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GRAPHICAL ABSTRACT 

 

 

ABSTRACT 

Intensive agriculture has led to degradation of soils and loss of biodiversity, resulting in 
a diminished capacity to deliver ecosystem services. Rewilding is believed to restore soil 
quality, but little is known about the effects on soil carbon and microbial communities. 
This study aimed to determine whether rewilding at the Knepp Estate had contributed 
to improved ecosystem services by investigating soil organic matter (SOM), total carbon 
(TC), total nitrogen (TN), and the soil microbial community by determining soil microbial 
biomass and phenotypic profiling by phospholipid fatty analysis (PLFA).  Soils were 
collected at two depths (0-12 cm and 12-25 cm) from three rewilded locations.  The 
locations were selected due to different rewilding conditions, and compared with soils 
from an arable site which had recently adopted less intensive methods of farming.  
Findings showed average increases of  125% Microbial Biomass C (MBC), 46% SOM, 65% 
TC and 53% TN in the top 12 cm of rewilded soils compared to the arable soil, as well as 
a shift in the microbial community profile, but changes were not significant at depth, 
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nor at all locations.  Regression analysis showed an inverse relationship between the 
carbon/nitrogen (C:N) ratio and soil microbial communities.  In conclusion, results 
indicate evidence of restoration of soils under rewilding which would benefit ecosystem 
services through gains in soil carbon stocks and microbial biomass, both of which 
increase nutrient cycling and soil biodiversity.  The influence of the conditions of 
rewilding on the outcomes is uncertain as previous land use appears to have had a more 
dominant effect. 
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INTRODUCTION 
LAND USE CHANGES IN THE UK 
 
Agriculture is the major land use in the UK, with approximately 70% of land being farmed 
(Parliament. Publications and Records, 2016).  Traditionally, farming relied on the 
natural fertility-building properties of grasses, legumes and animals (Robinson and 
Sutherland, 2002), but since World War II many pasture-based systems have been 
turned over to arable use and farming practices have become increasingly intensive (The 
National Archives, 2019) with greater use of agrichemicals to maximise output 
(Robinson and Sutherland, 2002).  Healthy functioning of above-ground ecosystems 
relies on biodiversity within the soil; however, the increased demand on land through 
intensive agriculture has resulted in reduced habitat and niche space, biodiversity, and 
biomass, with subsequent degradation to the underlying soils (Robinson and Sutherland, 
2002; Breure, 2004) and at a considerable economic cost to the UK (Graves et al, 2014). 
 
As soils form the basis of the supporting services upon which all other ecosystem 
services depend (see Fig. 1), the result has been a decline in the resilience of ecosystems 
and their ability to deliver ecosystem services (Blouin et al, 2013; Cerqueira et al, 2015).  
It is estimated that 60% of ecosystem services are currently affected due to the 
unsustainable use of soils under human activities, (Dewe and Senge, 2015).    
 
 

 
Figure 1: Ecosystem Services (Adapted from: Millenium Ecosystem Assessment, 2005). 
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ECOSYSTEM SERVICES AND SOILS 
 
Ecosystem services derived from soils are a result of various soil properties and 
processes which work together and allow the soil to function as a complete system, and 
as such are not easily measured by a single parameter (Dominati, 2010).   However, the 
loss of soil organic carbon and biodiversity, and increases of soil compaction and 
nutrient imbalances are thought to be some of the main threats to the healthy 
functioning of soils (FAO, 2015).   
 
Soil organic matter (SOM) positively affects soil structure, as well as soil chemical and 
biological properties and processes, and is a useful measure of the healthy functioning 
of ecosystems (Panakoulia et al, 2017; Weil and Brady, 2017).  More specifically, SOM 
plays an important role in the nutrient cycling processes within a soil, which affects 
primary production as well as modulating water storage and drainage, and therefore 
contributes to water purification and regulation (Weil and Brady, 2017; Dominati, 2010).  
 
“The element carbon is the foundation of all life” (Weil and Brady, 2017).  Soil carbon 
accounts for approximately 50% of the mass of SOM and quantities of carbon stored in 
soils are greater than in atmospheric CO2 and the plant biomass on Earth combined, thus 
soil carbon contributes to primary production as well as playing a role in regulating the 
climate  (de Graff et al, 2014; Weil and Brady, 2017).  A significant proportion of the 
increase in atmospheric CO2 is due to loss of organic matter from our soils (FAO, 2015). 
 
Soil organisms constitute a major component of all soils, and are critical for most of the 
major functions provided by the soil in the form of ecosystem services (Breure, 2004; 
Skubala, 2013).  One of the most important functions controlled by soil biology is the 
breakdown and cycling of SOM, and the total biomass of soil organisms is usually related 
to the quantity of SOM (Breure, 2004).  Microorganism community structure has also 
been shown to play a role in the regulation of nutrient cycling, including carbon 
mineralisation and stabilisation (Xue et al, 2018).  Thus microorganisms play a role in 
climate change as they act as sources and sinks of carbon, and the amount of 
microorganisms gives a good indication of the level of sustainability of soil functions and 
thus the stability of an ecosystem (Breure, 2004).   
 
It is now recognised that by returning ecosystems to a more natural state, humanity will 
benefit from the services derived from the land (NERC, 2012).  Rewilding is increasingly 
being seen as a cost-effective solution to reverse the damage caused to the soils under 
intensive agriculture (Parliament. Publications and Records, 2016), as well as improve 
biodiversity.  Studies have shown that wild ecosystems are able to deliver higher quality 
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ecosystem services than other systems, for example higher carbon storage has been 
measured which improves biodiversity, water quality and flow regulation (Cerqueira et 
al, 2015).   Certain ecosystem services, such as groundwater recharge and carbon 
sequestration, are higher on grassland than on agricultural land in the same area 
(Cerqueira et al, 2015), and different grazing regimes have been shown to affect the 
storage of carbon in the soil (Bagchi, Bhatnagar and Ritchie, 2012).  

REWILDING 
 
The original concept of rewilding was based on studies which showed that predators 
and large herbivores transform their environment, affecting the dynamics of ecosystems 
which can impact the entire food chain, and had three main requirements: ‘top-down’ 
trophic interactions; large areas of land for wide-ranging species; and connectivity of 
these areas to allow for movement and genetic diversity (Soulé and Noss, 1988), i.e. “3C 
rewilding” (Fig. 2) – cores, carnivores and corridors.    Presently there are various 
interpretations of rewilding and the many rewilding projects around the world each 
have their own specific focus (Johns, 2019).  However, they all aim to restore the 
dynamics within ecosystems in order that they may be resilient and self-sustaining 
(Cerqueira et al, 2015; Miller and Hobbs, 2019; Pettorelli, Duran and Toit, 2019).   
Additionally, they aim to have a continuous increase in ‘wildness’ where natural 
processes are in control and human intervention is minimised (Fig. 2) (Monbiot, 2013; 
Corlett, 2019, IUCN, 2019), although initially some human intervention may be required 
to reintroduce keystone species with specific functions (Parliament. Publications and 
Records, 2016).    Nature-led changes result in undefined targets unlike traditional forms 
of conservation which often aim to preserve some defined pre-existing state, such as 
the restoration of a habitat or the protection of a single species (Pettorelli, Durant and 
Toit, 2019).  Thus, nature is able to respond changes in the physical environment and 
reach new equilibriums as ecological system process are restored (Fraser, 2010; Miller 
and Hobbs, 2019). However, a return to the wilderness that existed prior to human 
intervention is not expected, as biodiversity loss, depleted soils and climate change 
mean that the ecosystems which will develop in the future will not be the same as those 
that existed in the past (Monbiot, 2013).  
 
It is understood that biodiversity loss negatively affects ecosystem functions such as 
carbon cycling (de Graaff et al, 2014); therefore, trophic rewilding, which aims to restore 
biodiversity and biotic interactions, would be expected to restore these ecosystem 
functions (Figure 3).  Research on rewilding specifically has largely focused on the 
interactions between reintroduced species and those already existing within the system, 
but has largely neglected the effects of rewilding on soils or the response of soil 
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Figure 2.  The direction rewilding projects aim to take (Source:  IUCN, 2019).  
 
 

 
 
Figure 3. Interactions between main species present in trophic rewilding and main groups of soil 
biota, and the corresponding effects on plant-soil relationships (Andriuzzi and Wall, 2018). 
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communities, making predictions about the impacts of rewilding on ecosystem functions 
uncertain, especially under changing climatic conditions (Andriuzzi and Wall, 2018).    
 
The UK has a high population density, and thus faces significant land-use pressures 
which has resulted in a loss  of certain keystone species historically (Sandom and Wynne-
Jones, 2019), most notably large carnivores.  The Knepp Wilding project therefore 
cannot be considered as rewilding in the truest sense of the word as humans play the 
role of large carnivores, and Knepp refer to their restoration process as ‘wilding’.  
Nonetheless, as rewilding does not have targets and is simply a continuum of natural 
processes, such as vegetation succession and disturbance through interactions with 
wildlife (Sandom and Wynne-Jones, 2019), the project still fits into the ‘rewilding 
ambition’ referred to in Figure 2. 
 
The Knepp Estate was previously under intensive agriculture and the aim of this 
investigation was to determine whether rewilding at the Knepp Estate has contributed 
to improved ecosystem services as a result of increased natural capital and processes 
within soils.   This was achieved by comparing three rewilded sites with an agricultural 
site, specifically looking at amounts of SOM, TC and TN, as well as the microbial biomass 
and microbial community structure at two different depths within the soil.  It is 
hypothesised that ecosystem services benefit from rewilding as soils will show evidence 
of restoration through increased SOM, carbon and microbial biomass at both depths, 0-
12 and 12-25 cm, and that changes will also be reflected by a movement in the microbial 
community profile.   It is conjectured that differences in the parameters will also be 
found between the soils from the three rewilded locations due to the different ways and 
times at which they were restored. 
 
 

METHODOLOGY 
STUDY AREA 
 
The study location was the Knepp Estate in West Sussex, S.E. England.  The area has a 
mean annual maximum and minimum temperature of 15.1°C and 6.2°C respectively, 
and 827 mm of precipitation (Met Office, 2019).  The estate is 1,400 hectares in size and 
was previously under intensive agriculture.  The estate is presently divided into three 
blocks, each having been taken out of intensive agriculture at different times and 
restored under different conditions (Fig. 4).   
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Figure 4.  Coordinates of soil sampling locations (north to south): Northern Block: Lat. 
50.996492. Long. -0.34881592; Middle Block: Lat. 50.987619, Long. -0.3553782; Southern 
Block: Lat. 50.977760; Long.-0.37009791; Agricultural site: Lat. 50.8755369, Long. -0.3799798. 
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Repton Park (within the Middle Block) was the first area to be restored in 2001.  The 
land was treated with glyphosate and a wildflower mix planted; fallow deer were 
introduced in 2002, longhorn cattle a year later, followed by pigs and red deer.  The 
Northern Block was sown with a Countryside Stewardship Scheme mix of eight species 
of native grass on areas not already under permanent pasture, and then cattle were 
brought in.  In the Southern Block, fields were taken out of agricultural production over 
a period of years starting in 2001 (2003 for the fields sampled), with the least productive 
fields being set aside first (Tree, 2018), and left fallow with animals only being 
introduced in 2009.  Longhorn cattle, Exmoor ponies, Tamworth pigs and fallow deer 
were introduced and later on, red deer (Tree, 2018) (Table 1).  
 
Soil samples were taken from each of the three rewilded blocks at the Knepp Estate as 
well as from a neighbouring arable site for comparison (Figs. 4 and 5) to establish 
whether there were differences between the three rewilded soils.  All sites historically 
belonged to Knepp and had been under permanent pasture until WWII when the land 
management practice changed to intensive arable production.  The agricultural site 
continued under intensive agriculture until 2016 since when it has been farmed under a 
more conservative no-till regime.  All areas sampled were on the same soil series, 
Wickham 1 (711e), which is characterised by slowly permeable, seasonally waterlogged 
soils which have a high clay content (NRSI, 2019).  Soil samples from the rewilded blocks 
were taken from open, grassy areas to strive for similarity between sample types to 
allow comparisons to be made. 

 

SOIL SAMPLE COLLECTION AND FIELD MEASUREMENTS 
 
Sampling was conducted at the Knepp Estate on the 7th June 2019.  The temperature 

ranged from 13-17°C during the sampling period.  The weather was largely overcast, 
with some rain.  However, the rain came following a long dry spell with the result that 
the clay soils were very hard making it impossible to take samples to 30 cm or to sample 
in as many locations as was initially intended.   Sampling at Oakwood Farm, Shipley took 

place on 13 June 2019 with temperatures of 15°C, the weather was raining and overcast, 
but heavy rains over the previous week resulted in considerably wetter soils than at the 
Knepp Estate. 
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Table 1.  Land use on the fields sampled at the Knepp Estate from 1993-2019.  Location of animal symbols on the timeline indicate the time of their 
introduction. 
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 2001  2009 2018          June 2019 
 

Figure 5.  Appearance of sampling locations (in red) before and after rewilding (Aerial images sourced from Google Earth)
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Soil samples were collected from random locations within each of the rewilding zones 

at the Knepp Estate and the agricultural site.  Open areas away from trees, field margins 

and other areas with specific conditions were avoided to aim for an overall 

representation of the area (Soil Association, 2017).   A gouge auger was used to take 

three replicates at each location using the ‘W’-transect method with six individual cores 

to a depth of 25 cm.  The Soil Association recommends sampling the top 10 cm if testing 

microbiology, i.e. where the soil is aerobic, and the top 15 cm for chemical analyses, and 

if both aspects are being tested then a point around 12 cm is ideal.  The twelve samples 

were divided into two, top and bottom, giving a total of 24 samples.  All samples were 

put into plastic bags, labelled and stored at 4°C until prepared for their final analysis.  

 

Soil compaction was measured with a Dickey-John penetrometer to a maximum depth 

of 70 cm, or to 300 psi.  300 psi is taken to be the penetration resistance at which roots 

are almost unable to penetrate the soil (Duiker, 2002).  Five readings were taken near 

each sampling location, and the mean value was taken.  Soil moisture was tested with a 

Delta-T theta probe was used to test soil moisture.  Five readings were taken, and the 

mean value was used for each location.  A minidisk infiltrometer was used on a setting 

of 0.5 cm adjustable suction to measure unsaturated hydraulic conductivity.  Infiltration 

rates are slow due to the clay soils, so time permitting, two readings were taken at each 

location.  Air temperature readings were obtained from a local weather station. 

 

LABORATORY ANALYSES 
 

The fresh soil samples were sieved at 2mm and divided into three.  One portion was 

stored at 4°C for MBC analysis, another was frozen at -85°C and freeze-dried for PLFA 

analysis, and the final subsample was air-dried and stored at room temperature for pH 

and loss on ignition (LOI), and a portion of the latter was fine ground for TC and TN. 

 

Laboratory analyses were carried out using British Standards Institution (BSI) methods.  

Soil water content was determined by placing the fresh soil in an oven at 105°C for 24 

hours and finding the difference in weight (BSI, 1994).  LOI was used to determine SOM 

and was measured from a weighed sample of air-dried soil which was then dehydrated 

at 105°C for a minimum of 17 hours, then ashed in a muffle furnace at 450°C for four 

hours (BSI, 2000).  The LOI which was calculated as the percentage of the dehydrated 

sample (BSI, 2005).  Soil pH was measured using a pH meter in a 1:5 suspension of soil 

in deionised water.  The pH meter determines the acidity of the soil by measuring the 

amount of ion exchange which occurs between the probe and the solution and can thus 

estimate the amount of hydrogen ions within the soil.  TC (BSI, 1995) and TN (BSI, 2001) 

were measured from a finely-ground subsample of soil which had been dried in an oven 
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at 105°C for 2 hours.  A sample of soil was packed into an aluminium foil capsule and 

was heated to 900°C in the presence of oxygen gas which oxidised the carbon to CO2, 

and a thermal conductivity detector (TCD) then compared the CO2 in the sample tested 

to a reference gas.  The difference in thermal conductivity was assessed in order to 

determine the amount of carbon present.  Under oxidation mineral and organic nitrogen 

compounds in the soil produce NOX compounds as well as N2.  Copper was used to bind 

the excess oxygen and reduce the oxides to N2.  The TCD then measured the amount of 

nitrogen present.   

 

Soil MBC estimates the mass of intact microbial cells from a measure of the carbon 

content of the cells. The fresh soil sample was divided into two and one part was 

fumigated with chloroform for 24 hours in order to destroy intact microbial cells.  The 

organic carbon was then extracted from both the fumigated and non-fumigated samples 

by shaking the soil in a 50ml of 0.5 mol/l potassium sulphate solution, filtering the 

suspension and collecting the extracts.  The organic carbon in the extracts was 

determined in the auto-analyser and the biomass carbon was calculated from the 

difference in the mean mass of organic carbon between the fumigated and non-

fumigated samples and dividing the result by a conversion factor of 0.45 (BSI, 1997). 

 

Phospholipid fatty acids are only found in the plasma membranes of living cells and 

phospholipid fatty acid (PLFA) analysis can be used to determine the structure of 

microbial communities in soils and it can easily be determined if a soil community has 

been affected by a change in conditions (Frostegård, Tunlid and Bååth, 2010).   The 

organic portion of the soil was extracted using Bligh and Dyer (B&D) solvent, centrifuging 

and then pouring off the top, organic layer.  The organic layer was then further 

separated by adding chloroform and a citrate buffer and centrifuging.  The aqueous layer 

was removed, and the remaining lipid layer was dried under nitrogen to prevent 

oxidation.  Fractionation of the lipid extract was done by reconstituting the extract using 

chloroform and then the sterols (neutral lipids) were washed out with chloroform, the 

glycolipids with acetone, finally, the phospholipids were eluted with methanol and 

collected and dried in an evaporator under nitrogen.  Methylation was then used to 

separate the fatty acid from the glycerol part of the phospholipid and recover the fatty 

acid methyl esters (FAMEs).  The phospholipid fraction was reconstituted using a 

toluene/methanol mix, then the lipids were hydrolysed using potassium hydroxide and 

incubated for 30 minutes at 37°C.  The hydrolysis reaction was stopped by neutralising 

the pH using acetic acid, then a hexane/chloroform mix and deionised water were added 

and centrifuged to separate the two phases.  The lower aqueous phase was discarded,  
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and the top organic phase was washed through sodium hydroxide with hexane to 

remove any unwanted components.  The extract was dried and then reconstituted with 

200 µl hexane and placed in a gas chromatograph vial for analysis. Gas chromatography 

identified the FAMEs using their retention times.  Retention times are dependent on the 

length of the carbon chain in the fatty acid, and PLFAs are further separated depending 

on the position of the double bond as well as their branching configuration.  The results 

obtained were converted to mol% to give the relative occurrence of the FAMEs.   A total 

of 34 indicator fatty acids were identified and used as indicators of the presence of 

fungal and bacterial biomass.  In order to estimate the fungal:bacterial ratio, 18:2ω6,9 

was chosen to represent PLFAs of fungal origin and i15:0, ai15:0, 15:0, i16:0; i17:0, 

ai17:0, cyc17:0 and cyc19:0 (Frostegård and Bååth, 1996) and those PLFAs of uncertain 

origin or which were known to exist in both bacterial and fungal organisms were not 

used. 

 

STATISTICAL ANALYSES 
 

Statistica (Version 13.3, Tibco Software Co.) software was used to carry out the statistical 

analyses.   Principal Components Analysis (PCA) was carried out on the PLFA results to 

emphasise variation and show any correlations between the data sets.  One-way ANOVA 

was then conducted on the Factors 1 and 2 of the case variables to show the movement 

between the microbial communities.  This was carried out for both depths together as 

well as separately.  Factorial ANOVA was conducted to compare the effects of site and 

depth, as well as determine the effects of site and depth on pH, organic matter content 

(OMC), Total C and N, C:N ratio, MBC, PLFA fungal:bacterial ratio and PLFA fungal 

biomarker 18:2ω6,9.  Post hoc Tukey HSD analyses were carried out on significant results 

to observe where variation amongst the means of the groups occurred.  Post Hoc Tukey 

HSD was chosen above Fisher LSD as Tukey is less likely to result in a Type 1 error (Hilton 

and Armstrong, 2006).  Statistical significance for all analyses was determined as p<0.05.  

PCA was also used to establish if any covariance existed between the data sets, and 

correlations between data sets were determined to see which variables were most 

related to each other and to establish whether chemical or biological parameters were 

responsible for any shift in the biology. 
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RESULTS 
FIELD RESULTS 
 
Due to the different weather conditions on sampling days, comparisons could not be 

made between compaction or infiltration at the arable site and the three rewilded 

locations.  A distinct layer of compaction was observed at around 30-35 cm depth at the 

agricultural site, however, often, it wasn’t possible to break through the surface layer at 

the rewilded sites, which was cemented due to the dry weather conditions, in order to 

establish if or where compaction existed at depth (see Appendix A for all field results).   

 

LABORATORY RESULTS 
 
Factorial ANOVA 
 

The mean and standard error (n=3) of the parameters analysed are highlighted in Figure 

6., with values given in Appendix B.  Significant differences are those at p<0.05. 

 

pH was in the range of 5.6-6.4 with no significant interaction between site and depth.  

Soils were significantly more acid at depth across the sites (mean pH = 6.3), than in the 

top 12 cm (mean pH=5.9).  The agricultural site had the highest overall pH and the 

northern the lowest with a significant difference between the two. 

 

Organic matter content was significantly higher in the rewilded soils in the top 12 cm 

compared to 12-25cm, with an average increase of 45%, whilst the arable soils only had 

an increase of 8%.   The rewilded locations had on average 46% more OMC in the top 12 

cm compared to the arable site, but the differences were only significant (p<0.05) at the 

Northern and Middle Blocks.  Differences between the locations at depth are only 

observed at the Northern and Middle blocks. 

 

Total C and N showed similar profiles to OMC.   The rewilded sites had significantly 

higher levels of Total C (average 75%) and Total N (54%) at the surface than at depth, 

whereas the arable site only had a 13% and 10% increase in C and N respectively.  In the 

top 12cm, the rewilded locations all had more total C (average 65%) and N (53%) than 

the arable site, although differences were only significant at the Northern and Middle 

Blocks.  At depth the Northern Block had the highest levels of C and N, whilst the 

Southern Block had the lowest. 
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Figure 6.  Mean values with standard error of soil properties for rewilded and arable soils at two soil depths 
at four locations (n=3):  A = Agricultural; M = Middle Block; N = Northern Block; S = Southern Block.  
The effects of land use and depth upon soil properties as determined by Factorial ANOVA with Tukey 
Post-Hoc analysis.  Different lowercase letters indicate significant differences (p<0.05). Where no 
significant difference between the groups at the 95% confidence level was found at site * depth, additional 
graphs for site and/or depth indicate where significant difference was found.  
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C:N ratio –   The C:N ratios were all within the range of 9.1-10.7.  There was a significant 

increase in the C:N ratio between the top 12 cm and depth in the rewilded soils, but not 

in the agricultural soils.  The C:N ratio was higher at all rewilded sites compared to the 

agricultural site, although not at the 95% confidence level. 

 

Microbial Biomass C - All of the rewilded sites had significantly more (average 90%) MBC 
in the top 12 cm compared to 12-25cm, whereas the arable site showed no change.   In 

the top 12cm all rewilded soils had an average of 125% more MBC compared to the 

arable soils although this was only highly significant at the Northern and Middle Blocks. 

 

PLFA – fungal biomarker, 18:2w6,9, and the fungal:bacterial ratio displayed nearly 

identical profiles indicating that bacterial proportion of communities was relatively 

constant across all soils whilst the differences were in the fungal communities.  

Significant differences were not obtained at site or depth, with the biggest difference 

being seen at the agricultural site at 12-25 cm which had approximately 50% less than 

in the top 12 cm of both the arable and rewilded soils at depth. 

 

Principal Components Analysis (PCA)  
 

PLFA - The mean principal factors 1 and 2 of the PCA of the PLFA were plotted and 

together accounted for 47% of the variation (Fig. 7), which was not significant between 

all the soils when considering both depths together.  However the movement of the 

microbial community profile between the top 12cm and 12-25cm on PC1 can be seen, 

and PC2 shows the shift of the microbial community from arable to rewilded soils. 

 

In the top 12cm a movement on PC1 and PC2 can be seen between the arable and 

rewilded soils.  At depth  the movement between arable and rewilded soils is seen on 

PC1.  However, on PC2 movement is only seen at the soils of the Southern Block.  
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Figure 7. Principal Components Analysis of PLFA means ±standard error plotted to visualise the 
movement of the microbial communities under rewilding.  Both depths (top); 0-12 cm (bottom 
left), 12-25 cm (bottom right) 
 
 
Correlation and regression analyses 
 

Regression analysis (Fig. 8) indicates increases in MBC as SOM content rises (r=0.89), and 

a decrease in pH with an increase in SOM (r=-0.78).   pH was also found to be moderately 

inversely correlated with MBC (-0.61).  An inverse relationship was found between the 

the C:N ratio and Factor 1 from the PLFA PCA (r=0.69).   

 

Correlations were also run independently on soil parameters at 0-12 cm and 12-25 cm 

depth to observe any differences.  In the top 12 cm, the most significant correlation was 

Factor 1 of PLFA with SOM (r=0.81), and moderately with pH (r=-0.66), but at depth, 

Factor 1 of PLFA negatively correlated with SOM (r=-0.59), but when the latter was 

plotted the data was clustered and was not included in the discussion (Appendix C).  A 

complete table of correlation results can be found in Appendix B.   
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Figure 8.  Regression analysis of SOM and MBC (top left), C:N ratio and Factor 1 of PCA of 
PLFA (top right), SOM and pH (bottom left) on both depths; regression analysis of SOM and 
PLFA factor 1 of PCA (bottom right) at 0-12 cm.  
 

 

 

DISCUSSION 

SUMMARY OF MAIN FINDINGS 
 

Under rewilding, the top 12 cm of soils showed significant increases (p<0.05) in SOM, 

TC, TN and MBC compared with depth whereas the arable soil showed no significant 

change, and there was an inverse correlation between these parameters and pH.  The 

differences between the rewilded and the arable soils in SOM, TC, TN and MBC were 

significant at the Northern and Middle Block, however, although increases were 

observed at the Southern Block, the results were not significantly different.  At depth, 

any differences observed between the rewilded and arable soils were not significant, 

although increases in SOM, TC, TN and MBC were evident at the Middle and Northern 

Blocks.  A shift in the microbial community profile was observed between the two depths 

along the PC1 axis of PCA and a movement along PC2 was observed between the 

rewilded and arable soils.  
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DISCUSSION OF RESULTS 
 

Changes observed from agriculture to rewilding 
 

The increases of SOM, TN (as SOM is a major source of nitrogen), and TC (which accounts 

for 50% of SOM on average (Weil and Brady, 2017)) found in the top 12 cm in the shift 

from agriculture to rewilding could be explained by increased litter input and root 

residues under permanent vegetation, as well as the effect of grazing herbivores. 

Grazing stimulates root growth and plant growth, drawing carbon down from the 

atmosphere and reducing nitrogen losses.  Although carbon sequestration depends on 

various factors, grazing animals have been shown to increase carbon sequestration, as 

long as the grazing intensity ensures that the rate of grass consumption does not exceed 

the rate of plant growth (Garnett et al, 2017).   At both depths, the strongly positive 

correlation of MBC with SOM (r=0.89) (and TC, r=0.90; TN r=0.89) is expected as 

microbial populations increase as more food becomes available. 

 

The inverse correlations found between pH, and SOM, and thus TC, TN and MBC could 

occur for a variety of factors.  The soils of the Wickham series are naturally acid, but 

base-rich (Cranfield University, 2019). Although increased SOM buffers soil pH, the 

increased acidity in the top 12 cm of the rewilded soils could be due to the accumulated 

SOM, increased microbial activity and root respiration, all of which can acidify soil (Weil 

and Brady, 2017), whilst the higher pH found at 0-12 cm in the arable soils could be a 

result of agricultural inputs, for which no information is available.   

 

The shift in the microbial community structure observed along PC1 in the top 12 cm 

suggest that the changes in SOM, C and N and pH play a significant role in regulating the 

communities of microorganisms as the arable soils have the lowest amounts of SOM, C 

and N, and the highest pH, whilst the greatest shift observed was in the Northern and 

Middle Blocks which have the highest amounts of SOM, C and N.  This is supported by 

the significant correlation of Factor 1 from the PCA of the PLFA analysis with SOM 

(r=0.81) in the top 12 cm and also with TC (r=0.73), TN (r=0.75) and pH (r=-0.66).   The 

differences in these parameters between the two depths would also explain the change 

in microbial community structure observed between 0-12 cm and 12-25 cm.  

Correlations from both depths together show that Factor 1 from the PCA of PLFA 

inversely correlates with the C:N ratio.  This supports other studies which show that the 

movement in the microbial community structure is influenced by fluctuations in C and 

N (Xue et al, 2018) as different microbes require varying proportions of C and N to thrive 

(Weil and Brady, 2017).  The higher C:N ratio in the rewilded soils may result from  

greater organic matter input and an accumulation over time of the fraction of organic 
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matter which is difficult to break down.  Fungi are known to prefer a higher C:N ratio, 

whilst bacteria favour a lower ratio, (Weil and Brady, 2017) so higher results in the fungal 

biomarker, 18:2w6,9, would be expected in the rewilded soils in the top 12 cm.  However 

the opposite was observed, but this may be due to grazing effects which have been 

shown to generally increase bacterial richness and reduce fungal richness (Eldridge et 

al, 2017). 

 

The change from intensive agriculture to no-till 
 

Although increases in SOM, TC and MBC were observed between the Southern Block 

and the arable soils, the results obtained were not significantly different at the 95% 

confidence level.   The change three years ago from intensive arable agriculture to no-

till on the arable soils sampled is likely to have resulted in a level of recovery from 

degradation under a previous, more intensive farming regime.  Studies have shown that 

no-till soils have increased carbon storage (Smith et al, 2004), and higher microbial 

biomass than soils under more intensive forms of agriculture (Hsiao et al, 2019), and 

thus these increases could have partially eclipsed the results obtained from the rewilded 

soils.  This hypothesis is based on what is found in the literature, but is not within the 

scope of this project as it cannot be said with all certainty that management of the arable 

soils under no-till has contributed to an increase in soil health.   

 

Changes at depth 
 

Increases of SOM were expected to be found at depth in the rewilded soils compared to 

arable soils, due to redistribution of SOM down the profile by soil organisms such as 

earthworms.  The Northern and Middle Blocks have slightly more SOM at depth than 

the arable soils (+21%), but results were not significant, whilst the Southern Block shows 

the least amount of SOM, TC, TN and MBC at depth.  This indicates that the soils of the 

Southern Block could have been the most degraded prior to restoration, having lost 

more of the SOM at this depth, which may have resulted in lower soil fauna populations, 

especially earthworms, which are responsible for much of the incorporation and mixing 

of SOM within a soil profile (Haygarth and Ritz, 2009).  The results would also suggest 

that it takes significantly longer for organic matter to accumulate at depth in soils than 

at the surface 

 

The only significant differences observed in the fungal biomarker, 18:2w6,9, were 

between the top and bottom 12 cm of the arable soils.   Herbicides are known to increase 

fungal biomass and reduce the bacterial biomass (Wang et al, 2018) and may have been 
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used under no-till resulting in the increase in the top 12cm, but it is not certain if this 

could result in the changes at depth. 

 

Differences between the rewilded soils 
 

The differences in SOM, and thus C, N and MBC between the rewilded soils could be for 

a variety of reasons.  The land use prior to rewilding appears to have had the most 

significant effect.  The soils sampled at the Northern Block had the highest levels of these 

parameters and were mostly under grass ley, where grass and crops or legumes are 

grown in rotation to increase soil fertility, prior to rewilding.  The soils from the Middle 

Block, which yielded slightly lower results, had been under both arable and grass ley, 

while the soils at the Southern Block, which had the lowest levels of these parameters, 

had been under intensive arable agriculture during the same period.  The fields sampled 

at the Southern Block were amongst the earliest to be taken out of production in that 

block, and as these were the least productive fields, and which further suggests that 

these soils could have been more degraded than the other soils.   

 

The time when the different blocks were rewilded was considered as a contributing 

factor  as carbon builds up slowly in the soil (Weil and Brady, 2017).  However, the results 

from the top 12 cm do not indicate that time was a significant factor as the fields had 

been out of agricultural use for similar amounts of time (2001 - Middle, 2003 - Southern 

and 2004 – Northern), but perhaps the time when the herbivores were introduced 

contributed to the difference in results.  The introduction of herbivores on the Southern 

Block occurred in 2009 as compared to 2001 (Middle) and 2004 (Northern).   The fact 

that the Southern Block soils were grazed for a shorter period may also account for the 

lower levels of SOM, N, C and microbial biomass as grazing animals can contribute to 

soil carbon storage, but the effect of herbivores on the input and storage of carbon 

depends on a variety of factors such as the plant species and vegetative biomass, as well 

as the differences in grazing habits and dietary preferences of different herbivores as 

well as their stocking density, and the effects aren’t yet fully understood (Chang et al, 
2018).   

 

The type of restoration was different at each location and may account for some 

differences in SOM, C, N and MBC.  The Middle and Northern Blocks (if not under 

permanent pasture) had a wildflower mix and a grass mix sown as part of the restoration 

programme.  In contrast, the Southern Block was set aside and this may have resulted 

in different species and structure of vegetation which would have affected the nature 

of the of the organic matter input into the soil which would have an effect on C, N and 

the microbial community structure.  This would also have indirectly contributed to the 
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effects of grazing animals as, a difference in vegetation could also have influenced which 

plants the herbivores ate.  The higher SOM levels in the soils of the Northern Block may 

be due to the different grazing regime at this block.   The grazing density is lower (0.27 

animals ha-1, compared to 0.72 and 0.60 at the Middle and Southern Blocks respectively) 

and cattle are the only large herbivore present (Appendix D).  Alternatively, while the 

Southern Block lay fallow and was allowed to regenerate naturally, this may have 

allowed more carbon to be locked up into the vegetative biomass (which is visibly 

different at the Southern Block) rather than the soil.  During times of year when more 

organic matter is input into the system, microbes whose populations multiply quickly 

under optimal conditions (r-strategists) increase and break down the easily available 

carbon which is then used by plants (Weil and Brady, 2017).   This leaves behind the 

harder to break down portion of SOM and the smaller populations of microbes which 

are niche specialists and whose populations tend to be smaller, but more stable (K-

strategist microbes) which could account for the lower SOM and MBC at the Southern 

Block.  If this was the case it would be expected that the SOM fraction of the soil was 

higher in complex compounds such as lignin, which are harder to break down, but this 

is outside the scope of this project.    

 

The soils of the Northern and Middle blocks show the greatest movement along PC2 and 

the lack of grazing in the Southern Block fields as they lay fallow may have resulted in 

changes in vegetation which resulted in the different community structure observed 

here.  Selective grazing can reduce the biomass of dominant plants allowing other 

species to move in and increase plant richness leading to more diverse conditions below 

ground and reducing domination of bacterial or fungal species and leading to a greater 

diversity in the microbial community (Eldridge et al, 2017).   Further studies on both the 

vegetation community and structure and organic matter components in the soil and the 

grazing regimes of different herbivore communities would be required to establish 

connections. 

 

BENEFITS TO ECOSYSTEM SERVICES.  
 

Higher levels of SOM, carbon and nitrogen indicate improved nutrient cycling, carbon 

sequestration as well as primary production.  Increases in SOM are known to improve 

the structure of clay soils (Weil and Brady, 2017)  as well as improve their water-holding 

capacity, and augment their permeability which makes them less vulnerable to 

waterlogging.  Increased SOM thus confers additional benefits of flood mitigation as well 

as making soils more resilient in times of drought.  The higher levels of carbon 

sequestration in the rewilded soils indicate that rewilding can positively contribute to 
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climate regulation.  Although CH4 and CO2 are also released to the atmosphere by 

herbivores, appropriate stocking rates have been shown to offset these losses (Garnett 

et al, 2017).  The increase in soil microbial biomass will increase the rate of SOM 

decomposition, and therefore nitrogen mineralisation converting it into a form available 

to plants, and thus benefitting soil fertility, nutrient cycling and increasing primary 

production.  Although soil microbes also release CO2 as SOM is broken down, overall the 

net gain in soil carbon will counteract the losses.  Indirect benefits to other ecosystem 

services also occur due to increased restoration of soils (Fig. 9). 

 

  

 

 

 
 

Figure 9.  The key ecosystem goods and services provided by soil systems. 

(Source:  Haygarth and Ritz, 2009) 

 

 

CONCLUSION 
Under rewilding, greater inputs of SOM into the soil system are thought to be a result 

of permanent vegetation cover and the effects of grazing animals.  The changes in SOM 

resulted in increased TC and TN, providing nutrients which allowed microbial 

populations to multiply.  The shift in microbiology appeared to be due to changes in 

levels of carbon and nitrogen, and the high correlation with SOM in the top 12 cm 

suggests that organic matter could be used as an indicator of microbiology and could 

therefore be used to manipulate the microbial community.  Significant restoration of 

the soils occurred only in the top 12 cm and changes below this depth may take 
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significantly longer than was thought and could be due to other factors such as changes 

in aeration and soil water conditions. 

 

The influence of the way in which each of the rewilded blocks has had an effect on the 

soil is uncertain.  Variations between the rewilded soils appeared to be mainly due to 

the intensity of land use prior to rewilding which would have affected the degree of 

degradation of the soils, but effects from different vegetation community structures as 

well as different grazing regimes on the soil properties cannot be discounted. 

 

The change in land-use management at the arable site from intensive agriculture to no-

till is believed to have buffered the difference in results between the arable and rewilded 

soils.  Nonetheless, the results indicate that changes in soil properties and the soil 

microbiology directly benefit ecosystem services through SOM input, breakdown and 

accumulation; nutrient cycling and primary production, as well as indirectly benefitting 

other services such as climate regulation, water regulation and purification. 

 

Further studies, which involve a more comprehensive soil sampling strategy within each 

rewilded block as well as between the blocks, would be recommended.  This would 

provide more detailed information about the present properties of soils as a result of 

prior land use.   In turn, this would allow more inferences to made on how the different 

methods of rewilding may have affected the outcomes and allow comparisons to be 

made between the blocks.  Additionally, if possible, comparisons should be made against 

soils from the same area and of the same soil series which are still under intensive 

agriculture to give a better indication of the extent of the benefits to soils of rewilding. 
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APPENDIX A – Field measurements of unsaturated hydraulic conductivity, soil moisture and compaction. 
 

Site Replicate Infiltration (cm/s) Soil Moisture (%) Compaction (cm) 

Agricultural 1 0.00007 69.78 33.6 

“ 2 0.00011 61.5 28.2 

“ 3 0.00014 86.32* 35.4 

Northern  1 0.00015 25.38 14.8 

“ 2 - 22.64 5.2 

“ 3 0.00003 29.26 21.2 

Middle  1 0.00008 16.38 2 

“ 2 - 23.02 3.2 

“ 3 - 16.46 11.6 

Southern  1 0.00016 34.42 2.2 

“ 2  25.40 5.4 

“ 3 0.00044 20.68 3.6 
 
* Some readings were given as ‘above table’ due to the wet conditions.  Further readings were taken to enable an average to be reached.
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APPENDIX B – (i) Mean values and standard error for soil properties of 
rewilded and arable soils at two soil depths. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (Top = 0-12 cm and Bottom = 12-25 cm) at four locations: A = Agricultural; N = Northern Block; 
M = Middle Block; S = Southern Block.  The effects of land use and depth upon soil properties 
as determined by Factorial ANOVA are shown with statistically significant results (p<0.05) are 
shown in red. 
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APPENDIX B (ii) – Percentage differences between 0-12 cm and 12-25 cm and from arable to rewilded 
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APPENDIX B (iii) – Statistical results – ANOVA (top) and Tukey Post Hoc (bottom 
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APPENDIX B (iv) – Statistical results – Correlations 
 
R-values from correlations of soil parameters at both depths, 0-12 cm and 12-25 cm. 
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Appendix C.  Results where no significant differences were found and 
were not included in the discussion 
 

Clustering of data observed on scatterplot of 
SOM and PLFA.  As data is not spread evenly 
along regression line of best fit, we cannot say 
that as SOM increases, so does the shift in PLFA.   
More samples would be required to give a clearer 
picture of what is going on here.   
 
 
 
PLFA fungal/bacterial ratio: This was not 
discussed as further investigation of the 
literature revealed that there was even more 
doubt about the certainty of assigning a 
biomarker to bacterial or fungal than originally 
believed.   
 
PCA of chemical and biological variables, (SOM, 
pH, C, N, C:N, 18:2w6,9; F:B; Microbial Biomass). 
 
 
 
 
 
 
 

PCA of PLFA results – this was taken a step further and one-way ANOVA was carried out 
on the Factor 1 axis to show the movement of the communities. 
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APPENDIX D – Species, numbers and stocking density of grazing herbivores at the three blocks on the Knepp Estate. 
 

 



 37 

APPENDIX E – Raw data. 
 

 


