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ARTICLE INFO ABSTRACT

Handling Editor: S. Schrader Soil mixing by earthworms can have a large impact on the fate of nutrients and pollutants and on the soil’s ability
to sequester carbon. Nevertheless, methods to quantify earthworm ingestion and egestion under field conditions
are largely lacking. Soils of the Fennoscandian tundra offer a special possibility for such quantifications, as these
soils commonly lack burrowing macrofauna and exhibit a well-defined O horizon with low bulk density on top of
a mineral soil with higher density. Since ingestion-egestion mixes the two soil layers, the temporal changes in the
bulk density profile of such soils may be useful for estimating field ingestion rates. In this study, we applied a
model for earthworm burrowing through soil ingestion to observed changes in soil densities occurring in a
mesocosm experiment carried out in the arctic during four summers with intact soil. The earthworms present in
the mesocosms were Aporrectodea trapezoides, Aporrectodea tuberculata, Aporrectodea rosea, Lumbricus rubellus and
Lumbricus Terrestris (fourth season only). We show that changes in soil density profiles can indeed be used to infer
earthworm ingestion rates that are realistic in comparison to literature values. Although uncertainties in
parameter values were sometimes large, the results from this study suggest that soil turnover rates and endogeic
earthworm soil ingestion rates in tundra heath and meadow soils may be as high as those reported for temperate
conditions. Such large ingestion rates can explain observed large morphological changes in arctic soils where
dispersing earthworms have resulted in complete inmixing of the organic layer into the mineral soil. Our
approach is applicable to soil profiles with marked vertical differences in bulk density such as the soils of the
Fennoscandian tundra where earthworms are currently dispersing into new areas and to layered repacked soil
samples that are incubated in the field.

1. Introduction

Earthworm activities that restructure soils have fascinated re-
searchers since the pioneering work conducted by Charles Darwin in the
late 19th century [1]. It is now well-known that earthworm burrowing
not only influences water flow, water storage, solute transport and
aeration in soils [2,3], but also induces soil mixing with relevance for
soil nutrient pools [4], the fate of soil pollutants [5], the physical pro-
tection of soil carbon [6,7] and recovery from soil compaction [8].

Although many of the effects of earthworm burrowing on soil pro-
cesses are well understood, quantitative data needed to link earthworm
abundance to ecosystem functions are generally lacking [9]. This is
because earthworm burrowing is inherently difficult to observe and
quantify due to the opaque nature of soil. Nevertheless, earthworm
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burrowing has been quantified in laboratory settings using 2D terraria
(e.g. Refs. [10-12]) and in short-term 3D mesocosm studies [13-16].
While 2D-approaches allow direct observations of actual worm move-
ments, the ‘unnatural’ settings in these experiments, where horizontal
movements of the earthworms are restricted, make results from such
experiments difficult to extrapolate to natural soils. X-ray tomography
has been used to quantify the 3D networks of earthworm burrows, but
most studies of this kind have been carried out on repacked soil using
small soil volumes (about 6 dm®) that fit in standard medical and in-
dustrial X-ray scanners. Therefore, it is not clear how representative
estimates of burrowing rates from these experiments are for field
conditions.

Earthworm burrowing rates can also be inferred from the vertical
redistribution of particles or solutes [17-19] and it has been suggested
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that earthworms are especially important for the transport of otherwise
immobile or strongly adsorbing substances in soil [20-22]. Hence,
earthworm mediated transport has been included in models for arsenic,
caesium and lead transport in soil [22-24]. Many of these models use an
extended version of the convection-dispersion equation, which includes
biodiffusion, to model soil mixing by endogeic earthworms. Biodiffusion
rates can be estimated by fitting these models to observed vertical dis-
tributions of the elements with depth. Earthworm ingestion rates can
then be calculated from the biodiffusion rates [25]. Meurer et al. [26]
developed a model that simulates soil structure dynamics with the focus
on how biological activity (e.g. microbial activity, root growth and
faunal activity) change soil porosity and pore size distributions. They
applied their model to an extensive data set including soil water reten-
tion measured during a four-year period of soil recovery from compac-
tion [27]. Since the data used for model evaluation was from plots that
were free from plants they assumed that earthworms were the main
drivers of the observed changes in pore size distributions. However,
earthworm activity and plant root growth are interacting processes
under natural conditions. It is, therefore, crucial to conduct experiments
with both natural plants and earthworms together when estimating
realistic soil mixing rates [28].

One simple soil property that has been shown to be affected by
earthworms is bulk density [29,30], but to date no study has explored
the use of density changes as a proxy for soil mixing induced by earth-
worms. Therefore, the objective of this study was to evaluate the pos-
sibilities of using temporal changes in soil bulk density profiles to
estimate earthworm ingestion rates under field conditions. To achieve
this, we developed a simple model of the vertical redistribution of soil
occurring as an effect of earthworm soil ingestion and egestion and
applied it to data from a four-year long mesocosm experiment (including
soil and living plants) to which earthworms of different ecological
groups were added. The density profiles, which had a well-defined
boundary between an organic rich surface layer and the underlying
mineral soil in the control experiments (soils without earthworms), were
estimated from X-ray tomography images of soil cores at the end of the
experiment.

2. Materials and methods
2.1. Experimental data

We used data from a mesocosm (50 x 39 x 30 cm) experiment with
partially intact soil from Karkevagge in northern Sweden described in
Blume-Werry et al. [31]. The experiments were carried out in the
experimental garden of the Abisko Scientific Research Station and
included two different vegetation types (heath n = 24; and meadow n =
24). These two vegetation types, which are common in the Arctic, are
dominated by dwarf shrubs and graminoids (heath) and forbs (meadow)
[31,32]. For both vegetation types an approximately 22-cm thick layer
of homogenised mineral soil was overlain by an 8-cm thick layer of
intact organic soil including natural vegetation. The organic matter
contents (OC) in this O-horizon for the heath and the meadow were 69
and 60 % for the control at the end of the experiments. The corre-
sponding data for the earthworm treatment were 74 and 38 % [28]. Soil
pH measured in water was on average 4.5 and 5.2 for the heath and
meadow, respectively [28]. The soil was left to settle during the 4-year
period from mesocosm installation in 2013 to the introduction of
earthworms in summer 2017.

A total fresh weight of 24.2 g + 0.3 (mean =+ SE) of earthworms were
added to each mesocosm each year. Since the depth of the mesocosms
was limited to 30 cm all earthworms died during winters. The earth-
worms were adult Aporrectodea species (Aporrectodea trapezoides,
Aporrectodea tuberculata, Aporrectodea rosea, 16-17 individuals per
mesocosm) and adult Lumbricus rubellus (27-29 individuals per meso-
cosm), corresponding to densities of 87 and 140 individuals m 2,
respectively. In 2020 one adult Lumbricus terrestris (about 4 % of the
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mass of added earthworms) was added to each mesocosm. As a com-
parison earthworm densities, dominated by Aporrectodea species are
currently dispersing from anthropogenic sources in the area around
Abisko with earthworm densities often exceeding 200 individuals m 2
[33]. The Aporrectodea species included in this study belong to the
endogeic ecological category while Lumbricus rubellus is commonly
classified as epigeic and Lumbricus terrestris is classified as anecic.
However, it is uncommon that earthworm species belong 100 % to any
of the three main ecological categories [Bouché 34, 35]. For example,
Lumbricus rubellus is according to a revised classification scheme pro-
posed by Botinelli et al. [35] 85 % epigeic and 15 % anecic. This in-
termediate ecological behaviour of Lumbricus rubellus was also stressed
by Briones and Alvarez-Otero [36]. The average weight of an earthworm
in the mesocosm experiment during the first three summers was
24.4/44 = 0.555 g. Assuming a length to diameter ratio of 20 and a
density of 1 g cm™3, the average worm diameter was 3.3 mm.

At the end of the experiment in September 2020, 48 intact cores with
diameters of approximately 10 cm and heights between 10 and 20 cm
were sampled from all mesocosms. 3D X-ray tomography images of all
samples were recorded and processed as described in Klaminder et al.
[28]. Examples images for the vegetation types and treatments show
casts of high density (bright) in the organic rich layer for the earthworm
treatments (Fig. 1b and d) that are not apparent in the controls (Fig. 1a
and c). One average soil bulk density profile for each soil and treatment
was obtained from the calibrated X-ray images. The depths of the
boundary between the two soil layers defined by the maximum gradient
in density, were aligned before averaging [28]. Since depth distributions
of water contents were not available we assumed a linear relation be-
tween image grey values and dry soil bulk density. The relative densities
obtained from the X-ray images were scaled using data from standard
measurements of dry bulk densities for the organic layer (0.2 g cm™3)
and the mineral layer (1.4 g cm ) of the two soils.

2.2. Modelling approach

The vertical transport of elements due to bioturbation by soil fauna
has often been modelled as a diffusive process [22,23,37]. Optimal
biodiffusion rates from calibrations can then be related to biological
parameters such as soil consumption rates [25]. A more explicit
approach was used in Meurer et al. [26] who directly used soil ingestion
rate as a model parameter when they modelled the changes in pore size
distributions induced by earthworm ingestion and egestion. Here, we
use a similar approach although our focus is on changes in soil bulk
density rather than changes in pore size distributions. One important
difference between the approaches is that, in our case, we model a soil
profile where bulk densities change both with depth and time.

Our modelling domain is a 1D soil profile. We modelled two types of
earthworm burrowing behaviour (anecic and endogeic) although it is
clear that the burrowing behaviour within these ecological categories
may differ between species [38]. For convenience, in the following we
write “anecic earthworms” and “endogeic earthworms” although what
we model is the effects of typical anecic and endogeic behaviour. Even
though some of the species added to the mesocosms may have shown
epigeic behaviour this was not considered in the model because it would
not have influenced bulk densities on the soil profile scale. Both anecic
and endogeic earthworms were assumed to ingest and egest soil in a
layer from the soil surface down to a depth, L (m), set to 30 cm (i.e. the
thickness of the mesocosms). The soil mass ingestion rates for anecic, I
(kg soil m 2 d™1), and for endogeic earthworms, I (kg soil m2d™,
were constant within this depth. Since the soil density was varying with
depth the volume of ingested soil also varied. It is known that soil bulk
density influences ingested soil volumes [12,16]. However, effects of
soil bulk density on the ingested mass of soil appear to be smaller [12].
For simplicity, we assumed that the density did not influence the soil
mass ingestion rates. Anecic earthworm ingestion was assumed to create
permanent vertical burrows and they were assumed to egest only at the
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Fig. 1. Examples of vertical slices (X-ray images) through the columns for the
control (left) and the earthworm treatment (right) for the heath (top) and
meadow (bottom).

soil surface, thereby creating a cast layer. The result of anecic ingestion
is, thus, a decrease in mass and density at the point of ingestion while the
thickness of the soil layers remains constant except for the cast layer at
the soil surface. Burrows from endogeic earthworms are less stable [39].
In our model they were assumed to immediately collapse or fill with cast
after creation. This may seem like a strong assumption but it is not
critical for the modelling results at the end of the simulation period.
Most earthworm burrows created by endogeic soil ingestion will in the
long-term perspective collapse or refill with casts. If this was not the
case, assuming that endogeic worms egest in the soil, the bulk soil vol-
ume would increase and an accompanying elevation of the soil surface
would occur. Modelled endogeic ingestion, hence, removes soil from a
numerical layer, thereby decreasing the mass and thickness while
leaving the density unaffected. In a 1D model only the vertical compo-
nent of earthworm burrowing is accounted for. The vertical component
of 3D isotropic burrowing (i.e. earthworms were assumed to burrow in
all directions with equal probability) is 0.5 [25]. The total endogeic
ingestion rate was, hence, given by multiplying the modelled 1D
ingestion rate with 2 [25]. Endogeic earthworms were assumed to egest
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soil in the vicinity of the point of ingestion. Soil of a given density is,
hence, distributed around the point of ingestion resulting in an increase
in mass and thickness. The density in these layers will either remain
unchanged, increase or decrease depending on the density of the egested
soil (see below) and the density of the resident soil in the layer. The
spread in egestion by endogeic earthworms is defined by the egestion
radius parameter (i.e. the number of layers in each vertical direction
from the layer of ingestion), e;qqiys (n layers). The likelihood of egestion
was assumed to be uniform within the volume defined by the egestion
radius. The combined effect of endogeic ingestion and egestion in a layer
is a change in density and thickness while mass is conserved. Earth-
worms can also move through soil by cavity expansion (i.e. pushing the
soil aside). This process was not included in the model, mainly because it
does not lead to soil mixing on the soil profile scale. However, we
acknowledge that cavity expansion changes bulk density locally, where
soil along burrows is compacted [40]. If burrows created by cavity
expansion collapse it will lead to an increase in average bulk density.
This was not seen in our measured data, which show an average
decrease in bulk densities (Fig. 2).

For each numerical soil layer i the mass, m (kg m™2), layer thickness,
T (m) and dry bulk density, p (kg m~3), at time j+1 are given by:

’"{+1 = ’"{ + MegEi — MingA,i — MingE.i Eq 1
T{+1 = T{ + TcgE.i - TingE.i Eq' 2
) !
+1 i
Pl =T Eq. 3

where the subscripts ingA, ingE and egE denotes anecic ingestion, endo-
geic ingestion and endogeic egestion, respectively. The ingested masses
are given by:

Mingai = At fily Eq. 4

Minge; = At fil Eq. 5

where At is the timestep and f; (—) is the fraction of the total mass
contained in layer i.

MingE.i

Tipgei = At——= Eq. 6
ingE.i
layer=i-teydius
MingE k
Mg = b & 1‘ Eq 7
layer o ZCradins T
MegEi
Toeri = Ar =L Eq. 8
Peast

where peast (kg m~3) is the dry bulk density of the casts.

Soil ingested close to soil surface or bottom of the profile is not
allowed to be egested outside of the model domain boundaries. To
preserve mass in each layer, the soil that should, according to the eqgiys
value, have been egested outside the modelling domain was instead
egested at the point of ingestion.

Both the chemical and physical properties of the casts differ from the
ingested soil [41,42]. These changes in properties have been shown to be
species dependent [43]. Bottinelli et al. [44] studied the properties of
casts from the anecic earthworm Amynthas khami in 19 locations in
northern Vietnam in relation to the properties of the ingested soil. They
found the casts had lower density than the ingested soil if the density of
the soil was large and vice versa. Similar results were presented by Barré
etal. [45] who showed that earthworm ingestion and egestion decreased
the density of compacted soil while the opposite was true for loose soil.
We do not have any information on the physical properties of the casts
created in our mesocosms. In line with the results cited above, we as-
sume that the density of the casts is a function of the density of the
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Fig. 2. Dry bulk density (p) profiles for initial conditions (dark green line), measured final for earthworm microcosms (open red circles), results from the optimal
simulation (dashed blue line) and the interval of accepted simulations (light grey band) for the heath (left) and meadow (right).

ingested soil according to:

Peass = Ping + K(Paverage = Ping) Eq. 9
where payerqge (kg m %) is the average dry bulk density of the soil and k
(—) is a coefficient that determines the magnitude of the change from the
ingested soil to the cast.

The analysed regions of interest of the grey-scale images that were
used to create the bulk density profiles varied in size between replicates,
vegetation type and treatment [28]. It was, therefore, not possible to
determine the actual depth from the soil surface to the transition zone
between the organic rich topsoil and the underlying mineral soil. To
enable comparison between measured and modelled density profiles we
introduced a parameter, Vg (m) that corrected for any vertical offset
between simulated and measured data.

The model code written in R [46] will be made available upon
request.

2.3. Model evaluation

Both the number of earthworms, due to mortality and reproduction,
and their activity, due to differences in soil moisture and temperature,
likely varied during the summers. Since we did not have data on these
eventual changes we assumed that ingestion and egestion rates were
constant with time during the four-months periods following the intro-
duction of the worms. Hence, modelled soil consumption rates are av-
erages for the total simulated period of 16 months.

Model outputs were bulk densities in discrete numerical layers with
varying thickness. Since the thicknesses vary with time, the simulated
depths to a layer at the end of a simulation is dependent on model
parameter values. We used natural cubic splines (splinefun in R; 46) to
interpolate the measured data. Measured data at depths corresponding
to the simulated depths were then estimated from the resulting spline
function and used for quantitative model evaluation.

The measured data on bulk densities for the control treatment were
used as initial conditions. However, soil mesofauna contribute to soil
mixing [47]. This means that also the density profiles of the control
treatments may have changed during the experiment. We do not know
the bioturbation rate of the mesofauna in the mesocosms during the
experimental period. However, we were interested in modelling the
effects of earthworms, which is the difference between the control and
the earthworm treatment assuming that any effects of the mesofauna
was similar for the two treatments.

The model was calibrated against measured data from the earth-
worm treatment. All five parameters (Ia, Ig, €radius, k and Voge) were
included in the calibration. We used latin hypercube sampling (“lhs”

package in R; 46) to generate 100000 parameter value combinations
within predefined initial parameter intervals. The initial parameter in-
tervals were determined from preliminary Monte Carlo runs with the
model. Root mean square errors (RMSE) between final simulated values
and interpolated measured values of bulk density were calculated. The
parameter set that resulted in the smallest RMSE is in the following
referred to as the optimal parameter set. We accepted all simulations
that resulted in an RMSE smaller than the thresholds of 0.035 and 0.045
for the heath and the meadow, respectively. These thresholds were
chosen because they resulted in posterior parameter uncertainty ‘enve-
lopes’ of accepted simulations that covered most of the measured data.
An estimate of the uncertainty in the parameter values after calibration,
U (-), was obtained by dividing the posterior parameter value range
with the midpoint of the parameter range according to:

Lupper - L[z)wer

U = __upper  ower
(Lupper + Lluwer) / 2

Eq. 10

where Lyper and Ligyer are the upper and lower boundaries of the pos-
terior parameter interval, respectively.

In experiments designed for model evaluations, the depth of the
profile or the elevation of the soil surface should be monitored and a
parameter describing the vertical offset between measured and
modelled data would not be needed. To evaluate parameter identifi-
ability for such a case, a second calibration was run with the vertical
offset set to the optimal values (i.e. the value resulting in the smallest
RMSE) from the first calibration. Thus, only four parameters were
included in this calibration. Finally, all parameters except the endogeic
ingestion rate were set to optimal values and another calibration was
carried out.

2.4. Sensitivity analysis

A simple measure of sensitivity was calculated as the root mean
square difference (RMSD) between the optimal simulation and simula-
tions where the parameter values for the optimal parameter set (5-
parameter calibration) were increased by 10 % one-at-a-time.

2.5. Estimations of burrowing rates

We estimated endogeic burrowing rates (cm d 1) in the organic and
mineral layers from the known masses of the worms, the optimum
parameter values for endogeic ingestion rates and the densities of the
soil layers. To do this we assumed that the volume of soil ingested could
be approximated by a cylinder with the same diameter as the average
diameter of the worms (3.3 mm).
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3. Results
3.1. Model performance and earthworm ingestion

Fig. 2 shows that the optimal simulations for the model with five
parameters reproduced the measured bulk density depth profiles satis-
factorily both for the heath (RMSE for optimal simulations was 0.027)
and the meadow (RMSE for optimal simulations was 0.11). The model
could not reproduce the fluctuations in measured values between 15 and
20-cm depth for the heath and between 20 and 25-cm depth for the
meadow. These fluctuations may be effects of the limited depth of the
mesocosms, effects that were not accounted for in the model. Optimal
parameter values for the calibration with all five parameters are pre-
sented in Table 1. The optimal parameter values for the endogeic
ingestion rates (I5) were 240 and 140 g dry soil m~2 d™! for the heath
and the meadow, respectively. The masses of dry soil in the 30 cm layer
calculated from the density profiles were 296 and 270 kg m~2. When
accounting for the horizontal component of the earthworm burrowing
these values correspond to a yearly soil turnover by earthworms of 19
and 12 % for the heath and the meadow. The corresponding consump-
tion rates were 3.8 and 2.2 g dry soil g~! fresh worm. The burrowing
rates for the endogeic worms in the mineral soil were 18 and 10 cm d L.
The optimal values for the endogeic egestion radii (eqqiys) Were 23 and

Table 1
Summary of calibration results for the heath and the meadow. All five model
parameters were included.

Parameter Initial
uncertainty
interval

Interval Optimal
accepted parameter
parameter value
combination

Uncertainty
estimate, U

Heath

Endogeic
ingestion
rate, I (g
em 2 d’l)

Anecic
ingestion
rate, I4 (g
em2dh

Vertical -1-3 0-2.2 1.3 1.0
offset,
Vogfer (cm)

Egestion 3-45 12-31 23 0.88
radius,

0-0.05 0.007-0.046 0.024 1.5

0-0.01 0-0.0048 0.0018 2.0

C€radius
(n_layers)
Density 0-0.5
change
coeff., k
)

0-0.43 0.21 2.0

Meadow
Endogeic
ingestion
rate, I (g
em~2d7h)
Anecic
ingestion
rate, I (g
em 2dh)
Vertical -1-3
offset,
Vogfser (cm)
Egestion 3-45 3-43 27 1.7
radius,

0-0.05 0.002-0.05 0.014 1.9

0-0.01 0-0.0040 0.0003 2.0

-0.5-2.0 1.0 3.2

€radius
(n_layers)
Density 0-0.5 0-0.5 0.30 2.0
change
coeff., k
-)

European Journal of Soil Biology 120 (2024) 103574

27 numerical layers for the heath and meadow, respectively. This cor-
responds to vertical distances of 4.1 and 4.3 cm in the mineral soil.
Optimal values for the anecic ingestion rates (I4) were 18 and 3.0 g dry
soil m™2 d~? for the heath and the meadow, respectively. This corre-
sponds to 2.9 and 0.53 % of the soil being ingested by anecic earthworms
during the simulation time (16 months). The corresponding thicknesses
of the cast layers resulting from anecic egestion were 8.8 and 1.5 mm.
The coefficients governing the density change from soil to cast (k) were
0.21 and 0.30 for the heath and the meadow. Optimal parameter values
for the calibration with reduced number of parameters were similar to
those for the calibration with all five parameters (Tables 1-3).

3.2. Parameter sensitivity and uncertainty

With the chosen thresholds, the posterior uncertainty intervals (the
grey bands in Fig. 2) covered 100 and 87 % of the measured data for the
heath and the meadow, respectively. Fig. 3 shows the RMSE values for
the Monte Carlo simulations plotted against the values of each of the five
parameters. Parameter values for the accepted simulations were
generally more constrained for the heath than the meadow. This can also
be seen in the smaller values of the uncertainty estimates for the heath
(Table 1). The range of parameter values for the endogeic ingestion rate
(7-46 g dry soil m~2 d™?) for the heath corresponds to a range in con-
sumption rates of 1.1-7.3 g dry soil g~* fresh worm d~!. The initial
uncertainty range was only marginally decreased for the endogeic
ingestion rate for the meadow and hence the calibration provided no
guidance on consumption rates.

Posterior uncertainty intervals were generally smaller when the

Table 2
Summary of calibration results for the heath and the meadow. The vertical
offsets were set to the optimal values.

Parameter Initial
uncertainty
interval

Interval Optimal
accepted parameter
parameter value
combination

Uncertainty
estimate, U

Heath

Endogeic
ingestion
rate, I (g
em2dh

Anecic
ingestion
rate, I4 (g
em2d™hH

Egestion 3-45 13-31 21 0.82
radius,

0-0.05 0.015-0.040 0.023 0.89

0-0.01 0-0.0032 0.0017 2.0

Cradius
(n_layers)
Density 0-0.5
change
coeff., k
)

0.11-0.40 0.21 1.2

Meadow

Endogeic
ingestion
rate, Ir (g
em~2d™)

Anecic
ingestion
rate, I (g
em~2d™)

Egestion 3-45 3-43 31 1.7
radius,

0-0.05 0.009-0.049 0.015 1.4

0-0.01 0-0.0027 0.0003 2.0

€radius
(n_layers)
Density 0-0.5
change
coeff., k
=)

0.08-0.50 0.26 1.5
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Table 3
Summary of calibration results for the heath and the meadow when all param-
eters except the endogeic ingestion rates were set to optimal values.

Parameter Initial Interval Optimal Uncertainty
uncertainty accepted parameter estimate, U
interval parameter value

combination
Heath
Endogeic 0-0.05 0.016-0.030 0.023 0.60
ingestion
rate, I (g
em2dhH
Meadow
Endogeic 0-0.05 0.010-0.019 0.014 0.62
ingestion
rate, I (g
em2dhH

vertical offset was set to the optimal value (Table 2). For example, the
endogeic consumption rates corresponding to the posterior parameter
uncertainty range for the endogeic ingestion rate for the heath were
reduced to 2.4-6.3 g dry soil g~* fresh mass d~L.

Setting all parameter values except the endogeic ingestion rate to
optimal values further reduced the posterior parameter uncertainty
compared to the calibrations with four and five parameters (Table 3).
For this case, endogeic consumption rates for the heath were in the range
2.5-4.8 g dry soil g~* fresh worm d*.

The accepted parameter values were significantly correlated for
many of the parameters (Fig. 4). The sensitivity analysis showed that the
bulk density profiles were most sensitive to changes in the endogeic
ingestion rate and the vertical offset and least sensitive to changes in the
anecic ingestion rate, especially for the meadow (Table 4). The differ-
ences in sensitivity between the heath and the meadow were minor for
all parameters except the anecic ingestion rate.

4. Discussion

Previous studies suggest that under favourable environmental con-
ditions, up to c. 20-25 % of the total topsoil mass can be ingested each
year by earthworms, predominantly by endogeic species [48,49]. Soil
consumption rates of 1.0-2.5 g dry soil g~* fresh mass d ! appear to be
typical for temperate geophagous species [40]. Meurer et al. [26] found
through calibration that the consumption rate was 2.79 g dry soil g~*
fresh mass d~! for their study on compaction recovery. Ingestion rates
and consumption rates calculated from the optimal parameter values in
our study using two different tundra soils were in the range of these
previously reported values for temperate soils or slightly higher. The
possibility of higher ingestion rates are somewhat surprising considering
that earthworms are believed to generally consume less soil in cold
conditions [50]. However, our optimal parameter values seem realistic
from a perspective of soil morphological changes observed at a nearby
earthworm invasion gradient. For example, our inferred ingestion rates,
which suggest a decadal timescale for the turnover of the topsoil (i.e. 19
and 12 % of the soil was ingested annually for the heath and the
meadow), could explain morphological observations in arctic soils
where dispersing earthworms have been found to cause complete
inmixing of the O horizon into the mineral soil since the introduction of
earthworms [33].

Reported average burrowing rates for endogeic earthworms are in
the range 6-15 cm d~! [12,14,51]. Endogeic burrowing rates in the
mineral soil calculated from optimal simulated values were within this
interval or slightly higher. It should be noted that the uncertainty in
estimated burrowing rates is larger than for turnover rates and ingestion
rates because it includes also uncertainties in burrow diameter.

The fractions of the soil that were ingested by anecic earthworms
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calculated from optimal ingestion rates were small compared to the
earthworm generated macroporosities in the mineral soil of 5.2 % [28].
One possible explanation is that some of the burrows created by endo-
geic earthworms, especially those created during the fourth summer,
remained intact (i.e. did not fill with casts or collapse during the
experiment).

We are not aware of any data on distances between the point of soil
ingestion and egestion. However, the vertical distances (erqgiys) of 4.1
and 4.3 cm for the heath and the meadow calculated from the optimal
values for endogeic egestion radii are comparable to the assumed
average earthworm length of 6.5 cm. Earthworms may move either by
ingesting soil or by pushing the soil to the sides (cavity expansion). In-
formation on the ratio between these modes of burrowing would be
needed to verify that these estimates are reasonable. Similarly, we do
not have measured data on soil density changes from ingestion to
egestion available for comparison. In future studies, the bulk density of
casts should be measured to help constrain the values of remaining
calibrated parameters.

Our results suggest that ingestion rates were higher in the heath than
in the meadow mesocosms. The reasons for this are not clear but these
results are in line with the larger effects of earthworms on macropore
network characteristics and on plant N uptake compared to the meadow
[28,31]. One plausible explanation for the lower ingestion rates in the
mineral soil of the meadow is that a considerable part of the earth-
worm’s activity in this vegetation type occurred in the litter layer. This
explanation is supported by observation of more substantial losses of
litter from the meadow mesocosms compared to the heath [31]. The
model could generally reproduce the measured data better for the heath
than for the meadow. A larger threshold for accepted simulations for the
meadow was used to widen the envelope of accepted simulations and
thereby cover most measured data points. This can at least partly explain
the better-constrained parameter values for the heath compared to the
meadow.

The posterior uncertainty intervals were large, especially for the
calibration including all five parameters. There are two main reasons
why parameter values could not be further constrained by calibration: i)
the model output, in this case the density profiles, were insensitive to
changes in parameter values, and/or ii) parameter values for accepted
simulations were correlated. For example, neither the endogeic inges-
tion rate (Ig) nor the endogeic egestion radius (e;qiys) Were insensitive
parameters. Nevertheless, it was not possible to constrain the values of
these parameters since these parameters have similar effects on final
simulated density profiles (i.e. large values result in more smoothing).
The anecic ingestion rate (I4) and the density change parameter (k) also
have partly similar effects on the density profiles. Large values for I
moves the simulated density profile towards smaller densities while
large values of k decreases the range between the small densities at the
top of the profile and the large densities at the bottom. This results in a
negative correlation between these parameters (Fig. 4). Additionally the
low sensitivity of I4 further limits the identifiability for this parameter.
Posterior uncertainty intervals for the calibrations with known vertical
offset were still large due to correlations between the accepted param-
eter values (Fig. 4). Significant reductions in the uncertainty for the
endogeic ingestion rate when all other parameters were set to optimal
values show that independent measurements that reduce the initial
parameter intervals could improve parameter identifiability.

The model used in this study is simple (two categories of earthworm
behaviour including permanent/collapsing burrows, uniform ingestion
in the modelling domain and uniform egestion within the egestion
radius). Indeed, many more processes could have been included in the
model. However, it is important to highlight that more advanced
modelling approaches would generally include more parameters that
are difficult or impossible to measure directly, and thereby increase
problems with non-uniqueness. As far as we know this is the first study
that includes estimations of uncertainty in parameter value estimates
(uniqueness) for earthworm soil ingestion-egestion modelling.
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Fig. 3. Root mean square errors (RMSE) between measured and simulated bulk densities for the heath (left column) and meadow (right column) soils.

Considering the complexity and number of parameters in previously addition to the already existing toolbox where each method to infer
published models it seems likely that posterior parameter uncertainty ingestion rates has its advantages and disadvantages. One obvious
would be large also for these models. disadvantage with the approach taken in this study is that many soils are

The modelling approach presented here should not be viewed as a rather homogeneous with depth and temporal changes in density depth
universal method for estimating earthworm soil ingetstion. However, distributions due to bioturbation will be negligible. The main advantage
the use of temporal changes in bulk density profiles is a promising with our approach is that earthworm ingestion and egestion often
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Fig. 4. Pearson correlation coefficients for parameter values of the accepted simulations for the heath (left) and meadow (right) soils for the calibration including all
five parameters Asterisks denote significant correlation at p = 0.05. I, endogeic ingestion rate; I, anecic ingestion rate; Vgser, vertical offset; eragius, €ndogeic

egestion radius; k, density change coefficient cast.

Table 4

Results from sensitivity analysis. RMSD is the root mean square deviation be-
tween the optimal simulation and simulations where the parameter values were
increased by 10 % one-at-a-time.

Parameter RMSD

Heath Meadow
Endogeic ingestion rate, I (g cm 2 d 1) 0.0097 0.0088
Anecic ingestion rate, I, (g cm~2d™ 1) 0.0030 0.00053
Vertical offset, Ve (cm) 0.0094 0.0091
Egestion radius, eqqiys (n_layers) 0.0064 0.0047
Density change coeff., k (—) 0.0049 0.0042

dominate soil displacement at the soil profile scale [8] and, hence, will
be the main driver for changes in density profiles in most types of
terrestrial ecosystems in northern Europe. For the other types of data to
which earthworm modelling approaches have been applied, other pro-
cesses than bioturbation may be equally important [22,23,26]. For
example, it may be difficult to separate the effects of bio-diffusion from
effects of advective-diffusive solute transport in soil water on the
displacement of contaminants. Likewise, it may be difficult to separate
the effects of bioturbation on temporal changes in pore size distributions
from effects of other biological processes (e.g. root growth and decay)
and physical processes (e.g. swelling and shrinking, freezing and
thawing).

In this study we used bulk density profiles estimated from X-ray to-
mography images. This kind of data has a very fine spatial resolution
and, additionally, contains information on macroporosity and other
macropore network properties [28]. Although X-ray data are preferable
for calibration of the model presented in this study, it is in principle
possible to use simpler standard methods for dry bulk density estima-
tions (i.e. drying and weighing of intact samples with known volume) to
generate bulk density depth distributions.

5. Conclusions

We have shown that changes in soil density profiles can be used to
infer earthworm ingestion rates for heath and meadow tundra soils. The
results from this study suggest that soil ingestion rates for endogeic
earthworms in tundra soils may be as high as those reported for
temperate conditions. However, we have also shown that the un-
certainties in estimated soil turnover rates, consumption rates and
burrowing rates are large. These uncertainties could be reduced if more
information on, for example, the distances between the point of inges-
tion and egestion and the density of casts would be available. The
modelling approach shows promise for quantifying earthworm con-
sumption rates in soil profiles with marked differences in bulk densities
with depth such as the soils of the Fennoscandian Tundra where
earthworms are currently dispersing into new areas.
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