increased rates
of nitrogen mineralisation and therefore increased soil nitrogen availability, which has been
proposed to cause a positive feedback on aboveground plant biomass (Medina-Roldan and
Bardgett 2011) The overall effect of defoliation on net primary productivity, however,
remains uncertain, and is likely determined by the balance between microbe stimulation by
carbon addition, through excreta, and inhibition of microbial activity via resource depletion,
due to competition between plants and microbes for resources (Bardgett 2005). The impact

of defoliation on primary productivity is therefore likely to be ecosystem dependent.

The deposition of faecal matter, which contains high levels of undigested material or non-
assimilated nutrients, and urine, containing non-assimilated nutrients, returns large
quantities of labile nutrients to the soil (Hester et al. 2006). Haynes and Williams (1993)
estimated that in managed pastures, 60-90% of material ingested by herbivores is returned
to the pasture in these forms. Nutrients returned to the soil via excreta, rather than through
plant litter, are released more rapidly into the soil, leading to increased nutrient availability
(Bardgett and Wardle 2010). However, these effects are often highly localised and therefore

influence only a small proportion of the landscape (Augustine and Frank 2001). Faeces and
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urine can also have localised negative effects on plant communities due to their toxicity and
the physical damage caused by their deposition (Bolger et al. 1997, Doudill et al. 1998). The
deposition of excreta is hypothesised to be one of the mechanisms by which ecosystem
nutrient cycling is switched from slow cycling, with a fungal dominated soil microbial
community and relatively recalcitrant organic matter, to fast cycling, with a bacterial
dominated soil microbial community that rapidly transforms labile substrates making
nutrients available for plant uptake (Bardgett and Wardle 2010). Bacteria dominated soils,
which are characteristic of intensively managed or grazed ecosystems, have organic matter
of low carbon to nitrogen ratio and lignin content, and have been described as carbon
releasing ecosystems, where soil carbon storage is relatively low and rates of carbon and
nitrogen mineralisation are high (Klumpp et al. 2009). In contrast, grasslands with lower
grazing pressures typically have fungal-dominated microbial communities, soils with higher
organic matter of high carbon to nitrogen ratio and lignin content, and have been described
as carbon storing ecosystems (Klumpp et al. 2009). The impact of faecal deposition on carbon
and nitrogen cycling is likely to be ecosystem specific and further research is needed to

understand its role in these processes in upland systems.

Climate warming impacts both aboveground and belowground ecosystem properties and
processes, although effects are variable across ecosystems and dependent on soil conditions,
including resource availability (Olesen and Bindi 2002, Smith et al 2016). Consistent with this,
past studies of the effects of warming on grasslands have found mixed results. For example,
in a study of alpine meadows, Wang et al (2012) found that warming increased aboveground
net primary productivity regardless of grazing, although the strength of this response was
reduced in grazed meadows. In contrast, Klein et al (2007) studied whether the effects of
warming on vegetation of alpine meadows and shrublands on the Qinghai-Tibetan plateau
are moderated by grazing, and found that while warming decreased aboveground primary
productivity in meadows, but not in shrublands, this response was mitigated by grazing.
Studies have also shown that warming and grazing in combination has consequences for soil
microbial communities. Rinnan et al (2009) studied the responses of plant and microbial
communities to warming and simulated herbivory in subarctic heath. They found warming
altered microbial community composition, as indicated by lipid-biomarker and substrate-

utilisation patterns, largely due to a decrease in the amount of bacteria in the warmed soils.
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Their findings, however, contrast with those of Baisi et al (2005) who laboratory-incubated
Siberian tundra soils at different temperatures and who found an increase in soil bacteria
under warming. Contrary to both of these, Rinnan et al (2008), who also studied warming on
subarctic heath, found no change in microbial community composition. Whilst Rinnan et al
(2009) did not find a response of microbial community composition to herbivory, they did find
bacterial activity, measuring using substrate utilisation patterns, increased in response to
simulated herbivory under warming, but not in the absence of warming. However, fungal
activity increased in response to warming alone, but not if herbivory was simulated.
Collectively, these studies indicate the potential for climate warming to modify the responses
of both the plant and soil microbial communities to grazing, although further studies are

clearly needed to understand why responses vary between studies.

The aim of this study was to experimentally test how different aspects of grazing impact plant
and soil microbial communities, and the processes of soil carbon and nitrogen cycling in
upland grasslands. We also aimed to determine whether climate warming modifies any of
these responses. First, we hypothesised that clipping to 4cm would increase primary
productivity through herbivore optimisation, and cause associated increases in nitrogen
mineralisation rates and soil inorganic nitrogen availability. Second, we hypothesised that
faecal deposition would labile carbon and nitrogen pools, and increase bacterial abundance
in soil relative to fungi. Finally, we hypothesised increased plant productivity under warming
and associated changes in the soil microbial community, most likely an increase in bacterial
abundance relative to fungi. These hypotheses were tested using a factorial experiment on
managed agricultural grassland that included simulated grazing through clipping and faecal
application under simulated climate warming. The focus on agricultural grasslands is of
importance given that they cover a large proportion of UK land surface and contain

approximately one third of the UK’s soil carbon stock (Ostle et al. 2009; Manning et al. 2015).

2. Materials and methods
2.1 Site description and experimental design

This experiment was setup at Tenant Gill Farm (54°06°09.9”N, 2°10°38.5”W). This farm is

owned by the National Trust and is situated in the southern part of the Yorkshire Dales
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National Park, UK. The land is grazed by a tenant farmer using pedigree Swaledale sheep and
a small herd of Limousin beef cattle. Soils are clay brown earth over limestone bedrock from
the Malham series of Eutric Endoleptic Cambisols (Cranfield University 2018). The experiment
was set up on a flat area in the corner of a field and is typical of managed agricultural grassland
found throughout the south-west of the Yorkshire Dales and the wider UK uplands. The
vegetation in the field used for this experiment is reflective of a species poor calcareous

grassland.

The experiment consisted of a fully factorial design with three treatments, which were
randomly assigned, and four replicates of each treatment. The treatments were clipping,
faeces application and warming. This design yielded the following treatments: control (A),
clipped (C), warmed (W), faeces (F), clipped and warmed (CW), clipped and faeces (CF),

warmed and faeces (WF), and clipped, warmed and faeces (CWF).

Warmed plots had a hexagonal open topped chamber placed in the centre; the design of the
chamber was based on those used by Marion et al (1997) and Ward et al (2007b). This
technique is recognised as a useful and valid method of comparing the effect of different
treatments under warming. The temperature inside and outside the chambers was monitored
using iButton temperature loggers. These showed an average of a 1°C increase in air
temperature inside the chambers, but no change in on soil temperature at a depth of 5cm.

The experiment was set up in April 2016 and ran for 18 months.

Clipping and faecal matter application were undertaken once a month between April to
October 2016 and between April and September 2017. Clipped plots were cut, using hand
shears, to approximately 4cm height based on DEFRA guidelines for upland grasslands and
the average sward height of surrounding sheep grazed fields. Faecal matter was collected by
hand from adjacent sheep grazed fields, amalgamated by mashing together, and then divided
into ~80g portions. These portions were then spread across the faecal plots. Faecal matter
was only collected if it appeared fresh, i.e. showed no signs of decomposition either through

desiccation or invertebrate activity.
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2.2 Soil sampling

Sampling was undertaken during the first week of the month from May to September 2017.
All samples were collected two weeks after treatment application to give time for responses
to stabilise post clipping or faecal application. Soil samples were taken from the central 50cm?
of the plot to minimise the impact of edge effects. Cores were taken to 10cm depth and 4cm
diameter. For each plot 3 soil cores were taken and bulked to form a composite sample, and
a single additional core was taken to measure soil bulk density. Soil samples were transported
to the laboratory and sieved through a 2mm sieve. Approximately one quarter of each sample
was stored in -80°C freezer for phospholipid fatty acid analysis (PLFA) and DNA sequencing.
The remaining sample was placed into a 4°C refrigerator for up to 4 days prior to analysis. The

bulk density sample was placed into a 105°C oven for 48 hours and then weighed.

2.3 Soil nutrient analysis

Extractions were undertaken on the sieved soil samples. To extract water soluble carbon and
nitrogen, 5g fresh soil was mixed with MilliQ H,0, shaken for 10minutes and filtered through
a l-grade Whatman paper. Inorganic nitrogen (NHs* and N-NOs) concentration in water
extracts was determined by automated continuous flow colourimetry in a Seal AA3
Segmented Flow Multi-Chemistry Analyser (Mequon, WI, USA) and DOC was measured using
a Shimadzu TOC Analyser (Tokyo, Japan). The difference in N-NHa* concentration between KCl
extracts of incubated soil samples, stored in sealed tubes at 25°C for 14 days, and non-
incubated soil samples were used to calculated the rates of ammonium-N mineralisation
(Campbell et al. 1993, Harrison and Bardgett 2010). Extractions consisted of 10g fresh soil and
50ml 1M KCl, shaken for 60minutes and filtered through 1-grade Whatman paper.
Ammonium mineralisation rate was calculated as (N-NHa*t1s - N-NHa*to)/(14 days) (mg N-
NHs*kg dry soil”'day™!). Nitrate mineralisation rate was determined using the same
procedure, but for N-NOs'". For all extracts, N-NH4* and N-NOs  were determined by automated
continuous flow colourimetry in a Seal AA3 Segmented Flow Multi-Chemistry Analyser
(Mequon, WI, USA) and total carbon was measured using a Shimadzu TOC Analyser (Tokyo,

Japan). Residual soil was oven-dried at 70°C for 48 hours. Total carbon and nitrogen were
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determined using this soil on a Dry Combustion Elemental Analyser Elementar Vario EL Cube

(Hanau, Germany).

2.4. Microbial community analysis

Microbial carbon and nitrogen were determined by measuring the difference between
fumigated, sealed with CHCls for 24 hours, and unfumigated soil samples. Extracts consisted
of 5g fresh soil in 0.5M K>SO4, shaken for 30 minutes and filtered through 1-grade Whatman
paper. Microbial carbon and nitrogen biomass were calculated as the difference between
total carbon, N-NHs and N-NOsz™ in the fumigated and unfumigated samples, using an
extraction efficiency factor of kec=0.43 for carbon (Sparling et al. 1990) and kec=0.54 for

nitrogen (Brookes et al. 1985).

Microbial community structure, determined using PLFA, was analysed on freeze-dried
subsamples of soil (Bligh and Dyer 1959, Frostegard et al. 1991, White et al. 1979), using the
modified method of Buyer and Sasser (2012, Appendix 1). The samples were analysed on an
Agilent 7890A Gas Chromatograph (Santa Clara, CA, USA). The fatty acids i15: 0, a15: 0, 15 :0,
i16: 0,17 :0,i17: 0, cy17 :0, cis18:1w7 and cy19: 0 were chosen to represent bacterial PLFAs
(Federle 1986; Tunlid et al. 1989; Frostegard et al. 1993) and 18:2w6 was used as an indicator
of fungal biomass (Federle 1986). The ratio of fungal PLFAs to bacterial PLFAs was taken to
represent the ratio of fungal:bacterial biomass in soil (Bardgett et al. 1996; Yeates et al. 1997).
Total PLFA was used as a measure of the active microbial biomass (White et al. 1979). PLFA

was undertaken on July soil samples only.

Microbial community composition, determined using DNA sequencing, was also undertaken
on freeze-dried subsamples of soil, using the methods of Horner et al (in revision, Appendix
2). ITS rRNA was amplified for fungi as this region has become the universal DNA barcode
marker for fungi (Schloch et al 2012). 16s rRNA was amplified for bacteria as it has been used
extensively in the classification and identification of bacteria (Kim et al 2014). The samples
were analysed on an Illumina MiSeq platform at the University of Salford, and data pre-
processing was conducted using the dada2 pipeline in R (Callahan et al 2016). Sequencing was

done on July soil samples only.
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2.5 Vegetation analysis

For the first four months of sampling, i.e. from May to August 2017, the clipped grass from
the clipped plots was placed into paper bags and transported to the laboratory. Each sample
was dried at 70°C for 48 hours and then weighed, and used to calculate a total accumulated
biomass production over the sampling period. During the final sampling month, i.e.
September 2017, all plots were clipped and the grass was dried and weighed as previously
described. The samples from September were then ground, and total carbon and nitrogen of
the vegetation samples was determined using a Dry Combustion Elemental Analyser

Elementar Vario EL Cube (Hanau, Germany).

2.6 Root analysis

During July sampling, three additional soil cores were taken. These cores were transported to
the laboratory and stored at 4°C for 4 days. The cores were placed into a 2mm sieve and the
soil was gently washed off to leave behind roots and debris. The debris was then removed
with fine tweezers. The root sample was placed into an oven at 70°C for 48 hours and then
weighed. Afterwards the samples dried samples were ground, and the total carbon and
nitrogen content of the root samples was determined using a Dry Combustion Elemental

Analyser Elementar Vario EL Cube (Hanau, Germany).

2.7 Gas analysis

Carbon dioxide fluxes were measured using a closed static chamber adapted to the upland
grassland habitat (Livingston and Hutchinson 1995, Ward et al 2007a). A base ring of 30cm
diameter by 15cm height was sunk into the ground when the experiment was setup in April
2016. To take measurements, a lid, made of a clear plastic plant cloche, was sealed to the
base using a rubberised band. A plastic pipe was pushed through the top of the cloche and
sealed. Fluxes were determined using a light and dark chamber technique employed around
midday (Ward et al 2007a). Carbon dioxide net flux was measured using clear chamber lids,
whilst respiration was measured using a blacked out chamber lid. This method of measuring

flux allows measures to be taken at remote sites in the absence of a power supply, and has
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been used across multiple habitat types (Ward et al 2007a, Ward et al 2009). Headspace gases
were sampled using infrared gas analysis (EGM4, PP Systems, Hitchin, UK) in situ.
Photosynthetically active radiation was recorded at vegetation height using a light meter
(Skye Instruments, Llandridod Wells, UK). Air temperature was recorded also at vegetation
height using a thermometer. To get mass flux per unit area, gas fluxes were adjusted for air

temperature, headspace volume and ground area coverage (Holland et al 1999).

2.8 Statistical analysis

Generalised linear models were performed to determine whether the measured variables
varied seasonally and whether the treatments correlated with the measured variables. These
were performed using glm() in R (R Development Core Team 2010). For measurements taken
over multiple months, time was also included as a factor within the models to assess whether
measures showed seasonal variation. The effects of grazing type, grassland type and site on
microbial community taxonomic composition (i.e. beta-diversity, as determined by amplicon
sequence data) were analysed using multivariate analysis of variance (permANOVA) with the

adonis function in the vegan package in R (R Development Core Team 2010).

3. Results

This experiment ran for two growing seasons from April 2016 to September 2017, totalling 18
months. Total soil nitrogen ranged from 0.19 kg/m? to 0.33 kg/m? to 10cm depth across
experimental plots, with an average of 0.25 kg/m?, and soil total carbon ranged from 1.84

kg/m? to 3.89 kg/m? to 10cm depth across plots, with an average of 2.50 kg/m?.

Clipping significantly increased net plant productivity (Table 5.5, GLM: df=1, F=12.5782,
P<0.01, Figure 5.1b) and reduced aboveground plant tissue carbon (Table 5.5, GLM: df=1,
F=146.175, P<0.001) and nitrogen pools (Table 5.5, GLM: df=1, F=97.4898, P<0.001). Clipping
also increased soil inorganic nitrogen concentrations (Table 5.3, GLM: df=1, F=2.1141, P<0.05,
Figure 5.1a), but did not affect other soil carbon and nitrogen pools (Table 5.2, Table 5.3).
Under warming, clipping increased root biomass (Table 5.6, GLM: df=1, F=4.5009, P<0.05,
Figure 5.2a), and root tissue carbon (Table 6, GLM: df=1, F=4.8976, P<0.05) and nitrogen pools
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(Table 5.6, GLM: df=1, F=4.2608, P<0.05), as well as soil microbial biomass nitrogen (Table 5.3,
GLM: df=1, F=5.2676, P<0.05, Figure 5.2b), but decreased dissolved inorganic nitrogen (Table
5.3, GLM: df=1, F=4.2868, P<0.05). In the absence of warming, these trends were reversed
and clipping decreased root biomass, microbial biomass nitrogen, and increased soil inorganic

nitrogen concentrations.

The application of faecal matter reduced total soil carbon (Table 5.2, GLM: df=1, F=13.1655,
P<0.01, Figure 5.3a) and nitrogen (Table 5.3, GLM: df=1, F=15.7388, P<0.001, Figure 5.3b),
and microbial biomass carbon (Table 5.2, GLM: df=1, F=4.1548, P<0.05). Under warming,
faecal application also reduced soil dissolved organic nitrogen, but this trend was reversed
under ambient conditions (Table 5.3, GLM: df=1, F=5.3179, P<0.05, Figure 5.4). Faecal
application did not affect other measures of soil carbon and nitrogen, or alter plant growth

or plant carbon and nitrogen (Table 5.2, Table 5.3, Table 5.5, Table 5.6).

Net ecosystem exchange did not respond to any of the treatments applied. However,
ecosystem respiration increased under warming (Table 5.4, GLM: df=1, F=5.3803, P<0.05,,
Figure 5).

Microbial community composition did not differ significantly between treatments (Table 5.8).
However, the abundance of bacteria and fungi, measured using PLFAs, varied between
combinations of clipping, faecal application, and warming (Table 5.7, GLM: df=1, F=5.6024,
P<0.05, Figure 5.6; GLM: df=1, F=5.5958, P<0.05, respectively). The bacterial and fungal
communities responded in the same manner to treatment, meaning fungal to bacterial ratio
was unaffected by treatment. Untreated plots had the lowest bacterial and fungal PLFA
abundance. Clipping increased bacterial and fungal abundance, but in the presence of
warming this effect was reduced. Faecal application also increased bacterial and fungal
abundance, but again in the presence of warming this effect was reduced. Clipping and faeces
application combined increased bacterial and fungal abundance, but in the presence of
warming this effect increased. Warming alone also increased bacterial and fungal abundance.
Interestingly, similar patterns were observed for bulk density (Table 5.1, GLM: df=1,
F=13.6539, P<0.001, Figure 5.7a), and almost the exact opposite of this pattern was observed
for soil moisture (Table 5.1, GLM: df=1, F=6.9753, P<0.01, Figure 5.7b).
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Seasonal variation, independent of treatment, was observed for ecosystem carbon fluxes and
respiration (Table 4, GLM: df=4, F=10.494, P<0.001; GLM: df=4, F=4.7969, P<0.01,
respectively), with both increasing from May to August and then declining in September.
Labile soil carbon and nitrogen pools also showed seasonal variation. Dissolved organic
nitrogen, dissolved organic carbon and microbial carbon were highest in June and lowest in
September (Table 2, Table 3, GLM: df=4, F=4.3064, P<0.01; df=4, F=32.6694, P<0.001; df=4,
F=7.4204, P<0.001 respectively), and this pattern was also observed for soil pH (Table 1, GLM:
df=4, F=23.013, P<0.001). Dissolved inorganic nitrogen and microbial nitrogen were lowest in
August (Table 3, GLM: df=4, F=2.8781, P<0.05; df=4, F=3.2965, P<0.05 respectively), whereas
available inorganic nitrogen was highest in September (Table 3, GLM: df=4, F=3.0083, P<0.05).
The only variable to respond to neither treatment nor season was soil nitrogen mineralisation

rates (Table 3).

Table 5.1. The effects of treatment (clipping, faeces, warming) and month (May-September,
if applicable) on the soil properties listed determined using generalized linear models.

Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)
pH | Clipping 1 0.005 0.945
Warming 1 1.708 0.193
Faeces 1 0.205 0.651
Month 4 23.013 0.000 oAk
Clipping*Warming 1 0.135 0.714
Clipping*Faeces 1 2.015 0.158
Warming*Faeces 1 0.416 0.520
Clipping*Warming*Faeces 1 0.320 0.572
Bulk density | Clipping 1 6.531 0.012 *
Warming 1 1.559 0.214
Faeces 1 40.260 0.000 *okk
Month 4 2.211 0.071
1
1
1
1
1
1
1
4
1
1
1
1

Clipping*Warming 0.996 0.320
Clipping*Faeces 0.098 0.755
Warming*Faeces 13.100 0.000 Wl
Clipping*Warming*Faeces 13.654 0.000 ok
Soil moisture | Clipping 1.815 0.180
Warming 0.572 0.451

Faeces 0.280 0.598

Month 0.291 0.883
Clipping*Warming 0.081 0.777
Clipping*Faeces 0.783 0.378
Warming*Faeces 1.669 0.198
Clipping*Warming*Faeces 6.975 0.009 *E
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Table 5.2. The effects of treatment (clipping, faeces, warming) and month (May-September,

if applicable) on the soil carbon pools listed determined using generalized linear models.

Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)
Soil total carbon | Clipping 1 0.007 0.936

Warming 1 3.906 0.060
Faeces 1 13.166 0.001 *ok
Clipping*Warming 1 0.173 0.681
Clipping*Faeces 1 0.503 0.485
Warming*Faeces 1 0.023 0.880
Clipping*Warming*Faeces 1 0.289 0.596

Dissolved organic carbon | Clipping 1 0.605 0.438
Warming 1 0.216 6431.000
Faeces 1 1.141 0.287
Month 4 32.669 <2E-16 roEx
Clipping*Warming 1 0.568 0.452
Clipping*Faeces 1 0.000 0.999
Warming*Faeces 1 0.981 0.347
Clipping*Warming*Faeces 1 0.209 0.648

Microbial biomass carbon | Clipping 1 0.084 0.773
Warming 1 0.178 0.674
Faeces 1 4.155 0.043 *
Month 4 7.420 0.000 *E
Clipping*Warming 1 0.895 0.346
Clipping*Faeces 1 0.040 0.842
Warming*Faeces 1 0.005 0.942
Clipping*Warming*Faeces 1 1.130 0.290
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Table 5.3. The effects of treatment (clipping, faeces, warming) and month (May-September,

if applicable) on the soil nitrogen pools listed determined using generalized linear models.

Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)
Soil total nitrogen | Clipping 1 0.051 0.823
Warming 1 3.713 0.066
Faeces 1 15.739 0.001 ok
Clipping*Warming 1 0.013 0.911
Clipping*Faeces 1 0.013 0.911
Warming*Faeces 1 0.051 0.823
Clipping*Warming*Faeces 1 0.206 0.654
Dissolved inorganic nitrogen | Clipping 1 14.463 0.000 *Ak
Warming 1 1.003 0.318
Faeces 1 0.220 0.640
Month 4 2.878 0.025 *
Clipping*Warming 1 4.287 0.040 *
Clipping*Faeces 1 0.060 0.807
Warming*Faeces 1 0.445 0.506
Clipping*Warming*Faeces 1 0.325 0.570
Dissolved organic nitrogen | Clipping 1 0.708 0.401
Warming 1 0.068 0.794
Faeces 1 4.445 0.037 *
Month 4 4.306 0.003 *x
Clipping*Warming 1 0.769 0.382
Clipping*Faeces 1 0.885 0.348
Warming*Faeces 1 5.318 0.022 *
Clipping*Warming*Faeces 1 0.049 0.826
Plant available nitrogen | Clipping 1 20.424 0.000 HkE
Warming 1 0.003 0.959
Faeces 1 0.592 0.443
Month 4 3.008 0.020 *
Clipping*Warming 1 2.114 0.148
Clipping*Faeces 1 0.857 0.356
Warming*Faeces 1 0.358 0.551
Clipping*Warming*Faeces 1 0.019 0.890
Nitrogen mineralisation | Clipping 1 0.007 0.932
Warming 1 0.507 0.478
Faeces 1 0.008 0.930
Month 4 1.079 0.369
Clipping*Warming 1 3.778 0.054
Clipping*Faeces 1 0.226 0.635
Warming*Faeces 1 1.993 0.160
Clipping*Warming*Faeces 1 0.227 0.634
Microbial biomass nitrogen | Clipping 1 0.514 0.475
Warming 1 0.034 0.854
Faeces 1 0.088 0.767
Month 4 3.297 0.013
Clipping*Warming 1 5.268 0.023 *
Clipping*Faeces 1 0.338 0.562
Warming*Faeces 1 0.253 0.616
Clipping*Warming*Faeces 1 0.642 0.424
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Table 5.4. The effects of treatment (clipping, faeces, warming) and month (May-September,

if applicable) on the gas fluxes listed determined using generalized linear models. Significance

is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)
Net ecosystem change of | Clipping 1 0.036 0.850
CO2 | Warming 1 0.087 0.769
Faeces 1 1.970 0.163
Month 4 10.494 0.000  ***
Clipping*Warming 1 0.093 0.760
Clipping*Faeces 1 0.311 0.578
Warming*Faeces 1 0.000 0.988
Clipping*Warming*Faeces 1 0.057 0.812
Respiration | Clipping 1 0.903 0.344
Warming 1 5.380 0.022 *
Faeces 1 0.247 0.620
Month 4 4.797 0.001 **
Clipping*Warming 1 0.185 0.668
Clipping*Faeces 1 0.750 0.388
Warming*Faeces 1 0.002 0.963
Clipping*Warming*Faeces 1 2.613 0.108

Table 5.5. The effects of treatment (clipping, faeces warming) on the aboveground plant

properties listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)
Aboveground plant biomass | Clipping 1 12.578 0.002 K
Warming 1 2.261 0.146
Faeces 1 0.004 0.950
Clipping*Warming 1 0.285 0.598
Clipping*Faeces 1 2.701 0.113
Warming*Faeces 1 0.487 0.492
Clipping*Warming*Faeces 1 0.027 0.872
Aboveground plant carbon | Clipping 1 146.175 0.000 rAx
Warming 1 0.560 0.462
Faeces 1 0.168 0.685
Clipping*Warming 1 0.077 0.784
Clipping*Faeces 1 0.715 0.406
Warming*Faeces 1 0.071 0.792
Clipping*Warming*Faeces 1 0.028 0.869
Aboveground plant nitrogen | Clipping 1 97.490 0.000 roAx
Warming 1 0.721 0.404
Faeces 1 0.619 0.439
Clipping*Warming 1 1.303 0.265
Clipping*Faeces 1 0.659 0.425
Warming*Faeces 1 0.230 0.636
Clipping*Warming*Faeces 1 0.218 0.645
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Table 5.6. The effects of treatment (clipping, faeces warming) on the belowground plant

properties listed determined using generalized linear models. Significance is indicated as *

P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)
Belowground plant biomass | Clipping 1 5.888 0.023 *
Warming 1 0.047 0.831
Faeces 1 0.198 0.661
Clipping*Warming 1 4.501 0.044 *
Clipping*Faeces 1 0.155 0.697
Warming*Faeces 1 2.522 0.125
Clipping*Warming*Faeces 1 3.487 0.074
Belowground plant carbon | Clipping 1 5.814 0.024 *
Warming 1 0.073 0.789
Faeces 1 0.241 0.628
Clipping*Warming 1 4.898 0.037 *
Clipping*Faeces 1 0.070 0.794
Warming*Faeces 1 2.284 0.144
Clipping*Warming*Faeces 1 3.583 0.070
Belowground plant nitrogen | Clipping 1 5.388 0.029 *
Warming 1 0.004 0.949
Faeces 1 0.747 0.396
Clipping*Warming 1 4.261 0.050 *
Clipping*Faeces 1 0.094 0.761
Warming*Faeces 1 2.447 0.131
Clipping*Warming*Faeces 1 2.186 0.155

Table 5.7. The effects of treatment (clipping, faeces, warming) and month (May-September,

if applicable) on the microbial properties listed determined using generalized linear models.

Significance is indicated as * P<0.05, ** P<0.01, and *** P<0.001.

Response Variable Predictor Variable Df F Pr(>F)

Bacterial PLFAs | Clipping 1 0.979 0.332

Warming 1 0.879 0.358

Faeces 1 0.092 0.762

Clipping*Warming 1 0.325 0.574

Clipping*Faeces 1 0.074 0.788

Warming*Faeces 1 0.582 0.453
Clipping*Warming*Faeces 1 5.602 0.026 o

Fungal PLFAs | Clipping 1 0.045 0.835

Warming 1 0.106 0.748

Faeces 1 0.146 0.706

Clipping*Warming 1 0.235 0.633

Clipping*Faeces 1 0.000 0.994

Warming*Faeces 1 1.412 0.246
Clipping*Warming*Faeces 1 5.596 0.026 *

Fungal : Bacterial PLFAs | Clipping 1 0.483 0.494

Warming 1 0.768 0.390

Faeces 1 0.935 0.343

Clipping*Warming 1 0.010 0.921

Clipping*Faeces 1 0.803 0.379

Warming*Faeces 1 1.388 0.250

Clipping*Warming*Faeces 1 0.682 0.417
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Table 5.8. The effects of treatment (clipping, faeces, warming) on the microbial properties

listed determined using adonis models. Significance is indicated as * P<0.05, ** P<0.01, and

*¥*¥* P<0.001.
Response Variable Predictor Variable Df R2 Pr(>F)

Bacteria DNA | Clipping 1 0.028 0.758

Warming 1 0.030 0.653

Faeces 1 0.032 0.504

Clipping*Warming 1 0.025 0.902

Clipping*Faeces 1 0.025 0.928

Warming*Faeces 1 0.028 0.794
Clipping*Warming*Faeces 1 0.030 0.669

Fungi DNA | Clipping 1 0.042 0.070

Warming 1 0.041 0.082

Faeces 1 0.031 0.464

Clipping*Warming 1 0.027 0.863

Clipping*Faeces 1 0.029 0.686

Warming*Faeces 1 0.030 0.525
Clipping*Warming*Faeces 1 0.030 0.558
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Figure 5.1. Clipping, to 4cm sward height, effects on [a] plant available or soil inorganic
nitrogen (g/m?) measured to 10cm depth, and [b] aboveground plant biomass (g/25cm?). Soil
inorganic nitrogen declined in response to clipping whereas aboveground plant biomass
increased. The box represents the interquartile range, with the median displayed as a black
line within the box. The represent error bars showing the 95% confidence interval, and any

outliers are shown as black dots above and below the box-and-whisker plots.
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Figure 5.2. Effects of clipping the sward to 4cm, separated by application or not of 1°C
warming treatment, on [a] belowground root biomass (g/m?), and [b] microbial biomass
nitrogen (g/m?). Both variables declined under warming in the absence of clipping, but
increased under warming in the presence of clipping. The box represents the interquartile
range, with the median displayed as a black line within the box. The whiskers represent error
bars showing the 95% confidence interval, and any outliers are shown as black dots above

and below the box-and-whisker plots.
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Figure 5.3. Faecal application, approximately 80g per plot, effects on [a] soil total carbon
stocks (kg/m?) measured to 10cm depth, and [b] soil total nitrogen stocks (kg/m?) measured
to 10cm depth. Both variables declined in response to faecal application. The box represents
the interquartile range, with the median displayed as a black line within the box. The
represent error bars showing the 95% confidence interval, and any outliers are shown as black

dots above and below the box-and-whisker plots.
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Figure 5.4. Effects of applying approximately 80g faecal matter per plot, separated by
application or not of 1°C warming treatment, on dissolved organic nitrogen (g/m?). Dissolved
organic nitrogen increased under warming in the faeces application, but decreased under
warming if faeces were applied. The box represents the interquartile range, with the median
displayed as a black line within the box. The whiskers represent error bars showing the 95%

confidence interval, and any outliers are shown as black dots above and below the box-and-

whisker plots.

Page 178 of 215



4000

3000 1

2000 1

1000

Ecosystern Respiration (mgClO2im2ihr)

I'II'ZI y'E':S
Warming
Figure 5.5. Warming, approximately a 1°C temperature increase, effects on ecosystem
respiration (mgC0O2/m?/hr). Ecosystem respiration increased in response to warming, but the
data was highly varied. The box represents the interquartile range, with the median displayed
as a black line within the box. The represent error bars showing the 95% confidence interval,

and any outliers are shown as black dots above and below the box-and-whisker plots.
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Figure 5.6. Treatment, specifically clipping to 4cm sward height, warming to approximately
1°C, and faeces application of approximately 80g per plot, effects on total PLFAs (umol/g).
Treatments are classified as N=Control, C=Clipped, W=Warmed, and P=Faeces Application.
Microbial abundance was highly variable across the treatments, additional research is require
to determine why these patterns have been observed. The box represents the interquartile
range, with the median displayed as a black line within the box. The represent error bars
showing the 95% confidence interval, and any outliers are shown as black dots above and

below the box-and-whisker plots.
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Figure 5.7. Treatment, specifically clipping to 4cm sward height, warming to approximately
1°C, and faeces application of approximately 80g per plot, effects on [a] soil bulk density
(kg/m?), and [b] soil moisture (%). Treatments are classified as N=Control, C=Clipped,
W=Warmed, and P=Faeces Application. Soil bulk density followed the same pattern in
variation as microbial abundance, whereas soil moisture showed the opposite pattern. The
box represents the interquartile range, with the median displayed as a black line within the
box. The represent error bars showing the 95% confidence interval, and any outliers are

shown as black dots above and below the box-and-whisker plots.
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4, Discussion

The goal of this study was to explore how different aspects of livestock grazing, namely eating
and defecation, impact plant growth, soil microbial communities and carbon and nitrogen
pools. We also investigated whether climate warming modified these responses. We found
faecal application reduced soil carbon and nitrogen sequestration. Clipping increased
aboveground plant biomass under ambient conditions, but under warming clipping increased
both aboveground and belowground plant biomass. Microbial community composition varied
between all combinations of treatment, although the ratio of bacteria to fungi did not
significantly differ between treatments. Overall, our results indicate that different aspects of
grazing behaviour influence ecosystem functioning in different ways. Understanding this
variation is likely important for formulating land management strategies for climate

mitigation.

4.1 The impact of clipping under ambient and warmed conditions

Plant biomass and nutrient allocation are important determinants of carbon sequestration
and greenhouse gas emissions in grasslands. Our study found that clipping increased
aboveground net plant productivity, but decreased aboveground plant tissue carbon and
nitrogen pools. The impact of grazing on plant productivity and plant tissue nutrient content
has been extensively studied in the context of forage quantity and quality. Our results support
findings that clipping increases forage quantity, but contradicts findings that it increases
forage quality (Aremu et al 2007, Ren et al 2016). It may be that plants are utilizing more of
their carbon and nitrogen for growth and therefore the amount stored in their tissues is
lower. Whilst increasing aboveground biomass in response to clipping may appear to increase
the potential productivity of uplands in terms of food outputs, if the quality of feed declines
this is likely to alter production yields and potentially increase requirements for

supplementary feeding or vitamin dosing of animals.

Our study also found lower soil inorganic nitrogen concentrations under clipping. This
supports the conclusions of Ruess and McNaughton (1987) and Singh et al (1991) who found
inorganic nitrogen concentration was lower under grazing. They proposed regular defoliation

by grazing livestock results in reduced inorganic nitrogen under grazing due to reduced plant
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biomass. However, our findings contradict their hypothesis; we found absolute plant biomass
was higher under clipping. We instead propose that inorganic nitrogen, which is formed
through the decomposition of organic material under aerobic conditions, declines under
clipping due to increased soil bulk density observed in the clipped plots. Understanding the
impact of grazing on soil inorganic nitrogen availability is particularly imperative if we are to
determine ecosystems responses to changes in atmospheric carbon dioxide concentration.
According to the Intergovernmental Panel on Climate Change, atmospheric carbon dioxide
concentrations are projected to increase in response to global climate change. A key
determinant of plant responses to elevated atmospheric carbon dioxide is the coordinated
changes in carbon and nitrogen metabolism to meet the demands for plant growth (Stitt and
Krapp 1999). Plant responses, which vary between species and ecosystems, to elevated
carbon dioxide are therefore dependant on the availability of nitrogen, as nitrogen is an
integral component of proteins, nucleic acids, chlorophyll, co-enzymes, phytohormones, and
secondary metabolites (Epstein and Bloom 2005, Bloom 2015). If simulated grazing alters
available nitrogen concentrations, as our study indicates, then this is likely to significantly

affect responses to elevated carbon dioxide.

We found that clipping also increased root biomass, under warming, but this trend was
reversed in the absence of warming. Other studies have found grazing reduces root biomass
under current climatic conditions. Wang et al (2019) explored the relationship between grazer
management and root biomass in desert steppe in China. They found that root biomass
decreased in response to cattle grazing, likely due to changes in plant community
composition. Specifically, they found increased dominance of tall grass species under cattle
grazing. Increasing belowground allocation is proposed as an important step towards
increased carbon sequestration in both plant biomass and soil (Lange et al 2015). Fornara and
Tilman (2008) showed that across a range of diversity experiments at Ceder Creek, soil carbon
accumulation was positively related to root mass, and De Deyn et al (2009) found increased
allocation to roots was linked to increased ecosystem carbon sink strength. It may be,
therefore, that grazing induced increases in root biomass under warming could result in
increased soil carbon sequestration in the longer term. However, in the absence warming,
grazing induced reductions in root biomass may reduce carbon sequestration in grazed

grasslands.
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Whilst we found no change in bacterial or fungal abundance, or community composition, our
study did find that microbial biomass nitrogen increased in response to clipping under
simulated warming only. Given this response was only observed under warmed conditions it
is likely increases in aboveground and belowground plant biomass are the cause. Many
studies have reported that plants and microbes compete for nitrogen (Friedel et al 2001,
Kushwaha et al 2000, Singh et al 2007). Plant production provides the primary substrate for
heterotrophic metabolism, and therefore microbial biomass dynamics should be highly
positively correlated to plant growth particularly in nitrogen limited ecosystems (Zak et al
1990). We therefore propose that increased absolute net plant productivity provided

increased nitrogen availability thereby increased microbial biomass nitrogen.

Although we observed changes in labile nitrogen pools in response to clipping, no changes in
soil carbon stocks or soil total nitrogen were observed in response to clipping. Other studies
have indicated that defoliation is the primary mechanism by which grazing impacts soil carbon
and nitrogen cycling in grasslands through altering the soil carbon supply (Mikola et al 2009,
Liu et al 2015). Many studies have also found that, at an individual plant level, defoliation
alters plant carbon allocation, and for some grassland species increases root exudation, which
stimulates microbial activity and rates of nitrogen mineralisation, ultimately benefiting the
growth of defoliated plants (Paterson and Sim 1999, Paterson and Sim 2000, Hamilton and
Frank 2001, Medina-Roldan & Bardgett 2011, Shahzad et al 2012). However, Dam and
Christensen (2015) found plants defoliated during active growth conserved resources,
whereas defoliation after termination of growth resulted in release of resources. Their results
challenged the idea that plants, via exudation of organic carbon, stimulate their rhizosphere
biota when in apparent need of nutrients for growth. This suggests that the relationship

between defoliation and soil carbon supply maybe more complex than previously thought.

4.2 The impact of faecal application under ambient and warmed conditions

We found that the application of faecal matter reduced soil total carbon and nitrogen
content, although the mechanisms involved are not immediately clear from this experiment.
The labile nitrogen found in livestock excreta has been proposed to play an important role in

shifting the soil microbial community from slow-cycling fungal dominated to fast-cycling
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bacterial dominated communities (Bardgett and Wardle 2010), but we did not find an
associated change in microbial community composition or labile nitrogen pools. It is possible,
however, that changes in microbial community activity, rather than composition, result in
these changes in carbon and nitrogen stocks. Bowles et al (2014) studied enzyme activity and
microbial community composition in agricultural fields in California. They found enzyme
activity varied in the absence of changes in the microbial community. They concluded that
management induced changes in soil enzyme activity could be manipulated to change
nutrient cycling capacity without altering community composition. Some authors have also
proposed the presence of excreta alters enzymatic activity (Haynes and Williams 1999,
Zacheis et al 2002). Ma et al (2013) studied enzyme activity and bacterial community
composition in penguin and seal colonies in East Antarctica. They found enzymatic activity
varied between the two colonies suggesting that penguin guano had a stronger effect on soil
enzyme activity than seal faeces. Further research is needed to ascertain the effect of excreta

on enzymatic activity in soils.

Under warming, faecal addition reduced dissolved organic nitrogen concentrations, but this
trend reversed in the absence of warming. Dissolved organic nitrogen is derived from organic
matter and the decomposition of proteins. It consists of a heterogeneous mixture of
compounds, the most studied of which are free amino acids (Kielland 1995, Jones et al 2004,
Jones et al 2009, Nasholm et al 2009). Studies have demonstrated that these free amino acids
may be directly assimilated by plants, potentially circumventing the need for microbial
mediated mineralisation (Kielland 1994, Nasholm et al 1998, Nordin et al 2001, Weigelt et al
2003, Weigelt et al 2005). This is particularly important in nutrient limited soils where
dissolved organic nitrogen can form the bulk of total dissolved organic nitrogen (Christou et
al 2005). Under ambient conditions, we found faecal application increased dissolved organic
nitrogen, presumably due to the decomposition of faeces. However, under simulated
warming, we found faecal application decreased dissolved organic nitrogen. Our finding of
reduced dissolved organic nitrogen under warming might have resulted from desiccation of
faecal matter, particularly in clipped plots where faecal matter is not protected from heat
through vegetation cover. The breakdown of faeces is, in part, dependant on moisture
availability. For example, Anderson and Coe (1974) studied the mineralisation of elephant

dung in arid conditions. They found desiccation resulted in decreasing microbial activity after
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deposition due to moisture limitations. The desiccation of faecal matter under simulated
warming may therefore result in slower rates of decomposition, increasing the potential for
leaching of nutrients from faecal matter during rainfall events and reduced dissolved organic
nitrogen. The impact of warming on faecal decomposition, and the associated impact on the

carbon and nitrogen cycle, require further investigation.

4.3 The impact of warming, independent of clipping or faecal application

Warming increased ecosystem respiration, but did not affect net ecosystem exchange.
Ecosystem respiration is one of the largest terrestrial carbon fluxes (Luo 2007), which can be
increased by warming (Wan et al 2005, Niu et al 2013), largely due to temperature increases
stimulating root and microbial respiration (Niu et al 2008). However, other factors such as
water availability, play a role in regulating the response of respiration to warming (Wan et al
2007), which is supported by our finding that both respiration and net ecosystem exchange
varied over time (Goulden et al 1996). Our study found neither clipping, faecal application,
nor warming affected net ecosystem exchange. A meta-analysis from Tang et al (2019) on
grazing impacts on greenhouse gas fluxes indicated heavy grazing influenced emissions, but
light or medium grazing did not. However, their review also found that experiments running
for less than 5 years did not find grazing induced changes in gas fluxes, but experiments
running longer than this did. This indicates several years are required for grazing to alter
greenhouse gas emissions. Further research is undoubtedly needed to identify the factors
that regulate net ecosystem exchange of carbon. Understanding this is of primary importance

if we are to increase the long-term storage of carbon in soils to help mitigate climate change.

4.4 The impact of clipping and faecal application under ambient and warmed conditions

The response of the microbial community was highly variable and dependant on
combinations of treatments. Clipping increased both fungal and bacterial microbial
abundance, and this response was reduced under warming. This is the opposite of expected
given clipping increased root biomass under warming. However, this response may be related

to competition between roots and microbes for nutrients, or due to changes to other soil
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properties, specifically bulk density, which followed a similar response pattern to microbial
abundance, and soil moisture, which also followed the opposite response pattern to microbial
abundance. High soil moisture is known to restrict microbial activity (Drenovsky et al 2010,
Wu et al 2011). Elevated soil moisture under warming and clipping may cause declines in
microbial abundance due to restricted activity. For the other treatments, responses followed
more expected patterns. Faeces application increased microbial abundance, likely by
providing a carbon source. This response was reduced under simulated warming, likely
through desiccation of faecal matter (Anderson and Coe 1974). As observed in previous
studies, warming alone increased fungal and bacterial abundance (Niu et al 2008). Finally,
clipping and faecal deposition combined increased microbial abundance, likely through a
combination of the mechanisms described. Interestingly, clipping and faecal deposition
combined under warming resulted in an even greater increase in microbial abundance. We
propose the combination of all three treatments results in increased organic matter and
temperature stimulation of microbial activity causing this shift. Changes in the abundance of
microbes will have significant effects on the carbon and nitrogen cycle in the long-term, and
additional long-term larger scale experiments would help to clarify these responses in a wider

context.

5. Conclusion

Our study found that, in the short term, faecal deposition had the greatest impact on soil
carbon and nitrogen sequestration. However, only clipping altered plant growth patterns.
Under ambient conditions, clipping increased aboveground biomass only, but under warming
clipping increased both aboveground and belowground biomass. In the long-term increased
root biomass has the potential to result in increased carbon sequestration, but additional
longer-term studies will be needed to confirm this hypothesis. Warming elevated ecosystem
respiration but did not alter net ecosystem exchange indicating that, at short timescales,
warming will not alter ecosystem carbon fluxes in these grasslands. The response of the
microbial communities to clipping, faecal application, and warming varied and additional
research is needed to clarify these responses, and their long-term impact. Caution should be

taken when applying these findings given this was a short-term single site experiment and did
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not include trampling as a treatment, however it provides important insight into the individual

and interactive effects of aspects of grazing behaviour on carbon and nitrogen cycling.
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Chapter 6. Optimizing grazing management for climate mitigation — an overview

6.1 Summary of our key findings

This thesis aimed to explore how grazing influences soil carbon storage and greenhouse gas
emissions in upland grasslands. The ultimate goal was to provide a mechanistic understanding
of the effects of grazing that could be used to formulate land management strategies for
climate mitigation in the uplands. We aimed to test the hypotheses that: (a) extensive grazing,
as opposed to intensive grazing or grazer exclusion, is optimal for soil carbon sequestration,
due to increased carbon inputs and reduced greenhouse gas emission from soil; and (b) the
scale and direction of grazer impact on soil carbon sequestration and greenhouse gas
emission depends on soil fertility and plant functional diversity, and their impact on soil

biological communities and the nutrient cycling processes that they drive.

Our initial long-term study (Chapter 2), undertaken on sites that had been consistently
managed for 10 or more years, found that grazing intensity did not correlate with soil total
carbon and nitrogen stocks, or plant biodiversity measures. This apparent lack of correlation

may be due to the diversity of habitats contained within this study. Other studies, for example
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McSherry and Ritchie 2013 and Abdalla et al 2018, modelling grazing impacts on soil carbon
at the global scale have found grazer impacts are context dependant with different grassland
types varying in their response to the same management. We support their conclusion that
land managers in different regions may need to manage grazing differently to help mitigate
climate change. It is likely that future decision makers will have to recognise that a ‘one-size-

fits-all” agricultural policy is unsuitable and that decisions need to be made at smaller scales.

Although, our long-term study (Chapter 2) did not find correlations between carbon and
nitrogen sequestration and grazing intensity, we did demonstrate that grazer exclusion or
grazing solely with cattle was optimal for carbon and nitrogen sequestration, when compared
with grazing solely by sheep or grazing with a mixture of sheep and cattle (Figure 6.1). We
proposed that the lower volume of excreta produced by sheep, 9kg nitrogen per adult sheep
per year comparted to 76-116kg nitrogen per adult cow per year (Smith and Frost 2000), may
alter rates of carbon and nitrogen cycling in grasslands resulting in increased sequestration
(Liu et al 2017). Alternatively, sheep preferentially foraging on high quality forbs, which has
been linked to decreased soil carbon storage (Chang et al 2018), may alter plant root exudates
and root turnover, which are key sources of carbon and nitrogen for microbial metabolism,
thereby altering carbon and nitrogen sequestration (van Hees et al 2005). The results from
our experiment indicate that including sheep within a grazing management plan in UK upland
grasslands reduces sequestration, and suggests that the standard practice of sheep farming
in the uplands is not the optimal for climate mitigation in these areas, although additional
research undertaken at a larger number of sites should be undertaken prior to large scale
policy changes. Caution should also be taken when interpreting the lack of variation in soil
total carbon and nitrogen between field grazed solely by cattle and ungrazed fields. Evidence
from other studies, for example Marrs et al 2018, indicates that 10 years is likely insufficient
for the impact of grazer exclusion to be detected. We did, however, demonstrate that grazing
solely with cattle increases plant biodiversity when compared to all the other management
practices tested within this 10 year time-frame. Cattle are a non-selective herbivore and
grazing the landscape with them maintains competition for resources (Téth et al 2016,
Ravetto Enri et al 2017). This appears to prevent sites becoming dominated by a single or a
few fast growing palatable species, at least in the short-term, and hence cattle grazing

increases plant biodiversity.
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Figure 6.1. A schematic diagram illustrating the key findings of our long-term landscape scale

experiment. All fields within this experiment have been under consistent grazing
management for 10 or more years. The effect of grazing on soil carbon and nitrogen stocks,
and plant and microbial communities was tested using GLMs. We found fields grazed solely
with cattle or those that were not grazed had significantly higher soil total carbon and
nitrogen stocks, compared to those grazed by sheep only or a mixture of sheep and cattle.
Additionally, fields grazed solely by cattle had greater plant biodiversity than those under

different grazing management.
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Figure 6.2. A schematic diagram illustrating the key findings of our three short-term
experiments. The first experiment involved excluding grazers from mixed grazed fields at the
landscape scale and monitoring the effect of grazer exclusion on soil carbon and nitrogen
stocks, and plant and microbial communities. The second, also at the landscape scale,
simulated grazing and warming, and the third, a single site experiment, simulated grazing,
warming and faecal deposition. We found that faeces application decrease soil total carbon
and nitrogen. Neither clipping, using to simulate grazing, nor grazing affected soil total carbon
and nitrogen stocks, however both reduced soil inorganic nitrogen and had mixed effects on
aboveground net plant biomass. Net ecosystem exchange of carbon responded differently to
clipping depending on the month sampled indicating that the response is partially regulated
by environmental factors, such as temperature. Clipping also had mixed effects on soil
dissolved organic carbon depending but only under simulated warming indicating this

response is also temperature dependent.
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Although our long-term experiment (Chapter 2) showed clear correlation between grazing
management and long-term soil carbon and nitrogen stocks, our short-term experiments
(Chapter 3, Chapter 4 and Chapter 5), which lasted between 18 and 30 months, did not show
the same pattern. Grazer exclusion for 30 months (Chapter 3) and the application of clipping
and warming at the landscape scale for 18 months (Chapter 4) did not alter soil total carbon
and nitrogen stocks. This is unsurprising given models utilising the herbivore optimisation
hypothesiss (McNaughton 1979) have indicated several decades are require for optimisation
to be reached (de Mazancourt et al 1999). The application of faecal matter, a major although
patchy source of decomposable organic material, within our 18 month factorial experiment
(Chapter 5) did reduce soil total carbon and nitrogen stocks (Figure 6.2). The mechanisms by
which faecal deposition affects nutrient cycling were unclear from our study and warrant
further investigation, but we have hypothesised that soil enzymatic activity simulation by
excreta deposition may play a key role (Haynes and Williams 1999, Zacheis et al 2002). The
variation between the results of our long-term (Chapter 2) versus short-term experiments
(Chapter 3, Chapter 4 and Chapter 5) indicate that either the effects of grazing management
on soil carbon and nitrogen sequestration take a long time to materialize, or that these

grasslands are resilient to changes in grazing management at least in the very short-term.

Although our short-term experiments (Chapter 3, Chapter 4 and Chapter 5) did not show the
same changes in carbon and nitrogen sequestration as our long-term experiment (Chapter 2),
we did find some interesting changes in the labile, or short-term, carbon and nitrogen pools

which warrant further discussion (Figure 6.2).

Only one experiment (Chapter 4) found any treatment affected labile soil carbon stocks.
Specifically, our landscape scale clipping-warming experiment found that, under warming
only, clipping increased soil dissolved organic carbon. However, even this change was only
observed at two of the four sampling locations. This challenges studies that have previously
proposed defoliation by grazers as the primary mechanism by which grazing impacts soil
carbon cycling (Mikola et al 2009, Liu et al 2015), as we found grazing by herbivores or
simulated by hand clipping had very little impact on soil carbon stocks. Our results, therefore,
indicate that the relationship between defoliation and the soil carbon supply maybe more

complex than previously thought, and that this requires further investigation.
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All three short-term experiments (Chapter 3, Chapter 4 and Chapter 5) found that grazing
affected the size of the soil inorganic nitrogen pool and aboveground net plant biomass.
Interestingly, this relationship varied between experiments. Our landscape scale grazer
exclusion experiment (Chapter 3) and landscape scale clipping-warming experiment (Chapter
4) found grazed plots had reduced inorganic nitrogen and aboveground net plant
productivity. We hypothesised that either ungrazed plots had more litter available for
decomposition resulting in more decomposing material entering the soil thus increasing soil
labile nitrogen availability, or that ungrazed plants require less nitrogen for growth as they
are not being consumed by grazers and therefore more inorganic nitrogen remains in the soil.
Alternatively, it may also be a combination of these two hypotheses. Our single site clipping-
faeces-warming experiment (Chapter 5), also found clipping decreased inorganic nitrogen,
but contrastingly in this experiment clipping increased aboveground net plant biomass. Our
analysis does not clearly indicate why aboveground plant productivity increased in response
to simulated grazing at this experimental site. We hypothesised that, as bulk density was
greater in the clipped comparted to unclipped plots, lower inorganic nitrogen in the clipped
plots may have been due to soil compaction reducing oxygen availability for bacteria, and
reduced inorganic nitrogen may in turn have limited plant growth. The availability of nitrogen
is a key determinant of plant growth (Xia and Wan 2008), and plant growth is an important
factor influencing ecosystem carbon and nitrogen fluxes (Lopez-Blanco et al 2018). Labile
carbon and nitrogen pools have been demonstrated to be highly variable at across large
spatial scales (Ruess and Seagle 1994, Liu et al 2015). Understanding the relationship between
defoliation, either by herbivores or simulated through clipping, is important to for

determining the impact of changing grazing livestock management at a wider scale.

We measure other labile pool of carbon and nitrogen within the soil. It is worth noting that
these were not affected by grazing management but instead varied by sampling location and
month sampled (Chapter 3 and Chapter 4). Spatial variation in labile pools are linked climatic
variation, particularly temperature and rainfall which are also likely to be responsible for the
monthly variation observed across out short-term experiments. We can therefore
hypothesize that, at the landscape scale, difference in climate conditions and soil physical
properties exert a greater influence on short-term soil carbon and nitrogen pools than land

management practices do but additional experimental work would be needed to confirm.
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The effect of grazing management on ecosystem respiration and net carbon fluxes varied
between experiments. Our landscape scale grazer exclusion experiment (Chapter 3) found no
correlation between gas fluxes and grazing. This supports the conclusions of Tang et al (2019)
whose meta-analysis looking at the impact of grazing on greenhouse gas fluxes found that
experiments running for less than 5 years did not find grazing-induced changes in gas fluxes.
However, our landscape scale clipping-warming experiment (Chapter 4) demonstrated
grazing induced changes in photosynthetic rate, and associated changes in net ecosystem
exchange. The direction of the response was, however, dependant on the month sampled.
Given photosynthetic rate is closely related to net radiation and air temperature (Valentini et
al 1995). Our results indicate that environmental conditions are likely altering ecosystem
responses to grazing even in the short term and further work is needed to understand how
grazer impacts are altered by environmental variables, such as temperature and moisture.
Our single site clipping-faeces-warming experiment (Chapter 5) found ecosystem respiration
increasing under warming but did not respond to either clipping or faeces application. Other
studies have also found ecosystem respiration increases under warming (Wan et al 2005, Niu
et al 2013), largely due to temperature increases stimulating root and microbial respiration
(Niu et al 2008). Other factors such as water availability also play a role in regulating the
response of respiration to warming (Wan et al 2007). The variation in results between our
three short-term experiments (Chapter 3, Chapter 4 and Chapter 5) highlight the need for
additional large scale field experiments to determine the relationship between defoliation

through grazing and environmental variables, including temperature.

Microbial community composition was largely unaffected by grazing management or
treatment, including warming, in our experiments (Chapter 3, Chapter 4 and Chapter 5).
Instead we found grassland type and sampling location had a greater effect on community
composition and activity. Many studies have examined shifts in microbial community
composition under grazing, but they often focus on a single habitat type, e.g. Tibetan alpine
meadow (Yang et al 2019), woodlands (Eldridge et al 2017), and grassland monoliths from
permanent semi-natural mesic pasture (Klumpp et al 2009). Studies across multiple habitats
have found land management is not necessarily the primary determinant of microbial
community composition. Constancias et al (2015) found bacterial richness distribution was

mainly explained by soil pH and texture. Whereas, Xue et al (2018) found microbial
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community composition was predominantly determined by soil electrical conductivity and
total nitrogen. The distinctive plant communities associated with different grassland types
are also likely to exert strong selective pressures on the soil microbial community (Grayston
et al 1998). Soil enzymatic activity has also been demonstrated to show spatiotemporal
variation across environmental gradients and ecological processes (Sinsabaugh et al 2008,
Sinsabaugh 2010). It is apparent that additional studies are required to understand the
parameters that predict soil microbial community composition at large spatial scales and in

heterogeneous habitats.

In summary, this work has demonstrated that grazing management alters soil carbon, and
nitrogen, storage in the long term, >10 years (Chapter 2), but has limited impact in the short-
term, <2.5 years (Chapter 3). Although, in the short-term simulated faecal deposition
(Chapter 5) did reduced soil total carbon and nitrogen storage, grazing and simulated
warming had no effect. This indicates that upland grassland ecosystems are potentially
resilient to changes in land management, at least in the short-term, and it may be that grazing
management effects take a long time to materialise. Net ecosystem carbon exchange was
unaffected by grazing, but was affected some months by simulated grazing (Chapter 4). This
indicates that the impact of grazing on carbon sequestration is likely to be altered by
environmental factors, such as temperature and rainfall. Overall, this thesis presents a
comprehensive overview of the impact of grazing on carbon and nitrogen cycling in upland

grasslands, and the influence of grazing on plant and microbial communities.

6.2 Grazing management recommendations

If the long-term goal of land managers is the sequestration of carbon and nitrogen on upland
grasslands then we would recommend increased areas of cattle only grazing or grazer
exclusion. If this goal is modified to include maintaining or enhancing plant biodiversity then
we would recommend prioritising cattle only grazing above grazer exclusion. However, given
our short-term experiments did not find significant changes in soil carbon and nitrogen,
except under faecal deposition treatment in our single site experiment, this recommendation
should be acted upon with caution and monitoring should be in place to determine the point

at which the desired outcomes are achieved.
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6.3 Study limitations

The research contained within this thesis has a number of key limitations which need to be

recognised and taken into account when extrapolating management recommendations:

(i)

(ii)

(iii)

There are a number of variables that were beyond the scope of this study and that
would need to be investigated before large-scale changes in grazing were
implemented. Specifically, this study did not take into account the impact of altering
grazing management on invertebrate and vertebrate communities. Offsetting the
impact of climate change is not just about reducing atmospheric greenhouse gas
concentrations, but also preventing mass-scale extinction through the protection of
habitats (Tilman et al 2017). We also did not analyse the economic viability of large-
scale changes in farming practices nor did we assess the cultural impact of reducing

the number of sheep on the uplands.

Soil sampling was undertaken to 10cm depth for all variables. Whilst we recognise that
substantial stocks of carbon and nitrogen are found at depth in grasslands (Jobbagy
and Jackson 2000, Ward et al. 2016), deeper sampling was beyond the scope of this
study. We also recognise significant root biomass can be found at depth, although

significant root biomass occurs at 0-10cm depth in grasslands (Knapp et al 2002).

Studies looking at soil microbial community composition often use PLFA analysis, DNA
sequencing or a combination of the two methods. The use and misuse of PLFA
measurements in soils has been much covered in the literature (Frostegard et al 2010).
We have used PLFA measures solely as indicators of abundance of bacteria and fungi,
and their relative abundance in soil. DNA sequencing was used to provide information
on community composition to species level. However, neither technique can elucidate
the role of microorganisms in their ecosystem. Whilst we can study changes in
microbial community composition, the relationship between this change and
community function is hypothesised from associated changes in ecosystem
functioning. Although it is important to recognise these limitations, given microbial
community composition was largely unrelated to land management according to our

research, it is unlikely these limitations are significantly impacting our conclusions.
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6.4 Avenues for future work

The thesis has identified several key areas for future work:

(i)

(ii)

(iii)

(iv)

There exists a need for greater understanding of the short- and medium-term impacts
of grazing. Our results in Chapter 2 indicate that in the long-term clear differences in
carbon sequestration can be seen when comparing grazer exclusion, cattle grazing and
sheep grazing. However, these results are not replicated in the short-term in Chapter
3 despite similar management strategies being compared. Identifying at what point
management starts to impact carbon and nitrogen sequestration would assist land

managers, and aid researchers.

The climate emergency will not just result in warming, as explored in Chapter 4 and
Chapter 5, but also changes in precipitation, and atmospheric carbon dioxide,
methane and nitrous oxide concentrations. In order to fully explore how the impact
of grazing may change under projected climate change, the impact of these factors

also need to be investigated.

Grazing behaviours examined in this thesis include defoliation, Chapter 4 and Chapter
5, and faecal deposition, Chapter 5 only. We did not include the impact of trampling,
which is known to lead to soil compaction, in any of our studies. The inclusion of this
variable in future studies would increase our understanding of the impact of grazing
on soil properties and processes. On a similar note, our study on faecal deposition only
utilised sheep faeces, studies including urine and comparing faeces from different
species would further enhance our understand of the effect of excreta on carbon and

nitrogen cycling in upland grasslands.

A relationship between inorganic and aboveground net plant productivity was found
in Chapter 3, Chapter 4 and Chapter 5. We can hypothesise that this relationship has
the potential to alter grassland responses to nitrogen deposition and atmospheric
carbon dioxide increase, but this warrants further investigation as the impact of

defoliation was not consistent between experiments.
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Appendix 1

Detailed methodology for PLFA analysis

We utilised a high throughput PLFA extraction protocol based on Buyer and Sasser (2012) on
freeze-dried soil subsamples stored at -80°C. All glassware was rinse with chloroform prior to

use.

For Bligh and Dyer extraction, we mixed 0.5g dried soil with 4ml Bligh Dyer extractant (200m|
50mM K;HPO4 in MiliQ H,0, 500mI methanol and 250ml chloroform), vortexed for 5 seconds
and sonicated in an ultrasonic cleaning bath for 10 minutes at room temperature. Leave for 2
hours agitating regularly. Centrifuge samples for 10-15 minutes at 2500rpm. The supernatant
was transferred to clean glassware, and 1ml chloroform and 1ml water were added. Samples
were vortexed for 5 seconds, then centrifuged for 10-15 minutes at 2500rpm. The lower
phase was transferred to clean glassware and evaporated to dry state in centrifugal speed vac

at 30°C for 40-60 minutes.

For SPE extraction, a 96-well vacuum manifold attached to a vacuum pump was condition
with 3ml methanol, then 3ml chloroform. Samples were dissolved in 1ml chloroform and
vortexed for 5 seconds. Samples were then loaded into corresponding wells in the 96-well
plate and allowed to run through. Sample tubes were filled with an additional 1ml chloroform
which was then also loaded into the corresponding well. Wells were washed with 1ml
chloroform and 1 ml acetone. The vacuum was applied after each addition to finish. The PLFAs
were eluted with 0.5ml eluting solution (a ratio of methanol:chloroform:water at 5:5:1). The

vials were centrifuged in a speed vac at 30°C until dry, approximately 3 hours.

For transesterification, samples were dissolved in 0.2ml transesterification reagent (0.561g
KOH in 75ml methanol and 25ml toluene) and vortexed for 5 seconds. We added 30ul
standard (XXX) to each vial and incubated them at room temperature for 45 minutes. We then
added 0.4ml 0.075M acetic acid and 0.4ml chloroform. Samples were shaken in the fume
hood at low speed for 10 seconds. Liquid phases were left to separate completely, then 0.3ml
of the bottom layer was transferred into corresponding wells of a clean 96-well plate. Samples

were planted in a centrifugal speed vac at 30°C until dry, approximated 20-30 minutes.
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Samples were then dissolved in 75ul hexane and shaken at a low speed for 10 seconds. They

were then transferred into GC vials and stored at -20°C until analysis.
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Appendix 2

Detailed methodology for DNA analysis

DNA was extracted from subsamples of freeze-dried soil stored at -80°C using the Qiagen
PowerSoil Pro kit (Qiagen, UK) according to the manufacturer’s instructions. Volumes were
quantified using the high sensitivity assay kit on a QubitTM 3.0 Fluorometer (ThermoFisher

Scientific, UK) and normalised to ~10ng/ul.

For 16s rRNA sequencing, gene amplicon sequencing was conducted using dual indexed
forward and reverse primers following Griffiths et al (2018) and Kozich et al (2013). We then
ran PCRs using Solis BioDyne 5x HOT FIREPol® Blend Master Mix, 2uM primers and 1pul of
sample DNA, with thermocycling conditions of: 95°C for 15 minutes; 28 cycles of (95°C for
20s, 50°C for 60s, 72°C for 60s) and a final extension at 72°C for 10 minutes.

For ITS rRNA sequencing, gene amplicon sequences was conducted using dual indexed
forward and reverse primers following Nguyen et al (Nguyen et al 2015) and Griffiths et al
(2019). We then ran PCRs using Solis BioDyne 5x HOT FIREPol® Blend Master Mix, 2uM
primers, 4ul of DNA with thermocycling conditions of 95°C for 10 minutes; 35 cycles of (95°C

for 30s, 54°C for 45s, 72°C for 60 sec) and a final extension at 72°C for 10 minutes.

The products were then quality checked using the Agilent 2200 TapeStation and quantified
these on a QubitTM 3.0 Fluorometer, before pooling samples to equimolar concentrations.
ITS and 16S rRNA gene amplicon sequencing was conducted on two separate runs using
paired-end reads (2 x 250bp) with v2 chemistry on the lllumina MiSeq platform at the

University of Salford.

Prior to analysis, 16S rRNA and ITS rRNA gene amplicon sequences were processed in DADA2
v1.5.0 52 using the default pipelines (Callahan et al 2016). Bacterial sequences were filtered
by length (with 240-260bp reads retained) and for both bacterial and fungal sequences
chimeras were removed. For bacterial 16S rRNA sequences, taxonomy was assigned using the
SILVA v132 database (Quast et al 2013, Yilmaz et al 2014). For fungal ITS sequences, taxonomy
was assigned using the UNITE v7.2 database (UNITE 2017).

Page 214 of 215



References

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP (2016) DADA2: High-

resolution sample inference from Illumina amplicon data. Nature Methods 13:581-583

Griffiths SM, Harrison XA, Weldon C, Wood MD, Pretorius A, Hopkins K, Fox G, Prezoisi RF,
Antwis RE (2018) Genetic variability and ontogeny predict microbiome structure in a disease-

challenged montane amphibian. The ISME Journal 1: doi:10.1038/s41396-018-0167-0

Griffiths SM, Galambao M, Rowntree J, Goodhead |, Hall J, O’Brien D, Atkinson N, Antwis RE
(2019) Complex associations between cross-kingdom microbial endophytes and host

genotype in ash dieback disease dynamics. Journal of Ecology, in press

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD (2013) Development of a dual-
index sequencing strategy and curation pipeline for analyzing amplicon sequence data on the

miseq illumina sequencing platform. Applied and Environmental Microbiology 79:5112-5120

Nguyen NH, Smith D, Peay K, Kennedy P (2015) Parsing ecological signal from noise in next

generation amplicon sequencing. New Phytologist 205:1389-1393

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glockner FO (2013) The
SILVA ribosomal RNA gene database project: Improved data processing and web-based tools.

Nucleic Acids Research 41:590-596
UNITE (2017) UNITE general FASTA release. Version 01.12.2017

Yilmaz P, Wegener Parfrey L, Yarza P, Gerken J, Pruesse E, Quast C, Schweer T, Peplies J,
Ludwig W, Glockner FO (2014) The SILVA and ‘all-species Living Tree Project (LTP)’ taxonomic
frameworks. Nucleic Acids Research 42:643—-648

Page 215 of 215



