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Abstract

Human activities, particularly land-use change and habitat degradation, are driving major
changes in biodiversity worldwide. However, studies of such effects have overwhelmingly
focused on above-ground taxa: the effects on soil biodiversity are less well known, despite the
importance of soil organisms in developing soil structure, nutrient cycling and water drainage.

In my thesis I assess how soil organisms respond to land-use and soil properties across a
range of spatial scales and taxonomic groups using three kinds of data: a collation of
published surveys of soil biota in sites facing different land-use pressures; new sampling of soil
invertebrates in different land uses; and data on earthworm functional group diversity from a
citizen science project I developed.

In Chapter 2 I show that the abundances of soil-dwelling and above-ground organisms do
not respond the same way to land-use and soil properties and that existing models may be
insufficient to safeguard soil biodiversity. In Chapter 3 I model how abundance and species
richness of soil biota responds to land use and find responses differ depending on organism
size and soil properties. Having ascertained there is now sufficient soil assemblage data to fit
complex models of how land use affects soil biodiversity, in Chapter 4 I use an independent
data set I collected in the New Forest National Park to ground-truth how well a model of soil
biodiversity across land uses in the temperate biomes compares with this new dataset.

Throughout my thesis modelling soil assemblages in urban land uses has been problematic
due to a lack of data and high uncertainty in model estimates. In Chapter 5 I present results
from my project Earthworm Watch and show how citizen science can be used to model how
earthworm abundance and functional diversity responds to different land uses in urban areas.
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Decaëns (2010)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2 Number of taxa included for each group in the data set (coloured bars), on a
logarithmic (base 10) scale, compared with the number of described (crosses)
and/or estimated to exist (circles); these latter numbers come from (Chapman,
2009). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 Locations of sites used in this analysis with equator and tropic lines marked. . . 41
3.4 Response of (back-transformed) total abundance to LUI, with minimally-used

primary vegetation used as a baseline for comparison. LUI effects are shown
with soil properties set to their median values. Error bars show 95% confidence
intervals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.5 The (back-transformed) response of abundance to each of four (rescaled) soil
properties, in each of six land uses. These effects are shown with other fixed
effects set to their median values. Colours represent land uses, as in Figure 3.4.
Shading spans ±0.5 standard errors, and rugs along the x axes show the values
of the explanatory variables in the data used for modelling. . . . . . . . . . . . . 43

8



3.6 Response of (back-transformed) species richness to land-use type and inten-
sity (excluding urban land use), relative to minimally-used primary vegetation
(shown here as a baseline). The effects are shown with soil properties set to their
median values. Error bars show 95% confidence intervals. A comparable figure
including urban sites is shown in Appendix B. . . . . . . . . . . . . . . . . . . . 44

3.7 The (back-transformed) response of species richness to the interacting effects of
(rescaled) soil properties and land use. Effects are shown with other fixed effects
set to their median values. Colours represent land uses, as in Figure 3.6. Shading
spans ±0.5 standard errors, and rugs along the x axes show the values of the
explanatory variables in the data used for modelling. Comparable figures that
include urban sites are in Appendix B. . . . . . . . . . . . . . . . . . . . . . . . 45

3.8 Response of large (circles) and small (triangles) soil organisms to different land
uses, relative to primary vegetation (shown here as a baseline) for a) (back-
transformed) abundance and b) log species richness. Other fixed effects with
median soil property values. Error bars show 95% confidence intervals. . . . . . 47

Ground-truthing using soil biodiversity assemblages in a UK National Park 52

4.1 Map of sampling locations in the New Forest study area. Contains National
Statistics data ©Crown copyright and database right (2018), OS data ©Crown
copyright and database right (2018) and public sector information licensed under
the Open Government Licence v3.0. . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.2 The effects on a) abundance and b) species richness of six land use types in
temperate biomes, relative to primary vegetation (shown here as a baseline).
Effects are shown with pH and bulk density set to their median values. Error
bars show 95% confidence intervals. . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3 The responses of abundance (top) and species richness (bottom) to the inter-
acting effects of each (rescaled) soil property and land use in temperate biomes.
Effects are shown with the other fixed effect set to its median value. Shading
spans ±0.5 standard errors, and rugs along the x axes show the values of the
explanatory variables represented in the data set used for modelling. . . . . . . . 61

4.4 The (back-transformed) response of a) abundance and b) species richness to six
land uses in the New Forest, shown relative to deciduous woodland (shown here
as a baseline). Soil temperature is set to its median value. Error bars show 95%
confidence intervals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.5 The response of soil organism abundance to (rescaled) soil temperature. Shading
spans ±0.5 standard errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.6 Soil invertebrate communities in sites in the New Forest visualised using Non-
Metric Multidimensional Scaling (NMDS) with a Bray-Curtis distance matrix.
Site abbreviations as in Table 4.1. Ellipses are the standard deviation of points
and their colour indicates the land use of the site. . . . . . . . . . . . . . . . . . 64

4.7 Cluster diagram using average linkage clustering, showing the structure of the soil
invertebrate community composition across sites. The height indicates the Bray-
Curtis dissimilarity between branches either side of nodes. Plot abbreviations
are as in Table 4.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.8 Soil invertebrate communities in the New Forest visualised using NMDS with a
Bray-Curtis distance matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.9 Soil invertebrate communities in sites in the New Forest visualised using NMDS
with a Bray-Curtis distance matrix with smooth surfaces for soil environmental
variables. Site abbreviations as in Table 4.1. Ellipses are the standard deviation
of points and their colour indicates the land use of the site. . . . . . . . . . . . . 67

Page 9 of 232



Earthworm Watch - modelling earthworm functional diversity using citizen sci-

ence 71

5.1 Earthworm ecotypes and their characteristics . . . . . . . . . . . . . . . . . . . . 73
5.2 The EarthwormWatch survey pack consisted of a booklet containing instructions

and a data entry form, and earthworm and soil chart, two sachets of malt vinegar,
two 15g bags of yellow mustard powder and a pair of nitrile gloves . . . . . . . . 76

5.3 Map of the United Kingdom showing locations of all completed Earthworm
Watch surveys. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.4 Age and gender distribution for registered Earthworm Watch participants (27
removed due to missing data). The registration bias towards females was highly
significant (sign test: 1187 versus 464, p < 0.001). . . . . . . . . . . . . . . . . . 80

5.5 Model of earthworm abundance by latitude and longitude only. . . . . . . . . . . 80
5.6 Estimated smooth effects for a) geographical location and b) time since project

start components from the model of earthworm abundance. . . . . . . . . . . . . 81
5.7 Predicted mean number of earthworms per soil pit ± standard error for a) soil

texture b) moisture c) fertiliser use d) darkness index. The effects are shown
with the reference habitat set to flower beds. . . . . . . . . . . . . . . . . . . . . 83

5.8 Predicted mean number of earthworms per pit with 95% confidence intervals
relative to flower beds (shown here as a baseline). The effects are shown with
moisture level set to moist, soil texture to clay and no fertiliser. . . . . . . . . . 84

5.9 Interaction between earthworm ecotype and habitat. Predicted mean number of
earthworms per pit ± standard error, relative to flower beds (shown here as a
baseline). The effects are shown with moisture level set to moist, soil texture to
clay and no fertiliser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.10 KaplanMeier curve showing proportion of Earthworm Watch completing their
survey over time. Dotted lines show 95% confidence intervals. . . . . . . . . . . 87

5.11 Summary of Cox proportional hazards regression model and likelihood of survey
return for survey method (posted physical pack compared with download), gen-
der (male compared with female) and age (under 25 years used as a baseline),
error bars show 95% confidence intervals. . . . . . . . . . . . . . . . . . . . . . . 88

5.12 Summary of Cox proportional hazards regression model and likelihood of sur-
vey return for the subset of participants that stated where they heard about
Earthworm Watch, with digital newsletter as a baseline. Error bars show 95%
confidence intervals, stars indicate the level of significance: <0.05* . . . . . . . . 89

A.1 Frequency of above-ground and soil biodiversity samples by latitude . . . . . . . 140
A.2 Response of above-ground (circles) and soil (triangles) organismal abundance

to land-use type and intensity (from left to right within each land use: min-
imal, light and intense use) compared to abundance in primary vegetation in
unweighted model. Responses have been back-transformed. Median values are
used for other fixed effects. Error bars show 95% confidence intervals. . . . . . . 142

A.3 The explanatory power of the unweighted models increases markedly with their
complexity, from a model containing only stratum, through models considering
only main effects of stratum and either land use intensity (LUI) or soil properties,
through to additive and finally interactive models. . . . . . . . . . . . . . . . . . 143

A.4 Draft manuscript for submission to Proceedings of the Royal Society B. . . . . . 144

B.1 Response of overall log species richness to land use when urban land uses are
included, compared with primary vegetation and with other fixed effects with
median soil property values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

Page 10 of 232



B.2 the (back-transformed) response of soil biodiversity species richness to soil prop-
erties for six land uses, with median values for other fixed effects. Shading spans
±0.5 standard errors, and rugs along the x axes show the values of the explana-
tory variables represented in the data set used for modelling. . . . . . . . . . . . 191

C.1 Representative photographs of each land use sampled. . . . . . . . . . . . . . . . 193
C.2 Shepard plot showing NMDS ordination distances and monotone fit line against

original dissimilarities and correlation-like statistics. . . . . . . . . . . . . . . . . 195
C.3 Goodness of fit (gof) bubble plot for NMDS analysis. Bubble size for each site

is 2*gof/mean(gof) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

D.1 Earthworm Watch Soil and Earthworm Chart version 2 . . . . . . . . . . . . . . 198
D.2 Earthworm Watch Instruction Booklet version 2 . . . . . . . . . . . . . . . . . . 200
D.3 Early draft of manuscript for submission to Urban Ecosystems. . . . . . . . . . . 208

Page 11 of 232



List of Tables

Land use and soil characteristics affect soil organisms differently from above-

ground assemblages 20

2.1 Sites by land use and use intensity for soil biodiversity and above-ground biodi-
versity based on the description of the Source authors. For full details of data
curation see Hudson et al. (2014). *Use intensities were pooled for urban sites
to ensure adequate sample sizes. . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2 Summary of soil biodiversity and above-ground biodiversity data included in this
analysis. Sources typically represent a single paper and each Source contains one
or more Studies, defined as data collected using the same sampling method. Sites
are the points at which biodiversity was sampled. . . . . . . . . . . . . . . . . . 25

2.3 Soil properties obtained from the SoilGrids250m database (Hengl et al., 2017)
and their predicted influence on soil organism abundance. . . . . . . . . . . . . . 26

2.4 Numbers of Sites (sampling locations) in each biomes for the above- and soil
biodiversity datasets and the weighting used for analysis. . . . . . . . . . . . . . 27

2.5 ANOVA table for minimum adequate model of LUI = land use and intensity, soil
properties and three-way interactions on abundance of soil biodiversity. Stars
indicate the level of significance calculated using Type III Wald Tests with Sat-
terthwaite’s method: <0.05*, <0.01** and <0.001*** . . . . . . . . . . . . . . . 28

Effects of land use and soil properties on soil biodiversity species richness and

abundance 35

3.1 Number of sites by land use for the two size classes included in this analysis. . . 40
3.2 Number of sites in each land use. *Use intensities were pooled for urban sites in

an attempt to ensure adequate sample sizes. . . . . . . . . . . . . . . . . . . . . 41
3.3 ANOVA table for minimum adequate abundance model. Stars indicate the level

of significance: <0.05*, <0.01** and <0.001*** . . . . . . . . . . . . . . . . . . 42
3.4 ANOVA table for minimum adequate model for species richness. Stars indicate

the level of significance: <0.05*, <0.01** and <0.001*** . . . . . . . . . . . . . 44
3.5 ANOVA table for minimum adequate model of abundance or species richness,

land use and organism size. Stars indicate the level of significance calculated
using Type III Wald Tests with Satterthwaite’s method: <0.05*, <0.01** and
<0.001*** . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

Ground-truthing using soil biodiversity assemblages in a UK National Park 52

4.1 Information on the sites sampled in the New Forest, including location, predom-
inant habitat, PREDICTS category and number of replicates. . . . . . . . . . . 56

4.2 Number of sites for each land use in the temperate biome dataset. . . . . . . . . 57

12



4.3 ANOVA table for models to predict abundance and species-richness of soil organ-
isms from land use, pH and bulk density in temperate biomes. Stars indicate the
level of significance calculated using Type III Wald Tests with Satterthwaite’s
method: <0.05*, <0.01** and <0.001*** . . . . . . . . . . . . . . . . . . . . . . 59

4.4 Overall beta diversity (Sørensen Index) together with its turnover and nestedness
components. Negative values are a result of estimating hierarchical components
rather than specifying the full data structure and are likely to simply be under-
estimates of a very low positive number or zero. . . . . . . . . . . . . . . . . . . 68

Earthworm Watch - modelling earthworm functional diversity using citizen sci-

ence 71

5.1 ANOVA table for minimum adequate model total earthworm abundance, soil
properties, geographic location and time since survey start. Stars indicate the
level of significance calculated using Type II Wald Tests: <0.05*, <0.01** and
<0.001*** . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.2 ANOVA table for minimum adequate model total earthworm ecotype abundance,
soil properties, geographic location and time since survey start. Stars indicate
the level of significance calculated using Type II Wald Tests: <0.05*, <0.01**
and <0.001*** . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

A.1 Land use and land-use intensity classification definitions (from Hudson et al.
(2016)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

A.2 Data sources used in this analysis in addition to those in (Hudson et al., 2016)
and which will be made available in a later addition to the PREDICTS database.
For sources marked † data are available from the referenced paper. Figures
here represent available data as curated by the PREDICTS team and will not
necessarily match figures in the original papers. . . . . . . . . . . . . . . . . . . 138

A.3 ANOVA table for minimum adequate unweighted model. LUI = land use and
intensity. Stars indicate the level of significance calculated using Type III Wald
Tests with Satterthwaite’s method: <0.05*, <0.01** and <0.001*** . . . . . . . 141

B.1 ANOVA table for minimum adequate model for species richness when urban land
uses are included. Stars indicate the level of significance: <0.05*, <0.01** and
<0.001*** . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

C.1 Literature used to identify invertebrates from the New Forest Samples . . . . . . 194

Page 13 of 232



Chapter 1

Introduction

1.1 Land use change - a threat to biodiversity

Biodiversity continues to decline in the face of increasing human impacts (Butchart et al.,
2010; Dirzo et al., 2014), such as land-use change, habitat fragmentation, climate change,
pollution and introduction of invasive species (Tittensor et al., 2014). Species extinction rates
are estimated to be 1,000 times higher than the likely background rate (Pimm et al., 2014),
with 12 - 52% of well studied species threatened with extinction, depending on taxonomic
group (International Union for Conservation of Nature, 2015) and the diversity-weighted
Living Planet Index (which reflects trends in vertebrate population size) declining by 58%
between 1970 and 2012 (McRae et al., 2017). However, such assessments usually focus on
data-rich vertebrate species which may not reflect broader biodiversity (Collen et al., 2009;
Norris, 2012; Troudet et al., 2017). Additionally, most assessments have had a global focus
whereas ecosystem functions and services are likely to depend – at least in the short to
medium term – on local species assemblages (Hooper et al., 2012; Mace et al., 2014).

Land-use change is one of the main drivers of global biodiversity declines (Pereira et al.,
2010; Sala et al., 2000) and statistical modelling of biodiversity using spatial comparisons has
shown that land-use change affects local animal and plant biodiversity worldwide (e.g.,
Newbold et al., 2015; Alkemade et al., 2009). However, these global models are mostly based
on above-ground data and assume responses to be the same among taxonomic or ecological
groups of species. In reality, responses may be different below-ground e.g. tillage might be
particularly damaging (Tsiafouli et al., 2015). Responses could also differ between taxa
(Crittenden et al., 2014; Ernst and Emmerling, 2009; Crotty et al., 2016), functional groups
(Chan and Munro, 2001; Crittenden et al., 2014; Pelosi et al., 2014) and organism body size
(Wardle et al., 1995; Postma-Blaauw et al., 2013).

The status and trends of soil biodiversity are particularly important because the soil biota
contributes directly or indirectly to decomposition, nutrient cycling, soil formation and water
quality (Lavelle et al., 2006). Although these processes are not directly monetised, they are
all ecosystem services, i.e., benefits people obtain from ecosystems (Millennium Ecosystem
Assessment, 2005), and such services may be threatened by biodiversity loss (Hooper et al.,
2012; Cardinale et al., 2012; Dı́az et al., 2006). Even though above- and below-ground
communities are mechanistically linked (Wardle, 2004), below-ground diversity patterns can
differ from those seen in the best-studied above-ground taxa (De Deyn and Van Der Putten,
2005), meaning that extrapolation from indicators or models of above-ground biodiversity to
the soil biota may be unsound.
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Given the ecological importance of soil biodiversity, it is necessary to understand whether
its responses to human pressures mirror those seen above ground (e.g. Newbold et al., 2015;
Alkemade et al., 2009; Pimm et al., 2014). Understanding patterns of soil biodiversity across
land use change is important because they are likely to have an impact on soil function and
ecosystem services. Several studies suggest differences between above- and below-ground
community responses to land use change - for example in grassland systems below-ground
communities showed less reduction in alpha diversity than above-ground communities,
possibly because they are better protected from disturbance or respond on different spatial or
temporal scales (Allan et al., 2014; Gossner et al., 2016). However in these cases both above-
and below-ground communities showed changes in beta diversity independent of alpha
diversity. Other authors have claimed soil biota are more vulnerable to land use change due
to their poor dispersal ability (Bengtsson, 2002). In my thesis I look for such differences in
above- and below-ground biodiversity patterns, to answer how soil biodiversity responds to
land-use and how this differs from above-ground biodiversity. Soil properties are known to
affect soil organism abundance and species richness so I also include physical soil property
data from SoilGrids (Hengl et al., 2017) in my models.

Soil ecosystems are broadly categorised into high nitrogen systems dominated by bacteria
and low nitrogen systems dominated by fungi, and their associated differing soil fauna
(de Vries et al., 2006; Manning, 2012). Nitrogen enrichment is frequent in land intensely used
by humans and this has been found to shift communities from fungal- to bacterial-based
communities (Frey et al., 2004; de Vries et al., 2006). Land uses that tend to have high
nitrogen (e.g. pasture, croplands and possibly urban sites) are expected to have faster
growing, short-lived plants, more bacterivores, earthworms and relatively low densities of
arthropods (Manning, 2012). Low nitrogen systems such as woodlands are expected to have
slower growing, long-lived plants, higher fungal (especially mycorrhizal) diversity, and a high
density of decomposers and litter-transformers (Manning, 2012).

I begin my thesis by answering how the response of below-ground biodiversity to land-use
change compares with above-ground biodiversity and how this relates to soil physical
properties (Chapter 2). I then model the effect of land use and soil properties on soil
biodiversity species richness in addition to abundance (Chapter 3).

1.2 The PREDICTS project – a dose-response model of

land-use effects on terrestrial biodiversity

Time series data are particularly lacking for soil biodiversity studies, for example, no soil
biota are represented in BioTIME (Dornelas et al., 2014). Even when time series are
available, determining the drivers of local biodiversity change from them is difficult unless
information on stressors of biodiversity occurring at the same time are included (Cardinale,
2014). In order to measure changes in biodiversity due to pressure or disturbance,
measurements before and after are required (França et al., 2016), and these data are rare (but
see Ewers et al. (2015)). A common alternative approach to measuring change over time is
that of space-for-time substitution. In these cases biodiversity estimates from sites that differ
in pressures (e.g. differing land uses) are compared, assuming spatial comparison is equivalent
to temporal comparison. This is the approach used in my thesis.

The PREDICTS project (Projecting Responses of Ecological Diversity In Changing
Terrestrial Systems www.predicts.org.uk, (Hudson et al., 2016) has collated and analysed

Page 15 of 232



published data on local scale, spatial comparisons between sites with contrasting land use and
land-use intensity to develop global, taxonomically representative models of biodiversity
responses to human pressures. The willingness of researchers to share their raw data has
made it possible to consider multiple aspects of biodiversity rather than the single metrics
used by most other models (Alkemade et al., 2009). Data were collated by many team
members, including myself, from published or in-press papers, or unpublished results collected
using a published method (for full details see Hudson et al., 2016). Large, heterogeneous
ecological datasets such as PREDICTS are a challenge to model statistically as data are not
independent, i.e. data from a single study are likely to be more similar to one another than
they are to data from a different study. Any statistical approach used needs to account for
non-independence of these data, which arises from differences in sampling methodology as
well as spatial factors such as biogeographic differences in diversity and the spatial structure
of sites.

1.3 Limitations of global models

Global models such as those I use in Chapters 2 and 3 tend to ignore many important
explanatory variables in order to get a global coverage (Jung et al., 2016); additionally,
multiple studies have shown that even within these variables responses can vary among
regions (De Palma et al., 2016; Phillips et al., 2016). Again these studies have focused on
above-ground biodiversity. With this in mind, further chapters will focus on regional, national
and local scales to identify if the patterns of soil biodiversity responses to land-use change
follow those seen globally.

A limitation of using collated studies is there is not one study that covers all land-use
categories and soil taxa in a given site, in Chapter 4 I address this using new field data
collection. I collected new data from six different land-use types in the New Forest National
Park, Hampshire, UK which corresponded to those in PREDICTS (primary vegetation,
secondary vegetation, plantation forest, pasture, cropland and urban) and analysed how
invertebrate assemblages respond to land use change. The New Forest was an ideal location
for this work as it is a mosaic of many land-use types which are intermixed across the area
(Carpenter et al., 2012a) including ancient semi-natural woodland sites (i.e. with continuous
woodland cover since at least 1600 AD Natural England (2012)) which are among the most
mature and stable ecosystems available in the UK. I then compare the results from the New
Forest with models of soil biodiversity responses to land-use change in the temperate biomes,
using datasets in the PREDICTS database to see how soil biodiversity responses on a regional
scale compare to those at a biome scale.

Species richness alone does not adequately encompass biodiversity change, as species
identity and consequently functional traits may change within a community while total
species number remains stable (Hillebrand et al., 2018; Stork et al., 2017). I also use the
assemblage composition data from the New Forest to test for differences in soil community
assemblage beta diversity (turnover and nestedness) among samples, sites and land uses.
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1.4 Soil biodiversity body size and earthworm functional

groups

Soil organisms are separated into categories based on body size (microflora, microfauna,
mesofauna and macrofauna) (Lavelle et al., 2006) and smaller soil organisms are often said to
be less sensitive to physical disturbance (Wardle et al., 1995; Postma-Blaauw et al., 2013). In
Chapter 3 I will test the response of soil organism abundance and species richness to land use,
soil properties and soil organism size using data from the PREDICTS database.

Earthworms are of particular importance for the productivity of soils: their burrowing
promoting plant growth by soil mixing and increasing water drainage, reducing the risks of
prolonged water-logging and flooding. Despite the importance of earthworms to soil
ecosystem services, data from urban soils is particularly lacking, even though gardens and
other green spaces make up a relatively large percentage of urban space, (e.g. 14% of Greater
London (Smith, 2010)). Globally, soils store approximately 80% of terrestrial carbon (IPCC,
2007) but the UKs carbon stock in domestic garden soils has not been quantified, and the
effects of human management on this stock and on the other benefits earthworms provide
are yet to be studied.

Links between earthworm functional groups and soil function are relatively well understood,
with the three ecotypes - endogeic, epigeic and anecic - affecting soil processes in different
ways. Endogeic earthworms make horizontal burrows which increases water infiltration rate
and discharge in the subsoil (Ernst et al., 2009). Surface-feeding epigeic earthworms have also
been found to correlate with increased water infiltration, which may be due to surface activity
preventing the formation of an impermeable surface crust on the soil and the production of
stable microaggregates which improve soil moisture regulation (Spurgeon et al., 2013). The
most significant earthworm ecotype for management of soil water drainage are the anecic
types, their deep (60 - 120 cm) (Sims and Gerard, 1999) vertical burrows greatly increase
water infiltration and may off-set negative effects of intense rainfall on plant growth
(Spurgeon et al., 2013; Andriuzzi et al., 2015). Anecic earthworms feed by pulling down dead
leaves and crop residue into their burrows - transferring organic material into the deeper
layers of mineral soil; as well as ingesting quantities of soil as they burrow (Schmidt, 1999).
This feeding habit might explain while this group of earthworms may increase plant
production more than other ecotypes (van Groenigen et al., 2014). Whether earthworms
increase or decrease soil carbon storage is unclear; while some experimental studies have
shown earthworms enhance soil organic content (Zhang et al., 2013), a meta-analysis suggests
they increase CO2 emission (Lubbers et al., 2013).

Earthworm numbers and community composition are affected by soil pH, moisture, texture,
organic matter content and soil nutrient levels (particularly nitrogen and carbon:nitrogen
ratios). Soils with higher pH (pasture, cropland and amenity grasslands) tend to have higher
populations of endogeic species; while epigeic earthworms are associated with woodland
habitats and more acidic soils (Jones and Eggleton, 2014). Both the underlying geology of a
site and vegetation type (Reich et al., 2005) can influence soil acidity. Anecic and epigeic
earthworms primarily feed on leaf-litter so are reliant on a supply of organic material, which is
often rarer when woodland or crop residues are removed (Sims and Gerard, 1999).
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1.5 Citizen science

Citizen science is a collective term for projects that engage non-experts in gathering,
evaluating and/or computing scientific data (Kostadinova, 2011; Bonney et al., 2009). Ideally,
citizen science benefits both the scientists and the other participants. Scientists benefit from
the computational, intellectual or observational power of volunteers to increase research
productivity, potentially generating much larger sample sizes and/or far broader geographical
coverage than would otherwise be possible. Non-scientists benefit by potentially deepening
their knowledge of the system being studied and their understanding of the scientific method.
Citizen science projects come in many forms (Pocock et al., 2017); from the passive use of
personal computers in distributed computing projects (e.g. seti@home (2016); Folding@Home
(2016)); through online-only analysis in the form of classification, annotation, transcription of
data (e.g. Notes from Nature Hill et al. (2012), InstantWild (2016); Herbaria@home (2016));
to practical outdoor surveys and experiments e.g Open Air Laboratories (OPAL) surveys
(Open Air Laboratories, 2016) and even immersive expedition-style projects (e.g. Operation
Wallacea (2016); Earthwatch Institute (2016)). However, despite the importance of
hypothesis-testing for scientific progress, only a very small proportion of citizen science
projects test explicit scientific hypotheses (Pocock et al., 2017); rather, most large-scale
projects provide long-term monitoring data (Dickinson et al., 2010). For example, ecology and
environmental sciences have a long history of volunteer mapping and monitoring (Silvertown,
2009), particularly of birds e.g. Audubon Christmas Bird Counts and RSPB Garden
Birdwatch and Lepidoptera e.g. UK Butterfly Monitoring Scheme (UKBMS) and National
Moth Recording Scheme (NMRS). Although some monitoring schemes use stratified random
sampling to direct volunteers to precise locations, and have strict protocols for recording (e.g.
British Trust for Ornithology, National Plant Monitoring Scheme, Pollinator Monitoring
Scheme), most accept observations from wherever and whenever volunteers happen to report
them. The absence of standardised protocols creates uneven recording intensity, spatial
coverage and sampling effort, which all present challenges for estimating trends in the status
of individual species (Isaac et al., 2014; Kamp et al., 2016), although newer statistical
techniques such as Bayesian occupancy modelling frameworks (Outhwaite et al., 2019) are
able to overcome these limitations.

In Chapter 5 I will investigate how earthworm abundance and functional diversity responds
to different land use and land management as well as to other environmental gradients (soil
texture, alkalinity, moisture and organic carbon) using data collected from a citizen science
project - Earthworm Watch - which I developed with the Earthwatch Institute and the
Natural History Museum, London during my PhD. Citizen science projects focused on soil
biota are hampered by the difficulty in recognising species or functional groups without
specialist knowledge and equipment. Earthworms provide an exception as functional groups
are easy to identify in the field even when species are not (OPAL Soil Centre, 2009) and the
role of each group is better understood than for many soil organisms even though earthworm
distribution and diversity are under-studied (Carpenter et al., 2012c). Recruiting the public
to collect data produces larger sample sizes and broader geographical coverage than would
otherwise be possible, especially from private gardens which are not otherwise accessible for
soil biodiversity sampling. A novelty of the survey design is the sampling of a matched pair of
sites which, although near to each other, differ in habitat or management. Each participant is
included as random factor in mixed effects models which controls for differences in effort and
ability between participants, as per (Hudson et al., 2016) - this avoids the main problem with
analysing citizen science data (Isaac et al., 2014).
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Recruiting participants and maximising survey completion are common challenges facing
citizen science projects so understanding what factors encourage participation is an important
question for the field. I will also use survival analysis techniques to determine what
characteristics of participants are more likely to complete the survey after signing up.

My thesis inherits some of the fundamental caveats and limitations of the PREDICTS and
other syntheses, such as space-for-time substitution – which have been introduced earlier and
will be discussed in the following chapters and general discussion. Limitations
notwithstanding, my thesis considerably extends the breadth of soil biodiversity data in
PREDICTS, answers if below-ground biodiversity shows the same response to land use as
above-ground biodiversity, includes soil property data in PREDICTS for the first time and
begins to assess what is needed for a model of global soil biodiversity.
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