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PREFACE

This thesis is composed of 6 chapters, preceded by a general introduction, and followed
by a summary and general conclusions. The first chapter is the literature review, which
summarizes the work of other researchers and justifies the research questions. Chapters
two to six are the experiments and results, which are presented in manuscript format
according the guidelines of the Faculty of Graduate Studies. All manuscripts are co-
authored by the candidate and Joann Whalen. The candidate designed and completed the
experiments, data analysis and wrote the manuscripts. Joann Whalen provided financial
support, advice about the experiments and editorial assistance with the manuscripts. The

manuscripts are presented in the following order:

1. Eriksen-Hamel, N.S., Whalen, J.K. 2006. Growth rates of Aporrectodea caliginosa
(Oligochaetae: Lumbricidae) as influenced by soil temperature and moisture in disturbed

and undisturbed soil columns. Pedobiologia. 50, 207-215.

2. Eriksen-Hamel, N.S., Whalen, J.K. 2006. Impacts of earthworms on soil nutrients and
plant growth in soybean and maize agroecosystems. Agriculture, Ecosystems and the

Environment. In press.

3. Eriksen-Hamel, N.S., Whalen, J.K. 2007. The “Deduction” Approach: A Non-
Invasive Method for Estimating Secondary Production of Earthworm Communities.

Oikos. In review.

4. Eriksen-Hamel, N.S., Whalen, J.K. 2007. Modeling the contribution of earthworm
communities to nitrogen cycling in maize-soybean agroecosystems. Nutrient Cycling in

Agroecosystems. In review.

5. Eriksen-Hamel, N.S., Whalen, J K. 2007. Measuring the sensitivity of earthworm —
nitrogen flux models. Proceedings of the 8™ International Symposium on Earthworm

Ecology. Krakow, Poland. European Journal of Soil Biology. In review.
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ABSTRACT

Earthworms have an important role in the decomposition of organic matter,
mineralization of nutrients and physical mixing of soils. Despite a large number of
laboratory and greenhouse-level studies investigating how earthworms modify soil
properties and promote soil fertility, we lack reliable methods to scale-up and quantify
earthworm contributions to nutrient cycling at the agroecosystem level. The objective of
this thesis is to determine the influence of earthworm communities on nitrogen (N)
transformations in soils and to quantify their contribution to nitrogen flux through soils
for soybean and maize cropping systems of Québec. Laboratory growth rates were used
to predict how earthworm growth responded to seasonal fluctuations in soil temperature
and moisture. The relationships between earthworm populations, soil-N pools and annual
crop production were evaluated in a field experiment. When favourable conditions
occurred in 2004 (temperatures <20°C, and rainfall at least once a week), a positive
relationship was found between earthworm numbers and the plant available-N, including
soil mineral-N, microbial biomass-N and total-N removed in soybean grain. In 2005, soil
conditions were unfavourable (temperatures > 20°C and little or no rainfall) to earthworm
survival and growth, and no relationship was found between earthworm populations, soil
N pools and corn production. These data permitted me to make assumptions about
earthworm activity and life histories under field conditions, which were used to estimate
N flux through earthworm communities with two models. The models were tested for
their sensitivity to varying parameter values within the range reported in the scientific
literature. During a crop growing period with favourable climate conditions, a large
earthworm population (100 g fresh weight biomasé m™ or greater) is predicted to cycle as
much as 120 kg N ha™'. Model predictions were very sensitive to input parameters and did
not correspond to the partial N budget calculated at the site. Accurate predictions of N
mineralization by earthworms require more species- and site-specific parameter values.
Further investigation using stable '°N isotopes as tracers would help us to follow the N

transformations and evaluate the N flux mediated by earthworms at the field scale.
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RESUME

11 est reconnu que les verres ont un role important dans la décomposition de matiere
organique, minéralisation des nutriments et le mélange des sols. Malgré le grand nombre
d’études recherchant comment les verres modifient les sols et ameliorent la fertilité des
sols, nous manquons des méthodes fiables pour mettre a 1’échelle du agroecosystem et
quantifier la contribution des verres au cycles de nutriments a ce niveau. L’objectif de
cette thése est de déterminer 1’influence des communautes de verres sur les
tranformations d’azote dans les sols et quantifier leur contribution au flux d’azote dans
les sols pour des systems de mais et soya au Québec. Le taux de croissance obtenu en
laboratoire ont été utiliser pour prévoir comment la croissance des verres répond au
fluctuations saisonnier de température et humidité du sol. Les relations entres les

. populations de verres, 1’azote du sol et la recolte des cultures ont été evalué dans une
expérience au champ. Quand les conditions ont été favourable en 2004 (temperatures <
20°C et la précipitation au moins une fois par semaine), une relation positif a été
decouvert entre les verres et I’azote disponible aux plantes, incluant 1’azote minéral du
sol, I’azote microbial et I’azote total dans le grain de soya. En 2005, les conditions du sol
n’etaient pas favourable (temperature >20°C et peu de précipitation) au survie et
croissance des verres, et aucun relation a été trouver entre les populations verres et les
nutriements du sol et rendement de mais. Ces donnés m’ont permet de faire des
assomptions de I’activité et vie des verres sous des conditions du champ, qui ont été
utliser pour estimer le flux d’azote dans les communautés de verres dans deux modéles.
La sensibilité des modéles ont été tester en variant les valeurs des parametres éntre la
gamme trouver dans la literature scientifique. Durant la période de pousse avec des
conditions favourable, une grande population de verres (100 g matiere frais m™ ou plus)
est prédit d’etre responsible pour un flux autant que 120 kg N ha™'. Les prédictions de
modeles sont trés sensible au parametres d’entrée et n’ont pas modéles n’ont pas
correspondu avec le budget partielle d’azote obtenu au champ. Des prédictions précis de
la minéralisation d’azote par les verres exigent des valeurs de paramétres spécifique au
espéces et du site. Plus de recherche utilisant d’isotop stable '°N comme traceur pourrait
aider a suivre les transformations d’azote et evaluer le flux d’azote par les verres au

niveau du champ.
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CONTRIBUTION TO KNOWLEDGE

It has been well established that earthworms play an important role in organic matter
decomposition, mineralization of nutrients and physical mixing of soils. Despite an
abundance of laboratory and greenhouse-level research on how earthworms affect soil
properties and plant growth, few researchers have scaled up such observations to quantify
the contribution of earthworms to N cycling in agroecosystems. The current estimates
vary substantially, and the N flux through earthworm populations ranges from negligible
to as much as 363 kg N ha™ per year. This wide range of estimates arises from
differences in climate, soil properties, cropping systems, as well as disperate assumptions
implicit in the quantitative methods and models used by various research. Of these
factors, climate has the greatest impact on earthworm activity and, hence, is a controlling
factor determining the N flux through earthworm populations. In North America, the N
flux through earthworms was estimated for populations found in row-cropped
agroecosystems in Ohio and Georgia, however no studies have quantified the N flux
through earthworms in cold and humid temperate agroecosystems, such as those found in
Québec. My Ph.D. dissertation used laboratory growth rates to predict the dynamics of
earthworm growth in reponse to seasonal fluctuations in soil temperature and moisture
that occur in Québec agroecosystems. Earthworm population dynamics, including
survival, growth and reproduction, were assessed in a field-level manipulation
experiment designed to evaluate the relationships between earthworm populations, soil-N
pools and annual crop production. These data permitted me to make assumptions about
earthworm activity and life histories under field conditions, and to test the sensitivity of
two models used to determine the contribution of earthworms to N cycling. The
experiments conducted in this thesis were designed to address these aspects, and thus,

provide the following major contributions to knowledge.

1. I determined that Aporrectodea caliginosa grew optimally at 20°C and -5 kPa water
potential, and they lost weight when the soil water potential was less than -54 kPa and

when the temperature was less than 5°C.



2. I determined that earthworm growth rates are strongly influenced by the number of

earthworms in a container and by the shape of the container used to culture earthworms.
This work proposes the development of standard methods for assessing growth rates, so
that results from laboratory studies can be extrapolated to respresent earthworm growth

rates in the field.

3. Field manipulations of earthworm communities showed that when favourable climate
conditions occur, larger earthworm populations are associated with more mineral-N and

microbial biomass-N in surface soils, and higher grain-N yield in soybeans.

4. I developed the new “deduction” approach to estimate earthworm secondary
production in earthworm manipulation experiments. My estimates of the N flux through
secondary production range from 0.9 -4.6 g N m™ per year, and are consistent with other

published rates of secondary production.

5. I present the first estimates of the contribution of earthworms to nitrogen cycling in
Québec agroecosystems. My model predictions show that during the crop growing
period, under favourable climate conditions, high earthworm biomass of greater than 100
g fw m™ is responsible for the cycling of up to 120 kg N ha™! in arable fields. However,
these models are very sensitive to input parameters and accurate predictions of N
mineralization require more species and site- specific parameter values, as well as

validation with field data.
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General Introduction

The excessive use of inorganic mineral fettilisers and pesticides in some agticultural
production systems has led to significant environmental problems in surrounding
ecosystems and waterways. Improved fertiliser use would reduce crop production costs
and lessen the negative impacts of nutrients in the environment. Successful management
of soil nutrient pools and fertilisers requires an excellent understanding of the highly
diverse, delicate and heterogeneous properties of soils. Past soil nutrient management
research has focused exclusively on soil chemical and physical properties, largely

| overlooking the importance of soil biology. Soil organisms play a crucial role in soil
fertility functions such as the decomposition and comminution of organic matter (OM),
mineralisation of nutrients, and physical mixing of soils (Wardle and Lavelle, 1997,
Lavelle et al., 1998; Lavelle and Spain, 2001). Amongst temperate soil fauna, earthworms
are considered to have the most significant impact on macro-properties of soils, and as
such are called “ecosystem engineers” (Jones et al., 1994; Lavelle et al., 1997). Their
impact on soil formation was first recorded by Darwin (1881) and since then their
regulation of fundamental soil processes such as nutrient cycling, OM decomposition,
soil structure and biological community structure has been well established (Syers and

Springett, 1984; Makeschin, 1997; Edwards, 1998).

Quantifying the contribution that earthworm communities make to nutrient
transformations and fluxes in an agroecosystem is fundamental to developing better on-

farm nutrient management. However, further research is needed to better understand the



temporal variation in earthworm population dynamics, and to scale up laboratory data to
the farm scale. The majority of research investigating nutrient fluxes through earthworm
communities has been determined in laboratory microcosms, greenhouse pot experiments
or small-scale field manipulations. Scaling up results from laboratory microcosms to the
field level, and developing mechanistic and nutrient budget models at larger spatial and
temporal scales has been identified as an essential research priority (Bohlen et al., 1995).
The direct and indirect influence of earthworm communities on the flux of nutrients in
soils have been quantified using a variety of methods (Christensen, 1988; Marinissen and
de Ruiter, 1993; Bouché et al., 1997; Whalen and Parmelee, 2000). These estimates of N
mineralization are largely based on laboratory measurements and can vary from
negligible to as much as 363 kg N ha™! per year due to variability in soil type, food
availability, and climatic conditions as well as uncertainty in model parameters
(Marinissen and deRuiter, 1993). Furthermore, many of the models lack validation with
field data, and this is proposed as an important step to improving field level estimates of

nutrients through earthworm communities (Whalen et al., 2000; Bouché et al., 1997).

For cold and humid temperate agroecosystems such as those found in Québec, a lack of
research exists for (1) properly integrating the laboratory-based studies on earthworms
into farm-scale nutrient budgets, and (2) measuring the contribution that earthworm
communities have to soil nitrogen pools and plant nutrition. The purpose of this thesis
project will be to determine the influence of earthworm communities on nitrogen
transformations in soils and to quantify their contribution to nitrogen flux through soils

for maize and soybean cropping systems of Québec.



CHAPTER 1.

Literature Review

1.1 Earthworms of Québec: Life cycle and ecological classes

Earthworms belong to the class Oligochaeta within the Annelida phylum and are divided
into about 12 families largely based on geographic areas (Edwards and Bohlen, 1996).
The majority of earthworm research has been conducted in Europe and North America,
where the Lumbricidae family is dominant. As such the majority of research has focussed
on species of this family. In southern Québec, fifteen lumbricid species of earthworms are
known to exist (Reynolds, 1977; Tomlin and Fox, 2003). The most common species
found in row-cropped, pasture and hayfield agroecosystems in Québec are Lumbricus
terrestris, Aporrectodea longa, Aporrectodea rosea, and the Aporrectodea caliginosa

complex of Aporrectodea tuberculata and Aporrectodea turgida (Whalen, 2004).

Born from cocoons, and maturing under field conditions at about 20 — 52 weeks (Wilcke,
1952; Gerard, 1967), the life span of mature lumbricid earthworms is probably no longer
than a year (Satchell, 1967). A review of the literature shows that for earthworm species
found in agroecosystems of Québec life history parameters have been reported for the
following species: L. terrestris, A. longa, A.caliginosa, A. tuberculata, Lumbricus
rubellus, Lumbricus castaneus, Aporrectodea / Allolobophora chlorotica,and Octolasion
cyaneum (Lofs-Holmin, 1982; Andersen, 1987; Butt, 1993; Butt, 1997; Butt, 1998;

Whalen and Parmelee, 1999).



Earthworms are commonly classified into anecic, endogeic and epigeic ecological
functional groups based on their féeding and burrowing habits, and life history
parameters (Bouché, 1977; Edwards and Bohlen, 1996). Anecic earthworms are large
earthworms characterised as having slow growth, low reproduction rates, and considered
K-strategists. They build semi-permanent vertical burrows and come to the surface to
feed on litter and mate. Endogeic earthworms generally form horizontal desultory
burrows in the mineral layers of the soil. They consume more mineral rich soil, are
medium in size, and have high reproductive rates. The epigeic earthworms generally are
smallest in size, grow rapidly, have high reproductive rates, and are considered -
strategists. They feed primarily on rich organic substrates and live in organic-rich litter
layers, compost and manure piles. As such epigeic earthworms are rare in row-cropped

agroecosystems, where anecic and endogeic earthworms dominate.
1.2 Earthworm growth rates

Growth rates are an impoﬁant biological parameter that can be used to determine
population turnover, organic matter consumption, nutrient assimilation and excretion
from earthworms. Growth rates are affected by environmental conditions, food
availability and food palatability. Soil moisture and soil temperature are the most
important environmental parameters that influence earthworm growth rates and activity.
Unlike other environmental parameters that have a significant impact on growth rates
(i.e., pH, OM, texture), moisture and temperature may fluctuate significantly on short

temporal scales (hours to days). For this reason, it is necessary to calculate growth rates



of earthworms using the range of soil moisture and temperature conditions encountered in

the field.

The life cycle and growth rates of L. terrestris have been well described by K. Butt and
co-workers (Butt el al., 1992; Butt, 1993; Butt et 'al., 1994a; Butt et al., 1994b; Lowe and
Butt, 2003). However, most of this research focuses on the effect of food type and
palatability on growth rates and the effect of temperature on cocoon incubation times and
hatchling growth. Whalen and Parmelee (1999) determined the growth rates of both L.
terrestris and A. tuberculata at two soil moistures and three temperatures in laboratory
cultures, and during the spring and fall in field mesocosms. Growth rates from the
laboratory and field were very similar for both species. Although not a direct
measurement of growth, Daniel (1991) determined food consumption by L. terrestris
over a wide range of temperatures and moistures, and found higher consumption at
temperatures of around 22°C and a matric potenﬁal greater than -20 kPa. The growth
rates of A. caliginosa have been described for individuals consuming various food
sources (Lofs-Holmin, 1982; Bostrom and Lofs-Holmin, 1986), and under different soil
water potentials (Holmstrup, 2001). Doube and Styan (1996) measured the distribution,
but not growth, of 4. rosea and A. trapezoides to a moisture gradient in three soils with
different texture and found that earthworms of both species avoided soils with a matric
potential of less than -20 kPa. Although the growth of the different earthworm species
have been described under these different food types and soil moistures, few studies have
published growth rates for the important endogeic earthworm A. caliginosa under a wide

range of both soil moistures and temperatures. Furthermore, in many studies soil



moistures were not reported as matric potential, which makes the transferability of

reported data much more difficult and specific only to the soil type tested.

1.3 Earthworm population dynamics

The temporal heterogeneity of earthworm communities is an important yet under
researched topic. Since earthworms are highly responsive to small changes in soil
moisture and temperature, climatic conditions control earthworm community dynamics.
The length of the growing season varies in temperate regions, and studies have
established that earthworm populations fluctuate throughout the year in the
agroecosystems of these regions (Hendrix et al., 1992; Marinissen, 1992). However, the
reasons for temporal variation and the shape of population curves are still not fully
understood. Earthworms are more numerous during and just after peak precipitation
periods (late spring/summer), while the fewest earthworms are collected in the driest
periods of the cropping season (late summer/early autumn) (Callaham and Hendrix,
1997). Within the frost-free period of the year, a wide range of ratios of minimum :
maximum populations have been recorded in a variety of ecosystems. Ratios as high as
1:16 in corn-soya agroecosystems in north-eastern USA (Werner and Dindal, 1989), and
1:10 in Slovakian meadows (Zajonc, 1970; Zajonc, 1982) have been recorded, while
ratios as low as 1:2 to 1:4 have been found in temperate European grasslands (Ryl, 1984;

Daniel, 1992; Spurgeon and Hopkin, 1999).



The diversity of earthworms species found in agroecosystems is surprisingly low. Most
earthworm communities contain around 3 — 6 species, with a remarkable degree of
consistency among different habitats and geographic regions (Edwards and Bohlen,
1996). Furthermore, the earthworm communities are often characterised by associations
of specific species living together. Earthworm species L. terrestris, A. longa, A.
caliginosa, and A. rosea are often found in association with one another in a variety of
agroecosystems (Baker, 1983; Falco et al., 1995). The common occurrence of species
together in the same community may be explained by some characteristic of the habitat or

by niche overlap of the different species (Falco et al., 1995; Edwards and Bohlen, 1996).

The seasonal pattern of earthworm populations in temperate climates is very different
from those of other climatic zones. In temperate climates, cocoon production tends to be
greater in spring and early summer; however, due to an accumulation of cocoons during
the colder months (autumn to spring), many cocoons hatch in spring, producing a large
cohort of juveniles (Christensen and Mather, 1990). Juveniles surviving to late summer
mature into adults and produce cocoons. Many of these individuals then die during the
winter due to frost or lack of food (Daniel, 1992; Marinissen, 1992). Yet cocoons are
protected from these perturbations, tending to ovef—winter safely and hatch in the spring
to start the cycle again. This life cycle of a large juvenile dominated population in spring,
and a smaller, more evenly distributed population in late su@er is commonly observed
(Scheu, 1992; Tomlin et al., 1992; Wyss and Glasstetter, 1992). However, some
‘exceptions are found. In some long season grasslands in Europe (Zajonc, 1970; Ryl,

1984), and in Kansas (James, 1992), larger earthworm populations were found in autumn



than in spring and summer. In both organic and conventional farms in Pennsylvania,
carthworm populations were 4 — 10 times greai:er in autumn than in late spring/early
summer (Werner and Dindai, 1989). Cocoons laid in spring may hatch during favourable
humid conditions in mid-summer and may be responsible for the second cohort of

juveniles in autumn (Bostrom and Lofs, 1996).

Extreme climatic events, such as drought or prolonged surface freezing, may also
influence the populations. Whalen et al. (1998) found that earthworm populations,
initially large in spring and autumn, were reduced significantly following a drought
period in late summer and autumn, and populations did not recover for another year.
Similarly, farm management activities such as tillage and fertilization may also influence
the population dynamics significantly. Bostrom (1995) showed that rotary cultivation and
ploughing of a grassland caused a reduction of earthworm populations by up to 77%,
however a year later, earthworm numbers increased to pre-ploughing levels. This shows
that earthworm populations reduced by adverse weather (drought) or physical disturbance

(tillage) can recover within one season, provided food and soil conditions are favourable.

Since earthworm population dynamics can vary quite significantly between ecosystems and
between climatic zones, any assessment of population dynamics needs to be determined on
a climate- and ecosystem-specific basis. The majority of published reports on earthworms
in Québec are surveys in forest ecosystems (Lesage and Schwert, 1978; Garceau and
Coderre, 1991; Coderre et al., 1995), however there are a few reports of earthworm

populations in arable agricultural systems of Quebec (Estevez et al., 1996; Whalen, 2004).



1.4 Earthworm community dynamics

Competitive and mutualistic relationships between earthworm species may significantly
affect the community structure of earthworm populations. Many studies have shown that
high populations and biomasses in single- and multi-species laboratory pots can have
negative feedbacks on earthworms, reducing growth and fecundity (Hartenstein and
Amico, 1983; Butt et al., 1994b; Dalby et al., 1998; Baker et al., 2002). Slower
earthworm growth will reduce earthworm activity since earthworms are consuming less
food to increase their body mass, which may consequently decrease organic matter
decomposition and nutrient mineralization rates. This suggests that the results obtained in
pot experiments may not quite represent the field situation if earthworm populations in
pots are too high. In a recent review describing the optimal levels of abiotic and biotic
factors for successful laboratory cultures of soil dwelling earthworms, population density
was identified as a potentially limiting factor for earthworm growth and production
(Lowe and Butt, 2005). However, greater amounts of food and improved food quality
may compensate for these negative effects and allow more earthworms to be reared in
cultures (Butt et al., 1994a). A better understanding of how earthworms of the endogeic
and anecic functional groups coexist may help to determine how nutrient sources are

partitioned and cycled through the ecosystem.

Cocoon production, hatchling growth and overall reproductive success of earthworms
under different inter- and intra-species interactions have been well documented by Butt

and co-workers (Butt et al., 1994b; Butt, 1998; Lowe and Butt, 2002). Cocoon production



by large species such as L. ferrestris decreases significantly as the population size
increases. Similarly, reproductive effort and growth of new hatchlings of L. terrestris
seems to be affected negatively in the presence of other species. However, this trend does
not hold for all species. Some smaller species such as Octolasion cyaneum and
Dendrobaena veneta were not affected or showed slight increases in cocoon production
and hatchling growth (Butt, 1998). With a few exceptions, Garvin et al. (2002) found
negative effects on cocoon production and growth of Hormogaster elisae, A. rosea and A.
caliginosa when grown in the presence of the other species. However, interactions
between H. elisae and A. caliginosa were not very clear. Only the growth of H. elisae and
cocoon production of 4. caliginosa were negatively affected by inter-species interactions.
In general, reproductive success of most species is negatively affeéted by interactions

with other species.

Selective competition for a shared food or habitat resource by competing earthworm
species is hard to determine in the field (Dalby et al., 1998). In laboratory cultures, 4.
caliginosa was more strongly affected by inter-species competition with the larger sized
A. longa than intra-species competition, while both inter- and intra-species competition
are equally strong for 4. longa (Dalby et al., 1998; Baker et al., 2002). Intra-species
interactions amongst L. terrrestris, A. longa, A. chlorotica and L. rubellus in laboratory
cultures caused a decrease in growth rates and lower cocoon production compared to
mixed species cultures and monocultures (Lowe and Butt, 2002; Lowe and Butt, 2003).

Dalby et al. (1998) showed that predation of cocoons of Microscolex dubius by A. longa
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could occur theoretically, suggesting it as a form of selective competition between the

competing peregrine and endemic species found in Australian pastures.

Although the evidence of a decline in earthworm reproductive success due to interactions
is compelling, it is not known whether competition for food or habitat occurs between the
earthworm species found in Quebec agroecosystems. It is suggested that the influence of

inter- and intra-species interactions on growth rates of both A. caliginosa and L. terrestris
under increasing population be examined to determine competition for food resources and

the poésible carrying capacity of certain soils.

1.5 Earthworm contribution to soil nutrient pools and plant nutrition — pot studies

Although the general belief is that earthworms are beneficial for plant growth, the
evidence for this in the scientific literature is not convincing. The effect of earthworms on
plant growth and nutrition is not consistent and seems to be highly dependent on plant
species, soil type, and earthworm species involved (Doube et al., 1997; Callaham et al.,
2001; Scheu, 2003). The difficulty and inability of observing the movement and
behaviour of earthworms and other soil invertebrates within the medium they reside in is
one of the major obstacles of soil invertebrate ecology (Villani and Wright, 1990). Hence,
the majority of studies have focused on greenhouse pot studies where environmental

variables, populations and soil conditions can be controlled.
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In a pot experiment with populations of A. rosea and A. trapezoides at levels equivalent
to about 460 individuals m'2, the biomass, grain weight and N content of wheat was
greater than the control, but above-ground biomass of clover was only significantly
greater than the control in pots with 4. trapezoides, but not A. rosea (Baker et al., 1997).
In microcosms involving the same two species, a significant increase in oat (4vena fatua)
grain was recorded under treatments with both species separately and combined, however
the yield of lupin (Lupinus angustifolius) was not affected by the addition of earthworms
(Baker et al., 2003). Increasing the number of 4. rosea and A. trapezoides had a
significant increase on shoot weight and foliar nitrogen content of wheat in a pot
experiment using a sandy loam soil (Stephens et al., 1994a). The addition of L. rubellus
earthworms to pots at levels equivalent to about 500 individuals m™ to pots did not
increase maize shoot yield compared to lower populations of 0 and 250 individuals m™
(Mackay and Kladivko, 1985). Doube et al. (1997) found similar significant increases in
wheat and barley grown in sandy loam soils with increasing number of 4. trapezoides but
no effect on the growth of faba beans (Vicia faba). Ryegrass grown in a pot experiment
with a high number (1040 ind. m™) of A. caliginosa showed significant increases in yield
over controls with no earthworms (McColl et al., 1982). This contradicts results by James
and Seastedt (1986) which show that the yield of big bluestem tall grass (dndropogon
| gerardii) was not affected by either Lumbricid earthworms, Aporrectodea turgida, or

native Acanthodrilidae earthworms of the genus Diplocardia spp.

The majority of pot experiments suggest that yield improvements due to earthworms may

benefit cereals and grasses greater than legumes. This is possibly due to the independent
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nitrogen uptake associated with leguminous plants. Conversely, the burrowing activity of
earthworms in known to increase the vertical transport of microflora, which may benefit
leguminous plants if the dispersion of symbiotic flora is enhanced (Madsen and
Alexander, 1982; Thorpe et al., 1996). Root nodulation of subterranean clover by
Rhizobium leguminosarium was enhanced in the presence of A. trapezoides (Doube et al.,
1994). Similarly, Rhizobium meliloti was found on roots of alfalfa in greater numbers and
at greater depths as the number of 4. trapezoides in pots was increased (Stephens et al.,

1994b).

Doube et al. (1997) found that there was no universal rule predicting the effect of
earthworms on plant growth, and that the effects are highly dependent on soil type. They
found that wheat and barley plants showed significantly better results due to earthworm
addition when grown in sandy loam soils, but that the effect of the addition of
earthworms was less in loamy and clay soils, with the barley yield in clay soils lower
when earthworms were added. Callaham et al. (2001) reported that the influence of native
Diplocardia spp.and exotic Octolasion tyrtaeum on soil microbial biomass and plant N
uptake in tall grass prairie soils differed significantly between earthworm species. As well
as soil type and earthworm species, plant species (Kreuzer et al., 2004; Wurst et al.,
2005), and fertility treatments (Blair et al., 1997) are also major factors that affect the

relationship between earthworms, soil-N pools, plant nutrient uptake and yield.

An important argument against the scaling up of results from pot studies to the farm-scale

are the high populations often used. Populations in pot experiments that range as high as
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630 ind. m? (Doube et al., 1997) and 1040 ind. m (McColl et al., 1982) are much higher
than field populations. Another argument is the high mortality rate of introduced
earthworms, ranging froin 10— 46 % (McColl et al., 1982; Doube et al., 1997; Baker et
al., 2003), which may contribute a significant amount of nutrients through the
decomposition of earthworm tissues. Determining earthworm nutrient contribution to
plants from pot studies may lead to large differences from actual values due to the high

populations and high mortality rates that occur in pot studies.

To improve the reliability of estimates it is necessary to increase the size of the “pot” so
as to include more natural soil structure, weather conditions and realistic populations. The
migration habits of earthworm species can be used in developing a method to enclose
them so as to better study their effects on soil and plants. Horizontal movement by
endogeic earthworms typically occurs in the upper 20cm of the soil while anecic species
typically travel on the soil surface (Bouché, 1977; Francis et al., 2001; Bastardie et al.,
2003). Therefore, a barrier dug to depths of 35 — 50 cm and protruding above the ground
by 10 cm should, in theory, retain most of the earthworms in the “pot”. Field studies with
buried enclosures may be the best method of estimating field level contributions of

earthworms to soils and plants.
1.6 Earthworm contribution to soil nutrient pools and plant nutrition — field studies

Enclosure studies have provided a unique way of studying the effects of earthworm

communities on soils and plants in situ. Field enclosures studies involving earthworms

14



are relatively recent and very few studies have been conducted. Therefore, efficient
methods to manipulate earthworm communities in situ are still under development. The
size of field enclosures have varied from 30 cm diameter cylinders (Baker et al., 1996) to
large 6.1 x 6.1 m enclosures (Subler et al., 1997) with most other experiments using
rectangular enclosures ranging from 1 — 20 m* (Bohlen et al., 1995;4Zaller and Arnone,
1999). The manipulation of earthworm communities in situ requires new methods and
unique field techniques to be developed. Electro-shocking has been used to reduce
earthworm populations in arable soils (Bohlen et al., 1995). Removing top soil monoliths
during periods when earthworms are absent from the topsoil was shown to be a
successful method to reduce resident populations of earthworms (Baker et al. 1996). The
addition of earthworms to soils with very low or no resident earthworm community, such
as mine spoils, landfills, peat lands or volcanic ash soils (andisols), has been useful to
study the effects of added earthworms separately from any naturally occurring population
- without the specific need for enclosures (Curry and Boyle, 1987; Boyer et al. 1999;

Emmerling and Pausch, 2001; Butt et al., 2004).

The manipulation of earthworm communities in field enclosures has had varied success.
In enclosure experiments in Ohio, high mortality among added earthworms was
suspected since populations showed either moderate or no growth in the added
earthworm treatments (Bohlen et al., 1995; Subler et al., 1997). Similar low to moderate
survival rates of introduced earthworms, and invasion of moderate numbers of non-
introduced species have been recorded in enclosure experiments in Australia and Reunion

Island (Baker et al., 1996; Baker et al., 1999; Boyer et al., 1999; Baker et al., 2002).
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However, successful manipulations of earthworm communities have been recorded in
German and Swiss enclosures studies where populations increased between 1.5 — 5 fold
in earthworm addition treatments (Zaller and Arnone, 1999; Emmerling and Pausch,
2001). In all of these studies, the success of earthworm manipulations into field

enclosures was not consistent for any particular species or functional group.

Due to the limited number of earthworm enclosure studies and the varied success of
earthworm community manipulations the effects of earthworms on soil nutrient pools are
inconsistent and show mixed results. In a maize-based enclosure study in Ohio, the
addition of earthworms increased the incorporation of surface litter and an increase in the
C;N ratio of surface litter (Bohlen et al., 1997). Furthermore, earthworm additions
increased soil NOs3-N concentration over a two-year period in inorganically fertilized
plots but not in manure or legume fertilized plots (Blair et al. 1997). In another enclosure
study in Ohio, Subler et al. (1998) reported a greater increase in soil-N pools with
earthworm addition treatments to inorganically fertilized plots but not in legume or
manure fertilized plots. Earthworm additions also influence the depth stratification of
available nitrogen either through the incorporation of litter, mineralization of the soil OM
or increased nutrient flow (Bohlen et al, 1997; Shuster et al., 2002). In enclosure studies
in Ohio, earthworm additions increased soil NO3-N concentration at lower depths (15 —
45 cm) in two consecutive growing seasons and in the 0 — 15 cm depth in only one of the
two growing seasons (Blair et al., 1997). In contrast, a mesocosm experiment by Bohlen
and Edwards (1995) demonstrated that earthworms increased the amount of NOs-N at the

0 — 5 cm depth but had no effect at the 5 — 15 cm depth. Tn another enclosure study in
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Ohio, the addition of earthworms did not increase mineral-N in maize-soybean or maize-
soybean-wheat systems in the 0 — 45 cm depths but did increase pools of organic N
(MBN and DON) (Subler et al. 1997). There have been many conflicting reports on how
earthworms éffect MBN in the field, which rhay be due to differences in soil organic
matter, earthworm species, nutrient inputs and climate (Blair et al., 1995; Bohlen and
Edwards, 1995; Blair et al., 1997; Subler et al., 1997; Callaham and Hendrix, 1998;

Aruajo et al., 2004).

The effects of earthworm manipulations on plant growth in field enclosure studies also
show mixed results. In a field enclosure study in Ohio, increasing earthworm populations
did not affect biomass, tissue-N concentration or total-N yield of maize. In fact, maize
yield was higher in plots with reduced earthworm populations, and this was partially
explained by less weed and pest pressure in the reduced earthworm treatments (Stinner et
al., 1997). In field enclosures on Reunion Island, maize yield was greater in earthworm
addition treatments but only when a trefoil cover crop was present (Boyer et al., 1999).
The trefoil probably provided food for the earthworms, who accelerated decomposition of
the cover crop, releasing available nutrients for the maize plants (Boyer et al., 1999).
Overall, there have been very few studies reporting the effects of earthworm
manipulations on plant gfowth in enclosure studies. This justifies further field enclosure
studies to improve our knowledge of nutrient flows from earthworm communities to

Crops.
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1.7 Calculation of nutrient fluxes through earthworm communities — Comparison of

different models

Estimates of the direct and indirect nitrogen flux through earthworm communities range
from 7 to 363 kg N ha’! per year (Satchell, 1963; Syers and Springett, 1984; Christensen,
1987; Parmelee and Crossley, 1988; Marinissen and de Ruiter, 1993; Curry et al., 1995;
Whalen et al., 2000). The wide range of estimates is primarily caused by differences in
the methods and value of parameters used to make estimates, and by differences in
earthworm biomasses in different agroecosystems. Estimates made by different methods
for the same field can vary as much as 7-fold (Marinissen and de Ruiter, 1993). While
estimates using the same model but with small differences in the value of parameters can
vary as much as 4-fold (Curry et al. 1995). It is therefore important to compare estimates

of N flux among different methods and with varying parameter values.

Secondary production is an energetics approach to determine the production of
earthworm biomass and turnover of earthworm populations. It has been used to estimate
N flux through earthworm populations ranging from 15 — 55 kg N ha™ per year (Bostrom,
1988; Parmelee and Crossley, 1988; Curry et al., 1995; Whalen and Parmelee, 2000). The
“food web” model is a static model that considers a mean earthworm biomass over the
séason. It derives N mineralization for the mean earthworm biomass from feeding rates
and the partitioning of nutrients between the consumer (earthworm), the food source
(detritus or microbes), and the environment (soil) (Hunt et al., 1987; de Ruiter et al.,

1994). Estimates of N mineralization of 11 — 51 kg N ha™ per year have been reported
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using the “food web” model for agroecosystems in the Netherlands but no estimates for
other agroecosystems have been reported in the literature (Marinissen and de Ruiter,
1993; Didden et al., 1994;). The summation of all direct N excretions from earthworm
casts, urine, mucus and dead biomass provides another method to calculate N flux from
eartﬁworm communities. Estimates of direct N excretions range from 7 — 74 kg N ha™ per
year, but these estimates are very sensitive to small differences in parameter values
(Christensen, 1987; Christensen, 1988; Parmelee and Crossley, 1988; Marinissen and de.

Ruiter, 1993; Curry et al., 1995).

The “food Web” model may also be used to estimate the stimulatory effect of earthworms
grazing on microbial populations, and the subsequent microbial N mineralization.
Estimates of N mineralization from the stimulated microbes is estimated to be 5 — 10 fold
higher than estimates of direct contributions without microbial grazing (Marinissen and
de Ruiter, 1993; de Ruiter et al., 1994). However, estimates of the indirect N
mineralization from earthworms are very sensitive to parameter values and were shown
to vary between 5 — 70 kg N ha™ per year for small differences in parameter values

(Marinissen and de Ruiter, 1993).

The majority of parameters used in these model predictions are taken from literature
values and may be applicable to only certain agroecosystems. As T have discussed in the
previous sections, growth rates and other life history parameters, community level
interactions, and the effects of earthworms on soil and plant nutrient pools are earthworm

species-, soil-, and climate-specific. Therefore, there is a need to obtain as many of these
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parameters from similar studies in order to make valid and accurate predictions of the
contribution of earthworms to nitrogen cycling. With the exception of Whalen et al.
(1999) who showed good correlation between observed growth of A. tuberculata
individuals and model predictions based on nutrient flow through earthworm bodies, few
studies have shown field scale validation of model-based nutrient flux predictions
(Bouche et al., 1997). This justifies the need to further investigate the different types of
models, the sensitivity of models to parameter values, and validate model predictions

with field level data.

1.8 Research questions

The objectives of this research project are 1) to obtain earthworm growth rates for soil
conditions and earthworms specific to Québec, 2) to measure the influence of earthworm
communities on soil nutrient pools in Québec agroecosystems, and 3) develop a model
that can be used in other agricultural fields in Québec to predict the nitrogen flux through

earthworm communities. To this end the following research questions will be answered.

Research question 1) How are earthworm activity and growth rates affected by

environmental conditions and community interactions?

Research question 2) Are earthworm growth rates affected by the size of the experimental
container, and are earthworm growth rates obtained in the laboratory equivalent to growth

rates in the field?
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Research question 3) What contribution do earthworm communities make to soil nutrient

pools, plant nutrition and yield in soybean and maize agroecosystems in Québec?

Research question 4) How much variability is there in current earthworm nitrogen

mineralization models, and can field data be used to validate model predictions of

nitrogen flux through earthworm communities?
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