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Abstract The ‘New Zealand flatworm’, Arthu-
rdendyus triangulatus, is a native of the South Island
of New Zealand, which has established in the UK,
Ireland and the Faroe Islands. In its introduced range,
it is a predator of lumbricid earthworms. To assess the
impact of A. triangulatus on earthworm species,
flatworm distributions were manipulated into ‘high’,
control and ‘low’ densities within a replicated field
experiment. Earthworm biomass in the ‘high’ flat-
worm density treatment was significantly lower than
the control or ‘low’ treatments. This was due to a
reduction in the anecic species Lumbricus terrestris
and, to a lesser extent, Aporrectodea longa. There was
little evidence of negative effects on other earthworm
species, with even a weakly positive relationship
between flatworm density and epigeic biomass. Prin-
cipal components analysis showed a clear separation
of anecic species from A. triangulatus, but the epigeic
species Lumbricus festivus and Lumbricus rubellus
grouped with A. triangulatus, suggesting that they
could be benefitting from reduced intraguild compe-
tition. Flatworm densities of 0.8 per m?, comparable to
natural infestations in grassland, were predicted to
give a reduction in total earthworm biomass of
c. 20 %. The bulk of this was comprised of a reduction
in anecic species biomass. In particular, it is considered
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that A. triangulatus poses a serious risk to L. terrestris
populations, with implications for soil functioning and
indigenous earthworm-feeding wildlife.
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impact - Earthworms - Manipulative experiment -
Lumbricus terrestris

Introduction

The ‘New Zealand flatworm’ Arthurdendyus trian-
gulatus (Dendy) (Terricola: Tricladida) is an invasive
alien species that preys on earthworms. The flatworm
is native to the South Island of New Zealand (Johns
et al. 1998; Johns and Boag 2003) and was first found
outside its native habitat in Belfast, Northern Ireland
in 1963 (Anonymous 1964; Willis and Edwards 1977).
The most likely mode of transportation is thought to
have been the horticultural trade and genetic analyses
of flatworm populations suggests several introductions
over time (Dynes et al. 2001). A. triangulatus has
established throughout Northern Ireland (Moore et al.
1998), the Republic of Ireland, Scotland, northern
England and the Faroe Islands (for reviews see
Blackshaw and Stewart 1992; Cannon et al. 1999;
Boag and Yeates 2001). Despite being well estab-
lished in the British Isles and the Faroe Islands,
including offshore islands such as the Scottish outer
and inner Hebrides, the Orkney and Shetland Islands
(Boag et al. 1994) and the Isle of Man (Boag et al. 1995;
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Jones and Boag 1996), A. triangulatus has not been
recorded from continental Europe or elsewhere, with
the exception of a single record, probably transient,
from Iceland (Bloch 1992).

Assessing the impact of invasive alien species on
native fauna is crucial, in order to provide the evidence
whereby policy-makers and legislators can approve
action to manage these species (Murchie 2010).
Quantifying the damage caused by A. triangulatus is
a fundamental requirement of pest risk analyses. The
impact of A. triangulatus predation on earthworm
communities is contentious. Some workers consider
that the flatworm has the potential to seriously deplete
earthworm numbers with severe consequences for soil
fertility and earthworm-feeding wildlife (Alford
1998); whereas, others have suggested that it will
attain an equilibrium with earthworm populations
(Gibson et al. 1997), with perhaps a cyclical predator/
prey dynamic (Blackshaw 1995). Although at what
level this equilibrium may settle remains unknown.
The situation is further complicated because there are
at least 26 species of native Lumbricidae recorded
from the British Isles (Sims and Gerard 1999;
Sherlock and Carpenter 2009), with six species
common in grassland (c.f. Boag et al. 1997), each
with its own particular niche within the soil, environ-
mental preferences and reproductive strategies. As
such, each species is likely to respond to flatworm
predation in a different way.

The initial study which drew attention to the
problems posed by A. triangulatus, concerned a
reduction in earthworms in plots treated with a
calcareous seaweed product (Blackshaw 1989). This
showed a marked decline to undetectable levels of the
earthworm population over a 4 year, 8 month period.
Revisiting these data, Blackshaw and Stewart (1992)
considered that species active on the surface such as
Lumbricus rubellus and Lumbricus terrestris seemed
to be more vulnerable to A. triangulatus predation,
whereas deep-dwelling species such as Octolasion
cyaneum were less vulnerable. Using data derived
from the tube vermaria studies of Blackshaw (1990),
Blackshaw and Stewart (1992) further suggested that
Aporrectodea caliginosa was less affected by preda-
tion as it lived deeper in the soil. Blackshaw and
Stewart (1992) therefore considered that prey avail-
ability was the driving factor determining differential
predation, rather than any intrinsic prey preference.
Similarly, Lillico et al. (1996) found that earthworm
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burrow width (wide) and depth (shallow), increased
A. triangulatus predation in vermaria studies. They
suggested a graduation of earthworm vulnerability
from L. rubellus and L. terrestris most vulnerable to
0. cyaneum and Aporrectodea rosea least, based on
niche characteristics rather than specific prey prefer-
ence. Similarly, Blackshaw and Stewart (1992) con-
tended that L. terrestris were vulnerable because of the
large vertical burrows that allow the flatworm to
follow them deep into the soil. Earthworm choice
experiments in Petri dishes would seem to support the
contention that prey availability rather than prey
choice was most important (Stewart 1993). However,
Stewart (1993) pointed out that it was difficult to make
a true comparison as the sizes of the earthworms were
so different; nevertheless concluding that A. triangul-
atus was, as with many other terrestrial flatworms, an
opportunistic predator.

In a long-term monitoring study, Blackshaw
(1995) compared fluctuations in earthworm and
flatworm numbers over 8 years at two sites in Belfast.
At both sites, the number of earthworm species
declined from 6-7 to two. L. terrestris, Ap. caliginosa
and Allolobophora chlorotica were not recovered in
the later samples, with O. cyaneum and Aporrectodea
limicola the remaining species. Blackshaw (1995)
considered that O. cyaneum may be less vulnerable to
flatworm predation because it is deep-dwelling and
can reproduce parthenogenetically. A different
approach was used by Jones et al. (2001) who utilised
a variety of univariate and multivariate analyses, to
provide evidence that differences in species compo-
sition between two pasture fields infested with
A. triangulatus and 48 comparable non-infested
fields in western Scotland were partly due to a
reduction in anecic species in the infested fields. In
particular, they used the non-parametric Kruskall-
Wallis median test to demonstrate that the two
infested fields were atypical in terms of a range of
earthworm species, with the most marked difference
found in Aporrectodea longa. However, the results
from this study are suggestive rather than absolute as
the comparison was of two fields on the same farm
with mean values derived from 48 disparate fields. So
the sample size is not sufficient to draw conclusions
about A. triangulatus infestation per se, although it
forms part of an increasing body of evidence in the
literature showing the impact of A. triangulatus on
anecic earthworms.
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Extremely valuable as the above studies are, they
have their limitations: chronological studies that lack
controls are difficult to interpret as many extraneous
factors can impact on earthworm populations;
whereas, container-based studies do not deal with a
naturally-established earthworm fauna and are inher-
ently limited by the size of the container, which would,
for example restrict earthworm movement. One pos-
sible method to overcome these problems would be to
inoculate virgin sites with A. triangulatus and monitor
any deleterious effects. However, it is an offence
under the UK Wildlife and Countryside Act 1981 to
knowingly release A. triangulatus into the wild
(Alford 1998). An alternative approach, as pursued
in this study, is to choose an infested site and
manipulate flatworm densities therein, according to a
replicated experimental design. There are three
sequential objectives of this study: (1) to determine
the impact of A. triangulatus on overall earthworm
densities and biomass; (2) the impact on individual
earthworm species biomass; (3) based on the results
from objective 2, the effects of A. triangulatus on
earthworm community structure are also evaluated,
along with the implications for soil productivity and
earthworm-feeding wildlife.

Materials and methods
Experimental design

A flatworm-infested grassland field at Newforge Lane,
Belfast, Northern Ireland (World Geodetic System
54°33'24"N, 5°56'47"W; Irish Grid J330698) was
selected. This was close to the site studied by
Blackshaw (1995) and the field was known to be
infested with flatworms for at least 15 years prior to
the current study. The field had been in permanent
grass since 1993 and has a slight slope of approxi-
mately 5° from SW to NE. The soil is sandy loam
topsoil over sandy loam/sandy clay loam subsoil
(eutri-stagnic cambisol).

The field was divided into nine blocks, with each
block consisting of three treatment plots, each mea-
suring 8 m by 8 m and separated from each other by a
1 m path. Plot boundaries were treated with creosote
twice a year, as a marker but also as a potential means
of limiting A. triangulatus/earthworm surface move-
ment. Plots were mown regularly during the summer

to keep the grass short. Within blocks, treatments of
‘high® or ‘low’ flatworm density or control were
randomly allocated to plots.

Sampling and manipulation of flatworm densities

Flatworm numbers were assessed on a weekly basis
by examining underneath nine shelter traps placed on
the soil surface within each plot. The traps were
similar to those used by Blackshaw et al. (1996) and
consisted of heavy-duty black polythene sacks mea-
suring 360 x 240 mm and filled with 5 kg pea
gravel and sand at a 4:1 ratio. The nine traps were
positioned in a 3 by 3 grid inside the plot, with 2.3 m
between traps. The outer traps were 1.7 m from the
edge of the plot.

To manipulate flatworm densities, flatworms found
under traps in the ‘low’ designated plots were
collected, pooled and then distributed evenly among
the ‘high’ designated plots. This procedure began on
27 January 1999 and ceased 30 October 2002 (3 years
and 9 months representing 196 weekly visits). Flat-
worm numbers continued to be monitored after this, at
weekly intervals until 5 March 2003, with some
additional samples taken at fortnightly and then
monthly intervals until 3 July 2003.

Temperature at the soil surface was measured
by means of a TinyTag datalogger (Gemini Data
Loggers (UK) Ltd.; www.geminidataloggers.com)
placed under a shelter trap at the edge of the experiment.

Earthworm extraction

Earthworms were sampled using the mustard expulsion
technique (Gunn 1992; Chan and Munro 2001). Five
square steel quadrats (dimensions 0.5 x 0.5 m =
0.25 m?) were arranged in an X pattern across the plot,
with 3 m between quadrats, and pressed 2-3 cm into
the soil. Inside the quadrats, foliage was cut to ground
level using handheld grass clippers and the ground
soaked with 5 1 of a mustard solution (6 g 1Y (Col-
man’s Double Superfine Mustard Powder, Norwich,
UK). A secondary dose of the mustard solution was
applied 15 min later and any further worms collected.
Earthworms expulsed by the irritant were stored in 4 %
formalin. Later, they were patted dry using paper
towels, counted and weighed. Adults were identified to
species using the key of Sims and Gerard (1999) and
juveniles to genus.
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Earthworm extractions took place in the spring and
autumn, when earthworms were most active, over
3 years. The specific dates were: 6 April 2000; 26
October 2000; 5 April 2001; 25 October 2001; 12
April 2002; 30 October 2002. The positions of the
quadrats were altered for each sampling date to ensure
that a different area of ground was sampled each time.

Analyses

Arthurdendyus triangulatus and earthworm densities
and biomass were subjected to one-way ANOVA in
randomised blocks, according to the experimental
design. Count data are typically best analysed with
generalized linear mixed models as this allows the
handling of non-normal data, such as Poisson distrib-
uted counts (Bolker et al. 2009). In this case though,
samples were collected from five quadrats (mustard
expulsion) and averaged/adjusted to give densities per
m?. In addition, when looking at ecotypes or individ-
ual species, to allow for an overall analysis, data were
averaged over the 3 years. Where data are averaged,
the central limit theorem gives that they will tend to
normality. As earthworm populations undergo a
seasonal cycle, spring and autumn extractions were
then analysed separately. Although samples were
taken in three consecutive years, year was not included
in the analyses as a factor because earthworm recovery
by mustard expulsion is much influenced by preced-
ing weather conditions and, although comparative
amongst treatments at that point in time, may not
reflect yearly populations.

The juvenile groups, Allolobophora, Aporrectodea
and Lumbricus, were also subjected to ANOVA
according to the experimental design. As sexual
morphology is often used to identify earthworms,
identification of juveniles is difficult and imprecise.
However, for Aporrectodea and Lumbricus, as these
groups comprised several species and different eco-
types, they were divided into two weight classes. Large-
designated Lumbricus juveniles were those above
0.758 g at this particular location. This was done to
separate off the anecic L. ferrestris juveniles and was
calculated by taking the mean weight of the next largest
Lumbricus species, Lumbricus festivus, and adding
2 x SD = 0.464 4 (2 x 0.147) = 0.758 g (Table I;
95 % of values lie within 2 SD of the mean). Therefore
any Lumbricus juveniles above this weight were likely
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Table 1 Mean individual wet weights of the eight commonest
adult earthworm species (incl. gut contents) and A. triangulatus
after storage in formalin

Earthworm species Mean weight (g) n SD
Adults
Al. chlorotica 0.164 4,195 0.034
Ap. caliginosa 0.336 1,344 0.155
Ap. limicola 0.246 328 0.079
Ap. longa 1.445 175 0.385
L. castaneus 0.099 1,818 0.030
L. festivus 0.464 367 0.147
L. rubellus 0.363 1,358 0.122
L. terrestris 2.576 243 0.831
Flatworm
A. triangulatus 0.685 69 0.380

L. terrestris. Similarly for Aporrectodea juveniles, any
over 0.646 g were considered Ap. longa juveniles.

Earthworm ecotype biomass in plots was related to
flatworm densities, derived from quadrat expulsion
and from shelter trapping, by linear regression. The
assumptions of regression (normality and homosce-
dasticity) were checked by plotting the residuals
against fitted values and in a normal probability plot.
To examine effects on earthworm community struc-
ture, species composition in plots was analysed by
principal components analysis (PCA) using the sums
of squares and products matrix. The resultant PC
scores were scaled to lie between £1 and the original
variables (i.e. species counts) were correlated back
against the PC scores.

As this study looks at the effects of A. triangulatus
predation on several earthworm species, many statis-
tical results are generated. As the number of tests
increase, then the likelihood of a type 1 error increases.
One mechanism to accommodate for this is to adjust
the P value using Bonferroni corrections. It was
decided against this approach as Bonferroni adjust-
ments are overly conservative, especially for ecolog-
ical field data and where tests are interrelated (Moran
2003). The reader is therefore asked to consider the
pattern of the results, rather than focussing on
individual tests.

Analyses were conducted in GenStat (VSN Inter-
national Ltd, UK; www.vsni.co.uk) and data graphed
using Prism (Graphpad Software, USA; www.grap-
hpad.com).
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Results
Manipulation of flatworm densities

Flatworm numbers under shelter traps were greater
during the first 6 months of the experiment, peaking at
40.2 &+ SEM 3.43 in the ‘high’ plot in April 1999, but
thereafter remained reasonably constant from year to
year. However, there was a marked seasonal pattern to
the numbers of flatworms recovered from under traps.
Their numbers generally increased in the spring,
although there was considerable variation from week-
to-week, to crash sharply in mid-summer (July—August),
when soil temperatures were at maximum. The numbers
of flatworms under traps then rose again as the weather
became cooler during September and October (Fig. 1).

Fig. 1 A. triangulatus —
phenology derived from

shelter trap catches and soil 401
surface temperature (grey
bar, right hand axis) on the
manipulation experiment.
Treatments are: ‘high’ (filled
circle with line), control
(line) and ‘low’ (open circle
with line) flatworm densities
achieved through physically
moving flatworms each
week. Error bars are SEM.
The solid vertical line
denotes the date when the

:g)

Despite the fluctuations in flatworm numbers
throughout the year, the intended manipulation of
flatworm densities into ‘high’, control and ‘low’
treatments was consistent and statistically significant
(Fig. 1). Across the whole period of the manipulation,
the overall mean number of flatworms in the ‘high’
treatment was 13.5, in the control 8.2 and in the ‘low’
3.8 (F=43.05 df=2, 16, P <0.001; pooled
SEM = 0.746). Comparison of means using Fisher’s
LSD method, showed that each treatment was separate
from the others.

After the manipulation ceased on 30 October 2002,
the separation in flatworm numbers between the
‘high’, control and ‘low’ treatments broke down
(Fig. 1). On the final sample, taken on 3 July 2003,
there were more flatworms in the ‘low’ plots than in
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the other treatments (F = 8.11, df=2, 16, P =
0.004).

Flatworms were also recovered using the mustard
expulsion technique. Compared to the shelter traps,
densities were comparatively low with, for example,
the control plots averaging 0.3 A. triangulatus per m*
and even in the high plots there were less than 0.5 per m”.
In the spring samples, there was significantly less
flatworm biomass in the ‘low’ treatment (F = 3.66,
df = 2.16, P = 0.049). For the autumn samples, there
was no significant difference between treatments.

Effects of differing flatworm densities
on earthworms

The density of earthworms recovered was generally
low at around 120 per m?. However, this did vary
between sampling dates, with the samples taken on 25
October 2001 having a grand mean of 246 earthworms
per m” (Fig. 2).

In all sampling dates, there were no significant
effects of treatments on overall earthworm densities
(Fig. 2). However, for earthworm biomass, there was an
effect of treatments, with the ‘high’ flatworm density
plots having less earthworm biomass than the other
treatments. This effect was statistically significant at the

Fig. 2 Mean earthworm
densities (m~2) expulsed by
mustard solution in the

5 % level for samples collected on 5 April 2001
(P = 0.021) and 12 April 2002 (P = 0.009; Fig. 3). If
the significance level is extended to 10 % (P < 0.1),
then four out of the six dates showed a treatment effect.
On all sampling dates, there were significant block
effects, demonstrating the spatial heterogeneity of
earthworm counts.

Impact on earthworm ecotypes and species

Twelve earthworm species were recovered during
mustard expulsion. Samples were mostly juvenile
Aporrectodea (32 %) and juvenile Lumbricus (21 %),
with Al chlorotica, Lumbricus castaneus, Ap. cali-
ginosa and L. rubellus, prevalent amongst the adults
(Table 2). The pattern with earthworm biomass was
slightly different. Juvenile Aporrectodea (26 %) and
Lumbricus (22 %) again made up the bulk of samples.
However for adults, although Al chlorotica comprised
the greatest portion of biomass at 11 %, L. terrestris
made up 10 % of the biomass despite only being 1 %
of the species present (Table 2). This is because
earthworm species vary greatly in size and weight.
Adult L. terrestris were on average 16 times heavier
than Al chlorotica (Table 1). In total, adult and
juvenile anecic species (L. terrestris, Ap. longa)
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comprised 4 % of earthworm numbers recovered but
26 % of biomass (Table 2).

The adult earthworm species found were assigned
to three ecotypes (epigeic, endogeic and anecic)
following the designation of Bouché (1971, 1977)
and as listed by Fraser and Boag (1998) (Table 3). In
terms of density, endogeic earthworms were most
abundant, followed by epigeic, with anecic species
numbers comparatively low (Fig. 4). However, the
biomass of the three ecotype groupings was more
similar (Fig. 5).

There were different treatment effects depending
on the earthworm ecotype. For epigeic and endogeic
species, there was no significant effect of altered
flatworm density on earthworm densities (Fig. 4) or
biomass (Fig. 5). For anecic species however, there
were fewer earthworms (P = 0.049) and less biomass
(P = 0.016) in the ‘high’ flatworm density plots in the
spring samples (Figs. 4, 5), compared to the other
treatments.

The direct relationship in the plots between flat-
worm density/shelter trap counts and ecotype biomass
reflected the treatment effects revealed by ANOVA.
For epigeic species, there was a weakly positive
relationship between flatworm density and epigeic
biomass (Fig. 6a; F = 4.24, df = 1, 25, P = 0.050).
There was no relationship between flatworm density
and endogeic species. However, there was a significant

negative relationship between flatworm counts and
anecic biomass (Fig. 6a; F = 17.60, df =1, 24,
P <0.001), with the x-intercept, when y = 0, at
1.08 for anecic biomass. A similar pattern emerged in
comparing the numbers of flatworms under shelter
traps with earthworms recovered from the plots. There
was no relationship with epigeic or endogeic species
but there was a significant negative relationship
between the presence of flatworms under shelter traps
and anecic biomass (Fig. 6b; F = 16.50, df = 1, 24,
P < 0.001). The x-intercept for the regression line was
at 2.22.

Impact on individual earthworm species biomass

For most earthworm species there were no effects of
altered A. triangulatus density on biomass (Table 4).
The exception to this was the significant reduction in
L. terrestris adult and juvenile biomass in the high
flatworm density treatment, compared to the other
treatments, in the spring samples. There was a similar
reduction in large Aporrectodea juvenile biomass,
although this was not quite significant at the 5 % level
(P = 0.057).

For L. castaneus, there was less biomass (P =
0.041; Table 4) in the control plots compared to the
‘high’ or ‘low’ flatworm density plots in the autumn
samples. It is possible this could be a type 1 error,
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Table 2 Earthworm
species composition in
percentages of earthworm

Earthworm species

Spring (%) Autumn (%) Total (%)

Number Biomass Number Biomass Number Biomass

samples collected by
mustard expulsion
(n = 24,952)

Adults
Al chlorotica
L. castaneus
Ap. caliginosa
L. rubellus
L. festivus
Ap. limicola
L. terrestris
Ap. longa
Ap. rosea
O. cyaneum
O. tyrtaeum
Satchellius mammalis
Juveniles

Aporrectodea juv. total*

(Aporrectodea juv. >0.646 g)
(Aporrectodea juv. <0.646 g)

Lumbricus juv. total®

2T ile A tod
pventie Aporrecloded (Lumbricus juv. >0.758 g)

weighing greater than
0.646 g are considered Ap.
longa and juvenile
Lumbricus weighing over
0.758 g are L. terrestris.

Allolobophora juv.

Octolasion juv.

(Lumbricus juveniles <0.758 g)

12.4 7.5 19.3 13.6 16.8 11.3
5.0 2.0 8.6 3.6 73 3.0
4.5 5.5 59 8.6 54 74
6.0 8.1 5.1 8.1 54 8.1
0.9 1.7 1.8 3.5 1.5 2.8
1.2 1.2 1.4 1.4 1.3 1.3
1.1 10.4 0.9 10.2 1.0 10.3
0.5 24 0.8 52 0.7 4.2
0.3 0.1 0.2 0.1 0.2 0.1
0.2 1.2 0.2 1.0 0.2 1.1

<0.1 <0.1 <0.1 <0.1 <0.1 <0.1
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1

36.1 26.1 30.1 25.6 323 25.8
(1.0) (3.8) (1.0) 4.2) (1.0) (4.0)
(35.1)  (223)  (29.1) (214)  (313) (21.8)
27.9 31.9 17.4 15.5 21.2 215
23)  12.1) (0.9) (4.9) (1.4) (7.6)
(256) (19.8) (165  (10.6)  (19.8)  (13.9)
3.6 1.4 8.1 33 6.5 2.6
0.2 0.5 0.2 0.4 0.2 0.5

See text for details

Table 3 Allocation of earthworm species to ecotype, follow-
ing the designation of Bouché (1971, 1977) as listed by Fraser
and Boag (1998)

Ecotype  Species

Epigeic L. castaneus, L. rubellus, L. festivus, S. mammalis
Endogeic Al chlorotica, Ap. caliginosa, Ap. limicola, Ap.
rosea, O. cyaneum, O. tyrtaeum

Anecic L. terrestris, Ap. longa

although a similar but non-significant result is found
for the spring biomass of Al chlorotica (P = 0.088).

Earthworm community structure
PCA gave three components accounting for 62.83

(PC1), 23.84 (PC2) and 6.59 % of the variation. The
first two components therefore accounted for 86.67 %
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variation. Treatments were not strongly distinguished
in the ordination plot (Fig. 7), although seven of the
nine ‘high’ treatment plots were negatively associated
with PC1 and most of the ‘low’ plots (8 from 9) were
positively associated with PC2. For PCI, there
were negative vector loadings for A. triangulatus,
L. festivus, L. rubellus, Lumbricus juveniles (<0.758 g)
and L. castaneus. All other earthworm groups con-
tributed positively to PC1. PC2 is most strongly
influenced by epigeic species (Lumbricus juveniles
(=<0.758 g), L. castaneus) and endogeic species
(Aporrectodea juveniles (<0.646 g), Al. chlorotica)
with little or negative contributions from anecic
species or A. triangulatus.

PCA clearly grouped earthworm species according
to the three ecotypes. The anecic species (L. ferrestris,
Ap. longa, adults and juveniles) were directly opposed
to A. triangulatus along the PCl axis (Fig. 7).
Conversely, the epigeic species, L. festivus and
L. rubellus, grouped with A. triangulatus.
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Fig. 4 Mean adult earthworm densities (m~2) expulsed by
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bar), control (open bar) and ‘low’ (filled bar) flatworm
densities. Statistics given above bars are treatment (TRT)
effects derived from ANOVA, with 2, 16 df. Error bars are
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Discussion

This study provides a quantitative assessment from a
4-year manipulative experiment on the impact of an
invasive species, A. triangulatus, on its earthworm
prey in the field. The weekly transfer of flatworms
from ‘low’ to ‘high’ plots created differential flatworm
densities. Despite some initial concerns that A. trian-
gulatus would move between plots, shelter trap
samples consistently indicated that flatworm densities
were about three times greater in the ‘high’ allocated
plots compared to the ‘low’. This was also shown in
the numbers of flatworms expelled by mustard solu-
tion in quadrats. The separation into different flatworm
densities was maintained, despite the clear seasonal
cycle demonstrated by A. triangulatus (Fig. 1). As
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Fig. 5 Mean adult earthworm biomass (g m~2) expulsed by
mustard solution, divided into ecotype and summarised for
spring and autumn samples. Treatments are: ‘high’ (striped
bar), control (open bar) and ‘low’ (filled bar) flatworm
densities. Statistics given above bars are treatment (TRT)
effects derived from ANOVA, with 2, 16 df. Error bars are
pooled SEM

A. triangulatus are susceptible to raised temperatures
and associated soil moisture deficits (Boag et al.
1998), the marked decline in shelter trap counts during
mid-summer probably reflects A. triangulatus moving
deeper in the soil when it is dry and not outright
mortality. This is supported by the resumption of
greater flatworm numbers under the traps in early
autumn, when conditions became cooler and soil more
moist. After the manipulation process ended in
October, the flatworms recolonised the ‘low’ density
plots in the spring to the point where the ‘low’ plots
had significantly more flatworms than the others. This
was only significant in the last week of the study but
may suggest that the flatworms were redistributing
according to the greater levels of earthworm prey in
the ‘low’ density plots; albeit, since this sample was
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taken 8 months after the manipulation ended, at a
relatively slow rate.

The most notable findings from this experiment
were that increased A. triangulatus density did not
lead to a reduction in overall earthworm numbers but
did lead to a significant reduction in numbers of the
anecic earthworm species, L. terrestris and Ap. longa.
This in turn reduces earthworm biomass because
anecic species are considerably larger than epigeic or
endogeic species. L. ferrestris is the largest indigenous
earthworm species in the British Isles (Sims and
Gerard 1999). For example, in this study the average
weight of an individual adult L. frerrestris was 2.576 g;
making it approximately 16 times heavier than
Al. chlorotica at an average of 0.164 g or 8 times
heavier than Ap. caliginosa (0.336 g), which were the

@ Springer

commonest earthworms. The size though of L. terres-
tris at this site was comparatively small. In laboratory
conditions, L. terrestris easily reach 5-7 g (Butt 1993;
Butt 2011). As a whole, anecic species, including
juveniles, represented 4 % of the earthworm count but
26 % of the biomass.

The impact of A. triangulatus predation on
L. terrestris was most obvious in the spring. This
could be for two reasons: greater flatworm activity
during the cooler winter months or greater earthworm
mortality from other causes during the winter, i.e. the
earthworm populations would be at a low point in their
cycle and thus more vulnerable to predation. Both of
these contentions would be supported from the data.
Flatworm numbers derived from shelter traps, show
the main period of surface activity of flatworms was
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Table 4 Mean earthworm biomass (g m~2) expulsed by mustard solution in three treatments: ‘high’, control and ‘low’ flatworm

density
Earthworm species Season Treatment Pooled SEM P
‘High’ Control ‘Low’
Al. chlorotica Spr 1.63 1.45 1.96 0.153 0.088
Aut 5.02 4.76 5.62 0.354 0.242
Ap. caliginosa Spr 0.95 1.45 1.27 0.225 0.317
Aut 3.24 3.11 3.34 0.457 0.934
Ap. limicola Spr 0.33 0.26 0.25 0.049 0.494
Aut 0.51 0.53 0.52 0.074 0.977
Ap. longa Spr 0.34 0.62 0.62 0.174 0.441
Aut 1.80 2.26 1.85 0.553 0.817
L. castaneus Spr 0.46 0.40 0.47 0.057 0.691
Aut 1.41 1.06 1.56 0.130 0.041
L. festivus Spr 0.45 0.35 0.32 0.085 0.546
Aut 1.37 1.19 1.35 0.113 0.449
L. rubellus Spr 1.68 1.64 2.14 0.225 0.247
Aut 3.15 2.69 331 0.254 0.232
L. terrestris Spr 1.14 2.59 3.27 0.524 0.032
Aut 2.56 4.59 4.42 0.834 0.195
Allolobophora juveniles Spr 0.26 0.35 0.35 0.040 0.218
Aut 1.22 1.12 1.46 0.141 0.246
Aporrectodea juveniles >0.646 g Spr 0.56 0.92 1.08 0.152 0.057
Aut 1.06 1.90 1.77 0.313 0.158
Aporrectodea juveniles <0.646 g Spr 4.66 4.74 5.55 0.373 0.209
Aut 7.05 8.44 8.79 0.675 0.188
Lumbricus juveniles >0.758 g Spr 1.28 3.27 3.60 0.649 0.046
Aut 1.58 2.21 1.78 0.431 0.581
Lumbricus juveniles <0.758 g Spr 4.28 4.14 4.82 0.426 0.510
Aut 3.63 3.87 4.45 0.415 0.381

Probabilities in bold are <0.05

from October to June. So the earthworms sampled in
spring would have been exposed to predation during
the autumn and winter. Conversely, earthworm counts
were generally greater in the autumn samples.

As mentioned in the introduction, other workers
have postulated that the anecic species, L. terrestris
and Ap. longa, may be more susceptible to flatworm
predation because of their feeding activity on the soil
surface and burrow construction (Fraser and Boag
1998). Anecic species construct vertical, semi-perma-
nent burrows that may allow easy access by flatworms.
In contrast, epigeic species burrow little, whilst
endogeic species produce extensive horizontal bur-
rows. In addition to availability for predation, the
second reason why anecic species may be more

vulnerable to A. friangulatus is because they are
relatively slow to mature and reproduce. For example,
under outdoor conditions L. ferrestris and Ap. longa
produce 8—13 cocoons per worm per year whereas Ap.
caliginosa and Al. chlorotica (endogeics) both pro-
duce c. 27 and L. rubellus (epigeic) produces 79—106
(Evans and Guild 1948; Satchell 1967). It may be that
epigeic earthworms have the reproductive potential to
absorb A. triangulatus predation pressure compared to
the slower-reproducing anecic species. Predation
pressure on epigeics can be severe. L. rubellus and
Ap. caliginosa and were predated proportionately
more than L. terrestris by golden plover (Pluvialis
apricaria; Bengtson et al. 1978), with the impact of
bird feeding halving the earthworm population
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(Bengtson et al. 1976). It would seem that vertical
burrowers such as L. ferrestris can rapidly withdraw
below the probing depth of farmland birds. Such an
escape response, however, would be ineffective when
confronted with A. triangulatus.

Aside from the anecic species, most other earth-
worm species showed little impact of altered flatworm
density in the ANOVAs. However, there was a
significant positive relationship between adult epigeic
biomass and A. triangulatus counts derived from
mustard expulsion (Fig. 6). In the PCA, L. festivus and
L. rubellus grouped with A. triangulatus and were
disparate from the anecic species. This would suggest
that L. festivus and L. rubellus may benefit from the
absence of L. terrestris and Ap. longa, because of
reduced competition. In a review of inter and intra-
specific competition in earthworms, Uvarov (2009)
considered L. rubellus to be a vigorous competitor of
L. terrestris, as both feed on litter material. In
laboratory culture experiments, the presence of L.
rubellus retarded growth, maturation and cocoon
production by L. terrestris (Lowe and Butt 2002a,
b). Whereas, Shuster et al. (2001) found that additions
of L. terrestris to field plots reduced the abundance and
biomass of L. rubellus. There has been little work on
the competitive aspects of L. festivus. A correlation
matrix using earthworm species data from 200
Scottish fields, found a negative association between
L. festivus and O. cyaneum, but not with other species
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PC1 (62.83%)

(Jones et al. 2001). This does not mean that
A. triangulatus does not predate L. rubellus or L.
festivus. Rather, the trade-off between increased
predation and reduced competition was, at this local-
ity, advantageous for these earthworms.

Several caveats ought to be mentioned when
interpreting the results from this experiment. Firstly,
earthworm populations in this field would already
have been exposed to A. triangulatus predation. A.
triangulatus has been monitored in this field since
1984 (Blackshaw 1995) and it would seem reasonable
to assume that flatworms have been there for at least
15 years. Therefore, this experiment was monitoring
the effects of A. triangulatus on an already depleted
earthworm population. It would be expected that the
effects of enhanced A. triangulatus predation on an
unexposed earthworm population would be more
severe. Another factor that may account for the low
earthworm counts was the use of the mustard solution
technique for sampling. Expulsion sampling is con-
sidered less effective than hand-sorting (Lee 1985;
Bartlett et al. 2010) and dependent on soil conditions
(e.g. in saturated soils it is difficult for the mustard
solution to penetrate). However, it has the advantages
of being non-destructive and comparatively quick,
which were prerequisites for this study. It is unfortu-
nate though that mustard extraction is less effective at
sampling Octolasion tyrtaeum compared with hand
sorting (Lawrence and Bowers 2002). A similar
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species, O. cyaneum, is considered less susceptible to
A. triangulatus predation because it is deep-dwelling
and parthenogenetic (Blackshaw and Stewart 1992;
Blackshaw 1995). Too few numbers of O. cyaneum
were recovered in this study to draw any meaningful
conclusions.

Another aspect that should be considered is the
effects of the manipulation process on A. triangulatus
behaviour. Flatworms were collected each week,
pooled and redistributed according to the experimental
design. Any spatial population structuring would
therefore be broken down. In common with most soil
invertebrates, A. triangulatus demonstrates an aggre-
gated spatial distribution, possibly related to soil
moisture, refugia or the presence of earthworms (Boag
etal. 1999, 2005, 2010a; Green and Murchie 2006). In
addition, there is tentative evidence of interactions
between flatworms. Green and Murchie (2006) found
a negative relationship between A. triangulatus counts
and mean weight, meaning that under shelter traps
there were either few large flatworms or many small
ones. However, any effects from the manipulation
process on flatworms were perhaps more likely to
decrease predation than enhance it, so the overall
results from this experiment are unaffected. Earth-
worm spatial distribution too has a potential impact on
the results, although this is accommodated to some
measure through blocking. Earthworm dispersal
should also be considered; as movement between
treatments could confound the results. Eijsackers
(2011) reviews earthworm colonisation and gives the
annual dispersal rates of earthworms introduced into
worm-free soils. In grassland these are 1.5-11 m per
year depending on species. In established soils, these
dispersal rates are likely to be much less and probably
within the bounds of the plots (8 m by 8 m).

So, despite some compromises in the experiment
design, this study provides clear evidence that L.
terrestris and Ap. longa populations are at dispropor-
tionate risk from A. triangulatus predation. The danger
with this scenario is that it could provide a mechanism
for local extinction of these species. If A. triangulatus
preyed equally on all earthworm species, then popula-
tion dynamics theory would predict that an equilibrium
between predator and prey densities would be attained,
otherwise any predator population that overexploited its
prey would itself decline. However, if some earthworm
species are more susceptible than others, then there is
the risk that A. triangulatus may severely deplete that

species but sustain their numbers by feeding on less-
susceptible prey. Furthermore, A. triangulatus is per-
sistent in the environment because they can reabsorb
tissues to sustain themselves during starvation; remain-
ing reproductively capable after 4—6 months starvation
(Baird et al. 2005a, b) and surviving for over 1 year in
the laboratory (Blackshaw 1992).

The flatworm densities recorded in the high plots
were on average less than 0.5 flatworms per m?
although in individual plots they went up to 1.1 per m*
(Fig. 6). Such densities are comparable with those
found in agricultural systems. It should though be
recognised that the traps within the experimental plots
could alter flatworm densities in the surrounding soil,
either positively by providing additional refugia or
negatively by concentrating the flatworm population
under traps. In a survey of grassland fields in Northern
Ireland, Murchie et al. (2003) recovered flatworms at
densities up to 0.8 flatworms per m? by formalin
sampling field centres. In plots near to the location of
the experiment, Blackshaw (1995) found naturally-
occurring populations of A. triangulatus up to
6 per m?, and in untreated orchard plots, flatworm
densities derived from mustard expulsion were
9.3 per m? (Murchie and Mac An tSaoir 2006). The
highest A. triangulatus densities, of 110 per mz, were
recorded in the Faroe Islands, where flatworms
accumulated under overturned turf in the ‘Reimavelta’
method of potato cultivation (Christensen and Mather
1998). Extrapolating from laboratory flatworm feed-
ing rates, Blackshaw (1991) suggested that a flatworm
population of 6.5 per m? could devour an average UK
grassland earthworm population within 1 year. The
results from the linear regressions of flatworm density
versus earthworm counts/biomass in this study, sug-
gest that adult anecic earthworm populations will be
almost wholly depleted at flatworm densities above 1
per m?, as sampled by mustard expulsion, or consistent
counts of above 2 flatworms per shelter trap
(360 x 240 mm). A simple comparison between the
‘high’ and ‘low’ plots in this experiment suggests that
enhancing flatworm density led to a 20 % reduction in
earthworm biomass (total earthworm biomass recov-
ered from high plots = 1,799 g, and the low =
2,261 g). Since the majority of this loss in earthworm
biomass will be anecic species, it is worthwhile to
consider again the regression model. Here, a value of
0.8 flatworms per m” (as found in natural field
infestations) gives a predicted adult anecic biomass
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(£SE) of 1.54 + 0.746 g; whereas at zero flatworms
the prediction is 5.87 £ 0.616 g. This gives a mean
reduction of 74 % with 95 % confidence limits
equivalent to a 33 and 100 % reduction. Given that
26 % of earthworm biomass in this study was anecic
species, this calculation gives an overall reduction in
earthworm biomass of 19 % (74 % x 26 %), which is
very close to the 20 % calculated directly from the plot
biomass weights.

The wider implications of flatworm predation can
be considered in the light of these results, albeit with
the proviso that the earthworm population response
to flatworm predation is unlikely to be truly linear.
Nevertheless, an overall earthworm biomass reduc-
tion of 20 % and a reduction in anecic biomass of
74 % provide useful starting points. Where A.
triangulatus is common, agriculture is often pas-
ture-based: for example, in Northern Ireland 78 % of
the farmed area is under grass (DARD 2011). The
positive influence of earthworms on plant growth
has been widely reported in the scientific literature
(Lee 1985; Edwards and Bohlen 1996; Scheu 2003),
yet the contribution of earthworms to grass yield in
managed systems is difficult to estimate. Much
information comes from microcosm based studies
(e.g. Boyle et al. 1997) and the introductions of
lumbricid earthworms to Australasian pastures or
Dutch polder soils (e.g. Stockdill 1982; Hoogerkamp
et al. 1983; Baker et al. 1999, 2006). On the other
hand, no reduction in grass yield was recorded after
20 years absence of earthworms due to phorate
treatment, although there was degradation of soil
structure including a considerable build-up of thatch
on the soil surface (Clements et al. 1990, 1991). A
similar accumulation of thatch was seen in fields and
orchard plots infested with A. triangulatus (Black-
shaw 1995; Murchie and Mac An tSaoir 2006).

Reports of damage to plants are as yet largely
anecdotal. There are suggestions that fields infested
with A. triangulatus have poorer soil drainage and are
more susceptible to waterlogging and colonisation by
Juncus rushes (Alford 1998; Jones et al. 2001). It is
considered that surface waterlogging could both
reduce oxygen diffusion rates inhibiting root growth
and increase run-off, potentially exacerbating flooding
and surface water pollution (Haria 1995). However, in
comparisons with flatworm-infested and non-infested
areas of the same field, Haria et al. (1998) found that
A. triangulatus presence increased saturated hydraulic
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conductivity. They put this down to A. triangulatus
predation removing earthworms from burrows and
thus allowing water to move more freely. The authors
commented though that in the long-term hydraulic
conductivity would decline as earthworm created
macropores collapsed and were not replaced.

Earthworms are important prey items for many
farmland birds, mammals and invertebrates, and it is
probable that A. triangulatus predation has knock-on
effects on these other predators (Alford et al. 1995;
Alford 1998). Data on such impacts are lacking, with
one exception. In two Scottish glens, there was a
significant negative relationship between the presence
of A. triangulatus and moles (Talpa europaea; Boag
2000). Earthworms, in particular L. ferrestris, are the
major food source for moles (Mellanby 1971) and
their distribution and abundance are dependent on
earthworm availability (Funmilayo 1977). Similarly,
in a review of vertebrate predation on earthworms,
L. terrestris is cited as an important food source for red
foxes (Vulpes vulpes) and especially European bad-
gers (Meles meles), because of their comparatively
large size and surface activity (MacDonald 1983).
Much work has shown that L. terrestris is a major
component of badgers’ diets (Kruuk 1978; Kruuk et al.
1979; Kruuk and Parish 1981; Neal 1988), although
the extent to which badgers rely on earthworms varies
between regions (Goszczynski et al. 2000), and in
Ireland earthworms contributed little to dietary bulk
(Cleary et al. 2009). What is clear though is that A.
triangulatus predation will reduce L. ferrestris avail-
ability to badgers. If L. ferrestris is a major food source
in that area, there is the possibility that this will alter
badger foraging behaviour, with implications for
management of bovine tuberculosis (Tolhurst et al.
2009).

In conclusion, this study supports the contention of
Fraser and Boag (1998) that L. terrestris in particular
is most at risk from A. triangulatus predation. The
impact of this on grassland productivity and wildlife is
likely to be chronic and insidious. Management
options for A. triangulatus are limited (Blackshaw
1996), but it may be that earthworm prey adapt to
A. triangulatus predation, either behaviourally or
physiologically. The L. terrestris found at the exper-
imental site were markedly smaller than those reared
in laboratory cultures. There are many factors that
could influence this (e.g. food availability) but it is
possible that this could be a response to A. triangulatus
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predation. Darwin (1859) remarked on the inability of
New Zealand species to establish in Great Britain, in
comparison with the success of European introduc-
tions into New Zealand. A. triangulatus is a counter to
this. Boag et al. (2010b) pointed out that Europe has a
depauperate fauna of terrestrial flatworms and that all
North American species are exotic introductions;
which compares to extensive fauna in the southern
hemisphere. New Zealand, for example, has over 100
species of terrestrial flatworm (Johns 1998). The
implication is that there is a readily available niche for
southern terrestrial flatworms to exploit in Europe and
North America (Boag et al. 2010b). The spread of
Bipalium spp. across America would seem to support
this (Winsor 1983; Ducey et al. 2005, 2007), perhaps
facilitated by the spread of L. terrestris as suitable
prey, which ironically is a problematic invasive
species in North America itself (Heimpel et al.
2010). At present A. triangulatus has a restricted
range to the British Isles and Faroe Islands. Why it has
not established in continental Europe is puzzling and is
either to do with trade or climatic conditions (Murchie
2010). The effects of climate change, particularly
milder wetter winters, may well alter this.
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