The effect of glyphosate-based herbicide on
earthworms and associated ecosystem
services
Masterarbeit zur Erlangung des akademischen Grades
Diplomingenieurin (DIin)
eingereicht von

Mailin Maria Gaupp-Berghausen, Bakk. techn.
Betreuer: Assoc. Prof. Dr. Johann G. Zaller
Institut für Zoologie
Department für Integrative Biologie und Biodiversitätsforschung

Mitbetreuer: Dipl.-Biol. Dr.rer.nat. Boris Rewald
Institut für Waldökologie
Department für Wald- und Bodenwissenschaften

Juni 2014

Table of Contents
Abstract................................................................................................................................. 3
Zusammenfassung ................................................................................................................ 4
1.

Introduction .................................................................................................................. 5

2.

Material and Methods ................................................................................................. 6

2.1.

Study system............................................................................................................. 6

2.2.

Experimental Setup .................................................................................................. 7

2.3.

Measurements and Analyses ................................................................................... 9

2.4.

Statistical analysis .................................................................................................. 11

3.

Results......................................................................................................................... 12

3.1.

Influence of earthworms on plant growth and production .................................. 12

3.2.

Influence of earthworms on soil nutrient availability and decomposition .......... 14

3.3.

Influence of herbicides on earthworm activity and reproduction ....................... 15

3.4.

Influence of earthworms and herbicides on soil ecosystem services .................. 19

3.4.1.

Influence on available nutrients ........................................................................ 19

3.4.2.

Influence on decomposition rate ....................................................................... 20

3.4.3.

Influence on water infiltration rate ................................................................... 21

4.

Discussion ................................................................................................................... 23

4.1.

Influence of earthworms on plant growth and production .................................. 23

4.2.

Influence of herbicides on earthworm activity and reproduction ....................... 25

4.3.

Influence of earthworms and herbicides on ecosystem services ......................... 26

4.3.1.

Influence on available nutrients ........................................................................ 26

4.3.2.

Influence on decomposition rate ....................................................................... 27

4.3.3.

Influence on water infiltration rate ................................................................... 27

5.

Conclusion................................................................................................................... 30

Acknowledgments .............................................................................................................. 31
List of figures ...................................................................................................................... 32
List of tables ........................................................................................................................ 33
References .......................................................................................................................... 34
Appendix ............................................................................................................................. 39

2

Abstract

To what extent the worldwide increasing use of herbicides may cause side-effects on
ecosystem engineers such as earthworms and/or soil ecological services is not well known.
Moreover, most studies on effects of glyphosate-based herbicide formulations focus on a few
non-target species. To obtain more insights of potential side-effects of herbicides on more
natural earthworm communities, we chose the anecic earthworm species Lumbricus terrestris
L. and the endogeic species Aporrectodea caliginosa Savigny. Using mesocosms (volume 45 l)
in a randomized full-factorial complete block design, we assessed (i) the impact of earthworms
on the growth and biomass production of a grass (Dactylis glomerata L.), a non-leguminous
herb (Taraxacum officinale F.H.Wigg.) and a legume species (Trifolium repens L.), (ii) the effect
of herbicides on earthworm activity (surface cast production and moved toothpicks) and
reproduction (cocoon hatchability). For measuring the combined effect of herbicides and
earthworms on soil ecological services, we measured soil available nitrate and phosphate
(resin bags), soil decomposition (Tea Bag Index) and water infiltration rate through the soil
matrix after a simulated heavy rainfall. With regard to plant biomass, some plant species were
more affected by earthworms than others: T. repens and D. glomerata was significantly
reduced while T. officinale was not affected by the activity of earthworms. Herbicide
application shortly increased cast production of L. terrestris but then significantly decreased
the activity of this species; no such trends were observed for A. caliginosa. The hatchability of
both earthworm species was strongly reduced due to the herbicide application. While soil
NO₃¯ concentration increased in the presence of earthworms, available PO₄³¯ concentration
was not affected by earthworms; herbicide application enhanced the availability of both, NO₃¯
and PO₄³¯/ Soil decomposition was neither significantly affected by earthworms or herbicide
application. Water infiltration rate was predominantly increased by A. caliginosa but not
significantly affected by herbicide application. Our results indicate that different ecological
species of earthworms and associated ecosystem services are unequally affected by pesticides.
Based on the eminent role of earthworms in soil systems, the increasing use of glyphosate
based herbicides worldwide may have irreversible negative impacts on agroecosystems.

KEYWORDS
Roundup, glyphosate, earthworms, ecosystem services, Tea Bag Index, infiltration rate,
decomposition, resin bags, nutrients
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Zusammenfassung

Inwiefern der weltweit zunehmende Einsatz von Herbiziden Nebeneffekte auf Ökosystem
ingenieure, wie Regenwürmer, und / oder Bodenökosystemdienstleistungen haben könnte, ist
nicht ausreichend bekannt. Ferner liegt der Fokus der meisten Studien bezüglich der Effekte
von Glyphosat-basierten Herbiziden auf ein paar wenigen Nichtzielorganismen. Um bessere
Einblicke möglicher Nebeneffekte auf natürliche Regenwurmgemeinschaften gewinnen zu
können, wählten wir die anözische Regenwurmart Lumbricus terrestris L. und die endogäische
Art Aporrectodea caliginosa Savigny. Unter Verwendung von Mesokosmen (Volumen 45 l),
angeordnet in einem randomisierten vollfaktoriellen Block-Design, wurden folgende
Parameter gemessen: (i) der Einfluss von Regenwürmern auf das Wachstum und die
Biomasseproduktion von Gras (Dactylis glomerata L.), einem nicht-hülsentragendem Kraut
(Taraxacum officinale F.H.Wigg.) und einer hülsentragenden Art (Trifolium repens L.), (ii) der
Einfluss von Herbiziden auf Regenwurmaktivität (oberirdische Kothäufchenproduktion und
bewegte Zahnstocher) und Reproduktion (Kokonschlupfrate). Um den kombinierten Einfluss
von Herbiziden und Regenwürmern auf Bodenökosystemdienstleistungen ermitteln zu können,
wurden bodenverfügbares Nitrat und Phosphat (Resin bags), Bodendekomposition (Tea Bag
Index) und Wasserinfiltration durch die Simulation eines Starkregenereignisses gemessen. In
Bezug auf Pflanzenbiomasse, sind manche Pflanzenarten mehr durch Regenwürmer
beeinflusst als andere: T. repens und D. glomerata wurden signifikant reduziert, während T.
officinale

nicht

durch

die

Aktivität

der

Regenwürmer

beeinflusst

wurde.

Die

Herbizidapplikation erhöhte kurzfristig die Kothäufchenproduktion von L. terrestris, führte
aber in weiterer Folge zu einem signifikanten Rückgang der Aktivität. Ein solcher Trend konnte
bei A. caliginosa nicht beobachtet werden. Dem gegenüber waren die Schlupfraten beider
Regenwurmarten durch die Herbizidbehandlung stark negativ beeinflusst. Während
bodenverfügbares NO₃¯ in der Gegenwart von Regenwürmern erhöht wurde, war die
verfügbare PO₄³¯ Konzentration nicht durch Regenwürmer beeinflusst. Dem Gegenüber,
erhöhte der Faktor Herbizid die PO₄³¯ sowie die NO₃¯ Konzentration im Boden signifikant.
Bodendekomposition war weder durch die Aktivität der Regenwürmer noch durch die
Herbizidapplikation signifikant beeinflusst. Die Wasserinfiltration wurde primär durch die
endogäische Art A. caliginosa beeinflusst, hingegen nicht durch die Herbizidapplikation.
Unsere Ergebnisse weisen darauf hin, dass verschiedene ökologische Regenwurmarten und
verbundene Ökosystemdienstleistungen in unterschiedlicher Art und Weise durch Pestizide
beeinflusst werden. Auf Grund der bedeutenden Rolle der Regenwürmer in Bodensystemen,
könnte der weltweit zunehmende Einsatz von Glyphosat-basierten Herbiziden irreversible
negative Auswirkungen auf Agrarökosysteme haben.
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1. Introduction
A healthy soil is fundamental for the supply of ecosystem services. According to Lavelle et al.
(2006), these goods can be summarized as (i) production services (e.g. water supply due to
infiltration, storage of water in soil pore systems), (ii) support services (e.g. nutrient cycling,
soil formation, primary production) and (iii) regulation services (e.g. flood and erosion control,
climate regulation). To maintain these services over time, keystone species or ecosystem
engineers are fundamental, because they have a very large impact on its community or
ecosystem and their effects lasting longer than their lifetime (Hastings et al., 2007; Power and
Mills, 1995). While earthworms were longtime considered as garden pests that needed to be
removed from soils (Edwards, 2004), the underpinning of their positive effects on soil
ecological systems can be traced back to the work of Charles Darwin in the 19th century. As
important ecosystem engineers, earthworms can “0 prepare the ground in an excellent
manner 0 for seedlings of all kinds” (Darwin, 1881, p 309) and alter soil properties in a
biological, physical or chemical way (Edwards, 2004).
External impacts, like the increasing worldwide use of synthetic herbicides can alter
soil properties in an unforeseeable manner and may have an impact on non-target species like
earthworms. Among all pesticides, glyphosate (N-[phosphonomethyl]glycine) is among the
most widely used herbicide worldwide and became the largest-selling single crop-protection
chemical product on the market, since the early twenty-first century (Woodburn, 2000). In
2011, about 650,000 tons of glyphosate products were used worldwide (CCM International
Limited, 2012) with sales worth around US$ 6.5 billion (Sansom, 2012). Known as a systematic,
nonselective and very effective herbicide, glyphosate inhibits the key enzyme 5
enolpyruvylshikimate-3-phosphate (EPSP) synthase in plants, leading to a reduction in certain
aromatic amino acids that are vital for plant growth. Whereas only plants and microorganisms
possess this enzyme, other life forms should theoretically not be affected by the application of
glyphosate (Franz et al., 1997). Instead it is often regarded as environmentally friendly due to
its strong chelating effect of copper (Zhou et al., 2013) and adsorption to soil (Barja and dos
Santos Afonso, 2005; Vereecken, 2005). However, evidence is increasing that this herbicide has
sub-lethal effects on earthworms (Casabé et al., 2007; Correia and Moreira, 2010; Piola et al.,
2013; Rochfort et al., 2008; Verrell and Van uskirk, 2004- Yasmin and D’Souza, 2007). Many
studies test herbicide effects on compost worms (Eisenia spp.) and only a few studies describe
the impact of glyphosate on earthworm species also inhabiting in agroecosystems. In this
study we chose to test herbicide effects on the anecic earthworm species Lumbricus terrestris
L. and the endogeic species Aporrectodea caliginosa Savigny as representatives of
agriculturally managed ecosystems. Despite the fact, that most research laid their focus on the
effect of earthworms on single crop plants (Scheu, 2003) we studied a model plant community
5

consisting of three native species commonly co-occurring in temperate agroecosystems.
Further, the combined effect of earthworms and herbicides on different ecosystem services
were tested.
For the current study we hypothesized that (i) the effect of earthworms on plant growth is in
general positive and leads, regardless of earthworm species or plant functional group, to an
increase of root and shoot biomass. Further, (ii) herbicide application stimulates earthworm
activity and reproduction due to the increased availability of dead plant material. Referring to
the combined effect of earthworm and glyphosate, we hypothesized that (iii) earthworm
activity as well as the herbicide application promote the decomposition of plant material and
further increase plant available nutrients in soil. In addition, we expected that also the water
infiltration rate is positively affected by both, earthworms and herbicides. With regard to the
different burrowing behavior, specifically the effect of the anecic earthworm species L.
terrestris will promote the water infiltration rate. These hypotheses were tested in a full
factorial experiment using mesocosms.

2. Material and Methods
2.1. Study system
The experiment was performed between March and July 2013 in a greenhouse at the
University of Natural Resources and Life Sciences Vienna (BOKU), Austria. We used plastic pots
(volume: 45 l, diameter: 42 cm, height: 38.5 cm; further called mesocosms) filled with a
mixture of Haplic Chernozem soil from an arable field of the BOKU Experimental Farm GroßEnzersdorf and quartz sand (grain size 1.4 – 2.2 mm) at a field soil - quartz sand ratio of 70 : 30
vol/vol. The complete soil and quartz sand was homogenized with a concrete mixer and filled
into the pots at a bulk density of 1.3 g cm-3. Characteristics of the substrate mixture are shown
in Table 1.
Table 1: Characteristics of the soil used in the current experiment
Variable

Value

Variable

Value

Variable

Value

Total Carbon (%)

4.41 ± 0.06

Al (mg g¯¹)

12.10 ± 0.59

Mn (mg g¯¹)

0.32 ± 0.02

Total Nitrogen (%)

0.16 ± 0.00

Ca (mg g¯¹)

49.82 ± 1.78

Na (mg g¯¹)

0.15 ± 0.00

C:N ratio

17.15

Fe (mg g¯¹)

12.36 ± 0.78

P (mg g¯¹)

0.62 ± 0.04

pH (al₂)

7.45 ± 0.02

K (mg g¯¹)

3.18 ± 0.12

S (mg g¯¹)

0.20 ± 0.02

Mg (mg g¯¹)

13.86 ± 0.59

Drainage holes at the bottom of the pots were covered with garden weed fleece in order to
prevent earthworms from escaping; for the same reason the upper rim of the pots was
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extended with a 20 cm high barrier of transparent plastic film brushed with soft soap. In order
to achieve similar microclimatic conditions among all different treatments, the fleece and
barriers were also installed in pots containing no earthworms (Zaller et al., 2011). The
mesocosms were placed on wooden slats on the greenhouse floor to avoid stagnant water. Air
temperature and relative humidity were measured using four tinytags for temperature and
three tinytags for humidity (Gemini Data Loggers, West Sussex, United Kingdom) randomly
hanging from the greenhouse ceiling at 1.5 m above the floor. The mean daily air temperature
during the course of the experiment was 21.8 ± 0.3°C, the mean relative humidity 58.6 ± 1.2%.

2.2. Experimental Setup
We established a two-factorial experiment using the factors Earthworms (three levels) and
Herbicide application (two levels).
In order to be able to monitor root growth and dynamics we installed one plexiglass
minirhizotron tube (diameter: 6.5 cm, soil depth: 25 cm) vertically in the center of 36
mesocosms reserved for the post herbicide application root measurements (CI-600 Digital
Root Imager, CID Bio-Science, Camas, WA, USA). After installing the minirhizotron tubes the
mesocosms were planted in a similar pattern (plant density: 52 plants mesocosm¯¹, distance
between plants: 5.5 cm) with approx. 18 individuals of the legume Trifolium repens L., the non
leguminous herb Taraxacum officinale F.H.Wigg. and the grass Dactylis glomerata L.. Seed
material was obtained from a commercial supplier specialized in propagating plants from wild
populations (Rieger-Hofmann GmbH, Blaufelden-Rabholdhausen, Germany). We chose these
plant species because they commonly co-occur in Central European agroecosystems. Each
mesocosm was irrigated equally using an automatic irrigation system.
Three weeks after seeding three earthworm treatments were established. Mesocosms under
treatment Lt received five specimens of adult vertically burrowing (anecic) Lumbricus terrestris
L. mesocosm¯¹ (total biomass 25.5 ± 0.7 g mesocosm¯¹ - mean ± SE; equivalent to 183 g m¯²);
treatment Ac received ten specimens of the horizontally burrowing (endogeic) Aporrectodea
caliginosa Savigny mesocosm¯¹ (total biomass 12.09 ± 0.30 g mesocosm¯¹; equivalent to 87 g
m¯²); treatment NoEw received no earthworms. These numbers lie within the range of 51-305
g m¯² earthworm biomass for temperate pastures (Edwards and Bohlen, 1996). Aporrectodea
caliginosa was hand collected in the garden soil of my supervisor Johann G. Zaller near the city
of Eisenstadt (Burgenland, Austria), L. terrestris was bought in a fishermen bait shop in Vienna.
All earthworms were carefully washed free of soil particles with cold water, dried with filter
paper and weighed before the insertion. Following the description of Fründ et al. (2010), all
earthworms appeared to be in good health and buried themselves into the soil within a few
7

minutes. To provide enough food for the earthworms 1.5 g ground hay l¯¹ soil was mixed in the
soil substrate and 7 g mesocosm¯¹ of ground hay was placed on the soil surface two times
during the experiment. Ground hay was also added to mesocosms containing no earthworms
in order to keep nutrient addition identical for all mesocosms. Each earthworm treatment was
replicated 18 times totaling 54 mesocosms. When T. repens were about 19 cm, T. officinale
about 31 cm and D. glomerata about 40 cm high (week 8) a subset of six replicates per
earthworm treatment (in total 18 mesocosms) were destructively harvested (see below).
From the remaining 36 mesocosms, 18 mesocosms were treated with a total herbicide
(treatment +R), the other 18 mesocosms remained without herbicide application (treatment –
R; i.e. six replicates per herbicide treatment). Therefore, we sprayed 7.2 ml mesocosm-1
Roundup® Alphée (glyphosate concentration 7.2 g l-1; Scotts Celaflor, Mainz, Germany) on two
consecutive days and 10 ml mesocom-1 of Roundup® Speed (glyphosate concentration 7.2 g l-1,
pelargonic acid 9.55 g l-1; Scotts Celaflor, Mainz, Germany) two days afterwards. In total we
applied 72.18 ml m¯² of Roundup® Speed which is 81% lower than recommended plant-based
application rate of 1000 plants l¯¹ and 103.94 ml m¯² of Roundup® Alphée which is 78% lower
than the recommended dose of 800 plants l¯¹. However, our total dose of 176.12 ml m¯² is
about five times the area-based application rate of 33 ml m¯² recommended for both products
(Monsanto Co., St. Louis/Missouri, USA). Both substances are sold in a ready-to-use spray
bottle and were applied by creating a fine mist from the nozzle of the original bottle and were
purchased in a garden center in Vienna. To avoid influences from microclimatic gradients
inside the greenhouse chamber, the mesocosms were placed in a randomized complete block
design (Figure 1).

Figure 1: Experimental Setup (foto and schematic view); 18 mesocosms from the first harvest, 36 mesocosms from
the second harvest. Performed between March and July 2013 in a greenhouse at the University of Natural
Resources and Life Sciences Vienna (BOKU), Austria.
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2.3. Measurements and Analyses
Soil moisture in the upper 30 cm of each mesocosm was measured using time-domain
reflectometry (6050X1 Trase System I, Soilmoisture Equipment Corp., Santa Barbara, CA, USA);
soil temperature in each mesocosm was measured at 10 cm depth using a digital thermometer
(Digitale thermometer az-8851, Guangzhou Orimay Electronic Co, Guangzhou, China).
Earthworm activity
The measuring of earthworm activity started ten days after the introduction of earthworms
into the mesocosms using two methods: (i) by counting toothpicks moved by earthworms and
(ii) by collecting the freshly produced casts on the soil surface. Therefore, 42 7 cm toothpicks
mesocosm¯¹ were 0.5 cm vertically inserted into the soil at the evening in the same pattern in
each earthworm mesocosm. When the position and/or inclination of the toothpicks differed
from the original position in the next morning this was considered a sign of earthworm activity.
This kind of measuring was conducted every 2-3 days before herbicide application (in total
nine times), during herbicide application (in total two times) and every 2-3 days after herbicide
application (in total eight times). Earthworm surface casts were collected in the 20 times
before, three times during and 20 times after the herbicide application; the numbers were
counted, collected, dried (50°C, 48h) and weighed. Casting activity was calculated on a daily
basis and cumulated over the course of the experiment.
Water infiltration
The water infiltration rate (l m¯² s¯¹) was measured two weeks after the last herbicide
application (week 10, Figure 2) by simulating a rain shower of about 40 l m¯² (5.5 l
mesocosm¯¹; see also Zaller et al. 2011). We recorded the time from pouring the water onto
the soil surface until the last visible water disappeared into the soil.
Nutrient availability
As a measure of plant-available nutrients in the soil we used ion exchange resin bags (Binkley
et al., 1986; Giblin et al., 1994). Therefore, we used Amberlite® IRN-150 ion exchange resins
(Alfa Aesar® A Johnson Matthey Company, Karlsruhe, Germany). The resin bags (7 x 7 cm nylon
mesh bags, 50 µm mesh width containing 4.5 g resin) were stored in 1.5 l 2M KCl and were
rinsed in deionized water before they were buried at 10 cm depth into the mesocosms. Resin
bags were inserted in the mesocosms for 75 days covering 40 days before until 35 days after
herbicide application. After collecting the bags during the destructive harvest of the
mesocosms, they were quickly rinsed in deionized water to remove adhering soil and kept
refrigerated at 5°C until further analysis. Available nutrients were extracting by shaking each
9

resin bag in 80 ml 1M KCL for 2 hours. The extract was then analyzed using a xMark™
Microplate Absorbance Spectrophotometer (BIO-RAD, Philadelphia, PA, USA) at 540 nm for
NO₃¯ and at 660 nm for NH₄⁺ (Schinner, 1996) and an EnSpire®Multimode Plate Reader (Perkin
Elmer, Walthalm, M!, US!) at 660 nm for PO₄³¯ (Schinner et al., 1993).
Decomposition
For determining decomposition rate in the soil we calculated the Tea Bag Index (TBI; Keuskamp
et al., 2013). Therefore, one plastic pyramid shaped tea bag containing Green tea (Lipton: EAN
87 22700 05552 5) and one tea bag containing Rooibos tea (Lipton: EAN 87 22700 18843 8)
were buried in 10 cm depth in each mesocosm. Tea bags were removed after 40 days (before
herbicide application) and 70 days of insertion (after herbicide application). For calculating the
TBI, consisting of the two parameters k (decomposition rate) and S (stabilization factor), we
took the calculated hydrolysable fraction (H; 0.842 g g¯¹ for Green tea; 0.552 g g¯¹ for Rooibos
tea) provided in Keuskamp et al. (2013).
Plant production and earthworms
Plant height of the different plant species were measured with a carpenter's rule four times
before the herbicide application by randomly choosing 5 individuals per plant species.
During the destructive harvests (at week 8 and week 12; Figure 2), we carefully excavated the
complete plants without destroying too much of the root systems. Above ground biomass was
then cut from the root system, dried (about two weeks at 50°C) and weighed. Roots were
carefully washed free of attached soil particles under a jet of tap water. A portion of roots per
plant and mesocosm were scanned using a flatbed scanner (part of another investigation) and
afterwards dried with the rest of roots (about two weeks at 50°C). Earthworms were carefully
re-collected, washed free of soil, dabbed on filter paper, counted, weighed and stored in
plastic boxes (26 x 16.5 x 12 cm) containing potting substrate at 13°C in the basement of the
Institute of Zoology. No earthworm cocoons were found during the first harvest eight weeks
after starting the experiment, however during the second harvest 292 cocoons of A. caliginosa
and 25 cocoons of L. terrestris were collected. Cocoons were also stored in separate boxes per
treatment containing potting substrate under the same conditions as the adult earthworms.
After 15 weeks we counted the number of hatched earthworms per cocoon (hatchability).

10

Figure 2: Timetable and measurements of the experiment

2.4. Statistical analysis
We tested all variables for homogeneity of variances and normality using the tests after
Levene and Shapiro-Wilk-Test, respectively. Assumption for normality were not fulfilled by
earthworm activity (casts and toothpicks) and associated soil temperature and moisture.
Treatment effects for parameters not fulfilling the assumption for parametric tests were
analysed using the Two-sample Wilcoxon test. Effects on plants, decomposition, soil nutrients
and water infiltration rate was either measured by one-way or two-way analyses of variance
(ANOVA). Each significant ANOVA result (P < 0.05) was followed by Pairwise t-tests as post-hoc
comparison with sequential Bonferroni corrections to account for differences between
earthworm treatments. The relationship between earthworm cast production and air
temperature, soil temperature and soil moisture was tested using Spearman correlation. All
statistical analyses were performed using R (version 3.0.1; The R Foundation for Statistical
Computing; http://www.R-project.org). Values given throughout the text are mean ± SE.
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3. Results
3.1. Influence of earthworms on plant growth and production
Earthworms significantly affected plant height of D. glomerata and T. repens, however had no
effect on plant height of T. officinale (Figure 3, Table 2). The difference in height for D.
glomerata compared to the control group (NoEw), was due to the activity of both earthworm
species; the difference of T. repens compared to the control group at the last measurement
date was mainly caused by L. terrestris (Figure 3). The presence of L. terrestris and A. caliginosa
decreased the plant height of D. glomerata by 27% and 20%, respectively. Lumbricus terrestris
decreased those of T. repens by 10%, compared to the control group (Appendix, Table a, week
7).

Figure 3: Plant heigth of D. glomerata, T. officinale and T. repens in response to earthworm treatments (NoEw0no
earthworms, Lt0only L. terrestris, !c0only A. caliginosa) before the herbicide application in weekly measuring
intervals. Mean ± SE, n = 12. Asterisks denote results of one-way ANOVAs conducted for each sampling date: ** p <
0.01; *** p < 0.001.

Table 2: ANOVA results of the effects of earthworms and time on plant growth of D. glomerata, T. officinale and T.
repens.
Variable
D. glomerata
T. officinale
T. repens

Earthworm
F
73.422
2.515
7.544

P
<0.001
0.082
<0.001

Time
F
617.688
1506.799
896.887

P
<0.001
<0.001
<0.001

Earthworm x Time
F
P
13.316
<0.001
1.460
0.190
1.454
0.191

After 8 weeks, the ratio between weight of above and below ground biomass (i.e. shoot-root
ratio) were not significantly different among earthworm treatments (Table 3). However, after
12 weeks, D. glomerata and T. repens were significantly affected by earthworms. In the
presence of L. terrestris and A. caliginosa the above ground biomass of D. glomerata
decreased by 59% and 61% (factor earthworms: F = 23.014, P = < 0.001) and the below ground
biomass by 80% and 84%, respectively (factor earthworms: F = 16.404, P = < 0.001). The above
ground biomass of T. repens decreased by 41% (L. terrestris) and 79% (A. caliginosa) (factor
earthworms: F = 13.510, P = < 0.001) and the below ground biomass by 38% (L. terrestris) and
70% (A. caliginosa) (factor earthworms: F = 9.135, P = 0.003). Earthworms had no effect on
above (F = 0.029, P = 0.971) and below ground biomass (F = 0.700, P = 0.512) of T. officinale
12

(Figure 4). In comparison to the biomass after 8 weeks, the above ground biomass after 12
weeks of D. glomerata decreased by 11% in the presence of L. terrestris and that of T. repens
by 45% in the presence of A. caliginosa. In contrast, the weight among all plant species of the
control group (NoEw) increased significantly over time (Appendix, Table b).

Figure 4: Above and below ground biomass (g) of D. glomerata, T. officinale and T. repens after 12 weeks in
response to earthworm treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa). Different
letters after bars refer to significant differences within a species (pairwise t-test, p < 0.05). Mean ± SE, n=6.

Table 3: Above and below ground biomass (g) of D. glomerata, T. officinale and T. repens after 8 weeks in response
to earthworm treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa). Mean ± SE, n=6.

Week 8

Plant species

Earthworm treatment
NoEw
Lt

Ac

ANOVA results
F
P

Above
ground

D. glomerata
T. officinale
T. repens
D. glomerata
T. officinale
T. repens
D. glomerata
T. officinale
T. repens

3.39 ± 0.22
13.03 ± 1.61
1.33 ± 0.31
0.45 ± 0.06
2.07 ± 0.39
0.16 ± 0.06
8.09 ± 1.08
6.91 ± 0.76
8.12 ± 2.06

3.20 ± 0.31
12.94 ± 1.26
1.65 ± 0.23
0.46 ± 0.03
2.17 ± 0.52
0.15 ± 0.02
7.13 ± 0.90
6.80 ± 0.73
10.56 ± 0.97

0.377
0.137
0.376
0.720
0.021
0.200
0.215
0.526
0.963

Below
ground
Shoot/root
ratio

4.64 ± 1.60
14.93 ± 2.90
1.09 ± 0.26
0.55 ± 0.08
2.12 ± 0.61
0.17 ± 0.03
8.81 ± 2.81
7.88 ± 0.95
7.43 ± 1.81

0.693
0.873
0.693
0.503
0.980
0.821
0.809
0.601
0.404

While the effect of earthworms on below ground biomass vary with plant functional group, the
total below ground biomass is reduced in mesocosms including earthworms. Like the pictures
taken by the minirhizotron illustrates (Figure 5), fewer roots are visible in mesocosms including
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earthworms compared to the control group. In the presence of L. terrestris and A. caliginosa
the total root biomass decreased by 20% and 33%, respectively. Detailed analyses of root
length production are not presented in this thesis.

No earthworms

L. terrestris

A. caliginosa

Figure 5: Rhizospere images through minirhizotron after 11 weeks of the experiment (57 days after earthworm
insertion) in mesocosms containing no earthworms, only L. terrestris or only A. caliginosa.

3.2. Influence of earthworms on soil nutrient availability and decomposition
Available NH₄⁺ in resin bags was below detection level. Referring to Langlois et al. (2003), ion
exchange resins absorb more NO₃¯ (87-100%) than NH₄⁺ (0-14%). Hence, only data for NO₃¯
and PO₄³¯ is presented in this study (Figure 6). !fter 8 weeks, neither PO₄³¯ (F = 1.036, P =
0.379) nor NO₃¯ (F = 2.294, P = 0.135) was significantly affected by earthworms.

Figure 6. Soil nitrate (NO₃¯) and phosphate (PO₄³¯) adsorption in resin bags in mesocosms with different earthworm
treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa). Resin bags were inserted for 40
days. Mean ± SE, n=6.

After 8 weeks, the presence of earthworms did neither affect the decomposition of Rooibos
tea nor of Green tea (Table 4).
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Table 4: Relative mass remaining of Rooibos and Green tea (g g¯¹), Decomposition rate (k) and Stabilization factor (S)
in response to different earthworm treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa)
after 40 days of tea bags insertion. Means ± SE, n=6.
Variable

Earthworm treatment
NoEw
Lt

Ac

ANOVA results
F

P

Rooibos tea
Green tea
k
S

0.72 ± 0.02
0.29 ± 0.02
0.15 ± 0.02
0.02 ± 0.00

0.75 ± 0.03
0.33 ± 0.04
0.21 ± 0.05
0.02 ± 0.00

0.692
1.629
0.621
1.016

0.516
0.231
0.551
0.386

0.72 ± 0.02
0.33 ± 0.03
0.20 ± 0.03
0.03 ± 0.01

3.3. Influence of herbicides on earthworm activity and reproduction
The number and biomass of earthworms were not affected by the herbicide application. For L.
terrestris 54 specimens with a mean weight of 5.01 ± 0.49 g worm¯¹ were recaptured at the
harvest, which is 90% of the initially inserted number and 99% of the initial earthworm
biomass. For A. caliginosa all inserted earthworms were recaptured with a mean weight of
1.23 ± 0.07 g worm¯¹, which is 101% of the initial earthworm biomass.
Prior to the herbicide application, earthworm activity was similar among mesocosms (Figure
7). During the herbicide application the number of casts produced in herbicide treated
mesocosms of L. terrestris reached a peak (4.67 ± 1.20 casts mesocosm¯¹, 33.68 ± 8.67 casts
m¯²), followed by a significant decrease. In comparison, the cast production from the control
group (-R) remained almost constant. Cast production of L. terrestris after herbicide
application was significantly reduced compared to the control group (-R; Figure 7). For
reaching homogeneity of variance the outliers of the control group for A. caliginosa were
removed; without these outliers herbicide treatment had no significant effect on cast
production of A. caliginosa (peak in Figure 7).
Undulations in soil temperature and soil moisture between different mesocosms followed the
same pattern prior to herbicide application, however after herbicide application mean soil
temperature was slightly higher by approximately 1.14% and moisture content considerably
higher by approximately 9.77% in herbicide treated mesocosms (+R) compared to the control
group (-R; Figure 7). However, deviations among soil temperature in herbicide treated
mesocosms compared to the control group occurred only short after the herbicide application
and disappeared with rising temperature at the end of the experiment (Figure 7). No
correlations between the number of surface cast production and air or soil temperature were
observed (data shown in Appendix, Table c). A significantly positive correlation was observed
between soil moisture content and cast production of A. caliginosa (Rho = 0.260, P < 0.001).
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Figure 7: Earthworm activity (surface cast production day¯¹ m¯²; Mean ± SE, n = 6) for L. terrestris and A. caliginosa
before and after the herbicide application (-R, without roundup; + R, with roundup) and associated mean soil
moisture and mean soil temperature in a mesocosm experiment. P-values derived from Two-sample Wilcoxon tests.

16

After 11 weeks, the cumulated surface cast production by L. terrestris was significantly greater
(+46%) in the control group (-R) than in those treated with the herbicide (Figure 8). In addition,
the weight of L. terrestris casts was significantly decreased in herbicide treated mesocosms
(Figure 9): in the week 11, the weight per cast in herbicide treated mesocosms was 546 ± 202
mg, compared to 1,408 ± 140 mg in the control group (-R). No significant difference in cast
weights in response to herbicide application was observed for A. caliginosa.

Figure 8: Cumulated surface cast production (g pot¯¹) in a mesocosm experiment for L. terrestris before and after
the herbicide application (-R, without roundup; + R with roundup). Means ± SE, n = 6. Image shows surface casts.

Figure 9: Mass of surface cast production per cast of L. terrestris, before and after the herbicide application (-R,
without roundup; +R with roundup), each bar represents Mean ± SE, n = 6. P-values derived from Two-sample
Wilcoxon test.
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Earthworm activity of both earthworm species measured by toothpicks was similar among
mesocosms prior to herbicide application (Figure 10). After herbicide application a trend
towards reduced activity in herbicide treated mesocosms was observed for L. terrestris;
however, when only considering the last four measurements of L. terrestris activity the
influence of herbicide application is highly significant (P < 0.001, Two-sample Wilcoxon test;
Figure 10). Activity of A. caliginosa remained unaffected by herbicide application (Figure 10).

Figure 10: Earthworm activity measured by moved toothpicks in mesocosms, before and after the herbicide
application (-R, without roundup; +R with roundup) for L. terrestris and A. caliginosa. Means ± SE, n = 6. P-values
derived from Two-sample Wilcoxon test.

Regarding the reproduction of earthworms, there was a sharp decrease in the hatching ratio of
cocoons from mesocosms treated compared to the hatching ratio of cocoons from mesocosms
without herbicide application (Figure 11). Cocoon hatchability of A. caliginosa was 72% at -R
vs. 32% at +R (F = 29.64, P < 0.001) and for L. terrestris 43% at -R vs. 17% at +R.

Figure 11: Earthworm reproduction measured as number of earthworm hatchlings per cocoon for L. terrestris (Lt)
and A. caliginosa (Ac) from mesocosms treated without (-R) and with (+R) roundup. Single values for Lt. Means ± SE,
n = 6 for Ac. Image shows a cocoon with a fresh earthworm hatchling.
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3.4. Influence of earthworms and herbicides on soil ecosystem services
3.4.1. Influence on available nutrients
Soil nitrate was significantly increased by earthworms and herbicide application. Soil
phosphate was significantly increased by herbicide application but not affected by earthworms
(Figure 12, Table 5).

Figure 12. Soil NO₃¯ and PO₄³¯ adsorption in response to different earthworm treatments (NoEw0no earthworms,
Lt0only L. terrestris, !c0only A. caliginosa) without (-R) and with (+R) roundup application. Retrieved after 12
weeks of the experiment (35 days of resin bag insertion), Means ± SE, n=6.

Table 5: Two-way ANOVA: Effects of earthworms and herbicide on NO₃¯ and PO₄³¯ adsorption to resin measured in
resin bags buried in each mesocosm. Retrieved after 12 weeks of the experiment (35 days of resin bag insertion).
Variable
NO₃¯
PO₄³¯

Earthworm
F
3.404
0.426

P
0.047
0.657

Herbicide
F
176.477
6.827

P
<0.001
0.014

Earthworm x Herbicide
F
P
0.062
0.940
0.490
0.617
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3.4.2. Influence on decomposition rate
Green tea decomposed much faster than Rooibos tea (Table 6). Herbicide led to a slightly
slower decomposition of Green tea, however this was only marginally significant (Table 6,
Table 7). The decomposition rate was neither affected by earthworms nor herbicide
application (Figure 13, Table 6, Table 7).

Figure 13: Decomposition rate (k) and Stabilization factor (S) in response to different earthworm treatments
(NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa) without (-R) and with (+R) roundup. Retrieved
after 12 weeks of the experiment (70 days of tea bags insertion). Mean ± SE, n=6.

Table 6: Relative mass remaining (g g¯¹) of Rooibos and Green tea in response to different earthworm treatments
(NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa) without (-R) and with (+R) roundup application.
Tea bags were inserted for 70 days. Mean ± SE, n=6.
NoEW

Lt

Ac

Variable
Rooibos
Green

-R
0.741 ± 0.028
0.289 ± 0.029

+R
0.704 ± 0.020
0.368 ± 0.016

-R
0.721 ± 0.022
0.285 ± 0.029

+R
0.677 ± 0.030
0.301 ± 0.029

-R
0.716 ± 0.039
0.304 ± 0.045

+R
0.753 ± 0.024
0.355 ± 0.027

Table 7: Two-way ANOVA results of the effects of earthworms and herbicide on Decomposition rate (k) and
Stabilization factor (S) after 70 days of tea bag insertion.
Variable
k
S

Earthworm
F
0.249
0.946

P
0.781
0.400

Herbicide
F
2.297
3.789

P
0.140
0.061

Earthworm x Herbicide
F
P
1.392
0.264
0.528
0.595
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3.4.3. Influence on water infiltration rate
Two weeks after the last herbicide application we simulated a heavy rainfall event (40 l m¯²)
and recorded the time from pouring the water onto the mesocosms until the last water pool
disappeared on the soil surface (l m¯² s¯¹). Water infiltration rate was significantly increased by
earthworms (F = 7.247, P = 0.003) but not affected by herbicide application (F = 0.401, P =
0.532; earthworm x herbicide interaction: F = 1.041, P = 0.366). Increased water infiltration
was mainly due to the activity of A. caliginosa but not affected by L. terrestris (Figure 14).

Figure 14: Water infiltration measured two weeks after herbicide application in mesocosms with different
earthworm treatments (NoEw 0no earthworms, Lt 0 only L. terrestris, !c 0 only A. caliginosa) without (-R) and with
(+R) roundup application. Letters denote difference between earthworm treatment (pairwise t-test, P < 0.05),
Means ± SE, n=6.

Minirhizotron images taken one day before the simulated rainfall clearly showed differences in
bulk density among different treatments (Figure 15). In the presence of A. caliginosa the soil
showed much more burrows than the soil containing L. terrestris. In addition, the absence of
earthworms led to a greater soil consolidation. Data on root length production under the
different treatments will be summarized in another study. Two weeks after the herbicide
application, many roots already disappeared in mesocosms treated with herbicides.
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Figure 15: Examples of typical root images taken by minirhizotron in mesocosms with different earthworm
treatments (No earthworm, L. terrestris and A. caliginosa) without herbicide (left column) and with herbicide
application (right column).
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4. Discussion
4.1. Influence of earthworms on plant growth and production
Earthworms are known to influence soil structure including decomposition of dead plant
material, composition of soil microbial communities and nutrient mineralization. Like Scheu
(2003) pointed out, there are multitude of direct and indirect mechanisms triggered by
earthworms which affect plant growth. As plants, and specially yields, always played a
fundamental role in history of men, it is not very surprising that a lot of research was done in
the scope of plant-earthworm relationships (Derouard et al., 1997; Devliegher and Verstraete,
1996; Eisenhauer and Scheu, 2008; Laossi et al., 2010, 2011; Puga-Freitas et al., 2012; Scheu,
2003; Seeber et al., 2008; Wurst and Rilling, 2011; Wurst et al., 2005; Zaller et al., 2013). Scheu
(2003) reviewed 67 experiments performed in temperate countries and found that most
studies (79%) showed an increased shoot biomass in the presence of earthworms while only
9% and 12% of the studies showed a decline or even no significant effect by earthworms,
respectively. Studies on effects of earthworms on plant growth are biased, because most
studies laid their focus on crop plants and most of the studies only investigated a single plant
species by sampling plants only once (Scheu, 2003).
In the present study, we investigated effects of two different earthworm species on a simple
plant community consisting of three plant functional groups (grass, non-leguminous herb and
legumes). We hypothesized that, regardless of earthworm species or plant functional group,
the effect of earthworms on plant growth is in general positive and would lead to an increase
of total root and shoot biomass. In contrast, the different plant species were differently
affected by the different earthworm species. While T. officinale was not affected by the
presence of earthworms, T. repens and mainly D. glomerata was significantly reduced due to
the activity of earthworms. While in differences of height increments, D. glomerata was
significantly affected by both earthworm species, T. repens was mainly negative affected by
the activity of L. terrestris. A significant decrease in plant growth by earthworms was also seen
for Trifolium pratense (Zaller et al., 2013). Additionally to the difference in height increment in
the present study, also the above and below ground biomass of D. glomerata and T. repens
were significantly reduced by the activity of earthworms. Devliegher and Verstraete (1996)
also observed lower plant growth as a consequence of lower availability of N. In contrast,
Seeber et al. (2008) measured in the presence of macro-decomposers significant increased
shoot and root biomass of D. glomerata, while Wurst and Rilling (2011) found no effects of
earthworms on plant growth and plant community diversity. Because T. officinale was not
affected by different earthworm treatments, we suggest that some plant species are more
affected by the presence of earthworms than others. Also Wurst et al. (2005) observed that
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shoot biomass and N uptake of T. repens were decreased, Plantago lanceolata was not
affected and shoot biomass of Lolium perenne was increased by the presence of earthworms.
In addition, Puga-Freitas et al. (2012) observed either positive or negative effects on different
plant species due to earthworm casts. While shoot and total biomass of L. perenne were
increased, shoot, root and total biomass of Oryza sativa were significantly reduced due to
earthworm casts. Like these results pointed out, earthworms may affect plant competition by
promoting individual plant species.
Further, in some cases, the influence of earthworms on biomass also changes over time. For
instance, the above ground biomass of D. glomerata decreased by 11% in the presence of L.
terrestris and those of T. repens by 45% by A. caliginosa in the second harvesting point
compared to the first one. Moreover, Eisenhauer and Scheu (2008) demonstrated that in a
short term experiment over 6 weeks the productivity of grasses and legumes increased, but
after 16 weeks only that of grasses was increased by the presence of earthworms. In addition,
Laossi et al. (2011) also observed varying abundance of Veronica persica, Poa annua, Trifolium
dubium and Cerastium glomeratum under the influence of earthworms over time.
Beside earthworm species, plant communities and time, also the soil nutrient content plays an
important role for plant growth. Like Jana et al. (2010) demonstrated, the positive effect of
earthworms on above ground biomass was just significant in soil with low content in mineral
nutrient and organic matter. In contrast, they pointed out that earthworms are responsible for
a significant reduction (>50%) in the maximum length of root systems, regardless of soil type.
A significant reduction in root production under increased earthworm density was also shown
over an entire year in a field study conducted in a temperate grassland (Arnone and Zaller,
2014). In the current study, we did not investigate modification of root length, but the images
of the minirhizotron indicate that much less roots are visible in earthworm treated mesocosms
compared to the control group without earthworms.
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4.2. Influence of herbicides on earthworm activity and reproduction
As an indicator of earthworm activity, we compared the surface cast production of different
treated mesocosms (Zaller and Arnone, 1997; Capowiez et al., 2010). Prior to the herbicide
application, the cast production in all mesocosms of both earthworms remained steady. The
minor surface produced casts of the endogeic species A. caliginosa during the entire
experiment is the results of their feeding behavior in subhorizontal burrows mainly in the
mineral soil horizon (Edwards and Bohlen, 1996). Nevertheless, some endogeic species can be
observed to come to the surface (Zaller et al., 2011). This behavior was also observed during
the experiment, with a concentration of mainly young worms of A. caliginosa at the soil
surface at the end of the experiment resulting in an increased number of small surface casts
(peak in Figure 7). In contrast, the surface cast production of the anecic species L. terrestris
was strongly influenced by the herbicide. Briefly after the herbicide was sprayed on plants, the
surface cast production reached a peak, followed by a significantly decline. Beside the
decreasing number of casts, also the weight per cast decreased continuously after the
herbicide application. Our second parameter for measuring earthworm activity, the amount of
moved toothpicks, showed no influence of herbicides for A. caliginosa but a slight decrease in
moved toothpicks for L. terrestris in herbicide treated mesocosms. These observations contrast
our hypothesis that earthworm activity would be stimulated due to an increased availability of
dead plant material in the herbicide sprayed mesocosms. By using the bait-lamina test as a
measure of earthworm feeding activity, Santos et al. (2011) found an increased feeding activity
of Eisenia andrei after glyphosate herbicide application, while Casabé et al. (2007) observed a
significant reduction of feeding activity of Eisenia species in glyphosate treated soils.
Regarding the reproduction of earthworms, measured as hatching ratio, we assumed an
increase in hatched cocoons in herbicide treated pots due to the increased food availability. In
contrast, the reproduction of the endogeic A. caliginosa decreased dramatically from 72%
cocoon hatching ratio in mesocosms without herbicide application to 32% in mesocosms with
herbicide application. Likewise, cocoon hatching ratio of the vertical burrow L. terrestris was
43% in non-herbicide mesocosms and 17% when herbicides were applied. However, for L.
terrestris only 25 cocoons from three different mesocosms were found; but the 292 cocoons
distributed over all mesocosms including A. caliginosa are an adequate sample size. Others
found that the reproductive output of Eisenia fetida earthworm species was not significantly
influenced by glyphosate (Yasmin and D’Souza, 2007), however Casabé et al. (2007) observed
for the compost worm a significant decrease of hatched cocoons from 71% to 29% for non
treated vs. glyphosate treated pots, respectively.
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In our experiment no direct lethal effects of herbicides on earthworms were observed which is
in accordance with many studies (Buch et al., 2013; Casabé et al., 2007; Correia and Moreira,
2010- Dalby et al/, 1995- Martin, 1982- Yasmin and D’Souza, 2007). However, consequences of
sub-lethal effects of herbicides on earthworms are frequently reported: reduction in mean
weight and morphological chances (Correia and Moreira, 2010; Piola et al., 2013; Yasmin and
D’Souza, 2007), DNA and lysosomal damages (Casabé et al., 2007; Piola et al., 2013), avoidance
of soil contaminated with glyphosate (Buch et al., 2013; Casabé et al., 2007; Verrell and Van
Buskirk, 2004), higher stress levels in herbicide treated soils (Rochfort et al., 2008). Due to the
important role earthworms play in soil processes, also sub-lethal effects are very important.
Like Yasmin and D’Souza (2007) underline, conditions which preserve a favorable environment
for earthworms will, in the long term, improve soil fertility and biodiversity. In addition,
Rochfort et al. (2008) emphasize that if earthworms are exposed to greater stress, soil health
and especially plant survival under prospective climate changes, might be negatively affected.

4.3. Influence of earthworms and herbicides on ecosystem services
4.3.1. Influence on available nutrients
Soil PO₄³¯ was not affected by earthworm activity, however available NO₃¯ was significantly
increased by earthworms and herbicide application. Earthworm effects were particularly
obvious in mesocosms without the herbicide application (-R), where NO₃¯ concentrations were
higher by 84% in the presence of L. terrestris and 88% in those of A. caliginosa, compared to
the control group with no earthworms.
This contrasts the findings of Laossi et al. (2011), who observed after 92 weeks a reduction in
soil available nitrogen in earthworm treated sites. In addition, Devliegher and Verstraete
(1996) found a decrease NO₃¯ concentration but a slight increase of PO₄³¯ in the presence of
earthworms. According to Wu et al. (2012), earthworms significantly increase available P and
stimulate plant growth-promoting rhizobacteria resulting in an increase of bioavailable N. In
addition, Mayilswami and Reid (2010) found higher Nitrate and Phosphate contents in soil with
earthworms.
Whereas the influence of earthworms in the present study was only obvious in soil available
NO₃¯, the factor herbicide had a significant effect on both, NO₃¯ and PO₄³¯. Herbicide treated
mesocosms showed on average 87% higher NO₃¯ and 21% higher PO₄³¯ concentrations,
compared to the control group with no herbicides (-R). Similar observations were found in
other sites treated with roundup. According to Růžková et al. (2008), nitrate concentration
increased significantly in the topsoil after roundup application and also Hagan et al. (2013)
observed higher NO₂ + NO₃ levels in resin bags after herbicide applications. The increase of
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nitrates after herbicide applications can be explained by the absence of an absorbing
rhizosphere and could further lead to a higher nitrate leaching. However, Růžková et al. (2008)
observed a decreasing trend of soil available nitrate concentration after the returning of a
plant cover.

4.3.2. Influence on decomposition rate
Relative mass remaining for Rooibos and Green tea after 12 weeks in the current experiment
are in accordance with those of Keuskamp et al. (2013) measured in laboratory conditions.
While the decomposition of Green tea was very fast and reached its limit value, Rooibos tea
was still decomposing. In our study, herbicide application slightly reduced decomposition of
Green tea, which resulted in a higher stabilization factor S. As herbicide application also
affected the key abiotic factors for decomposition in soil by slightly increasing soil temperature
and increasing soil moisture, one would assume that increasing these factors would speed up
decomposers activity (Prescott, 2010; Zhang et al., 2008). However, it could also be that
increased moisture contents in herbicide treated mesocosms, might have exceeded optimal
levels of microbial activity, for example due to the absence of a water absorbing plant cover.
Lower levels of microbial biomass and lower decomposition rates compared to the control
groups with no herbicides were also found by others (Wardle et al., 2001). Others found little
or no effects of herbicides on decomposition processes (Cortet et al., 2002) or on the
abundance of leaf litter invertebrates (Lindsay and French, 2004).
Since the fine mesh of the bags (0.25 mm) precluded soil mesofauna (e.g. soil mites,
collembola) and macrofauna (e.g. earthworms) from entering the tea bags, this indicates that
herbicides did affect microbial decomposers (e.g. bacteria, fungi) directly and not via
earthworms. Indeed, earthworms are known to increase decomposition by stimulating
microbial activities in soil, however in the current study earthworms did not influence
decomposition, nor was there an interaction between herbicide application and earthworms.
Also Casabé et al. (2007) found no influence of earthworms on the decomposition rate of litter
over time by using litter bags.

4.3.3. Influence on water infiltration rate
Earthworms alter soil properties by burrowing into the soil and by creating macropores. Like
Edwards (2004) pointed out, these macropores, because of their continuity, stability, and
relative large size in contrast to pores formed by other mechanisms, can greatly affect the
movement of water, solutes and air. This supports the infiltration rate through the soil and
thus reduce water runoff at the soil surface (Bastardie et al., 2003; Edwards, 2004; Edwards
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and Bohlen, 1996). Referring to Bastardie et al. (2003) enhanced water infiltration and
decreased surface run off can be influenced by three parameters: (i) burrows connected to the
surface, (ii) the property of the burrow wall surface and (iii) the burrow depth into the soil
surface. Due to the fact that burrow systems created by anecic species are vertical and
continuous deep with large diameter and open to the surface (Edwards and Bohlen, 1996;
Bastardie et al., 2003) most research, recording to Edwards (2004), has concentrated on the
anecic earthworm species on infiltration and on L. terrestris in particular. The research of
Bouché and Al-Addan (1997) for instance, measured higher infiltration rate in the presence of
anecic species. In contrast, the burrow systems created by endogeic species represent very
short disconnected burrows with small diameters (Bastardie et al., 2005) and are often
occluded with casts which may limit the effect of water transport (Edwards, 2004).
Nevertheless, other researchers found a higher infiltration rate in the presence of endogeic
species or little, if any, effects on infiltration due to the burrow activity of anecic species (Lee
and Foster, 1991; Shipitalo and Butt, 1999). Ernst et al. (2009) investigated the effect of
ecological different earthworm species and found the highest infiltration rate in the presence
of the endogeic species A. caliginosa. They suggest that the higher burrowing activity and
higher numbers of connections between burrows of endogeic earthworms might increase
water infiltration and water discharge through the soil in contrast to burrow systems of anecic
and epigeic species.
Similar to Zaller et al. (2011), earthworms in our study significantly increased the penetration
of water into the soil. This effect was mainly due to the burrow activity of the endogeic species
A. caliginosa, but also the anecic species L. terrestris showed a higher infiltration rate than the
control group with no earthworms. A reason for the higher percolation in the presence of
endogeic earthworms could be a result of the higher inserted number of A. caliginosa (10
individuals per mesocosm) compared to those of L. terrestris (5 individuals per mesocosm).
However, Bouché and Al-Addan (1997) found correlations between infiltration rate with
earthworm biomass, burrow length, surface and volume but not with the number of
earthworms.
Whereas earthworms communities are grouped in epigeic, anecic and endogeic species with
typal features (Edwards and Bohlen, 1996), it can be also observed that endogeic species, like
A. caliginosa burrow down to 50 cm depth (Francis and Fraser, 1998) and may have burrow
openings at the soil surface (Zaller et al., 2011). In addition, they produce many biopores
because of their feeding behavior and therefore might have a strong influence on soil porosity
and on water infiltration rates (Ernst et al., 2009). In contrast, the anecic earthworm L.
terrestris inhibits only a few permanent burrows (Bastardie et al., 2003) and can therefore seal
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their burrows with their bodies or inserted plant litter (Lee and Foster, 1991), which can lead
to a decrease water percolation. The observation of inserted plant material was also made in
the present study. However, the results in our study suggest that the activity of earthworms
increase water infiltration and might therefore decrease water runoff, but the significance of
this effect varies among different ecological groups of earthworms (Bouché and Al-Addan,
1997; Derouard et al., 1997; Ernst et al., 2009).
Whereas earthworms had a significant influence on the infiltration rate in the present study,
water movement through the soil matrix was not affected by the herbicide application.
Referring to different management practices in agricultural systems, Benbi et al. (1998) found
no significant difference in the infiltration rate in weed controlled systems neither by hand
weeding nor by herbicide treatments. In contrast, higher infiltration rates in organic farming
systems compared to conventional management systems treated with herbicides were
measured by others (Gomez et al., 2009; Hathaway-Jenkins et al., 2011; Ulrich et al., 2013;
Vogeler et al., 2006). In addition, the results of Thomas et al. (2008) emphasized the
importance of a surface cover to increase rainfall infiltration and thus reducing surface runoff.
Further, the absence of earthworms due to treatments with pesticides can lead to soil bulk
density and therefore result in a great reduction of infiltration rate and significant increase in
the volume of surface runoff (Clements et al., 1991; Sharpley et al., 1979). Soil characteristics,
such as water infiltration or storage in soil and their alterations by earthworms, might be of
particular concern in future adaptations if flooding and drought events increase as predicted
by Ernst et al. (2009).
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5. Conclusion
The study links the effect of earthworms on different plant species and the effect of
glyphosate-based herbicides on earthworms and associated ecosystem functions and services.
Earthworms had no effect on the growth of the herb but decreased the growth of the legume
and grass species and can therefore potentially affect competition in plant communities.
Further, we assumed that herbicide application would stimulate earthworm activity and
reproduction due to increased availability of food and therefore increase soil nutrient
availability, water infiltration and decomposition. However, the activity and reproduction of
earthworms was dramatically decreased by glyphosate-based herbicides. Surface cast
production of the anecic earthworm species almost ceased after the herbicide was applied and
cocoon hatchability of both earthworm species were substantially decreased. Taken together,
the effect of herbicides and earthworm activity on soil ecosystem services, the increased
availability of nitrate and phosphate after herbicide application poses the danger of leaching
into groundwater systems or aquatic ecosystems. In addition, if earthworms avoid areas with
pesticide contamination, the loss of their positive effect on water infiltration can cause higher
surface runoffs after prospective heavy rain shower events. As earthworms represent the
major part of the animal biomass in soil (Blouin et al., 2013) and influence plant productivity
either directly by changes of root growth or productivity (Arnone and Zaller, 2014) or indirectly
by changing the physical, chemical, or biological soil environment (Edwards, 2004), side-effects
of herbicides on earthworms, should be more seriously taken into account.
Even harles Darwin emphasized that “0it may be doubted whether there are many other
animals which have played so important a part in the history of the world, as have these lowly
organised creatures” (Darwin, 1881, p 313).

30

Acknowledgments

~ Durch Bildung verschönert der Mensch sein eigenes Ich.
Er schämt sich nicht, zu lernen und zu fragen.
Fragen und Forschen sind die Wurzeln des Wissens,
Denken und Nachsinnen der Weg ~ (Konfuzius, 551-479 v. Chr.)

Ich möchte mich an dieser Stelle bei all jenen bedanken, die mir im Laufe meines Studiums bis
hin zur Erstellung meiner Masterarbeit zur Seite gestanden sind. Besonders bedanken möchte
ich mich bei meinen Eltern, Anne-Marie und Georg, welche mich nicht nur finanziell
unterstützt, sondern bereits seit Kindesalter mein Interesse für die Schönheiten der Natur
geweckt haben. Meinem Partner Christoph Walzer will ich danken, weil er mir jeden Tag zur
Seite steht und auch meinen vier Geschwistern, durch die ich im Leben viel gelernt habe.
Ganz besonders bedanken möchte ich mich bei meinem Betreuer Prof. Johann Zaller, der sich
während des gesamten Masterprojekts immer Zeit genommen hat und mich mit seiner
Begeisterung für die Entdeckung neuer Erkenntnisse und seinem umfangreichen Wissen stets
fasziniert hat. Herzlich danken möchte ich auch meinem Mitbetreuer Dr. Boris Rewald sowie
meinem Projektpartner Martin Hofer, auf den ich mich immer verlassen konnte und mit dem
ich viele gemeinsame Stunden im Versuchsglashaus verbracht habe.
Mein Dank gilt auch allen Mitwirkenden während der Versuchs- und Auswertungszeit.
Besonders danken möchte ich hier den drei spanischen Praktikanten Adrián Laín Pérez, Peio
Arteche Artabe und Marta Galàn Minaya sowie Edith Gruber für ihre Hilfe während der
Messungen und der Ernte. Hans Göransson, Marcel Hirsch und Frauke Neumann danke ich
herzlich für ihre Unterstützung bei den Laborauswertungen sowie Karl Refenner für die
Bereitstellung der Versuchserde und Daniel Koffler für die statistischen Ratschläge.
Widmen möchte ich diese Arbeit schließlich meiner Mamama, welche sich stets an der
Existenz aller Lebewesen erfreut.

Mailin Maria Gaupp-Berghausen

31

List of figures
Figure 1: Experimental Setup (foto and schematic view); 18 mesocosms from the first harvest, 36
mesocosms from the second harvest. Performed between March and July 2013 in a greenhouse at
the University of Natural Resources and Life Sciences Vienna (BOKU), Austria. ................................ 8

Figure 2: Timetable and measurements of the experiment ...................................................................... 11

Figure 3: Plant heigth of D. glomerata, T. officinale and T. repens in response to earthworm treatments
(NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa) before the herbicide
application in weekly measuring intervals. Mean ± SE, n = 12. Asterisks denote results of one-way
ANOVAs conducted for each sampling date: ** p < 0.01; *** p < 0.001.......................................... 12

Figure 4: Above and below ground biomass (g) of D. glomerata, T. officinale and T. repens after 12 weeks
in response to earthworm treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A.
caliginosa). Different letters after bars refer to significant differences within a species (pairwise t
test, p < 0.05). Mean ± SE, n=6.......................................................................................................... 13

Figure 5: Rhizospere images through minirhizotron after 11 weeks of the experiment (57 days after
earthworm insertion) in mesocosms containing no earthworms, only L. terrestris or only A.
caliginosa. ......................................................................................................................................... 14

Figure 6. Soil nitrate (NO₃¯) and phosphate (PO₄³¯) adsorption in resin bags in mesocosms with different
earthworm treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa). Resin
bags were inserted for 40 days. Mean ± SE, n=6. ............................................................................. 14

Figure 7: Earthworm activity (surface cast production day¯¹ m¯²; Mean ± SE, n = 6) for L. terrestris and A.
caliginosa before and after the herbicide application (-R, without roundup; + R, with roundup) and
associated mean soil moisture and mean soil temperature in a mesocosm experiment. P-values
derived from Two-sample Wilcoxon tests. ....................................................................................... 16

Figure 8: Cumulated surface cast production (g pot¯¹) in a mesocosm experiment for L. terrestris before
and after the herbicide application (-R, without roundup; + R with roundup). Means ± SE, n = 6.
Image shows surface casts. ............................................................................................................... 17

Figure 9: Mass of surface cast production per cast of L. terrestris, before and after the herbicide
application (-R, without roundup; +R with roundup), each bar represents Mean ± SE, n = 6. P-values
derived from Two-sample Wilcoxon test. ......................................................................................... 17

Figure 10: Earthworm activity measured by moved toothpicks in mesocosms, before and after the
herbicide application (-R, without roundup; +R with roundup) for L. terrestris and A. caliginosa.
Means ± SE, n = 6. P-values derived from Two-sample Wilcoxon test. ............................................ 18

Figure 11: Earthworm reproduction measured as number of earthworm hatchlings per cocoon for L.
terrestris (Lt) and A. caliginosa (Ac) from mesocosms treated without (-R) and with (+R) roundup.
Single values for Lt. Means ± SE, n = 6 for Ac. Image shows a cocoon with a fresh earthworm
hatchling............................................................................................................................................ 18

32

Figure 12. Soil NO₃¯ and PO₄³¯ adsorption in response to different earthworm treatments (NoEw0no
earthworms, Lt0only L. terrestris, !c0only A. caliginosa) without (-R) and with (+R) roundup
application. Retrieved after 12 weeks of the experiment (35 days of resin bag insertion), Means ±
SE, n=6............................................................................................................................................... 19

Figure 13: Decomposition rate (k) and Stabilization factor (S) in response to different earthworm
treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa) without (-R) and
with (+R) roundup. Retrieved after 12 weeks of the experiment (70 days of tea bags insertion).
Mean ± SE, n=6.................................................................................................................................. 20

Figure 14: Water infiltration measured two weeks after herbicide application in mesocosms with
different earthworm treatments (NoEw 0no earthworms, Lt 0 only L. terrestris, !c 0 only A.
caliginosa) without (-R) and with (+R) roundup application. Letters denote difference between
earthworm treatment (pairwise t-test, P < 0.05). Means ± SE, n=6. ................................................ 21

Figure 15: Examples of typical root images taken by minirhizotron in mesocosms with different
earthworm treatments (No earthworm, L. terrestris and A. caliginosa) without herbicide (left
column) and with herbicide application (right column).................................................................... 22

List of tables
Table 1: Characteristics of the soil used in the current experiment ............................................................ 6

Table 2: ANOVA results of the effects of earthworms and time on plant growth of D. glomerata, T.
officinale and T. repens. .................................................................................................................... 12

Table 3: Above and below ground biomass (g) of D. glomerata, T. officinale and T. repens after 8 weeks
in response to earthworm treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A.
caliginosa). Mean ± SE, n=6. ............................................................................................................. 13

Table 4: Relative mass remaining of Rooibos and Green tea (g g¯¹), Decomposition rate (k) and
Stabilization factor (S) in response to different earthworm treatments (NoEw0no earthworms,
Lt0only L. terrestris, !c0only A. caliginosa) after 40 days of tea bags insertion. Means ± SE, n=6..15

Table 5: Two-way !NOV!. Effects of earthworms and herbicide on NO₃¯ and PO₄³¯ adsorption to resin
measured in resin bags buried in each mesocosm. Retrieved after 12 weeks of the experiment (35
days of resin bag insertion). .............................................................................................................. 19

Table 6: Relative mass remaining (g g¯¹) of Rooibos and Green tea in response to different earthworm
treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa) without (-R) and
with (+R) roundup application. Tea bags were inserted for 70 days. Mean ± SE, n=6. .................... 20

Table 7: Two-way ANOVA results of the effects of earthworms and herbicide on Decomposition rate (k)
and Stabilization factor (S) after 70 days of tea bag insertion. ......................................................... 20

33

References
Arnone, J.A.I., and Zaller, J.G. (2014). Earthworm effects on native grassland root system
dynamics under natural and increased rainfall. Frontiers in Plant Science 5, 152.
Barja, B.C., and dos Santos Afonso, M. (2005). Aminomethylphosphonic acid and glyphosate
adsorption onto goethite: a comparative study. Environ. Sci. Technol. 39, 585–592.
Bastardie, F., Capowiez, Y., de Dreuzy, J.-R., and Cluzeau, D. (2003). X-ray tomographic and
hydraulic characterization of burrowing by three earthworm species in repacked soil cores.
Appl. Soil Ecol. 24, 3–16.
Bastardie, F., Capowiez, Y., and Cluzeau, D. (2005). 3D characterisation of earthworm burrow
systems in natural soil cores collected from a 12-year-old pasture. Appl. Soil Ecol. 30, 34–46.
Benbi, D.K., Biswas, C.R., Bawa, S.S., and Kumar, K. (1998). Influence of farmyard manure,
inorganic fertilizers and weed control practices on some soil physical properties in a long-term
experiment. Soil Use Manag. 14, 52–54.
Binkley, D., Aber, J., Pastor, J., and Nadelhoffer, K. (1986). Nitrogen availability in some
Wisconsin forests: comparisons of resin bags and on-site incubations. Biology and Fertility of
Soils. 2,77–82.
Blouin, M., Hodson, M.E., Delgado, E.A., Baker, G., Brussaard, L., Butt, K.R., Dai, J., Dendooven,
L., Peres, G., Tondoh, J.E., Cluzeau, D., and Brun, J.J. (2013). A review of earthworm impact on
soil function and ecosystem services: Earthworm impact on ecosystem services. Eur. J. Soil Sci.
64, 161–182.
Bouché, M.B., and Al-Addan, F. (1997). Earthworms, water infiltration and soil stability: Some
new assessments. Soil Biol. Biochem. 29, 441–452.
Buch, A.C., Brown, G.G., Niva, C.C., Sautter, K.D., and Sousa, J.P. (2013). Toxicity of three
pesticides commonly used in Brazil to Pontoscolex corethrurus (Müller, 1857) and Eisenia
andrei (Bouché, 1972). Appl. Soil Ecol. 69, 32–38.
Capowiez, Y., Dittbrenner, N., Rault, M., Triebskorn, R., Hedde, M., and Mazzia, C. (2010).
Earthworm cast production as a new behavioural biomarker for toxicity testing. Environ.
Pollut. 158, 388–393.
Casabé, N., Piola, L., Fuchs, J., Oneto, M.L., Pamparato, L., Basack, S., Giménez, R., Massaro, R.,
Papa, J.C., and Kesten, E. (2007). Ecotoxicological assessment of the effects of glyphosate and
chlorpyrifos in an Argentine soya field. J. Soils Sediments 7, 232–239.
CCM International Limited (2012). Outlook for China Glyphosate Industry 2012-2016. 7.
Clements, R.O., Murray, P/J/, and Sturdy, R/G/ (1991)/ The impact of 20 years’ absence of
earthworms and three levels of N fertilizer on a grassland soil environment. Agric. Ecosyst.
Environ. 36, 75–85.
Correia, F.V., and Moreira, J.C. (2010). Effects of Glyphosate and 2,4-D on Earthworms (Eisenia
foetida) in Laboratory Tests. Bull. Environ. Contam. Toxicol. 85, 264–268.
Cortet, J., Gillon, D., Joffre, R., Ourcival, J.-M., and Poinsot-Balaguer, N. (2002). Effects of
pesticides on organic matter recycling and microarthropods in a maize field: use and discussion
of the litterbag methodology. Eur. J. Soil Biol. 38, 261–265.
34

Dalby, P.R., Baker, G.H., and Smith, S.E. (1995). Glyphosate, 2,4-DB and dimethoate: Effects on
earthworm survival and growth. Soil Biol. Biochem. 27, 1661–1662.
Darwin, C. (1881). The Formation Of Vegetable Mould, Through The Action Of Worms, With
Observations On Their Habits (England).
Derouard, L., Tondoh, J., Vilcosqui, L., and Lavelle, P. (1997). Effects of earthworm introduction
on soil processes and plant growth. Soil Biol. Biochem. 29, 541–545.
Devliegher, W., and Verstraete, W. (1996). Lumbricus terrestris in a soil core experiment:
Effects of nutrient-enrichment processes (NEP) and gut-associated processes (GAP) on the
availability of plant nutrients and heavy metals. Soil Biol. Biochem. 28, 489–496.
Edwards, C.A. (2004). Earthworm Ecology (2000 N.W. Corporate Blvd., Boca Raton, Florida
33431: CRC Press LLC).
Edwards, C.A., and Bohlen, P.J. (1996). Biology and ecology of earthworms. (London: Chapman
& Hall).
Eisenhauer, N., and Scheu, S. (2008). Earthworms as drivers of the competition between
grasses and legumes. Soil Biol. Biochem. 40, 2650–2659.
Ernst, G., Felten, D., Vohland, M., and Emmerling, C. (2009). Impact of ecologically different
earthworm species on soil water characteristics. Eur. J. Soil Biol. 45, 207–213.
Francis, G., and Fraser, P. (1998). The effects of three earthworm species on soil macroporosity
and hydraulic conductivity. Appl. Soil Ecol. 10, 11–19.
Franz, J.E., Mao, M.K., and Sikorski, J.A. (1997). Glyphosate: A Unique Global Herbicide
(Washington DC: American Chemical Society Monograph 189).
Fründ, H.-C., Butt, K., Capowiez, Y., Eisenhauer, N., Emmerling, C., Ernst, G., Potthoff, M.,
Schädler, M., and Schrader, S. (2010). Using earthworms as model organisms in the laboratory:
Recommendations for experimental implementations. Pedobiologia 53, 119–125.
Giblin, A. E., Laundre, J.A., Nadelhoffer, K.J., and Shaver, G.R. (1994). Measuring Nutrient
Availability in Arctic Soils using Ion Exchange Resins: A Field Test. Soil Sci. Soc. Am. J. 58, 1154–
1162.
Gomez, J., Sobrinho, T., Giraldez, J., and Fereres, E. (2009). Soil management effects on runoff,
erosion and soil properties in an olive grove of Southern Spain. Soil Tillage Res. 102, 5–13.
Hagan, D.L., Jose, S., Bohn, K., and Escobedo, F. (2013). Cogongrass ( Imperata cylindrica )
Invasion and Eradication: Implications for Soil Nutrient Dynamics in a Longleaf Pine Sandhill
Ecosystem. Invasive Plant Sci. Manag. 6, 433–443.
Hastings, A., Byers, J.E., Crooks, J.A., Cuddington, K., Jones, C.G., Lambrinos, J.G., Talley, T.S.,
and Wilson, W.G. (2007). Ecosystem engineering in space and time. Ecol. Lett. 10, 153–164.
Hathaway-Jenkins, L.J., Sakrabani, R., Pearce, B., Whitmore, A.P., and Godwin, R.J. (2011). A
comparison of soil and water properties in organic and conventional farming systems in
England: Comparing soil and water properties between farming systems. Soil Use Manag. 27,
133–142.

35

Jana, U., Barot, S., Blouin, M., Lavelle, P., Laffray, D., and Repellin, A. (2010). Earthworms
influence the production of above- and belowground biomass and the expression of genes
involved in cell proliferation and stress responses in Arabidopsis thaliana. Soil Biol. Biochem.
42, 244–252.
Keuskamp, J.A., Dingemans, B.J.J., Lehtinen, T., Sarneel, J.M., and Hefting, M.M. (2013). Tea
Bag Index: a novel approach to collect uniform decomposition data across ecosystems.
Methods Ecol. Evol. 4, 1070–1075.
Langlois, J.L., Johnson, D.W., and Mehuys, G.R. (2003). Adsorption and Recovery of Dissolved
Organic Phosphorus and Nitrogen by Mixed-Bed Ion-Exchange Resin. Soil Sci. Soc. Am. J. 67,
889–894.
Laossi, K.R., Ginot, A., Noguera, D.C. , Blouin, M., and Barot, S. (2010). Earthworm effects on
plant growth do not necessarily decrease with soil fertility. Plant Soil 328, 109–118.
Laossi, K.R., Noguera, D.C., Decäens, T., and Barot, S. (2011). The effects of earthworms on the
demography of annual plant assemblages in a long-term mesocosm experiment. Pedobiologia
54, 127–132.
Lavelle, P., Decaëns, T., Aubert, M., Barot, S., Blouin, M., Bureau, F., Margerie, P., Mora, P., and
Rossi, J.P. (2006). Soil invertebrates and ecosystem services. Eur. J. Soil Biol. 42, S3–S15.
Lee, K., and Foster, R. (1991). Soil fauna and soil structure. Aust. J. Soil Res. 29, 745.
Lindsay, E.A., and French, K. (2004). The impact of the herbicide glyphosate on leaf litter
invertebrates within Bitou bush, Chrysanthemoides monilifera ssp rotundata, infestations. Pest
Manag. Sci. 60, 1205–1212.
Martin, N.A. (1982). The effect of herbicides used on asparagus on the growth rate of the
earthworm Allolobophora caliginosa. Proc. NZ Weed Pest Control Conf. 35, 328–331.
Mayilswami, S., and Reid, B. (2010). Effect of earthworms on nutrients dynamics in soil and
growth of crop. Res. J. Chem. Environ. 14, 39–44.
Piola, L., Fuchs, J., Oneto, M.L., Basack, S., Kesten, E., and Casabé, N. (2013). Comparative
toxicity of two glyphosate-based formulations to Eisenia andrei under laboratory conditions.
Chemosphere 91, 545–551.
Power, M.E., and Mills, L.S. (1995). The keystone cops meet in Hilo. Trends Ecol. Evol. 10, 182–
184.
Prescott, C.E. (2010). Litter decomposition: what controls it and how can we alter it to
sequester more carbon in forest soils? Biogeochemistry 101, 133–149.
Puga-Freitas, R., Barot, S., Taconnat, L., Renou, J.P., and Blouin, M. (2012). Signal molecules
mediate the impact of the earthworm Aporrectodea caliginosa on growth, development and
defence of the plant Arabidopsis thaliana. PLoS ONE 7, e49504.
Rochfort, S.J., Ezernieks, V., and Yen, A.L. (2008). NMR-based metabolomics using earthworms
as potential indicators for soil health. Metabolomics 5, 95–107.
Růžková, M/, Růžek, L/, and Voříšek, V (2008)/ Soil biological activity of mulching and
cut/harvested land set aside. Plant Soil Env. 54, 204–2011.

36

Sansom, M. (2012). Glyphosate Use in The Amenity Sector - Monsanto - November 2012
(Derby, England).
Santos, M.J.G., Morgado, R., Ferreira, N.G.C., Soares, A.M.V.M., and Loureiro, S. (2011).
Evaluation of the joint effect of glyphosate and dimethoate using a small-scale terrestrial
ecosystem. Ecotoxicol. Environ. Saf. 74, 1994–2001.
Scheu, S. (2003). Effects of earthworms on plant growth: patterns and perspectives. The 7th
international symposium on earthworm ecology · Cardiff · Wales · 2002. Pedobiologia 47, 846–
856.
Schinner, F. (1996). Methods in soil biology (Berlin Heidelberg: Springer-Verlag).
Schinner, F., Öhlinger, R., Kandeler, E., and Margesin, R. (1993). Bodenbiologische
Arbeitsmethoden (Berlin Heidelberg: Springer-Verlag).
Seeber, J., Seeber, G.U.H., Langel, R., Scheu, S., and Meyer, E. (2008). The effect of macro
invertebrates and plant litter of different quality on the release of N from litter to plant on
alpine pastureland. Biol. Fertil. Soils 44, 783–790.
Sharpley, A.N., Syers, J.K., and Springett, J.A. (1979). Effect of surface-casting earthworms on
the transport of phosphorus and nitrogen in surface runoff from pasture. Soil Biol. Biochem.
11, 459–462.
Shipitalo, M., and Butt, K. (1999). Occupancy and geometrical properties of Lumbricus
terrestris L-burrows affecting infiltration. Pedobiologia 43, 782–794.
Thomas, G.A., Orange, D.N., and King, A.J. (2008). Effects of crop and pasture rotations and
surface cover on rainfall infiltration on a Kandosol in south-west Queensland. Aust. J. Soil Res.
46, 203.
Ulrich, U., Zeiger, M., and Fohrer, N. (2013). Soil structure and herbicide transport on soil
surfaces during intermittent artificial rainfall. Z. Für Geomorphol. Suppl. Issues 57, 135–155.
Vereecken, H. (2005). Mobility and leaching of glyphosate: a review. Pest Manag. Sci. 61,
1139–1151.
Verrell, P., and Van Buskirk, E. (2004). As the worm turns: Eisenia fetida avoids soil
contaminated by a glyphosate-based herbicide. Bull. Environ. Contam. Toxicol. 72, 219–224.
Vogeler, I., Cichota, R., Sivakumaran, S., Deurer, M., and McIvor, I. (2006). Soil assessment of
apple orchards under conventional and organic management. Aust. J. Soil Res. 44, 745.
Wardle, D.A., Yeates, G.W., Bonner, K.I., Nicholson, K.S., and Watson, R.N. (2001). Impacts of
ground vegetation management strategies in a kiwifruit orchard on the composition and
functioning of the soil biota. Soil Biol. Biochem. 33, 893–905.
Woodburn, A.T. (2000). Glyphosate: production, pricing and use worldwide. Pest Manag. Sci.
56, 309–312.
Wu, F., Wan, J.H.C., Wu, S., and Wong, M. (2012). Effects of earthworms and plant growth
promoting rhizobacteria (PGPR) on availability of nitrogen, phosphorus, and potassium in soil.
J. Plant Nutr. Soil Sci. 175, 423–433.
Wurst, S., and Rilling, M. (2011). Additive effects of functionally dissimilar above- and
belowground organisms on a grassland plant community. J. Plant Ecol. 4, 221–227.
37

Wurst, S., Langel, R., and Scheu, S. (2005). Do endogeic earthworms change plant competition?
A microcosm study. Plant Soil 271, 123–130.
Yasmin, S/, and D’Souza, D/ (2007)/ Effect of pesticides on the reproductive Output of Eisenia
fetida. Bull. Environ. Contam. Toxicol. 79, 529–532.
Zaller, J.G. and Arnone, J.A. (1997). Activity of surface-casting earthworms in a calcareous
grassland under elevated atmospheric CO2. Oecologia 111, 249–254.
Zaller, J.G., Parth, M., Szunyogh, I., Semmelrock, I., Sochurek, S., Pinheiro, M., Frank, T., and
Drapela, T. (2013). Herbivory of an invasive slug is affected by earthworms and the
composition of plant communities. BMC Ecol. 13, 20.
Zaller, J.G., Heigl, F., Grabmaier, A., Lichtenegger, C., Piller, C., Allabashi, R., Frank, T., and
Drapela, T. (2011). Earthworm-mycorrhiza interactions can affect the diversity, structure and
functioning of establishing model grassland communities. PLoS ONE 6, e29293.
Zhang, D., Hui, D., Luo, Y., and Zhou, G. (2008). Rates of litter decomposition in terrestrial
ecosystems: global patterns and controlling factors. J. Plant Ecol. 1, 85–93.
Zhou, C.F., Wang, Y.J., Li, C.C., Sun, R.J., Yu, Y.C., and Zhou, D.M. (2013). Subacute toxicity of
copper and glyphosate and their interaction to earthworm (Eisenia fetida). Environ. Pollut.
180, 71–77.

38

Appendix

Table a: Leaf length (cm) of D. glomerata, T. officinale and T. repens in response to earthworm treatments
(NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa) before the herbicide application in weekly
measuring intervals.
Earthworm treatment
ANOVA results
NoEw
Lt
Ac
F
P
D. glomerata
15.8 ± 1.1
14.8 ± 1.0
14.9 ± 1.0
1.051
0.352
4
T. officinale
9.6 ± 0.5
9.6 ± 0.5
10.5 ± 0.5
1.063
0.348
T. repens
6.0 ± 0.5
5.7 ± 0.4
5.6 ± 0.3
0.407
0.666
D. glomerata
25.3 ± 1.4 b
21.9 ± 1.2 a
23.7 ± 1.1 ab
8.131
<0.001
5
T. officinale
16.1 ± 0.7
16.2 ± 0.7
16.2 ± 0.8
0.067
0.935
T. repens
10.0 ± 0.7
9.1 ± 0.6
10.0 ± 0.5
1.533
0.219
D. glomerata
36.5 ± 1.8 b
28.7 ± 1.5 a
31.0 ± 1.8 a
24.399
<0.001
6
T. officinale
26.3 ± 1.2
25.1 ± 0.9
25.2 ± 1.2
1.804
0.168
T. repens
14.4 ± 0.8
13.7 ± 0.8
14.0 ± 0.7
1.022
0.362
D. glomerata
47.1 ± 2.4 b
34.6 ± 1.7 a
37.5 ± 2.1 a
41.72
<0.001
7
T. officinale
31.3 ± 1.0
29.6 ± 1.1
30.5 ± 1.2
2.463
0.088
T. repens
20.0 ± 1.2 b
18.0 ± 09 a
19.1 ± 0.9 ab
4.953
0.008
Different letters after values refer to significant differences within a species (pairwise t-test, bonferroni, p < 0.05).
Means ± SE, n=12. ANOVA results.
Week / Plant species

Table b: Weight of above and below ground biomass (g) of D. glomerata, T. officinale and T. repens after 8 and 12
weeks in response to earthworm treatments (NoEw0no earthworms, Lt0only L. terrestris, !c0only A. caliginosa).

12

8

Earthworm treatment
ANOVA results
Week
Plant species
NoEw
Lt
Ac
F
P
Above
D. glomerata
3.39 ± 0.22
4.64 ± 1.60
3.20 ± 0.31
0.377
0.693
ground
T. officinale
13.03 ± 1.61
14.93 ± 2.90
12.94 ± 1.26
0.137
0.873
biomass
T. repens
1.33 ± 0.31
1.09 ± 0.26
1.65 ± 0.23
0.376
0.693
Below
D. glomerata
0.45 ± 0.06
0.55 ± 0.08
0.46 ± 0.03
0.720
0.503
ground
T. officinale
2.07 ± 0.39
2.12 ± 0.61
2.17 ± 0.52
0.021
0.980
biomass
T. repens
0.16 ± 0.06
0.17 ± 0.03
0.15 ± 0.02
0.200
0.821
Above
D. glomerata
10.06 ± 0.79 b
4.15 ± 0.47 a
3.88 ± 0.56 a
23.014
<0.001
ground
T. officinale
19.65 ± 1.28
20.07 ± 2.09
19.34 ± 2.40
0.029
0.971
biomass
T. repens
4.32 ± 0.75 b
2.54 ± 0.23 a
0.90 ± 0.18 a
13.510
<0.001
Below
D. glomerata
4.61 ± 0.56 b
0.90 ± 0.25 a
0.72 ± 0.12 a
16.404
<0.001
ground
T. officinale
18.41 ± 2.29
17.72 ± 2.21
14.95 ± 2.06
0.700
0.512
biomass
T. repens
0.53 ± 0.10 b
0.33 ± 0.03 ab
0.16 ± 0.03 a
9.135
0.003
Different letters after values refer to significant differences within a species (pairwise t-test, bonferroni, p < 0.05).
Mean ± SE, n=6. ANOVA results.

Table c: Correlation of surface cast production of L. terrestris and A. caliginosa with air temperature, soil
temperature and soil moisture content.
Cast production of L. terrestris

Cast production of A. caliginosa

Rho

P

Rho

P

Air temperature

-0.094

0.518

0.197

0.171

Soil temperature

-0.082

0.219

0.045

0.502

Soil moisture

-0.050

0.449

0.260

< 0.001

Variable

Test for Correlation between paired samples with Spearman´s Rho and P-Values.
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