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A B S T R A C T

Earthworms are significant ecosystem engineers and are an important component of the diet of many
vertebrates and invertebrates, so the ability to predict their distribution and abundancewould havewide
application in ecology, conservation and land management. Earthworm viability is known to be affected
by the availability and quality of food resources, soil water conditions and temperature, but has not yet
been modelled mechanistically to link effects on individuals to field population responses. Here we
present a novel model capable of predicting the effects of land management and environmental
conditions on the distribution and abundance of Aporrectodea caliginosa, the dominant earthworm
species in agroecosystems. Our process-based approach uses individual basedmodelling (IBM), inwhich
each individual has its own energy budget. Individual earthworm energy budgets follow established
principles of physiological ecology and are parameterised for A. caliginosa from experimental
measurements under optimal conditions. Under suboptimal conditions (e.g. food limitation, low soil
temperatures and water contents) reproduction is prioritised over growth. Good model agreement to
independent laboratory data on individual cocoon production and growth of body mass, under variable
feeding and temperature conditions support our representation of A. caliginosa physiology through
energy budgets. Our mechanistic model is able to accurately predict A. caliginosa distribution and
abundance in spatially heterogeneous soil profiles representative of field study conditions. Essential here
is the explicit modelling of earthworm behaviour in the soil profile. Local earthworm movement
responds to a trade-off between food availability and soil water conditions, and this determines the
spatiotemporal distribution of the population in the soil profile. Importantly, multiple environmental
variables can be manipulated simultaneously in the model to explore earthworm population exposure
and effects to combinations of stressors. Potential applications include prediction of the population-level
effects of pesticides and changes in soil management e.g. conservation tillage and climate change.

ã 2014 Elsevier B.V. All rights reserved.
1. Introduction

Earthworms are major contributors to soil biodiversity, are
significant ecosystem engineers in terrestrial soils, and represent a
large component of the stock of natural soil capital from which a
range of ecosystem services flow (Keith and Robinson, 2012; Blouin
et al., 2013). Earthworms can bring c. 40 t/ha/year of soil to the
surface by casting and potentially change erosion rates by
uilding, School of Biological
6 6AS, UK.
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increasing surface roughness (Feller et al., 2003). Below ground,
earthworms create soil aggregates which maintain soil structure,
aid plant growth and promote carbon sequestration (e.g. Le Bayon
et al., 2002; Butenschoen et al., 2009). Earthworms are also an
important component of the diet of many European animal
species, both vertebrate and invertebrate (Granval and Aliaga,
1988), and so are significant in ecosystem food chains. Thus, an
ability to predict the spatiotemporal abundance of earthworm
populations has important applications in forecasting how
changing environmental conditions alter the provision of soil
ecosystem services. However, previous models have neglected the
major ecological drivers affecting earthworm populations in
natural environments (e.g. movement in the soil, soil temperature,
soil moisture and resources) (Schneider and Schröder, 2012).
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To predict how populations respond to environmental changes,
understanding is needed of how the underlying life cycle processes
of individuals are altered by ecological factors present in field
conditions. Food supply is well recognised as a major factor
limiting animal populations (Solomon, 1949; Sinclair, 1989) and is
instrumental in structuring earthworm communities (Curry,
2004). Both the quantity and the quality of the food supply are
important (Lee, 1985). For example, earthworm population
abundance in the field has been found to vary in response to
changes in soil organic matter (SOM) content, associated with
habitat quality and land management practices (e.g. Edwards and
Bohlen, 1996; El-Duweini and Ghabbour, 1965; Hendrix et al.,
1992). Soil moisture is also a key factor in determining the
abundance and distribution of earthworm populations (Lee, 1985).
Clear relationships between soil water potential and earthworm
physiology (A. caliginosa activity, growth and reproduction rates)
were identified by Holmstrup (2001). In the field, Gerard (1967)
demonstrated how soil water potential governed the vertical
movement of earthworm populations in the soil profile.

Understanding the links between environmental factors and
population dynamics is not possible using classical population
models (e.g. matrix models) as these consider populations as
collective entities and landscapes as homogeneous (DeAngelis and
Mooij, 2005). However, aiming to capture biological realism often
results inmodels which are complex, require extensive parameter-
isation, are hard to evaluate and become species- and site-specific
(Grimm et al., 2005). Instead, key drivers of the system should be
integrated with generic frameworks explaining biological
responses. This requires a process-based approach (Evans et al.,
2013).

A process-based approach ideally begins by modelling how
individual physiological processes relate to external environmen-
tal drivers through energy budgets. Individual based models
(IBMs) can then be used to simulate the interactions between
individuals and their environments, from which population
dynamics emerge (Grimm and Railsback, 2012). Combining these
approaches is necessary to mechanistically extrapolate from
individual life history to population dynamics in realistic environ-
ments (e.g. Sibly et al., 2013). The resulting models can then be
used to analyse population responses to a variety of environmental
conditions and land management practices through manipulation
of landscape variables.

A process based model of earthworm populations would be
particularly beneficial to agro-ecosystems, where the functions
provided by earthworm activity are replaced by chemical and
mechanical practices (Chan, 2001). Previous earthworm models
have largely concentrated on easily reared species of importance
in toxicity testing, vermiculture and waste management (e.g.
Jager et al., 2006; Hobbelen and van Gestel, 2007; Johnston et al.,
2014). However, the earthworm species considered are not
commonly found in agricultural landscapes (Paoletti, 1999).
Earthworm species inhabiting agricultural habitats are normally
adapted to low quality food resources and regular periods of food

[(Fig._1)TD$FIG]

Fig. 1. Structure of the energy budget model for adult earthworms, with the thicknes
Reproduction has priority over growth in sexuallymature individuals. Energy remaining a
daily metabolic rates which depend on mass, M in grams; temperature, T in kelvin and
function of temperature, A Tð Þ ¼ e�E=k 1=T�1=Trefð Þ , where k is the Boltzmann's consta
limitation. The endogeic earthworm A. caliginosa is the dominant
earthworm in arable soils (Riley et al., 2008) and its global
distribution is wider than that of other species (Blakemore, 2002).
Here we construct an energy-budget IBM for A. caliginosa and
investigate the potential of this process-based approach to predict
life histories and population dynamics under variable soil
temperature, soil moisture and resource conditions in the
laboratory and field. Although agricultural land management
scenarios are not simulated here, we aim to capture the
mechanisms governing the spatiotemporal distribution and
abundance of A. caliginosa populations in field conditions, so that
future exploration of agricultural management effects can be
better understood. For example, the effects of pesticides on
earthworm populations are routinely tested in pasture (SANCO,
2002), and so it is important to understand these systems for
applications to ecological risk assessment.

2. Methods

The purpose of themodel is to simulate A. caliginosa population
dynamics under varying environmental conditions, representative
of those encountered in the field, particularly food availability and
quality, soil water conditions and soil temperature. Population
dynamics emerge from environmental conditions constraining
energy allocation amongst individuals; the way this happens is
represented by an individual based model (IBM) in which each
individual has its own energy budget. Here we give an outline
summary of the model. A full description, following the ODD
protocol for describing IBMs (Grimm et al., 2010) is presented in
Appendix A in Supplementary material and Johnston et al. (2014)
for Eisenia fetida. The model is implemented in Netlogo 5.0.4
(Wilensky, 1999), a platform for building IBMs.

2.1. Energy budget model

Individuals assimilate energy from ingested food and expend
available energy on maintenance, growth and reproduction in the
order of priority outlined in Fig. 1.

The energy budget model was parameterised for A. caliginosa
with data relating to species-specific growth and reproduction
rates under optimal environmental conditions as shown in Table 1.
Sub-optimal feeding, temperature and soil water conditions then
reduce metabolic rates. If food is limiting, the amount of food
available in a patch (g/0.01m2) is divided between the individuals
living there. A proportion of ingested energy, determined by the
energy content of food (Ex) and assimilation efficiency (Ae),
becomes available for allocation to the various processes outlined
in Fig. 1. Ex (kJ/g) varies depending on the diet of the individuals
whilst Ae is assumed to be constant. If less energy is available than
is required for maximum reproduction or growth then priorities
operate as in Fig. 1 and reproduction and/or growth are reduced
accordingly. Temperature alters individual metabolic rates accord-
ing to the Arrhenius function (Fig. 1).
s of solid arrows indicating priorities for allocation of energy obtained from food.
fter allocation enters the energy reserves. Equations are used to calculatemaximum
parameters as defined in Table 1 for Aporrectodea caliginosa. A(T) is the Arrhenius
nt (8.62�10�5 eVK�1).



Table 1
Default parameter values of the earthworm (Aporrectodea caliginosa) energy budget model with sources. Further details of the parameter estimates are available in
Appendix B of the Supplementary material.

Symbol Definition Value Unit Reference Notes

Ae Assimilation efficiency 0.19 – Lavelle and Spain (2001) p. 470
Bo Taxon-specific normalization

constant
968 kJ/g/

day
Meehan (2006) Calculated from Table 2, p. 881 and Eq. (4)

E Activation energy 0.25 eV Meehan (2006) p. 880
Ec Energy content of tissue 7 kJ/g Peters (1983) p. 235
Es Energy cost of synthesis 3.6 kJ/g Sibly and Calow (1986) Calculated from p. 54–55
Ex Energy content of food 0.56–

21.2
kJ/g Range depends on diet. See section 2.3 and

2.4.2 for details.
IGmax Maximum ingestion rate 0.805 g/day/

g2/3
Taylor and Taylor (2014) Table 1, p. 181

Mb Mass at birth 0.005–
0.026

g Pedersen and Bjerre (1991) Calculated via linear regression with mass of
cocoon. See Appendix B

Mc Mass of cocoon 0.008–
0.035

g Boström and Lofs-Holmin (1986); Boström
(1987)

Calculated via linear regressionwith adultmass (g).
See Appendix B

Mp Mass at sexual maturity 0.50 g Lofs-Holmin (1983) Fig. 6, p. 35
Mm Maximum asymptotic mass 2.00 g Lofs-Holmin (1983) Fig. 1, p. 32
rB Growth constant 0.049 /day Lofs-Holmin (1983) Fig. 6, p. 35
rm Maximum rate of energy allocation to

reproduction
0.054 kJ/g/

day
Spurgeon et al. (2000) Table 2, p. 1803

T0 Incubation period 62 days Holmstrup et al. (1991) Table 1, p. 181
Tref Reference temperature 288.15 kelvin Eriksen-Hamel and Whalen (2006) Fig. 1, p. 211
m Background mortality rate 0.14 %/day p. 210

114 A.S.A. Johnston et al. / Applied Soil Ecology 84 (2014) 112–123
Metabolic processes have associated energetic costs: the energy
cost of producing one cocoon is calculated as: Mc(Ec + Es) (Table 1),
where Mc is mass of the cocoon, calculated together with Mb by
regression as described in Appendix B. Cocoon mass is linearly
related to the mass of the reproducing adult whilst mass at birth
depends on themass of the cocoon (minimum tomaximum ranges
are presented in Table 1). Energy costs of movement are assumed
to be included as part of “maintenance”. Some of the studies used
to parameterise the energy budget model are of A. turberculata,
previously considered a sub-species of A. caliginosa (e.g. Perez-
[(Fig._2)TD$FIG]

Fig. 2. Partial energy flow diagram of earthworm (Aporrectodea caliginosa) adults, sho
diamonds indicating decision points. Energy reserves are used to pay maintenance co
continues.
Losada et al., 2009). Herewe do not distinguish between these two
species as they are closely related.

If any assimilated energy remains after expenditure to relevant
life cycle processes it is stored in an individual's energy reserves,
which may be utilised as an energy source when food is not
available to pay the energy costs ofmaintenance and reproduction.
Maximum energy reserves are proportional to an individuals mass
and are taken to be (M/2)Ec. Below a critical energy reserve
threshold ((M/4)Ec), individual's catabolise tissue for energy,
resulting in weight loss proportional to an individual's
wing the processes (rectangles) each individual goes through per time step, with
sts when food is unavailable and individuals die if weight loss under starvation
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Fig. 4. Modelled decline in maintenance rates of the earthworm Aporrectodea
caliginosa with time aestivating (line and left-hand axis) compared to oxygen
consumption and carbon dioxide release data from Bayley et al. (2010) (points and
right-hand axis).

[(Fig._5)TD$FIG]
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maintenance costs. An individual dies of starvation if its energy
reserves are depleted (Fig. 2).

2.2. Individual based model

The IBM comprises A. caliginosa individuals and a model soil
profile consisting of two-dimensional 0.01m2 patches of soil. In
simulations of laboratory experiments, patches represent the
horizontal soil surface, whilst in the field they represent a vertical
cross-section of the soil profile. Individuals are characterized by
life cycle stage (cocoon, juvenile or adult), mass and energy
reserves, and patches by food availability, food quality, soil
temperature, soil water content and soil texture. The model
proceeds in discrete daily time-steps, at the end of which
individual and patch variables are updated. Juvenile and adult
movement between patches depends on food availability and soil
water conditions in the soil profile, outlined in the “Movement”
section below.Variation in food availability betweenpatches arises
from the movement and feeding of individuals in the soil profile.
Soil water potential constrains individual ingestion rates and
determines the onset of a resting phase (aestivation), outlined in
the “Soil water potential” and “Aestivation” sections below.

2.2.1. Soil water potential
Holmstrup (2001) found decreasing soil water potentials to

have a negative effect on individual A. caliginosa life cycle traits, as
shown in Fig. 3. Here we suppose soil water potential (c) reduces
the ingestion rate parameter (IGmax) as:

IGmax cð Þ ¼ IGmaxð Þekc (1)

where IGmax is the parameter value at a soil water potential of
�2kPa (Table 1) and k takes the value 0.040. This results in less
energy being available for allocation to growth or reproduction,
than under optimal conditions of soil water potential (�2kPa).
Fig. 3 presents model results when the model was set up as in
Holmstrup (2001). Full details and results of themodel simulations
are available in Appendix C.

2.2.2. Aestivation
Holmstrup (2001) reported aestivation in A. caliginosa to be

induced at soil water potentials in the range �19 to �29kPa at a
constant temperature of 15 �C, whilst Doube and Styan (1996)
found the closely related species A. trapezoides to avoid soil water
potentials below�25kPa. Here, we assumed a soil water potential
of �25kPa triggers aestivation, independent of temperature (e.g.
Edwards and Bohlen, 1996). As facultative diapause is a condition
that may terminate as soon as soil conditions become favourable
(Lee, 1985), we assumed a soil water potential of �20 kPa prompts
the re-emergence of individuals from aestivation. During

[(Fig._3)TD$FIG]

Fig. 3. The effects of soil water potential (less than �2 kPa) on growth and
reproduction of the earthworm Aporrectodea caliginosa, with data (points) from
Holmstrup (2001) together with model simulation outputs (lines) for reproduction
(dashed) and growth (solid).
aestivation, individuals utilize energy reserves to pay the energetic
costs of maintenance according to the relationship between
oxygen consumption and carbon dioxide release of A. caliginosa
at different stages of aestivation recorded by Bayley et al. (2010)
(Fig. 4)

2.2.3. Movement
Major factors determining the local movement of A. caliginosa

in natural soil environments are soilwater content and food quality
(Lee, 1985). As A. caliginosa is sensitive to decreasing soil water
potentials, the movement of individuals through the soil profile is
primarily driven by soil water gradients when surface conditions
are dry (Gerard, 1967). We assume that below a sub-optimal soil
water potential of �10kPa (e.g. growth and reproduction are not
affected at �10kPa in Holmstrup (2001)), individual movement is
driven by the availability of higher soil water potentials in
neighbouring patches in the model soil profile (Fig. 5). Burrowing
activity of A. caliginosa in the top 10 cmof the soil profile is believed
to reflect the presence of a higher SOM content (Jégou et al., 1998).
Thus, if soil water conditions are non-limiting (greater than
�10kPa) individuals preferentially move to patches of greater food
quality, represented by the parameter Ex (Fig. 5). Neighbouring
patches occur both vertically and horizontally and if they do not
provide better or worse conditions individuals move randomly.
Fig. 5. Conceptual model of earthworm (Aporrectodea caliginosa) movement in the
individual based model, wherec represents soil water potential and Ex the energy
content of food. Diamonds indicate decision points and rectangles are processes per
daily time-step.



Table 2
Estimates for the energy content (Ex) of meadow fescue, barley and lucerne using values from aBoström and Lofs-Holmin (1986); bForbes and Watson (1992) and cBoström
(1987). CP is crude protein, EE is ether extract (mainly lipids), CF is crude fibre and NFE is nitrogen-free extract (mg/g dry matter).

Analysis of dry matter (mg/g DM) Digestible portion (%) Ex
(kJ/g)

CP EE CF NFE

Meadow fescue 140a 26b 280a 493b 56.4c 10.42
Barley 180a 16b 230a 392b 30.4c 4.93
Lucerne 150a 22b 340a 402b 43.8c 7.91

Table 3
Experimental conditions used in model simulations for comparisonwith growth and reproduction data for the earthworm Aporrectodea caliginosa, where SOM is soil organic
matters and Ex is energy content of food.

Study Number of individuals Food resource SOM (%) Ex (kJ/g) Food quantity (g) (day provided) Temp (�C)

Boström and Lofs-Holmin (1986) 10 Barley 7 1.33 252 (0) 15
Boström (1987) 1 Meadow fescue 5 1.018 252 (0) 15
Springett and Gray (1992) 1 Standard mix 10 1.86 40 (0) 12
Lofs-Holmin (1983) 5 Manure 10 5.76 20 (0) 40 (30) 80 (60) 15
Boström (1988) 5 Meadow fescue 5.4 1.70 260 (0) 15
Boström (1988) 5 Lucerne 5.4 1.64 260 (0) 15
Boström (1988) 5 Barley 5.4 1.56 260 (0) 15
Boström and Lofs-Holmin (1996) 5 Meadow fescue 5 1.02 1010 (0) 5, 10, 15
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2.3. Laboratory experiment simulations

The model was set up to mimic the conditions of published
laboratory experiments, for comparisons between modelled A.
caliginosa growth and reproduction (N =10) and data. Estimates of
the energy content of food (Ex) were needed for meadow fescue,
barley and lucerne and these were based on the formula:

Ex ¼ 2:3CPþ 4:1EEþ 1:9CFþ 1:8NFEð Þ
100

(2)

where CP is crude protein, EE is ether extract (mainly lipids), CF is
crude fibre and NFE is nitrogen-free extract, measured in mg/g dry
matter (Forbes and Watson, 1992). Parameter values for Eq. (2)
were derived from Boström and Lofs-Holmin (1986) and Forbes
andWatson (1992) (Table 2). Boström (1987) recorded the relative
mass of particle fractions for each plant material. Here, we took
particle lengths<0.5mm to be digestible, following observations
by Lowe and Butt (2003).

Well-composted cattle manure was provided as food in some
experiments. Following Gunadi et al. (2002)'s observations that
pre-composting for 5 weeks led to a 45% decline in reproduction
[(Fig._6)TD$FIG]

Fig. 6. Diagram of the model landscape used to simulate the field experiments for the ea
from soil water content (cm3/cm3) and soil texture. Ex is energy content of food, predicted
sampled area (1�0.3m) and the shaded area represents themodelled application ofman
(1992).
rates of E. fetida, we assumed that the energy content of well-
composted cattle manure was one third that of fresh manure.
Wang et al. (2011) recorded the energy content of fresh manure to
be approximately 21.2 kJ/g, giving an Ex value of 7 kJ/g for well-
composted manure. The energy content of the soils in the
experiments was calculated assuming that soil organic matter
(SOM) has an energy content of 18.62 kJ/g (Loustau, 1984). Table 3
outlines the conditions used in the experiments simulated here.

2.4. Field trial simulations

To investigate the model's ability to predict earthworm
population responses to land management, we simulated A.
caliginosa population dynamics in a field experiment by Gerard
(1967) at Rothamsted, UK and Knight et al. (1992) at North Wykes
Farm, UK. Gerard (1967) measured the vertical distribution and
population structure (adult, juvenile and cocoon density) of A.
caliginosa in the top 45 cmof soil under pasture. Knight et al. (1992)
placed artificial cow pats on permanent grazed pasture and
measured the earthworm biomass response, where A. caliginosa
were the dominant earthworm species. The model soil profile
rthworm Aporrectodea caliginosa, wherec is soil water potential (�kPa), estimated
from soil organicmatter content (%). The dashed line represents the boundary of the
uremixed in to the top 10 cm of soil for simulation of the experiment by Knight et al.



Table 4
Parameter values for estimating the soil water potential of different soil textures. ur
is the residualwater content, us is the saturatedwater content anda and n are curve
fitting parameters. Values of ur, us and n are taken from Leij et al. (1996) and a from
Ghanbarian-Alavijeh et al. (2010).

Depth (cm) Soil texture ur us a N

0–20 Silt loam 0.061 0.43 0.565 1.39
21–30 Silt clay loam 0.098 0.55 0.500 1.41
31–50 Silt clay 0.163 0.47 0.600 1.39

[(Fig._7)TD$FIG]

Fig. 7. Seasonal variations in soil water potential (bold lines and left-hand axis:
solid, dashed and dotted lines representmean values at 15, 30 and 45 cm soil depths
respectively) with depth and mean soil temperature at 10 cm (faint solid line and
right-hand axis) for (top) Gerard's (1967) and (bottom) Knight et al. (1992).
Variations in soil water potential with soil depth result from differences in soil
water content (cm3/cm3) and changes in soil texture.
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spanned 2�0.5m whilst the area sampled in the model was
1�0.45m for Gerard (1967) and 1�0.3m for Knight et al. (1992)
(Fig. 6).

At the start of Knight et al.'s (1992) experiment, fresh cow
manure (Ex =21.2 kJ/g; Wang et al., 2011) was applied at a rate of
200g/m2 and assumed to be mixed into the top 10 cm of the soil
profile (Fig. 6). The timing ofmanure application is not stated in the
study but a sensitivity analysis (Appendix D) showed that the
model was only sensitive to the timing of application during
unfavourable soil water conditions (June–September) when
aestivation is common. Here, we assume a manure application
date of 1st April 1990.

Model simulations were initializedwith 100 individuals of each
life cycle stage (adults, juveniles and cocoons) and run for 50 years
to allow the population to stabilise before making observations in
the sample area. Major considerations for modelling populations
under undisturbed field conditions are seasonal variations in soil
temperature and soil water potential and the availability and
quality of food resources, outlined in the next sections.

2.4.1. Soil temperature and soil water potential in the field
Mean monthly values and standard deviations for soil

temperature under grass at 10, 20 and 30 cm and soil water
content estimates were obtained from Rothamsted Experimental
Station for both field trials simulated. The soil texturewas reported
as a silty loam with an underlying clay sub-soil, and we have
assumed a transition in texture from silty loam to silt clay loam to
silty clay, outlined in Fig. 6. We estimate soil water potential (c)
from water content measurements u (cm3/cm3) using the
parametric van Genuchten (1980) model in the form:

c ¼ 1
a

us�ur
u�ur

� � n
n�1 � 1

� �1=n

(3)where c is in units �kPa, ur and us
are the residual and saturated water contents respectively, and a
and n are parameters directly dependent on soil texture. The values
of ur, us, a and n were obtained from the literature for the soil
textures in the field trial simulated (Table 4).

Seasonal variations in soil water potential and temperature
for the soil depths sampled by Gerard (1967) for 1959 are
presented in Fig. 7.

2.4.2. Soil organic matter in the field
Soil organic matter represents a key food source for endogeic

earthworms like A. caliginosa (e.g. Edwards and Lofty, 1977). In the
model, we use soil bulk density as a proxy for food availability and
SOM represents the energy content of the food. Although this is a
simplification of the diversity of resources available to earth-
worms, particularly epigeic and anecic species which feed at the
soil surface, here we assume these details are sufficient for
modelling the feeding behaviour of endogeic species in the soil
profile of undisturbed pastures. Knight et al. (1992) recorded soil
bulk densities of 0.75 and 1.06 g/cm3 in the top 10 cm and deeper
layers of the soil profile respectively and we assumed a bulk
density of 1.10 g/cm3 for the soil in Gerard (1967). The feeding
dynamics of A. caliginosa in pasture were modelled by estimating
variations in SOM with season and depth. SOM content generally
declines with depth in the soil profile (Lavelle and Spain, 2001).
Celik (2005) measured the SOM content of a pasture soil to range
from 44.6 g/kg in the top 10 cm to 37.9 g/kg at a depth of 10–20 cm.
The soil carbon stock of a silty loam soil was measured by
Balesdent et al. (2000) as 1.53, 1.34 and 1.09 kg/m2 at depths of 10,
20 and 30 cm respectively, which is in line with observations made
by Jenkinson (1969) at Rothamsted. From these values and
considering carbon to account for 58% of SOM (Guo and Gifford,
2002), we assumed a maximum SOM content of 6% for the top
30 cm of the soil profile. Our estimate is in agreement with
observations from Rothamsted in the range 5–7.1% SOM (Coleman
et al., 1997; Harrod and Hogan, 2008).

Although no clear seasonal variations in SOM content have
been identified, some general patterns are evident in the
literature for field soils (e.g. not sieved of macro-organic
material). For example, McNaughton et al. (1998) found root
biomass in undisturbed grasslands to peak in summer and decline
in winter with a difference of around 300 g/m2, whilst levels are
similar during spring and autumn. Bardgett et al. (1997) recorded
similar patterns for microbial biomass in grassland, with differ-
ences between summer and winter of 200 g/cm2. We used these
general observations to model seasonal variations in SOM as
shown in Fig. 8. Daily variations in SOM, from plant, root and
microbial growth and death were modelled by assigning each
patch daily energy contents (kJ/g), taken at random from normal
distributions as in Fig. 8. This also produced spatial heterogeneity
in soil profiles.

2.5. Goodness of fit of model outputs to recorded data

We used the coefficient of determination (R2) to evaluate how
well the model's outputs fit the observed data. R2 is defined as 1–
((residual sum of squares)/(total sum of squares)), with values
closer to 1 representing better agreement between observed and
predicted values. Note the value of R2 can be negative if the fit is
poor. Conventional statistical methods of assessing the R2 values
are not applicable here because the parameter values are not
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Fig. 8. Estimates of soil organic matter (%) and equivalent energy contents (kJ/
g soil) in relation to depth and season for a pasture soil used to simulate the field
conditions of Gerard (1967) and Knight et al. (1992). Lines represent the mean and
SD is taken as 10%.
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estimated from the data. However, we suggest that values of
R2 > 0.5 can generally be taken to indicate a good fit.

3. Results

Mechanistic models for potential use in practical applications
should be evaluated to ensure that they provide an adequate
representation of the real system. Here, we evaluate our model's
prediction against multiple independent records of A. caliginosa
life cycle processes in the laboratory and population dynamics in
the field.

[(Fig._9)TD$FIG]

Fig. 9. Comparison between tenmodel simulation outputs (lines) and data (points) reco
providedwith (a) barley (from Boström and Lofs-Holmin,1986), (b) meadow fescue (Bost
(Lofs-Holmin, 1983) for food. Average R2 values are shown in the bottom right of each
3.1. Individual life cycle processes

Life cycle data for A. caliginosa from experimental studies are
presented together with outputs of model simulations run under
the same conditions (Table 3). Fig. 9(a) and (b) show individual
changes in body mass under food conditions relevant to field
populations when the earthworms are fed with plant material.
Fig. 9(c) and (d) show increased growth rates when individuals
were fed more energy rich resources such as manure, underlining
the direct link between energy assimilation and expenditure to life
cycle processes. The model outputs fit the data well as shown by
the R2 values in Fig. 9.

Boström (1988) recorded growth and cocoon production of five
adult A. caliginosa maintained for 28 days on meadow fescue,
lucerne or barley (Fig. 10). Model outputs again fit well with the
recorded data.

Cumulative cocoon production of A. caliginosa provided with
manure and meadow fescue as food was recorded by Lofs-Holmin
(1983) and Boström and Lofs-Holmin (1996); respectively. There is
good model agreement with the data for variation of cocoon
production with temperature (Fig. 11b: R2 = 0.92) and the data for
cocoon production do not differ significantly from the model
outputs (t test, p > 0.05).

3.2. Field populations

The vertical distribution of an A. caliginosa population reported
by Gerard (1967) is compared to model simulation results in
Fig.12. In September, Gerard (1967) did notfind any individuals but
suggested that the whole population was present below the soil
depth sampled in the experiment (45 cm). In the model, those
individuals not aestivating were present below 31 cm. Model
outputs fit well with the recorded data at both soil depths.
rding changes in individual earthworm (Aporrectodea caliginosa) biomass over time
röm,1987), (c) a highly organicmix (Springett and Gray,1992) and (d) cattlemanure
panel.
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Fig. 10. Comparison betweenmodel outputs (hatched bars,mean+ SE from10 simulations) and recorded data fromBoström (1988) (solid bars) for (a) individual biomass and
(b) cocoon production of groups of five adult earthworms (Aporrectodea caliginosa) maintained on the indicated plant foods. Average R2 values are (a) 0.96 and (b) 0.75.

ig. 11. Comparison between model outputs (hatched bars, mean+ SE from 10 simulations) and reproduction data (solid bars) for the earthworm Aporrectodea caliginosa
owing number of cocoons produced by (a) 8 adults after 60 days (data of Lofs-Holmin,1983) and (b) by 5 adults after 28 days at different temperatures (data of Boström and
fs-Holmin, 1996).
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[(Fig._11)TD$FIG]

F
sh
Lo
The population densities of adults, juveniles and cocoons were
recorded each month for the sampled year in Gerard (1967). Data
from Gerard (1967) are presented alongside model outputs in
Fig. 13. Although the model predicts seasonal patterns of juvenile
density reasonably well (Fig. 13(b), R2 = 0.70), the fits for adult
densities and cocoons are poor (Figs. 13(a) and (c), R2 = 0.06 and
�0.08 respectively). However, the pattern of modelled adult
densities replicates that of the data, with amaximum in spring, and
a minimum in September (Fig. 13(a)) due to dry soil conditions
ig. 12. Comparison between data from Gerard (1967) (solid bars) for the vertical distribution of an earthworm (Aporrectodea caliginosa) population in pasture with mode
mulation outputs (hatched bars,mean from10 simulations) showingmonthly changes in the proportion of the populationpresent at (a) 0–15 cmand (b) 16–30 cmof the soi
rofile. Average R2 values are (a) 0.87 and (b) 0.80.
[(Fig._12)TD$FIG]
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driving the population to soil depths below the sampled area (see
above). The observed cocoon densities from January to June
(453�216/m2) are higher than predicted (131�57/m2) during half
of the year (Fig. 13(c)). However, the observed densities are much
higher than those recorded by Boström and Lofs-Holmin (1996) in
a meadow fescue lay, with a measured maximum density of
176 cocoons/m2 in June.

Earthworm population biomasses reported by Knight et al.
(1992) under field conditions are comparedwithmodel simulation
l
l



[(Fig._13)TD$FIG]

Fig. 13. Comparison of earthworm (Aporrectodea caliginosa) population density
data from Gerard (1967) (symbols) and model outputs (lines, mean from 10
simulations) for (a) adults, (b) juveniles and (c) cocoons for the year 1959 in pasture
at Rothamsted, UK. Average R2 values are (a) 0.06, (b) 0.70 and (c) �0.08.

[(Fig._14)TD$FIG]

Fig. 14. Comparison between model simulation results (hatched bars, mean+ SE from
Knight et al. (1992) for (a) a control plot under grazed pasture and (b) a cow manure de
biomass to represent Aporrectodea caliginosa. Average R2 values are (a) �6.47, (b) �0.9
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results for A. caliginosa in Fig. 14. Under control conditions
(Fig. 14(a)) there is no consistent variation with time, but under
experimental conditions, population biomass increases for 9
weeks after deposition of an artificial cow pat (Fig. 14(b)). The
field data are higher than the model output under both conditions.
However, A. caliginosa only comprised on average 44.5% of the total
population, and when this is taken into account agreement is
better (Fig. 14(c) and (d)).

Knight et al. (1992) recorded an earthworm density of
354�73 individuals/m2 in pasture. Considering A. caliginosa to
comprise 44.5% gives a population density and biomass of
158�33 individuals/m2 and 20.6 g/m2. Model simulations
recorded a mean population density and biomass of 147�23
individuals/m2 and 20.9�4.1 g/m2 (�SE, N =4), closely matching
the observations of Knight et al. (1992).

3.2.1. Sensitivity analysis
The implications for modelling movement as a trade-off

between soil water potential and food quality, as in Fig. 5, were
evaluated by comparing model outputs when the movement is
assumed to be random for the Knight et al. (1992) manure
experiment. Fig. 15 shows how important capturing directional
movement is for predicting the dynamics of earthworm popula-
tions following land management scenarios.

Model outputs are sensitive to the SOM content of the soil as
shown in Fig. 16. Earthworm density and biomass change linearly
by 14% for each 10% change in SOM content in the modelled Knight
et al. (1992) pasture trial.

4. Discussion

Our model fits well the records of individual cocoon production
and growth of body mass in A. caliginosa for all the experimental
studies we know of. It is the first published model to consider
temperature, soil moisture and resources, which are fundamental
ecological drivers for understanding earthworm populations
(Schneider and Schröder, 2012). Simulated laboratory studies
varied in the foods provided (Figs. 9–11) and were carried out at
several different temperatures (Fig. 11(b)). The ability of the model
10 simulations) and earthworm population biomass data (solid bars) recorded by
position experiment and (c) and (d) taking 44.5% of the total recorded earthworm
1, (c) 0.85 and (d) 0.96.



[(Fig._15)TD$FIG]

Fig. 15. Comparison between data from Knight et al. (1992); representing only
Aporrectodea caliginosa (44.5% of the total population), for a cowmanure deposition
experiment (solid bars) and model simulation results when individual movement
depends on soil water and food quality conditions (hatched bars: R2 = 0.96) and
when movement is random (dotted bars: R2 =�0.11).
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to adequately reproduce individual life history traits over a range of
controlled conditions in the laboratory, supports our representa-
tion of individual physiology through energy budgets. In field
trials, the model predicts the spatiotemporal distribution of A.
caliginosa populations in the soil profile (Fig. 12), alongside
seasonal patterns in the population stage-structure (Fig. 13). The
model's ability to reproduce the patterns observed in Knight et al.
(1992) (Fig. 14) illustrates how energy budget IBMs can be used to
make reliable predictions of population-level exposure and
responses to changing soil conditions, and thereby support
informed land management decisions.

Variations in soil physio-chemical properties are known to alter
the distribution and abundance of earthworms through the soil
profile (Jiménez and Decaëns, 2000). Here, synthesis of knowledge
on the effects of food availability and soil water potential on
individual A. caliginosamovement account, to a large extent, for the
vertical distribution of field populations in pasture (Fig. 12). In
Gerard's (1967) field trial the effects of soil water potential on A.
caliginosa movement are predominant in September (Figs. 7 and
12), when individuals move to deeper soil layers to avoid dry soil
conditions. The models ability to replicate these patterns support
its application to predict how environmental conditions at the soil
surface affect the population's structure. However, modelling
involves a trade-off between structural realism and complexity,
and so when factors not captured here (e.g. pH, chemical
applications, and compaction) are important in understanding
[(Fig._16)TD$FIG]

Fig. 16. Modelled responses of earthworm (Aporrectodea caliginosa) population
biomass and density to 10% increments in SOM content of the pasture plot sampled
by Knight et al. (1992) at 15 weeks, presented as a percentage change compared to
the control population.
earthworm population dynamics, subsequent model development
will be required.

The abundance of earthworms in pasture is closely related to
organic matter inputs (e.g. Edwards and Bohlen, 1996; El-Duweini
and Ghabbour, 1965). Hence, predicting realistic earthworm
population dynamics in the field is dependent on accurate
estimates of SOM (Fig. 16). Fraser et al. (1996) found earthworm
populations to decline with time under arable cultivation and
increase with time under pasture production in New Zealand, due
to changes in the SOM content. A maximum population density
and biomass of 950 individuals/m2 and 185.7 g/m2 were reported
in plots used as pasture for 6–9 years. A relatively low SOM content
of 3%, in comparison to the average 6% assumed for the Knight et al.
(1992) field trial, was recorded. The high earthworm population
abundances reported are likely due to a higher soil bulk density of
1.4 g/cm3, which determines the amount of soil available as food.
When our model is set up as in the simulation of Knight et al.
(1992) but with a soil density of 1.4 g/cm3 and SOM content of 3%,
rather than 0.75–1.06 g/cm3 and 6%, an average A. caliginosa
population density and biomass of 636� 60 individuals/m2 and
130�13g/m2 were recorded respectively, which closely agrees
with Fraser et al. (1996)'s observations. This suggests that the use
of soil bulk density and SOM are useful proxies for food availability
and quality for predicting earthworm population dynamics.

Many authors have reported the beneficial effects of animal
waste applications to field populations of earthworms. Satchell
(1955) reported a three-fold increase in earthworm population
density when manure was applied to grassland, whilst Edwards
and Lofty (1977) foundmanure applications to arable land resulted
in earthworm abundances 14 times those of unmanipulated plots.
At the individual level Barley (1959) found the provision of sheep
manure at the soil surface increased A. caliginosa body weight by
111% after 40 days. The effects of providing individual A. caliginosa
with high quality foods, such as manure, on their life cycle
processes can be seen in our simulations of the laboratory
experiments of Lofs-Holmin (1983) in Fig. 9(d) and Fig. 11(a).
Comparing these growth and reproduction rates to those recorded
when individuals were provided with plant material and soil
mixtures (e.g. Fig. 9(a) and (b) and Fig.10), highlights the direct link
between the energy content of food and individual physiology.

Field population results in Fig. 14(b) and (d) clearly show how
the quality of food resources affects population dynamics. The
assumptions made about individual behaviour in the field,
particularly movement, were essential to achieving good model
fits to population data. Comparisons between model outputs for
the cow manure experiment when movement was explicitly
modelled as in Fig. 5, and when movement was assumed to be
random in Fig. 15 suggest that the model adequately captures the
factors driving the spatial distribution of earthworms. Further-
more, sensitivity analysis of SOM effects on the abundance of
earthworm populations (Fig. 16) is in close agreement with
observations by Hendrix et al. (1992); who found soil organic
carbon (%) to describe earthworm abundance in conventional and
no-tillage agroecosystems alongside grass meadows.

Earthworms are important soil engineers and so the ability to
predict their abundance has wide application in ecology,
conservation and land management. Our mechanistic model is
able to predict the abundance and distribution of the dominant
earthworm species in agro-ecosystems, A. caliginosa, in spatially
heterogeneous soil profiles of undisturbed habitats. We hope the
model will find many applications because of the vital role
earthworms play in agricultural habitats (Hendrix and Edwards,
2004). For instance, earthworms are focal organisms for environ-
mental risk assessment of pesticides in Europe (under Regulation
(EC) No 1107/2009; see SANCO, 2002), and our model can help
assess the population consequences of pesticides application
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following inclusion of a toxicological submodel (e.g. Johnston et al.,
2014). The spatial distribution of individuals in field populations is
predicted by the model and so, if the fate of applied chemicals is
known, then the exposure of individuals to pesticides can be
calculated. For application to anecic earthworm species such as
Lumbricus terrestris, additional model development may be
required to capture more spatially explicit movement and feeding
behaviour. Furthermore the model could be used to investigate
population level effects of multiple stressors (e.g. tillage and
pesticide applications), or variation of pesticide application
timings, or climatic conditions. Considerations for modelling
tillage in agroecosystems include mortality, redistribution of soil
organic matter and the effects of compaction on the energy
budgets and movement of individuals in the soil profile (e.g.
Kretzschmar, 1990). For more widespread application, the model
should also be tested in a variety of climatic conditions. The
authors are currently working on applying the presented model to
investigate the interactions between variable chemical, mechani-
cal and environmental conditions. Also important is the ability to
predict the local food supplies of animals that eat earthworms,
including species of potential conservation concern such aswading
birds (e.g. the lapwing Vanellus vanellus), and species sometimes
regarded as pests such as flatworms (Bipalium adventitium) and
foxes (Vulpes vulpes).
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