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Abstract

Soil, rather than being an inert substance, provides a habitat for a highly diverse biological community that

affects aboveground biodiversity. These species (plants and animal) cannot be considered in isolation from their

habitat for effective conservation and restoration practice. Ecological theory is encompassed within the quote

“all things are connected” (Chief Seattle: Suquamish and Dkhw'Duw'Absh Chief of indigenous America 1786-

1866). Soil properties are intrinsically linked to vegetation through a host of feedback mechanisms, and hence

form the basis for most biotic food webs. Quarrying necessitates the removal and storage of large quantities of

topsoil prior to material extraction. Inappropriate and/or prolonged soil storage can be detrimental to the soils

biodiversity, physical structure and chemical properties. These are all key components of soil health (defined as

the capacity of the soil to function within a given ecosystem). Thus, a reduction in soil heath through storage can

affect biodiversity of future restoration programmes. As such, it is critical that restoration programmes targeting

biodiverse aboveground communities consider properties of soil health for a fully functional ecosystem. As soil

properties change during storage, reinstatement of the soil into its intended (target) end-use may become

impractical. This research investigated soil barriers that are likely to hinder restoration processes with the aim of

providing guidance regarding restoration to a target habitat. Various indicators of soil biological, chemical and

physical health were assessed in stored topsoil (both agriculturally managed and spontaneously revegetated),

and compared to reference (unstored and undisturbed by quarrying activities) agricultural soil and soil from local

undisturbed wildlife habitats (soil depth <15cm). Results identified that soil microbiology parameters (biomass,

activity and community composition) and carbon pools (organic and total carbon) were significantly higher in

spontaneously recolonised topsoil, compared to agricultural reference soil. In addition, there were no physical

barriers relating to compaction or aggregate stability. This reflects that, if managed effectively, soil in storage

can function effectively. Restored agricultural soil was similar to the reference agricultural soils, indicating that

soil storage did not hinder restoration to agricultural soil; however, restored wildlife sites were significantly

different from their reference suggesting that interventions may be required for effective restoration. Similarly,

soil storage areas vegetated for over a decade continue to exhibit features of their former [agricultural] land-use

indicating potential difficulties in reclaiming them to other habitat types. Future studies should assess the effects

of soil storage throughout the whole depth profile, and investigate management strategies and mechanisms that

may promote biodiversity recovery if restoring to a species rich habitat.
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Introduction

Soil management affects biodiversity both within and above the soil (Adams and Wall, 2000). A chief concerns for

successful restoration schemes relates to the reinstatement of functional topsoil (< 20 cm depth) (Jim, 2001).

Terrestrial ecosystems rely on functional soil to be able to support a biodiverse community and thus carry out

nutrient cycling processes (Brady and Weil, 2013). Restoration following quarrying activities needs to address

potential detrimental effects of soil storage prior to reinstatement. Detrimental effects can be: (i) physical-

compaction, altered structure and water holding capacity, reduced aggregate stability, (ii) chemical-reduced

bioavailable nutrients (Kundu and Ghose, 1997), organic matter (Brady and Weil, 2013), (iii) biological- e.g. reduced

earthworms and fungi (Harris et al. 1996; Boyer and Wratten, 2010). Such soil degradation will result in poor

vegetation establishment, reduced biodiversity and low productivity without effective management. Degraded soils

may not be appropriate for reinstatement into their intended end-use within a reasonable period. Consideration of

soil biodiversity is critical for the production of species diverse habitats and for economically viable yields in

agriculture. A vast amount of scientific literature has been dedicated to understanding the interactions of soil

biological properties with vegetation establishment and production, and has identified a host of feedback

mechanisms that ultimately form the basis for most biotic food webs. It is important to understand and apply this

knowledge in the context of restoration strategies to reduce damage during topsoil storage, and thus identify

effective management strategies to achieve effective targeted end-use. Many previous studies have focused on

plant communities and biotic thresholds that prevent community establishment (Cramer et al. 2008). However, we

believe that improving the understanding regarding soil systems and their transition states will provide a more

holistic view of ecological restoration.

Objectives

This report is a summary of an MSc thesis (Student Karolina Golicz, Supervisors Drs M Pawlett and L Deeks),

which is available in full from Cranfield University. The aim was to investigate barriers to effective topsoil

reinstatement post-storage, and potentially provide guidance on mechanisms that may overcome the identified

barriers and thereby improve the likelihood of restoration to a target habitat. We compared (using key soil health

indicators) stored to restored soils, and to local soils that had not been affected by quarrying activities (analogy

reference soils). The intention was that this study identified the potential for future research. The following

hypotheses were investigated:

• the storage of topsoil prior to quarrying activities will affect soil key health indicators, as indicated by

increased compaction, an altered soil chemistry and microbial status (reduced biomass and activity and

altered community composition and functional capacity);

• soil health indicators of agriculturally managed soil storage areas will differ to soils that have

spontaneously recolonised by native vegetation, and;

• soils that have been restored to agriculture or allowed to spontaneous re-colonise share soil health

parameters with reference soils which have not been stored for quarrying activities.
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Background

The study was conducted using soil sampled at Grange Top Quarry, UK (52.637178 N; 0.546355 E), which is an

active limestone and clay extraction site. Eleven fields (Table ) were identified based on different land-use and

sampled (June 2016). Sampling positions were determined using ArcGIS (version 10.3) (Appendix II for details).

The stockpiles and wildlife habitats revegetated through spontaneous succession while the soil in the agricultural

fields represents previously stockpiled/stored soil but is now agricultural. Samples for bulk density were

collected (three replicates) using metal rings to acquire an undisturbed soil core. In addition three samples per

field were collected using a spade (soil pit: 50 x 50 x 15cm depth) for soil microbiology and chemistry. Samples

for aggregate stability assessments were placed in a plastic box to maintain the integrity of the soil sample.

Table 1: Field names, locations, and description of vegetation cover on sampling

Field name Grid Reference Field description

Non-managed soil storage areas

SSA1 SK974066 Recolonised by native vegetation

SSA2 OSR SK980070 Recolonised almost exclusively by oilseed rape (Brassica napus)

SSA2 NV SK978069 Recolonised by native vegetation

Actively Managed (agricultural) soil storage areas

SSA3 SK976066 Oilseed rape (B. Napus)

Coal Tip SK982063 Oilseed rape (B. Napus)

Agricultural (Reference) soils: undisturbed by quarrying activities

Field 11 SK974052 Winter wheat (Triticum spp.)

Field 12 SK974049 Winter wheat (Triticum spp.)

Wildlife habitats developed from stored soils

Restored
grassland

SK978051 Woodland planted ca. 1930s post mineral extraction

Restored
woodland

SK974055 Grassland recolonised by native vegetation (1930s)

Wildlife habitats undisturbed by quarrying activities

Non-quarried
grassland

Records not
publicly available

Woodland

Non-quarried
woodland

Records not
publicly available

Grassland
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Methods

Laboratory analysis: Soil health indicators analysed and their associated references are listed (Table 2).

Microbial biomass represents as estimate of the total living microbial component of the soil. Determination of the

basal metabolic rate represents the microbial activity, quantified by carbon dioxide evolution. Phospholipid fatty

acid analysis (PLFA) provides an outline of community structure by identifying signature fatty acid biomarkers

unique to the membranes of certain organisms, thereby producing a fatty acid profile of microorganisms present

in the sample. As such, PLFA profiles provide an indication of the phenotypic profile (community structure) of

the microbial community and provide estimates of microbial groups such as Gram positive and negative bacteria

and fungi.

Table 2: Soil health indicators assessed.

Soil property Definition Method Reference

Biological

Basal metabolic rate Microbial activity Ritz et al. 2006

Microbial biomass The living component of soil organic matter Jenkinson and
Powlson 1976

Phospholipid fatty
acids (PLFA)

Microbial community composition and key groups
(ectomycorrhizal and arbuscular mycorrhizal fungi, Gramm
positive and negative bacteria, total bacterial and fungi:
bacterial ratios)

Frostegard et al.
2011,

Pawlett et al. 2013

Chemical

pH Measure of soil acidity BSI 10390, 2005

Conductivity Indicates salinity BSI 7755, 1995

Extractable nitrogen Plant available nitrogen (ammonium, nitrate and nitrite) BSI 13654, 2001

Total carbon The total amount of carbon in the soil

Total organic carbon
(TOC)

Total organic carbon in the soil

Total nitrogen Total nitrogen in the soil

Loss on ignition Estimation of soil organic matter BSI 13039, 2000

Physical

Aggregate stability Estimation of water stable aggregates BS 7755, 1999

Bulk density Indicator of soil compaction BS 7755, 1999
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Statistical analyses: Data analysis was performed using JMP software (V12). Analysis included Principal

Components Analysis (PCA) to identify any changes in soil health indicators and microbial community structure.

Principal Component (PC) scores were assessed for statistically significant patterns within ordination plots.

Canonical discriminant analysis (CDA) is similar to PCA, but assesses variance between groups (defined by

restoration status) that are defined prior to analysis. CDA highlights relationships of variables within a group.

Statistical significance of differences between groups was determined using Wilk’s Lambda and ANOVA (Post

Hoc Test, Wilcoxon Signed Ranks test, Mood’s Median test).

Results

Comparison of stored topsoil and non-quarried (reference) agricultural soil

Soil under storage differed significantly (p < 0.05) from un-stored agricultural soil for seven soil health indicators

(Table 3). Stockpiles were characterised by greater aggregate stability, electrical conductivity, total nitrogen,

total carbon, organic matter, C:N ratio and microbial respiration rates compared to agricultural soil. There were

no differences in bulk density, pH, plant available nitrogen, organic carbon, microbial biomass or fungal/bacterial

ratios.

Where stored soil was left for spontaneous revegetation (area SSA1) had the greater nitrogen (0.42 % ± SE

0.004), carbon (5.72 % ± SE 0.3), TOC (3.81 ± SE 0.36), soil organic matter (10.7% ± SE 1.5), microbial

biomass (848 µg C g
-1

± SE 56), Cmicro:Corg (0.77 ± SE 0.01) and basal metabolic rate (2.23 ± SE 0.25) compared

to actively managed storage areas (Table 3). Area SSA2 OSR (shallow soils and revegetation by oil seed rape),

and SSA3 (oil-seed rape), did not differ significantly (p>0.05) from the reference agricultural soils (F11 and F12)

for any of the soil health indicators assessed. For the microbial community structure, there was no difference in

the quantities of Gram positive, negative, or total bacterial or fungi (p>0.05 Table 3)).

Spontaneously recolonised compared to actively managed stockpiles

Four key soil health indicators differed significantly (p<0.05) between stockpiles which were left to recolonise by

native vegetation (SSA1, SSA2 NV and SSA2 OSR), and a stockpile, which was managed for agriculture

(SSA3). Recolonised stockpiles were characterised by significantly higher microbial biomass and Cmicro:Corg

ratio. SSA1 and SSA2 NV also had significantly greater NH4-N and proportions of the PLFA indicator for fungi

(18:2ω6, 9).  SSA1 and SSA3 had similar levels of salinity.  There was no significant difference between these 

groups for the following parameters: aggregate stability, bulk density, pH, total nitrogen, total carbon, organic

carbon, or respiration rates.
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Table 3: Soil health indicators (mean ± SE) of stored topsoil compared to the reference agricultural soil

indicating significant (p<0.05) differences.

Soil health indicator Stored soil
Reference

soil
Significant
difference

Physical

Aggregate stability [%] 64.0 ± 4.00 44.0 ± 4.30 *

Bulk density [g ml
-1

] 1.50 ± 0.05 1.57 ± 0.05

Chemical

pH 8.1 ± 0.00 8.1 ± 0.10

conductivity [dS m
-1

] 0.14 ± 0.01 0.12 ± 0.01 *

NH4-N [mg kg
-1

]
1

0.2 ± 0.10 0.0 ± 0.00

Nitrate and nitrite N [mg kg
-1

] 9.0 ± 2.00 8.9 ± 1.00

Total nitrogen [%] 0.31 ± 0.02 0.24 ± 0.01 *

Total carbon [%] 4.26 ± 0.35 2.73 ± 0.23 *

Organic carbon-TOC [%] 2.87 ± 0.21 2.21 ± 0.12

C:N ratio 13.7 ± 0.50 11.4 ± 0.40 *

Cmicro:Corg ratio 0.53 ± 0.05 0.42 ± 0.03

Organic matter [%] 8.0 ± 0.70 5.6 ± 0.30 *

Biological

Microbial biomass [µg-C g
-1

] 666 ± 40 565 ± 34

Basal metabolic rate [µg-C g
-1

] 1.78 ± 0.21 0.83 ± 0.06 *

Fungal: bacterial ratio 0.16 ± 0.01 0.17 ± 0.01

Gram positive bacteria fatty acids 12.65 ± 0.55 13.0 ± 0.55

Gram negative bacteria fatty acids 6.78 ± 0.66 6.7 ± 0.66

Total Bacterial fatty acids 41.4 ± 1.7 40.6 ± 1.7

Fungi 6.7 ± 0.6 6.8 ± 0.6
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Canonical Discriminant Anaysis (CDA) and Principal Component Analysis (PCA)

Canonical Discriminant Anaysis (CDA) was assesed to determine the outcomes of three models:

1. All locations (Fig 2a): three groups were assigned (p<0.001) with 90% accuracy, these were: (1)

agricultural land, (ii) stockpiles and (iii) wildlife habitats. Misclassified sites constituted two agricultural

(including the Coal Tip) and 1 stockpiled. Soil conditions were more alike between stockpiles and

agricultural than stockpiles compared to wildlife habitats. Restored sites converge with the-reference

soils.

2. Wildlife habitats excluded (Fig2b). Four groups were significantly identified with 100% prediction

accuracy: (i) agricultural land, (ii) spontaneously recolonised stockpiles, (iii) managed stockpiles and

restored (iv) agricultural land. Restored agricultural field [Coal Tip] shared soil health indicators with

managed stockpile [SSA3] but differed from the reference [F11 and F12] through aggregate stability, pH

and electrical conductivity. Spontaneously recolonised stockpiles [SSA1, SSA2 NV and SSA2 OSR]

showed a degree of separation from F11, F12, Coal Tip and SSA3 pointing to the effect of revegetation

on the soil profile.

3. Excluded agricultural fields and classifying the groups based on their restoration status (Fig 2c): four

groups were significantly identified with 91% accuracy, the groups were: (i) spontaneously recolonised

stockpiles, (ii) managed stockpiles, (iii) wildlife habitats, (iv) restored wildlife habitats. Restored

grassland and woodland [RG and RW] were found to be different from their reference in-situ soils [G and

W] in terms of TOC, TN, EC C:N and pH (Figure 17). Spontaneously recolonised stockpiles [SSA1,

SSA2 NV and SSA2 OSR] shared more similarities with SSA3 than with either restored or undisturbed

wildlife habitats.

The microbial communities were analysed separately with PCA (Figure 3), of which PC 1 and PC 2

represented 40.9 and 27.3% of the total variance respectively. PLFAs associated with fungi and Gram-

negative bacteria played a role in distinguishing between the sites. Wildlife habitats and SSA1 showed the

greatest degree of separation from the group indicating different microbial communities. No major shifts in

microbial communities were identified between stockpiles and their reference agricultural fields. Wildlife

habitats and SSA1 were significantly different from agricultural fields and other stockpiles on both PC 1

(p=0.01) and PC 2 (p<0.001).
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.

(a) (b)
Figure 3: Principal Component

analysis of the soil microbial

community with colour coding

indicated below (a), showing PLFA

loadings (b). Colour code indicates

sample identity.

Figure 2 (a-c): Canonical plots of the first two canonical

discriminant functions of soil health indicators for: (a) all

investigated sites (N=33), (b) wildlife habitats excluded (N=21),

and (c) agricultural fields excluded (N=24). Each point

represents an individual sampling location (n=3 per site). Circles

represent 95% confidence intervals. Length of the line denotes

weighting of SSCs in distinguishing between the groups.

(a) (b)

(c)
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Discussion

Topsoil storage did not affect compaction, soil chemistry, microbial community composition (PLFA), microbial

abundance or activity. However, only the topsoil (15cm) was analysed and compaction at greater depths is

likely. Williams and Weil (2004) suggested that vegetation cover with variable rooting depths might alleviate

compaction problems. At Ketton Apiaceae (celery, carrot and parsley family), which are tap-rooted species,

were dominant on colonised stockpiles. Such species are superior to fibrous-rooting species for compaction

prevention (Chen and Weil, 2010). Planting deep rooting species should be considered for soil storage to

alleviate compaction. Rooting channels by deep rooting plants would likely reduce surface water pooling while

improve biodiversity through providing a habitat for soil organisms (such as earthworms) and increase the

microbial community contribution through a greater rhizosphere.

Levels of nitrogen and carbon in stored soils were more favourable for plant productivity compared to the

reference agricultural soils. This may be problematic if restoring to habitats with inherently nutrient poor soils,

such as acid grasslands (Walker et al., 2004). However, identification of high nutrient levels prior to habitat

creation would enable the implementation of an effective management strategy for the restoration of species rich

habitats.

Not only is soil organic matter is an indicator of reclamation success (Pietrzykowski and Krzaklewski, 2007), but

is widely recognised as that modern agriculture reduces soil organic matter resulting in biodiversity loss

(RECARE 2015). In our study, soil organic matter was elevated in stockpiles compared to reference agricultural

soils. This enrichment of soil organic matter is likely to benefit society through improved yields (agriculture) but

also represents recalcitrant complex (organic) forms of nutrients available for sustainable biodiversity

development. Assuming that weedy annuals through the elevated nutrient concentrations were controlled, the

organic matter would facilitate plant establishment and survival (Stauffer and Brooks, 1996) where the

restoration strategy is for the reclamation of stockpiled soils to species rich grasslands or woodland. The

enriched soil organic matter may be improving microbial biomass and activity. An area that had recolonised

spontaneously (SSA1) had the greatest microbial biomass of all locations. In addition, microbial activity was

elevated compared to other soils in the remaining stockpiles. This suggests that the level of soil microbial

biomass may be increasing in time facilitated by the organic matter enrichment.

Despite the increased microbial biomass and activity in stockpiled compared to reference agricultural soils, there

was no apparent change in microbial species (PLFA) composition. This suggests that historical land-use

(agriculture) has a greater influence on the actual composition of the soil microbial community than current

vegetation cover. Jangid et al. (2011) made similar conclusions, and this may be promising in terms of

restoration for biodiverse habitats as stored soils at Ketton may have sufficient resilience to withstand shifts in

microbial community composition.

Soil health parameters assessed allowed us to make the following observations: (i) stored soils were similar to

agricultural soils but different to wildlife habitats regardless of their vegetation cover, (2) soil characteristics of the
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restored agricultural soils did not differ from its undisturbed reference or with stockpiles managed for agriculture,

(3) soil from the restored grassland and woodland habitats remain different from their undisturbed reference

despite the above-ground vegetation being similar to its reference habitat. Thereby management should be

more sensitive to what happens to the soil and not just habitat composition.

Soil health indicators identified as important in distinguishing between soil storage areas, restored and

undisturbed land, were consistent with previous studies (Sharma et al., 2004), and identified that that organic

carbon, total nitrogen content, and total plant biomass increase at different rates compared to the recovery of

C:N ratio, microbial biomass. The stored topsoil retained characteristics of agricultural soils, which suggests no

abiotic thresholds, whereas biotic thresholds (plant propagule availability and recruitment success) were not.

Thus, at Grange Top Quarry, the legacy of historical land-use played the greatest role in determining the state of

soil from stockpiles and restored fields – quarrying, topsoil storage and subsequent restoration had a lesser

effect. Thereby restoration to agriculture is likely to be the most efficient and cost effective end-use for the

quarried land. Wildlife habitats restored for significantly longer than SSAs (> 70 years) did not exhibit the same

soil characteristics as the reference soils. Challenges regarding restoration to species rich habitats may require

effective management. The effects of past management legacy on current soil conditions were previously

reported for semi-natural habitats (Foster et al. 2003). The system’s difficulties with entering an alternative

ecological state can be addressed with active management (vegetation cover, biodiversity enrichment).

Conclusions and Recommendations

No barriers regarding the restoration of stored soil to agriculture were identified within this study; however, it is

important to recognise that we focused on the surface 15cm of stored soil only. Future research would asses

any degradation to soil health throughout the storage depth profile. In addition, future studies would investigate

where (potentially degraded) stored soils have been, or are intended to be, restored to other habitat types, such

as species diverse grasslands or woodlands. This research suggests that it may not be appropriate to reinstate

stored agricultural soil to other habitat types, but the identification of interventions that could be implemented

prior to soil re-instatement could improve restoration success to alternative end-use. Interventions to improve

the soil biological community could include planting deep-rooting plant species along with the incorporation of

organic fertilisers and/or biostimulants to promote the recovery of the soil microbiology and nutrient cycling

processes. A study of the profile of the stored soil, comparisons to other wildlife habitats, and investigations

regarding biological remediation would be within the scope of a three-year PhD research programme. Costing

quoted are approximate, however Cranfield University has an Industrial Partnership scheme that contributes

through wavering the PhD fee and provides additional money towards the student’s stipend if industry

contributes £75,000 (over three years). Smaller contributions would enable students to engage through an MSc

by research (£25, 000), taught MSc thesis project (May to September: £3,990) or taught MSc group projects

(March to May: £7,500). The latter is a report prepared by a number of students in collaboration with industry.
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Appendix II: Sampling Plan

• Localisation of the site to be sampled
was pin-pointed on the satellite image
(A).

• The site was digitised in ArcGIS (version
12; B).

• The buffer tool was used to create a
new layer with a set boundary of 8
meters from the border of the site.
Setting the border ensured that any
potential edge effects would be
minimized (C).

• The fishnet tool was applied and the
gridlines and accompanying points were
cropped to the newly created layer [point
to point distance = 5 m] (D).

• The points were assigned numbers in the
Attributes Table.

• Three numbers were randomly chosen
from the pool with the =Ranbetween
function in Excel 2013, and marked on
the map (D; yellow points).

The Geometry Calculator was used to compute

geographical coordinates in the Attributes Table

(projection used: British Grid)
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Project tags (select all appropriate):

This will be use to classify your project in the project archive (that is also available online)

Project focus:
☐Biodiversity management

☐Cooperation programmes

☐Education and Raising awareness

☐Endangered and protected species

☐Invasive species

☐Landscape management - rehabilitation

☐Rehabilitation

☒Scientific research

☒Soil management

☐Urban ecology

☐Water management

Flora:
☐Conifers and cycads

☐Ferns

☐Flowering plants

☒Fungi

☐Mosses and liverworts

Fauna:
☐Amphibians

☐Birds

☐Dragonflies & Butterflies

☐Fish

☐Mammals

☐Reptiles

☐Spiders

☐Other insects

☐Other species

Habitat:

☐Cave

☐Cliffs

☒Fields - crops/culture

☐Forest

☒Grassland

☐Human settlement

☐Open areas of rocky grounds

☐Recreational areas

☐Screes

☐Shrubs & groves

☒Soil

☐Wander biotopes

☐Water bodies (flowing, standing)

☐Wetland

Stakeholders:

☐Authorities

☐Local community

☐NGOs

☐Schools

☒Universities


