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ABSTRACT
Anthropogenic activities surrounding horticulture, agriculture and recreation
have increased dispersal of invasive earthworms. The introduction of earthworms
initiates many physical and chemical alterations in forest soils previously unoccupied by
earthworms. Three trials were performed to assess the effects of earthworms on soilwater dynamics, C and N and defensive/storage compound production by a native plant.
The first trial was a greenhouse experiment, performed to assess the impact of
two ecologically contrasting invasive earthworm species on percolate and evaporative
soil water loss. Mesocosms were constructed to simulate a typical forest Entisol
commonly penetrated by the species of interest, Lumbricus terrestris and Amynthas
agrestis. Earthworms were added in pair and combination to replicate an average
population density observed in Vermont. Percolate water was collected and evaporative
water loss balance was recorded over a period of 140 days. C and N were quantified in
A-horizon bulk and aggregate soil as well as the subsoil. Residual surface leaf litter was
also quantified. Results indicated significantly increased evaporative water loss where
either worm was present. Conversely, percolate water loss was significantly reduced in
presence L. terrestris alone. C and N analysis revealed that only L. terrestris had a
significant effect on aggregate soil C.
While the abundance of many herbaceous species is reduced at invasive
earthworm sites, Arisaema triphyllum anecdotally have greater densities where
earthworms are present. It has been hypothesized that the greater density is caused by a
trait that allows this plant to store Ca, often observed at increased concentrations in
earthworm invaded soils as Ca-oxalate Here, we tested the hypothesis that oxalate
increases in A. triphyllum when earthworms are present. As such, we conducted a twoway factorial greenhouse trial to test whether the changes to soil properties made by two
invasive earthworm species (Amynthas agrestis and Lumbricus rubellus) or their physical
presence (and bioturbation) had an effect on the plant production of oxalate. Upon
quantification of variable soluble oxalate in corms after senescence, we found that
earthworm presence increased water soluble and total oxalate significantly as well as
marginally significantly in the case of HCl soluble oxalate. No significant changes in
oxalate concentrations were observed under soil treatments alone.
Carbon and nitrogen are found extensively in both terrestrial and atmospheric
cycles. A shift in the equilibrium of these elements can suggest a strong interaction
between an introduced variable (invasive earthworms in this case) and the abiotic
environment. To better understand changes in soil properties with earthworm invasion, a
112-day mesocosm study was undertaken to examine C and N dynamics. Two epiendogeic invasive earthworm species Lumbricus rubellus and Amynthas agrestis were
selected for study. Greenhouse gas production by total mesocosm and soil were
monitored. Gas flux measurements on 11 dates indicate both worm species increase CO 2
and N 2 O emitted from mesocosm system as well as soil. Mesocosm total C and N (mass
balance) indicate significantly more N but no change in C where earthworms are present.
This indicates a disruption of denitrification by earthworm invasion that results in
increased N 2 O emissions. This research is the first to examine these variables in concert
and confirms holistic view is essential when examining natural systems.
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CHAPTER 1: COMPREHENSIVE LITERATURE REVIEW
1.1 Preface
Initially, my research focused on forest soil chemistry with respect to earthworm
invasions, my interest sparked by increased calcium (Ca) availability and C and N
alterations with invasive earthworms.

Ca is of particular interest since it is a necessary

element in earthworm physiology where it serves to both neutralize carbonic acid in the
earthworm digestive tract and capture CO 2 before it is excreted in the form of calcite
crystals (Canti et al., 2003; Canti, 2009; Piearce, 1972). This process can sequester up to
25 kg C/ha/year, and 70 kg Ca/ha/year (Briones et al., 2008). The question I tried to
answer was whether earthworms are successful in Ca rich soils as suggested by Bernard
(2010) or whether they can alternatively mobilize Ca from leaf litter to obtain their
calcium as suggested by Reich (2005). As influenced by Ehrenfeld (2010), I designed an
experiment that allowed me to analyze a mass-balance of Ca, C and N fractions. This is a
significant variation from the current literature, which focuses on concentrations and has
never measured these components in concert.

Using an ecosystem and a mass balance

approach, I was able to track elemental flux within and out of the system, which not only
provides insight into earthworm mediated mechanistic effects, but also can provide
insights into large-scale experimental design.
The Sugarbush calcium studies mentioned above also yielded two years of soil
fertility data, which includes all the recognized plant nutrients.

Most data sets include

only C and N rather than the entire suite of nutrients (Ehrenfeld et al., 2010).

My

dissertation research included the suite of nutrient data, which may serve as important co1

variables for the analysis of the variability of calcium in the forest soils studied. These
data will be made available upon request to other researchers who can use it to inform
their experimental design.
Greater availability of calcium and nitrogen in earthworm-invaded soils may
trigger increased production of oxalate compounds (a defensive/storage chemical) in
some plants; specifically, plants like Arisaema triphyllum (Jack-in-the-Pulpit) that
accumulate calcium oxalate which serves as a deterrent to herbivores, possibly affecting
fitness of the plant (Franceschi et al., 1980; Nakata, 2003). As densities of Jack-in-thePulpit appear to be higher where earthworms are present (Hale et al., 2006; Holdsworth et
al., 2007), I focused my work on this plant to examine the purported connection between
the Ca supply rates in the presence of earthworms and the uninvestigated influence this
could have on Ca oxalate production. I conducted an experiment in which I grew Jackin-the-pulpit in the presence of two different earthworm species.

In order to investigate

whether the earthworms affect the tissue concentrations of calcium oxalate, I have
modified existing methods that determine total oxalate to quantify fractions of oxalate
along a solubility gradient, assuming that the most acidic solvent (HCl) would solubilize
crystalline calcium oxalate (Ilarslan et al., 1997; White 2003).
Little research has investigated the effect of earthworms at the species level. For
this reason, I ran my second set of experiments with two very different species.
Lumbricus rubellus is of the family Lumbricidae, the family that covers most European
species.

This species is a common naturalized inhabitant of New England ecosystems.

The second species is Amynthas agrestis, which is in the Megascolecidae family whose
2

members predominantly hail from Asia and Australia.

This species has only recently

been reported in Vermont forests (Görres and Melnichuk, 2012). Amynthas agrestis is an
annual species (Callaham et al., 2002) that hatches from egg casings (so called cocoons)
in April. In Vermont, peak abundance of about 200 individuals m-2 occurs in June. First
adults occur in July or August (Görres et al., 2015). A. agrestis die in the autumn with
first frosts.

This time course matches those observed for populations in Tennessee

(Reynolds, 1978) and a remote location in Appalachia (Callaham et al., 2002). At one
site in Burlington, Vermont, over 500 cocoons m-2 are deposited in late summer and
autumn (Görres pers.comm.). In contrast, L. rubellus is a perennial species that lives for
at least two years (Klok et al., 1997). Unlike A. agrestis, it aestivates and is active in the
spring and the fall.

Both of these species are classed as epi-endogeic species, which

occupy the same forest habitat (i.e. the top mineral soil and the residual leaf litter).
Although they occupy different temporal niches, it is rare to find A. agrestis with L.
rubellus; of 19 collections from Tennessee that contained A. agrestis, only two reported
co-occurrence of these species (Reynolds, 1978). In Vermont, only a transient population
of A. agrestis was observed where Lumbricidae had an established population (Görres et
al., 2014).
Of particular interest to me (and potentially climate researchers globally) is
comparing the effect of these two species on greenhouse gas emissions (CO 2 and N 2 O)
and calcium availability in the mesocosm study.

As ecosystem engineers, earthworms

modify forest floor structure through the destruction of Oe and Oi horizons which in
uninvaded soils are characterized by mor type humus.
3

These modifications sometimes

result in an A-horizon characterized by mull (more decomposed) humus mixed with
mineral matter.

Mull has been hypothesized to be an “attractor” for humus forms in

forest ecosystems (Figure 1.1)(Ponge et al., 2010).

Earthworms are strongly involved in

the transformations of humus that tend towards mull forms of humus. While this may be
true for Lumbricidae, the loose castings created by the Asian Megascolecidae cannot be
classified as mull or mor or moder type humus, classifications that have arisen from
European forest soil research in which Asian invasive earthworms have not played a role.
The newly described amphi or tangle forms (Ponge et al., 2010) also do not describe this
casting layer which may be seen as an alternate humus form attractor when
Megascolecidae are present.

The obvious question is then: what happens to the organic

matter in either mull or mor upon invasion?

The mor layer is an intricate matrix of

diverse habitats and resource for organisms in multiple trophic levels and one that is
present in a majority of earthworm free forested ecosystems.
majority of carbon and nitrogen stored in the soil.

4

This layer comprises the

Figure 1.1: Framework of Humus Form Transformations that shows the role of anecic, epigeic and
endogeic earthworms in the formation of mull type humus in temperate forests (graphic from
Ponge et al., 2010). Megascolecid earthworms do not fit into this genetic humus framework.

Earthworms also affect water dynamics because of the incorporation of organic
matter into the mineral soil and altered distribution of pore spaces. For this reason, I also
investigated the magnitude of water fluxes, focusing on evaporation from soils with
earthworms.

The fate of water is closely linked to the potential fates of nutrients and

pollutants during and after invasion.

For example, current research shows that biological

(nitrification, denitrification and mineralization) and chemical (redox) processes depend
on the water content of soils.

5

1.2. Introduction
As an almost ubiquitously observed resident in soils, earthworms have been
considered by most as welcome tenants.

They improve aeration, water relations and

nutrient turnover in agricultural soils (Stork et al., 1992). However, their origins and the
biodiversity of ecosystems in which they are present have gone overlooked by all but
few.

With an estimated 5000+ unique species, the biological characteristics and

ecological interaction potential is extraordinarily broad. Once called the intestines of the
earth (Aristotle), these lowly creatures (Darwin, 1881) have been utilized as tools or
indicators in agriculture, waste processing, geology, toxicology and medicine (Alumets et
al., 1979; Doran et al., 2000; Edwards, 1992; Greig-Smith et al., 1992; Rodale 1962;
Römbke et al., 2005). However, nature is most often zero-sum, so this benefit must be
balanced through loss elsewhere.
Though earthworms are relatively small creatures, in many environments, they are
the most abundant invertebrate in soils (by mass); with an additive effect on the
ecosystem, the sum action can be extraordinary (Edwards, 2004). Considering that an
earthworm may move a mass of soil equal to body weight on a daily basis, given a
population of 100 per square meter, this value can be on the scale of 103 tons per hectare
per year.

These species have seen success as ecosystem engineers; modifying the

environments they have come to inhabit (Edwards, 2004; Eisenhauer et al., 2009;
Holdsworth et al., 2007).

Paraphrasing Darwin, those that appear to be the most

insignificant are rarely so (Desmond et al., 1991).

As such, understanding the effects

they have on various ecosystems is an essential research goal in ecology.
6

The complex

interactions and feedbacks in the plant-soil-earthworm system necessitate a multidisciplinary approach that can elucidate the effect of several key variables (Ehrenfeld et
al., 2005).
1.1.1 History
Earthworm classification and taxonomic significance has been penned for the last
quarter millennium.

Lumbricus terrestris (the common Nightcrawler or Dew Worm)

appeared in Systema naturae and is classified and named in the same manner to this day
(Linneas, 1758). The common compost worm Eisenia foetida was identified by a student
of Lamarck (Savigny, 1826).

Not only recognized by classical taxonomists, botanist W.

Hoffmeister (1843) named several species, including Lumbricus rubellus. Continuing the
work of these founders, many of the North American species have been identified and
ranges mapped in the past century by Gates and Reynolds (in hundreds of papers in the
journal Megadrilogica in the past century).
The intimate association of earthworms with human inhabited environments
primes them as a subject of broad interest. Early recognition of earthworm behavior as
earthmovers resulted in research focused in agricultural ecosystems where earthworms
have been used as both an indicator and tool.

Their presence suggests favorable soil

quality, fertility and health (Doran, 2000). As detritivores, earthworms are employed in
nutrient and waste management (Sharma et al., 2005; Sherman, 2010).

Libraries of

books have been published on vermiculture, vermiposting and sustainable agriculture
practices (e.g. Barrett, 1947, 1953; Edwards, 1992; Gaddie et al., 1975; Lavelle et al.,
2000; Sherman 2010; Singh, 1993).

Alternatively, exploration into earthworms as a
7

food/feed source for a starving world has been considered (Stafford et al., 1985 and van
Huis, 2013).

Certainly, agricultural earthworm research has been foundational in

designing and

implementing experiments on comparatively more complex natural

systems.
1.1.2 General Behavior and Ecology
The final work of Darwin (1881) made mainstream the ecological significance of
earthworms in the 19th century and continues to be recognized to present day. With the
anatomical structures of earthworms characterized (Linneas, 1758), Darwin was able to
observe the functions of worm physiology along with the interactions they had with the
soil, landscape and limited flora and fauna.

Edwards compiled a century of post

Darwinian earthworm research in three editions of Biology and Ecology of Earthworms
(Edwards, 1972,1977, 1995); exceeding 1600 references. A compendium published by
Lee (1985), recognizes the many fields of study contributing to earthworm research.
With interest in earthworms increasing, Hendrix (1995) compiled a volume that focuses
on North American earthworms and their biogeography, already noting the presence of
invasive earthworms.

At present, the most comprehensive compilation, Earthworm

Ecology exhibits the complexity of earthworm interactions with ecosystems (Edwards,
2004).
While there are more than 3000 described species of earthworms, ecological
groupings have been implemented to describe general habit.

Three ecological apices

describe the behavior of earthworms based on their spatial niche in the soil and preferred
diet (Bouche, 1977). Epigeic earthworms live in and consume the surface layer, anecic
8

worms create deep vertical burrows and consume surface litter (while lining burrows with
detrital material), and endogeic worms live below the surface and consume organic
matter derived in large extent from the soil.

Generally, epigeic and anecic worms are

pigmented to protect from ultraviolet (UV) radiation.

This classification system is best

thought of as a continuum as an earthworm can exhibit behavior akin to more than one
apex.

As such, it is most helpful in understanding the expected behavior an earthworm

will exhibit.
1.2 Earthworm Interactions with the Environment
Worms either consume or mix organic material from the O-horizon with lower
horizons (Darwin, 1881).

Consequently, this affects the biogeochemical mechanisms that

regulate bottom-up processes in ecosystems.

As ecosystem engineers, earthworms are

able to modify habitats such that it becomes more hospitable for them (Eisenhauer et al.,
2009a; Holdsworth et al., 2007). There is not a single aspect they change, but rather a
suite of physical, geochemical and biological factors.

The effects are drastic and

ecosystem-wide (Bohlen et al., 2004b).
1.2.1 Physical
The absence of earthworms in northern North American prior to their introduction
by settlers, allowed ecosystems to develop for the past several millennia without a large
invertebrate detritivore; this allowed organic matter to accrete on the forest floor (a mat
of loose organic material – the O i and O e horizons).

With invasion into an undisturbed

forest system, physical alteration is most visible as the loss of the forest floor organic
layer and integration into the mineral soil (Alban et al., 1994; Addison 2009; Bohlen et
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al., 2004a; Hale et al., 2005a; Hale et al., 2006; Hale et al., 2008; Lawrence et al., 2003;
Li et al., 2002).

Specifically, the soil structure changes engendered by earthworm

invasions are apparent at the earthworm invasion front of northern hardwood forests.
They include the disappearance of the O-horizon, increased depth of the A-horizon,
increase in bulk density and decrease in fine root mass (Dempsey et al., 2011, Hale et al,
2005, Lawrence et al, 2003).

Outside of forest soils, vermiturbation in agricultural

systems is generally considered positive, though some evidence points to species having
a negative effect with soil compaction (and resultant hydrophobicity) reported (Edwards,
2004, Lee, 1985).
It is known that the burrowing activities (e.g. macropore and preferential flow
path construction) by earthworms increases percolation (Lee et al., 1991), particularly in
clay soils invaded by anecic L. terrestris (Shipitalo et al., 2004).
affects the structure and hydrology of the burrow.

Earthworm behavior

Specifically, infiltration capacity

(sorptivity) of L. terrestris burrows is less than that of the bulk surface (Bastardie et al.,
2005).

When comparing the soil altered by the earthworm (drilosphere), it is typically

more aggregated compared with soils that have not been altered (bulk soil). Additionally,
the extended residency of anecic earthworms results in drilosphere soils that are denser
than the surrounding bulk soil.

At a microscopic level, the drilosphere of the burrow

walls and the bulk soil exhibit differences in pore structure (Görres et al., 2001, Görres et
al., 2010). Pore size distribution is not as broad in L. terrestris burrows as in bulk soil,
which can select members of the micro-faunal community by size as well as altering soil
water redistribution (Görres et al., 2001).
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1.2.2 Biogeochemical
First, a brief but essential look at soil chemistry in relation to metals, specifically
calcium. With the increased mineralization of the forest floor and organic residues, metal
elements are mobilized in the environment.
Most earthworms have calciferous glands that combine calcium with carbonic
acids to form calcite in their guts (Briones et al., 2008).

Calcifery requires that Ca is

mineralized from organic matter or released from soil parent material.

Earthworms

increase available calcium concentrations in soils or live in calcium rich environments.
Calcium is of particular interest since it is a necessary element in earthworm physiology
where it serves to both neutralize carbonic acid in the earthworm digestive tract and
capture CO 2 before it is excreted in the form of calcite crystals (Canti et al., 2003; Canti,
2009; Piearce, 1972; Robertson, 1935). This process can sequester up to 25 kg C/ha/year,
and 70 kg Ca/ha/year (Briones et al., 2008).

Empirical estimates, based on dissolution

and earthworm related Ca(CO 3 )2 production rates, suggest that soil Ca concentration can
be increased by 1000s of ppm by earthworm presence (Lambkin et al., 2011a). Ca is
essential for metabolism through CO 2 removal from blood; a recent study found
Ca(CO 3 )2 production by earthworms was only dependent on CO 2 concentration in soil
(Versteegh et al., 2014).

However, calcium relations in earthworms also differ among

species (Piearce, 1972). For example, L. rubellus is strongly calciferous (producing 1-10
calcite granules per day), whereas A. caliginosa is not (producing 1-10 calcite granules
per month) (Piearce, 1972).

Based on evidence from the Adirondacks, where acid rain

has reduced base saturation, forests soils have low earthworm abundance (Bernard et al.,
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2009). In a laboratory experiment, Bernard et al. (2009) demonstrated that for selected
Adirondack soils with low base saturation liming increased the survival of earthworms,
including Amynthas spp.

Equilibrium Ca concentrations are likely to interact with the

effect of earthworms on soils and base saturation.

Heavy metals, often considered

immobile and toxic, are found to have increased mobility in the presence of earthworms.
Furthermore, earthworms may bioaccumulate heavy metals without a direct toxicity for
the earthworm itself (Richardson et al., 2015).
Now, a look at carbon and nitrogen (herein C and N) as these elements are
integral central components to all terrestrial life.

Of particular interest is forest carbon

pools in Canada and the Continental US, where C pools in soils are between 200-300 Pg
(200-300 x 1012 Kg) (Dixon et al., 1994; Lal, 2005). Given the introduction and success
of earthworms in northern forests, an understanding of how they might influence these
pools is critical to climate science.
Research on ecosystem scale biogeochemical processes affected by earthworms
has mainly concentrated on N and C transformations and fluxes.

After all, N is the

limiting nutrient in terrestrial ecosystems and both C and N cycling affect water and air
quality.
When examining the influence of soil biogeochemistry on climate change, carbon
and nitrogen are the focus of many recent publications in light of well-established effects
of some of their gaseous forms on global climate change (Griggs et al., 2002; Hansen et
al., 2007).

Given this focus, research surrounding greenhouse gas emission from
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ecosystems with earthworms has become a topic of great interest.

Meta-analysis of

existing literature suggested that earthworms stimulate C storage in soil aggregates, but
also increased emissions of carbon dioxide and nitrous oxide (Lubbers et al., 2013). This
concurs with other studies that have found that earthworm presence increases N 2 O
emitted and/or CO 2 respired from soils (Amador et al., 2013; Bohlen et al., 2004; Fahey
et al., 2013; Görres et al., 1997; Sperratti et al., 2008). This is not surprising given the
increased C and N mineralization, nitrification and denitrification from soils in the
presence of earthworms (Görres et al., 2001; Görres et al., 1997; Görres et al., 1999;
Parkin et al., 2001).

Studies performed on communities of earthworms in field settings

(Bohlen et al., 2004; Fahey et al, 2013) or with single model species in mesocosm
experiments such as L. terrestris (Görres et al., 1997, Parkin et al., 2001) show similar
trends in gas emissions.

Whether these emissions are short-lived, and balanced by C

sequestration in the long run, is still debated.

Meta-analysis of existing literature

suggested that earthworms stimulate C storage in soil aggregates (Zhang et al., 2013),
though the diversity of earthworm habitat and feeding may require a differentiated look at
how different species affect C sequestration.
Looking more specifically at soil, earthworms often accelerate the nitrogen cycle.
In particular, earthworms appear to promote nitrification and denitrification (Burtelow et
al., 1998; Costello et al., 2009). Denitrification may be increased by as much as 400% by
earthworms in riparian forests, possibly as a result of the increased nitrification rates
often observed in invaded forests (Costello et al., 2009). In a recently invaded maple
forest, net soil microbial biomass increased across the mineral soil profile, but decreased
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in residual forest floor (O-horizon); this likely occurred as a result of earthworm driven
consumption and integration of the forest floor into mineral soil (Groffman et al., 2004).
Total N was conserved within the profile and the suggested mechanism was that
increased soil organic C in the mineral profile supported increased immobilization
(Groffman et al., 2004).
The effects of earthworms extend to alterations in the soil meso and microfaunal
communities.

Microbivorous nematodes and total microbial biomass increased in

mesocosms after addition of earthworms (Savin et al., 2004).

When detrital resources

were available in the mesocosm, respiration was increased and mineral N accumulated in
the mesocosms, mainly as NO 3 .

Higher mineral N concentrations were likely due to

absence of plants, which might have taken up the N mineralized in the presence of
earthworms (Savin et al., 2004).
Models with alternative mechanistic explanations of earthworm influence on C
have been proposed.

For example, increased soil carbon sequestration accounts for

increased carbon activation and amplification towards enhanced C sequestration by
earthworms (Zhang et al., 2013). This is consistent with Fisk et al. (2004), who found
that net C flux CO2 emissions from a temperate forest site was not affected by the
presence of earthworms. However, the ecological class of earthworms in an ecosystem is
a significant factor in transfer and stabilization of C in different forest floor pools;
specifically, epi-endogeic species incorporate material from litter into the topmost
mineral soil, whereas endogeic species mix only belowground material from soil and
roots (Sánchez-de León et al., 2014).

In addition, abiotic conditions may play a role,
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considering a recent study found that nitrous oxide released from soils alternating
between saturated and dry conditions was reduced in presence of earthworms (Chen et
al., 2014).
All these studies provide information towards understanding the influence of
earthworms on soil structure, C and N, though none so far have examined these factors
concurrently.

Additional experiments are warranted to verify and bolster the current

findings.
1.2.3 Plant Interactions
Invasion of woodlands by earthworms results in the loss of organic horizons
through consumption of the O e and O i horizons, setting off a cascade of effects. The first
direct effect is to the loss of the seedbank and germination medium for many understory
plants, often resulting in a decline in species richness and evenness (Addison, 2009; Hale
et al., 2006; Hale et al., 2008; Holdsworth et al., 2007). When assessing the severity of
invasion, the succession of earthworms and their community assemblages need to be
considered; when several earthworm species are present, there is a greater impact on
litter, O and A horizon thickness than when only a single species is present (Hale et al.,
2008).
The physical and chemical modifications result in changes in flora and fauna
community structure. A direct effect of the loss of the duff layers is the transformation of
the forest floor from a mor to a mull type humus horizon. The resultant loss of the seed
bank and germination medium of many understory plants has further implications for the
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plants that remain (Hale 2005). In particular, browsing pressure by large foragers such as
deer becomes greater on saplings of canopy species (Holdsworth et al., 2007).

This

likely reduces forest canopy regeneration (Hale et al., 2006).
As browsing is selective, some native plants anecdotally exhibit an increase in
abundance when earthworms invade their habitat.

Of particular interest is Jack-in-the

Pulpit (Arisaema triphyllum), known to persist and thrive when earthworms are present
(Holdsworth et al., 2007).

This has been attributed to the trait that allows this plant to

accumulate calcium oxalate, which potentially moderates calcium toxicity and reduces
palatability (Hale et al., 2006). Other plants like wild leeks (Allium tricoccum) may deter
grazers through thiosulfates (Hale et al., 2006).

Native plants usually have the

competitive advantage; in 94% of 55 comparisons involving more than one growing
condition, the performance of the native plant was equal to or superior than that of the
invader (Daehler, 2003). Though the advantage of native plants is affected by earthworm
presence; a recent study found that 12 of 15 native herbaceous seedlings and graminoids
were affected negatively by earthworm presence, likely due water stress and/or a reduced
O-horizon (Dobson et al., 2015). But this may also occur as a function of seed predation
by earthworms (Eisenhauer et al., 2009b)
The changed forest floor and understory structure may have other effects.
Decreased litter mass and cover increases susceptibility to exotic plant invasion (Belote,
2009).

The occurrence of non-native earthworms correlates positively with non-native

plant cover in New England, New York and Pennsylvania (Nuzzo et al., 2009).
Interestingly, significantly higher density of earthworm species under invasive Berberis
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thunbergii and Microstegium vimineum, suggest a feedback between invasive plants and
earthworms.

However, it is not clear whether the earthworms are facilitating the plant

invasions (by eliminating native competitors through habitat modification or by changing
the microbial community), or whether the earthworms are facilitated by the presence of
the invasive plants (Kourtev et al., 1999).
Alteration of soil chemistry by earthworms may also contribute to changes in the
plant community, especially the understory community (Addison, 2009; Eisenhauer et al.,
2009a).

At a very coarse scale, earthworms may mediate this effect by changing the

spatial and temporal pattern of soil fertility.

The spatial patchiness of earthworm

distribution in northeastern forests may result in patchy nutrient availability (Burtelow et
al., 1999).

Furthermore, shifts in timing and quantity of plant nutrient supply may disrupt

the synchrony between uptake by native [established] flora and mineralization.

Nutrients

are mineralized faster with than without earthworms, favoring early phenology invasive
plants that leaf out before the native vegetation (Hale et al, 2005). Therefore, the early
activity of earthworms may be associated with invasive plant species, which often green
up earlier than the native flora (Madritch et al., 2009). However, it has also been shown
that the removal of invasive shrubs reduced the exotic earthworm populations by as much
as 50% in three years (Madritch et al., 2009).

Interestingly, the opposite has not been

attempted. Additionally, this loss of forest floor in earthworm invaded stands results in a
rapid release of soluble nutrients early in the growing season, shifting the phenology of
the system; this favors plant species that are able to utilize this unusually early abundance
of an ordinarily limited resource (Blouin et al., 2013)
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Interestingly, direct influence of earthworms on seed success has been noted.
Burial of seeds by earthworms is affected by seed shape, size and oil content; this burial
influences seed viability and success (Aira et al., 2009; Clause et al., 2011; Forey et al.,
2011).
Foundational research identifying vermaphile plant species that might function as
indicators of invasive earthworm presence has been conducted (Corio et al., 2009, Hale et
al., 2006, Holdsworth et al., 2007). Plant response can vary based on earthworm invasion
intensity.

Plants that are indicators of intensive earthworm invasion include Smilacena

racemose (False Solomon Seal), Fraxinus spp (Ash species) saplings and Carex
pensylvanica (Pennsylvania sedge).

Some fern species, specifically Dryopteris spp., are

indicators of light invasion (Holdsworth et al., 2007), an observation that parallels our
impression of some invaded sites in Vermont.

While mechanisms mentioned above are

possible explanations, some mechanisms may be more important depending on specific
earthworm-plant species interactions
1.2.4 Other Interactions
Invasive earthworms may also affect other fauna. For example, the age-structure
of red-backed salamanders is shifted to large individuals in the presence of earthworms
(Maerz et al., 2009).

The reason for this was that juvenile salamanders struggle to

capture large earthworms.

The decline of species like salamanders may be a result of

competition for food, destruction of habitat (e.g. the organic horizon that may give shelter
to Red-backed Salamanders or competition for habitat, in particular when invasions are
extensive) (Migge-Kleian et al., 2006). In the case of other invertebrates, Amynthas spp.
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competes with millipedes for food resources reducing the amount assimilated by
millipedes (Snyder et al., 2009).

However, the presence of millipedes reduces the

fecundity of Amynthas cortices through direct competition for food resources (Snyder et
al., 2013).

At the microscale, the presence of invasive earthworms (L. terrestris and D.

octaedra) affected micro-arthropod abundance in Alberta soils (Cameron et al., 2013).
However, the results were not uniform amongst species and identification as to a
mechanism behind the shift in abundances is yet to be identified.
The loss of plant species richness has further effects on avian fauna.

Ground

nesting birds are affected by reduced nest concealment, subsequent increased nest
predation and lower fledgling rates (Loss et al., 2012). This effect may also be explained
partially by reduced arthropod prey densities, caused by the modification of soil structure
by earthworms (Loss et al., 2012).
1.3 Earthworms in the Northeastern United States
1.3.1 Extirpation of Natives and Current Residents
Earthworms are a relatively new addition to the ecosystems of the northeastern
United States. The absence of native earthworms is a result of the last major glaciation of
North America (Gates, 1982), the Wisconsian, which extended as far south as Long
Island in the Northeast, and glacial recession in Vermont not more than 13 000 years ago
(Davis et al., 1985; Ridge, 2004; Uchupi et al., 2001). During the glaciation, flora and
fauna (including earthworms) unable to outpace the ice sheets were extirpated from the
region (Gates, 1982; Reynolds, 1994). Areas began to reforest soon after the retreat of
the glacier, with community successions seen in tree taxa, as based on
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C dating (Davis,

1985); however, the slow dispersal rate of earthworms of only 0.3-15 m/year (Edwards,
2004; Mathieu et al., 2010) has prevented re-colonization by native earthworm species.
The most recent survey of earthworms in the 12 Northeastern United States
(WV, MD, DE, PA, NJ, NY, VT, NH, CT, RI, ME and MA) reports 44 species; of these
11 are endemic to North America

and 33 are introduced exotics (Reynolds, 2010).

Closer to our research sites, a survey of Vermont, Maine and New Hampshire reveals 26
species, none of which is considered native to North America (Reynolds et al., 2015).
1.3.2 Species of Interest
Three naturalized introduced earthworm species from two Families have been
selected to be subjects of our specific experiments.

From the Family Lumbricidae,

Lumbricus terrestris and Lumbricus rubellus were selected and from the Family
Megascolecidae, Amynthas agrestis.

The lumbricids are endemic to Europe, while the

megascolecids are mainly endemic to East Asia.

L. terrestris is an anecic earthworm

commonly known as a ‘Nightcrawler’ and sold as fishing bait.

L. rubellus is an epi-

endogeic worm commonly known as a ‘Red Worm’ and often found contaminating
composting kits and fishing bait.

L. rubellus has been singled out as one of the

earthworms that may have a significant impact on forest soils and vegetation because
they consume and translocate organic material from the surface into the mineral horizons
of the soil (Hale et al., 2006).

A. agrestis is an unusually active and aggressive endo-

epigeic earthworm, commonly known as ‘Crazy Snake Worm’ due to movement similar
to that of sidewinding snakes.

It is frequently found in contaminated horticulture

mulches and as specialized fishing bait but has now become more widely distributed in
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the wild (Callaham et al., 2002; Görres and Melnichuk, 2012). A. agrestis is an exponent
species of what Chang et al. (2013) termed the second wave of invasions comprising
Megascolecidae that are displacing previous invaders in the family of Lumbricidae.

This

new invasion further alters soil structure.
While the Lumbricidae are well represented in the ecological literature, A.
agrestis is not yet well studied.

There are many studies regarding the taxonomy of

Megascolecidae but there are very few ecological and biochemical studies of this Family
of earthworms (Snyder et al., 2011).

Common in subtropical regions, until recently, A.

agrestis was only found in controlled horticultural environments in the States bordering
Canada (Reynolds, 2011; Reynolds et al., 2015).

This presents a unique research

opportunity to compare and contrast the differences between these species of disparate
origins.
1.3.3 Mechanisms of Introduction and Foothold Success
When considering earthworms, reference as peregrine or introduced species has
been made for well over a century (Michaelsen, 1903). However, further publications on
distributions have only been explored in the last four decades (starting Gates, 1970,
Edwards, 1972). As such, characterization and classification as invasive versus exotic is
ongoing, as not all peregrine species (120 thus far) have demonstrated propensity to be
invasive (Hendrix et al., 2008). They may all play a role as successional species during
invasion (Dymond et al., 1997).
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Earthworms have been introduced to North America through anthropogenic
activities.

Initial introduction is believed to have been via tall ship ballast (often soil)

when European settlers arrived in North America (Tiunov et al., 2006).

Worldwide,

earthworms continue to be introduced from and to new areas through domestic and
international commercial activities such as of the sale of fishing bait, horticultural goods,
soil and agricultural products (Hendrix et al, 2002, 2006 & 2008).
The primary factors that are implicated in the general distributions of earthworm
currently include climatic conditions (Görres and Melnichuk, 2012; Görres et al., 2015),
the life history traits of different earthworm species, the suitability of habitat and intensity
and patterns of human activity (Hendrix, 1995; Tiunov et al., 2006). Arctic and subarctic
climatic conditions were once considered a barrier to dispersal, but numerous peregrine
species have been observed throughout all regions in the US and Canada (Addison, 2009)
and even at the edge of the Arctic Circle (Tiunov et al., 2006). Not to be simplified, each
species has a variable rate of colonization based on life history and tolerances (Hale et al.,
2005).

Given current rate of globalization and climate change, expansion earthworm

range is inevitable and the susceptibility of many North American forests to invasion is
high (Gundale et al., 2005; Van der Putten, 2012).
The regional distribution of megascolecids, more specifically, in northeastern
North America appears to be bounded by factors such as soil base saturation (Bernard et
al., 2010; Moore et al., 2013) and climate (Görres and Melnichuk, 2012). At the stand
scale patchiness is less well understood (Burtelow et al., 1998; Görres et al., 2014)
although moisture and temperature variations may be driving the spatial extent of patches
22

and their intra- and interannual dynamics (Snyder et al., 2011). There are few field
studies on the phenology of Amynthas populations. Callaham et al. (2003) reported their
growth pattern at a remote location in the Southern Applachians, USA. Few Amynthas
agrestis were caught in pitfall traps in early summer with peak abundance reported for
September and adults being first trapped in August. Snyder et al. (2011) reported that the
abundance of A. agrestis strongly depended on moisture and temperature.

Laboratory

studies have set a couple of benchmarks for temperature and moisture tolerances for one
species in this genus, A. agrestis. For example, it was estimated that mortality of A.
agrestis was 100% at temperatures lower than 5o C (Richardson et al., 2009) and that their
cocoons hatched in response to temperatures of 10o C or greater (Blackmon, 2009). To
our knowledge these life history data for A. agrestis are the only ones for the genus.
The succession pattern of an earthworm invasion into a forest is somewhat
predictable. Epigeic (leaf litter inhabitants) species are commonly the first to colonize, as
they are the least interactive with a new environment; they are relatively small, easily
transported and are able to utilize the undisturbed forest floor (Dymond et al. 1997).
Endogeic (soil dwelling) and anecic (deep burrow forming) life history types follow soon
after, depending on environmental resources and contagion from which they spread
(Dymond et al., 1997).
Establishment of a successful foothold by introduced lumbricids depends on
several factors.

Deciduous forests are associated with larger and more diverse

populations of earthworms; this is likely due to similarities to native European forest
habitat where pH is closer to neutral and litter is more palatable (Edwards, 2004;
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Kreutzer, 1995).

Forest type and dominant tree species chemistry can affect the success

and dispersal patterns of earthworms and therefore the susceptibility of the ecosystem to
invasion.

Litter with low C:N ratio litter (typical of invasive plants) or more often

consumed and degraded by earthworms than litter with a higher C:N ratio, with
concomitant changes in soil chemistry (Belote et al., 2009).

The effect of earthworm

mediated forest floor alteration is dependent on litter quality and forest type (Hale et al.,
2005b; Holdsworth et al., 2008).

Lower litter C:N ratio and higher calcium

concentrations are good indicator of litter mass loss and success of earthworms (Belote et
al., 2008; Hobbie et al., 2006). Collectively, soil composition, tree type, vegetation type
and

climatic

conditions

affect

leaf litter

pH,

nutritional value

and

palatability

(Cornelissen et al., 2006; Edwards, 2004); hence, consideration of abiotic chemistry
influence must examined in concert with biological factors.
Abiotic factors have a large influence on earthworm behavior and success: soil
texture, acidity and climate play an important role. An added surface layer of sand deters
burrowing by Lumbricus terrestris (Hawkins et al., 2008). Soil acidity can predict how
successful the spread of earthworms will be with a preference towards neutrality, though
this will act more as a deterrent than a control as L. terrestris can tolerate pH values as
low as 3.5 (Räty, 2004). Climactic conditions play a large role in the growth rates of
various earthworm species.

Temperature, moisture and interactions between the two

have a significant effect on the growth rate and mortality of Aporrectodea caliginosa.
Growth of A. caliginosa was retarded when subjected to temperatures below 10 °C and
matric potentials drier than -23 kPa (Eriksen-Hamel, 2006). However, high temperatures
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and water potentials may have a negative effect as well, increasing mortality.
Temperatures of 25 and 30 °C reliably resulted in mortality for L. terrestris after 182 and
14 days respectively (Eriksen-Hamel, 2006).

A temperature trial examining the survival

rates of A. agrestis found that they are not able to survive below 5°C or above 35°C for
an appreciable term, (Richardson et al., 2009); hence, survival outside of that temperature
range depends on their cocoons.

The cocoons of several earthworm species, such as

Dendrobaena octaedra, an epigeic earthworm, have been shown to be freeze hardy
(Holmstrup et al., 2002; Leirikh et al., 2004; Westh, 1994). Those of Amynthas species
survived temperatures of -24°C in the wild (Görres et al., 2015).

Low winter

temperatures may not be a hindrance to the northerly expansion of their range.
1.4 Research Rationale
Although much research has now been conducted on invasive earthworms in postglacial forests, my dissertation research addresses three major knowledge gaps:
1. What is the influence of the earthworm species on hydrologic processes in a
sandy mixed hardwood forest?
2. Does earthworm presence stimulate oxalate production and storage in endemic
vermiphile plants?
3.

Do different species (families) of earthworms affect greenhouse gas emissions

and soil C and N pools differently?

25

CHAPTER 2: WORMS AND WATER: A LOOK AT THE INFLUENCE OF
TWO INVASIVE EARTHWORMS ON SOIL WATER
2.1 Abstract
Invasive earthworms have established a foothold in many previously earthworm
free soils.

As ecosystem engineers, earthworms can have a significant influence on the

soils they inhabit.

A greenhouse trial was performed to assess the impact of two

ecologically contrasting invasive earthworm species on percolate and evaporative soil
water loss.

Mesocosms were constructed to simulate a typical forest Entisol commonly

penetrated by the species of interest; Lumbricus terrestris and Amynthas agrestis.
Earthworms were added in pair and combination to replicate an average population
density observed in Vermont.

Percolate water was collected and evaporative water loss

balance was recorded over a period of 140 days. C and N were quantified in A-horizon
bulk and aggregate soil

Residual surface leaf litter was also quantified. In comparison

to control, results indicated significantly increased evaporative water loss where both
worms and L. terrestris alone were present.

Conversely, percolate water loss was

significantly reduced in presence of both worms together and L. terrestris alone. C and N
analysis revealed that only L. terrestris had a significant effect on aggregate soil C. The
mechanisms for this shift in water balance are uncertain but lower litter cover, less
organic carbon in the drilosphere, and greater evaporative surfaces due to L. terrestris
burrows and wettability of the drilosphere all likely contribute. These results suggest that
drilosphere not only provides preferential flow path to subsoil, but also increases
evaporative surface area and hence potential water loss to atmosphere.
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2.2 Introduction
While native earthworms reside in some parts of the southern US, many northern
regions are home only to non-native species (Reynolds, 1995). The last glaciation event
extirpated indigenous species, which have dispersal rates that are inadequate to have
repatriated northerly (Gates, 1982). Anthropogenic dispersal of the non-natives has been
the main mechanism of new introductions.

As earthworms habituate well to many soil

types, many introduced species have established naturalized, albeit patchy, populations
on the checkered landscape of the Northeastern United States (Reynolds, 2010).
Considered ecosystem engineers, earthworms modify physical, biological and chemical
properties and processes (Blouin et al., 2013; Eisenhauer et al., 2007).

This is of

particular interest as earthworms comprise the largest portion of macro-invertebrate
biomass at many invaded sites (Edwards, 2004) and may thus have a large impact on soil
structure (Lee et al., 1991).
Of focus here, is how earthworm activity relates to water, a central compound in
any terrestrial living system. Of the highest importance is the role of water as a diffusion
medium to dissolved substrates for plants and microorganisms alike (Paul, 2007).
Equally important are the volume and connectivity of water-filled pores, which are
essential habitat to soil fauna (Bouwman et al., 1994; Clarholm, 1981; Stout, 1963; Wang
et al., 2010).

While it is known that the burrowing activities (e.g. macropore and

preferential flow path construction) by earthworms increases percolation (Lee et al.,
1991), particularly in clay soils invaded by anecic L. terrestris (Shipitalo et al., 2004),
water balances that include evaporation have not been computed.
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Attempts have been

made at modelling earthworm influence on water dynamics,

though earthworm

ecological behavior has not been taken into account (Smettem, 1992).

Thus, an

understanding of how earthworms influence soil water balance will aid in determining the
connectivity in aqueous and aerial soil food webs.

This may be of particular importance

to micro and mesofauna as close examination of pore structure has indicated that
presence of anecic earthworms can significantly modify micro and mesopore structure
(Görres et al., 2001; Görres et al., 2010) and as a result, habitable pore space distribution
in soils.
Invasive earthworms are not uniform in behavior.

Their role in the ecosystem is

often defined by the horizon(s) of the soil in which they burrow and feed.

Epigeic

species feed at the surface, and do not regularly burrow into subsoil, endogeic species are
geophagus and construct horizontal burrows within the soil, and anecic earthworms
engineer deep, vertical semi-permanent burrows and redistribute surface litter to line the
walls of these burrows and eventually graze upon it (Lee, 1985).
naturalized species with contrasting burrowing strategies.

We chose two

Amynthas agrestis is an

invasive epi-endogeic species from Southeast Asia that is of the family Megascolecidae.
Earthworms of the Megascolecidae family are considered a second wave of earthworm
invasions, following Lumbricidae (Chang et al., 2013).

A. agrestis transforms forest

floor material from either mor or mull type humus into a thick and uniform layer of loose,
granular castings (Görres and Melnichuk, 2012) that cannot be classified into forest
humus types.

A. agrestis makes very shallow burrows that generally extend less than 5

cm below the casting layer.

This is different to earthworms in the Lumbricidae family,
28

which transform temperate forest floors from mor type humus to mull type humus.
Lumbricus terrestris, an anecic member of Lumbricidae, native to Europe, will create
large, deep macropores that act as a conduit for percolate water in soil. We hypothesized
that the disparate burrowing habits of these two species would have different influence on
water cycling.

Specifically, L. terrestris would increase percolation through its deep,

large vertical burrows thus reducing the amount of water available for evaporation.

In

contrast, A. agrestis would increase organic matter integration into the A-horizon,
increasing water holding capacity, decreasing both evaporative and percolate water loss.
To test these hypotheses mesocosms were constructed and the fate of water determined
by a mass balance approach.
2.3 Methods and Materials
2.3.1 Soil and earthworm collections
Soil materials were collected in order to simulate an often-invaded Vermont forest
Entisol. Leaf litter, A-horizon, and a BC-horizon were collected from UVM Horticulture
Research Farm (Web Soil Survey mapped as Adams and Windsor Loamy Sand- Mixed,
mesic Typic Udipsamment), with care taken to collect soil free of recent vermiturbation
evidence (Web Soil Survey Staff, NRCS).

Both L. terrestris and A. agrestis were

collected from established naturalized populations at the UVM Horticultural Research
Farm and UVM Miller Farm.

The earthworms were kept at ambient laboratory

conditions in terrariums until introduction to mesocosms.
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2.3.2 Mesocosm construction and experimental design
Leaf litter was comminuted using a commercial leaf blower/shredder.

After

shredding, leaf litter and soil were coarsely sieved (7.5 mm) to remove any large debris,
and maintained at ~30% mass moisture in a greenhouse until mesocosm construction.
Soil horizonation was mimicked in each mesocosm by layering 2.00 ± 0.10 kg A- horizon
on top of 12.00 ± 0.05 kg BC-Horizon using 20 liter cylinder containers (28 cm diameter)
with a base spigot for percolate water collection.

At outset of trial 30 g air-dried leaf

litter was added to soil surface and again at 70 d.

The mesocosms were kept in a

greenhouse for 151 days from December 9, 2009 to May 9, 2010.

A single control

bucket was monitored for soil and air temperature minima and maxima; temperature
varied between 11 °C and 26 °C. In order to simulate a vertical temperature gradient, a
garden hose was looped at base of the containers and water from a cooled reservoir on the
greenhouse floor pumped through to maintain consistent temperature at the base of the
mesocosms (Figure 2.1).
Every 7-21 days mesocosms were weighed and mass (water) loss averaged.
Water was added back to each mesocosm based on average water lost from controls.
Percolate water (if present) was collected 24 hours after water addition. Added water,
percolate and evaporate volumes were transformed from mL per mesocosm to L/m2
(equivalent to mm of water).
In total, 3583 mL of water was added to each mesocosm, which corresponds to
58.19 mm of precipitation or approximately 6.2% of the annual average precipitation
reported for Burlington Vermont (NOAA, 2014).
30

Figure 2.1: Mesocosm schematic showing the layering of soil horizon materials, the position of the
spigot and the hose that acted as a heat exchanger.

Earthworm treatments were intended to simulate moderate field densities of L.
terrestris and A. agrestis. Treatments included (1) two individuals of A. agrestis, (2) two
individuals of L. terrestris, (3) two individuals of each species and (4) no earthworms
(Control).

This rate corresponds to 28 earthworms m-2 in the single species treatments

and 56 earthworms m-2 in the mixed treatment, densities we have observed in the forested
ecosystems near Burlington.

Physical arrangement of mesocosms was complete random

block design with six replicates on benches at the center of an environmentally controlled
greenhouse.
2.3.3 Water mass balance and soil analyses
Changes in container mass, ΔS, and percolation loss, P, were measured at variable
interval where evaporation, E, was derived from ΔS and P (Equation 2.1).
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E = ΔS ̵ P
Equation 2.1: Calculation of Evaporati ve Water loss from Mesocosms by Mass Balance

At close of trial, a 10 cm deep x 5 cm diameter undisturbed soil core was
collected from each mesocosm. Cores were saturated and pore size distributions for each
core was determined using Sand/Kaolinite tables at -3, -8, -23, -38, -53, -68, -83, -105, 200, - 300 hPa (Eijkelkamp, Giesbeek, Netherlands). Maximum pore diameter retaining
water, D, at each tension, ΔP, was calculated based on Young-Laplace equation (Görres
et al., 1999; Paul., 2007) as 1000, 375, 130, 79, 57, 44, 36, 29, 15 and 10 µm (Equation
2.2). The cores were subjected to each tension until the core mass no longer differed by
more than 0.5 g between daily observation.

Water-filled pore space at each tension is

reported as proportion of total pore space.

Total pore space was determined as the

difference between the mass of saturated and oven-dried soil core.

Saturated weights

were obtained from cores submerged on the sand table. Oven dried weight was measured
after drying the cores at 105°C for 24 hours.
D=300/ΔP
Equation 2.2: Young-Laplace equation to determine maximum pore size retaining water at given
tension. D is diameter in µm, P is pressure in kPa (from Görres et al., 1999; Paul, 2007).

Following soil core removal,

mesocosms were destructively sampled

aggregate and bulk soil from the A-horizon.

for

The aggregates harvested from earthworm

treatments were either fecal casting or material from middens.

All surface leaf litter was

collected and masses recorded. Soils and leaf litter were dried at 50°C before analysis.
Quantification of total C and N was performed with Flash EA 1112 N and C analyzer
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(Thermo-Scientific, Waltham, MA, USA) on all collected soil samples, in duplicate.
Soils were combined with deionized water in 2:1 (v/m) ratio and pH determined with pH
probe (Mettler-Toledo, Columbus, OH, USA).

Soil samples were analyzed for soluble

nutrients; a standard 1 M NH4 Cl extraction of 5:1 solvent to dry soil ratio was performed.
Extracts and percolate water from mesocosms were analyzed by ICP-AES (Perkin-Elmer
Corp., Norwalk, CT, USA).
2.3.4 Statistics
Cumulative water loss, water content at each soil tension of the pore size
distribution, C and N and residual leaf litter were tested for homoscedasticity,
independence and normality; if data did not meet assumptions, transformation by natural
logarithm was performed. Water content of cores at tensions of -53 -105, -200, -300 hPa
were

not

normally

distributed

and

normality could

not be

attained

with log

transformation, therefore, values for these core sets were ranked and normal scores input
into following model (this method is robust against type I errors). Subsequently, the data
were examined by full two-way factorial ANOVA where factors were each earthworm
species (L. terrestris and A. agrestis) presence (1) or absence (0) with random block
factor included

to account for blocking variability (Equation 2.3).

Correlation

coefficients were calculated amongst each individual variable to aid in discussion (data
not shown).
Yijk =µ+αi + βj + αβij + Block k + εijk
Equation 2.3: Statistical model for analysis of variance between treatments. Each species (L.
terrestris as α and A. agrestis as β) are included as fixed treatment factors and block is included as a
random effect. Each treatment combination was replicated 6 times.
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All test statistics were computed using JMP 11 (SAS Institute, Cary, NC, USA).
Repeated measures analysis was not performed because (1) sampling intervals were non
uniform (2) variations in greenhouse environment (constant across treatments) were
likely the major influence on time variable (data not shown here) and (3) study was
designed to examine effect of earthworms after initial invasion, not through time.
2.4 Results
2.4.1 Water Loss
Cumulative evaporative water loss was significantly greater in the presence of
both L. terrestris (F1,15 =36.31, p<0.0001) and A. agrestis (F1,15 =9.67, p=0.0072)
treatments, with no significant interaction term (Figure 2.2).

At the close of the

experiment, average cumulative evaporation losses for A. agrestis, L. terrestris and L.
terrestris*A. agrestis over 20 weeks were 1.91, 4.55 and 7.89 mm more than Control
(Table 2.1).
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Figure 2.2: Mean cumulative evaporati ve water loss from mesocosms by earthworm treatment.
Volume standardized to mm (L/m2 ) rainfall. Error bars are one standard error of the mean.

Percolate water was collected and recorded at nine dates and cumulative
percolation calculated (Figure 2.3, Table 2.1).
logarithm due to

skewed

distribution.

Data was transformed by natural

Cumulative percolate water loss was

significantly less in presence of L. terrestris (F1,15 =29.77, p<0.0001), with no
significant effect by A. agrestis and no interaction term (Figure 2.3). At the close of the
experiment, average cumulative percolate loss for A. agrestis, L. terrestris and L.
terrestris * A. agrestis over 20 weeks were 0.37 mm more and 1.60, 2.16 mm less
than control (Table 2.1).

Cumulative evaporation from the four treatments began

diverging after approximately 20 days of incubation in the greenhouse (Figure 2.1).
35

Differences keep increasing to the end of incubation period.

The ranking of

evaporation amounts accumulated on the sampling dates appears to be stable with the
volume of L. terrestris * A. agrestis > L. terrestris > A. agrestis >Control for most of
the period.

Figure 2.3: Mean cumulative percolate water loss from mesocosms by earthworm treatment.
Volume standardized to mm (L/m2 ) rainfall. Error bars are one standard error of the mean.
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2.4.2 Soil Pore Space Distribution
The proportion of water-filled pore space within each pore diameter class varied
amongst treatments. Where L. terrestris was present, significantly (F1,15 =11.92, p=0.004)
lower proportion

of pore space at 130 µm and notable but not significantly (F 1,15 =3.84,

p=0.069) higher proportion of pore space at 79 µm was observed (Figure 2.4). Where
A. agrestis was present, significantly higher (F1,15 =15.02, p=0.002) proportion of pore
space at 375 µm and significantly lower (F1,15 =7.13, p=0.018) proportion of pore space at
130 µm and notable but not significantly lower (F1,15 =3.67, p=0.075) proportion of pore
space at 36 µm were observed (Figure 2.4).

Figure 2.4: Proportion of pore space at each diameter.
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2.4.3 Leaf Litter, C and N, SOM
Residual leaf litter was significantly less in the presence of L. terrestris
(F1,15 =147.6, p<0.0001), with no significant effect by A. agrestis and no interaction
term (Table 2.1).

At the close of the experiment, average residual leaf litter for A.

agrestis, L. terrestris and L. terrestris * A. agrestis over 20 weeks were 0.7, 12.2 and
13.7 g less than control (Table 2.1).
Soil organic matter (SOM%) by loss on ignition for aggregate and bulk soil
showed different effects. Aggregate SOM% was significantly more (F 1,15 =25.67,
p<0.0001) in the presence of A.agrestis and there was a significant (F 1,15 = 6.55,
p=0.019) interaction term (Table 2.1). Bulk SOM% was significantly less
(F1,15 =76.25, p<0.0001) in the presence of L. terrestris and there was a significant
(F1,15 = 14.17, p=0.001) interaction term (Table 2.1).
Bulk soil C and N did not vary significantly between treatments (Table 2.1).
Aggregate soil C was significantly less in the presence of L. terrestris (F1,15 =5.09,
p=0.0395), with no significant effect by A. agrestis or interaction term.

Average

aggregate soil C values for A. agrestis, L. terrestris and L. terrestris * A. agrestis were
0.02% more and 0.42, 1.03% less than control, respectively (Table 2.1). Analysis of
aggregate soil N revealed significant interaction term (F 1,15 =5.90, p=0.0281) though no
significant contribution by other factors. Average aggregate N values for A. agrestis, L.
terrestris and L. terrestris * A. agrestis were 0.058, 0.016% more and 0.017% less than
control (Table 2.1). Bulk C:N was significantly lower than the control in presence of L.
terrestris (F1,15 =7.17, p=0.0172) and aggregate C:N was significantly lower in presence
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of A. agrestis (F1,15 =7.55, p=0.0150) and marginally so for L. terrestris (F1,15 =3.71,
p=0.0732). Average bulk C:N values for A. agrestis, L. terrestris and L. terrestris * A.
agrestis were 0.1, 1.8 and 0.7 less than control (Table 2.1). Average aggregate soil
C:N values for A. agrestis, L. terrestris and L. terrestris * A. agrestis were 2.2, 1.7 and
2.4 less than control (Table 2.1).
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Table 2.1:
loss after 20
leaf litter at
Asterisks (*)
(A.agrestis, L.
term) is
in overall
in parentheses

Cumulative average water
weeks, C, N and residual
conclusion of trial.
indicates treatment factor
terrestris or interaction
significant term (p<0.05)
statistical model. Values
1 standard error.

give
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2.4.4 Soil and percolate water chemistry
Water chemistry was influenced

by each treatment but not consistently.

Concentration of solutes in percolate did not vary significantly among treatments (data
not shown). However, due to significantly different percolate loss, total mass of solutes
lost varied significantly; in the presence of L. terrestris, cummulative Ca (F1,15 =39.99,
p<0.0001), P (F1,15 =42.67, p<0.0001) and Al (F1,15 =35.67, p<0.0001) lost from
mesocosms was significantly less than the other treatments. The interaction term for total
Al lost in percolate from mesocosm with L. terrestris was also significant (F1,15 =5.53,
p=0.033) (Table 2.2).
Soil chemistry was significantly influenced by earthworm presence.

Aggregate

soil pH was significantly (F 1,15 =8.00, p=0.013) higher in the presence of L. terrestris,
though bulk soil pH was not significantly influenced by the presence of either species
(Table 2.2). Specifically, L. terrestris increased aggregate pH from 4.83 in the control to
4.96 in the L. terrestris treatment during the 151 incubation period.

Aggregate soil Ca

was significantly (F1,15 =6.69, p=0.021) lower, while Al was significantly (F 1,15 =14.35,
p=0.002) higher in presence of L. terrestris (Table 2.2).

Aggregate soil Al was

significantly (F1,15 =4.55, p=0.049) higher in the presence of A. agrestis (Table 2.2). A.
agrestis presence was the only factor that significantly influenced bulk soil chemistry, to
the result of significantly (F 1,15 =5.87, p=0.029) lower Al (Table 2.2)
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Table 2.2 Soil
conclusion of
treatment
terrestris) or
significant
Values in
error or the

and
trial.

percolate water chemistry at
Asterisks (*) indicates
factor (A. agrestis or L.
interaction term is
(p<0.05) in statistical model.
parentheses give 1 standard
mean.
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2.5 Discussion
We found significant, albeit small differences in evaporation among mesocosm
treatments (L. terrestris, A. agrestis and without earthworms). Interestingly, treatments
with L. terrestris, whose burrows are regarded as important conduits for leachate in field
soils, showed higher evaporative losses but lower percolate losses than treatments that
only contained A. agrestis or no earthworms (Figures 2.1, 2.2).

In all treatments the

majority of the water added evaporated accounting for 70, 73, 78 and 83% in the control,
A. agrestis, L. terrestris and L. terrestris*A agrestis treatments respectively. This finding
was contrary to our hypothesis that increased percolate loss would reduce evaporation in
L. terrestris treatments.

The increased evaporative water loss is consistent with the

findings of Ernst et al. (2009), who observed increased drying of soil and subsoil by
anecic and endogeic earthworms, likely due to enhanced water vapor exchange from
increased soil aeration.

However, they also observed greater percolation rate with

endogeic and enhanced storage by epigeic earthworms.

This is counter to our findings

that percolate water losses with the epi-endogeic earthworm A. agrestis were not different
from the control.

Another column experiment with two endogeic species, found

increased percolate water loss (Joschko et al., 1991) and another observed an increase in
saturated hydraulic conductivity, K SAT , but no significant differences in percolate water
volume (Pitkänen et al., 1998).
There are several explanations for our unexpected results.

The first explanation

stems from earthworm activity that removes leaf litter from the surface.

Much of the

work examining earthworm influence on water has been completed on arable land that
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typically has little surface organic matter (Edwards et al. 1993; Pitkänen et al., 1998;
Shipitalo et al., 2004).

In contrast, in most deciduous or mixed forest ecosystems, thick

mats of organic material intercept and absorb water as well as shade mineral soil from
sunlight.

In fact, the correlation coefficient between residual leaf litter and evaporative

water loss in this trial was -0.79 (data not shown-included in appendix); the less residual
leaf litter, the more cumulative evaporate water loss. This result indicates the importance
of the O-horizon in the regulation of water (insulative property of the organic mat).
Water holding characteristics of the soil itself can be influenced by SOM and soil C. The
observed higher concentration of SOM in soil aggregates in A. agrestis treatment is
consistent with an increased capacity to hold water, while the lower concentrations in
bulk soil SOM and C where L. terrestris was present would result in expected lessened
capacity to hold water.

While this does not explain the increased evaporative water loss

from A. agrestis treatments, it is consistent with the increased losses from L. terrestris
treatments.
A second explanation stems from differences in behavior of the two earthworm
species in this experiment. Recently, Bastardie et al. (2005) suggested that the infiltration
capacity (sorptivity) of L. terrestris burrow wall soil is less than that of the bulk surface.
These authors also suggest that the behavior of earthworms affects the structure and
hydrologic function of the burrow wall. For example, the tendency of anecic earthworms
to occupy their burrows for extended periods of time modifies soils in such a way that
soil in and around the drilosphere is more dense than the adjacent bulk soil.

The

mechanisms often ascribed to this result include (a) material passing through the gut of
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the earthworm is compressed and (b) the action of burrowing and casting of anecic
earthworms below-ground compresses material onto the burrow walls.

In contrast,

epigeic and endogeic earthworms do not reuse their burrows; hence, their burrowing and
casting actions are relatively diluted, such that influence on soil density is not as
pronounced.

As a result, density remains lower thus maintaining greater infiltration

capacities of the epigeic and endogeic earthworm wall materials.

If there was less

infiltration into the walls of anecic earthworm burrows, any water added that had pooled
in the burrows could have been subject to direct evaporation. The burrows of endogeic
earthworms would absorb greater amounts of water, which would be less prone to
evaporation.

Once again, this is consistent with the increased losses from L. terrestris

treatments but not the increased evaporative water loss from the A. agrestis treatment.
The extensive casting of A. agrestis at the surface, however, may explain some of the
increased evaporative loss.

The castings were seen to be greater in SOM% and thus

likely in water holding capacity.

At the same time, the castings tended to be loose

aggregates of diameters between 0.5 to 5 mm. This effectively increases the surface area
of the soil through which stored water can evaporate, which could lend to the increased
evaporative water loss.
An additional explanation of greater evaporation from soils with anecic
earthworms may be given due to microscale modification of pore structure by L.
terrestris. It is well known that the pore structure of earthworm burrow walls differ from
that of the bulk soil (Görres et al., 2001; Görres et al., 2010) and pore size distribution
affects evaporation. Ward (2008) found that both volumetric moisture at saturation (i.e.
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soil porosity) and the pore-size distribution index, L, affected water evaporation from
soils.

The pore-size distribution index is a measure of the width of the pore size

distribution.

L increases as the width of the distribution decreases.

Both of these may

have played a part in the outcome of this study. Pore distribution is not as broad in L.
terrestris burrows as in bulk soil (Görres et al., 2001) suggesting a greater value of L,
accelerating evaporation.

However, the specific pore volume (pore volume per gram of

soil) was found to be lower in burrow soils than in bulk soil (Görres et al., 2001), which
would reduce evaporation.

Increases in L are said to affect evaporation more strongly

than the reduction of porosity (Ward, 2008). In our experiment, pore volume in two pore
size classes was significantly greater for A. agrestis and in one for L. terrestris than for
the control.

However, while the porosities among treatments were significantly different

at some diameters, not all diameters were significantly different in the same direction. As
such, this would not strongly influence evaporative water loss at the magnitude seen here.
In our experiment, pore structure was determined at the core scale. In the work by Görres
et al. (2001), individual aggregates were examined, allowing a comparison between
densities in the aggregate and bulk soils, which was not compared here.
The amount of water applied and the method of application could have influenced
the outcome as well.

Edwards et al. (1993) examined percolation during high intensity

storms on relatively dry, no-till soils with high densities of L. terrestris present.

Their

findings showed that the amount, rate and preceding soil moisture content affected the
amount of water transmitted in earthworm burrows.

As such, our results are not

comparable to results by others who found increased percolate loss from anecic
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earthworm burrows while adding water ad libitum (Joschko et al., 1991). We added
water at the replacement volume by misting.

At this rate, direct infiltration into the

macropores may be relatively small so that the flow into the burrow wall from the burrow
would be negligible. However, the magnitude of flow into L. terrestris burrow walls may
not be equal in both directions. A conceptual model how burrows may be pathways for
enhanced evaporation with low moisture inputs is shown in Figure 2.5. Infiltrate into the
soil surface is subsequently redistributed towards the denser burrow walls from where
evaporative demand maintains redistribution towards the burrow.

The burrow wall

would thus represent an additional hydrologically active surface from which water could
evaporate.

Figure 2.5: Conceptual model of enhanced evaporation through anecic burrow walls from small
water additions. Small blue arrows indicate infiltration through the soil surface, thick blue arrow
signifies evaporation, red arrows redistribution and red to blue graded arrows indicate transfer
from the soil matrix to the soil atmosphere of the earthworm burrow.
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Finally, increased evaporative water loss could be explained by increased
respiration. Earthworms are macrofauna and as such utilize and respire water. The data
surrounding soil C and N does not support strongly significant differences in respiration
between treatments, however, given the large size of the mesocosms, the effect of
earthworms may not have been detectable by measure of C or N in soil. Further, given
that the BC-horizon had significantly lower C and N (data not shown) from the trial
outset, the differences observed in C and N were likely due to earthworm translocation
between BC and A-horizon material.
There were significant differences in soil chemistry.

In particular, pH, and

extractable Al & Ca in aggregate soil were significantly different where the L. terrestris
was present.

Soil reaction increased by a fraction of a pH unit and was not as great as

one would have expected from field data collected by others and myself (Burtelow et al.,
1998; Chapter 3 of this dissertation).

The differences observed in aggregate soils are

likely reflective of the exposure to earthworms; aggregate soils collected from the
mesocosm were mostly fecal matter and as such, passed through the earthworm. If an
effect would be seen in any soil fraction, this would be the most likely place. While bulk
soil was not as significantly influenced by earthworm presence, this could simply be a
function of the length of time of incubation.

My field study and that of Burtelow et al.

(1998) were observations collected from forest plots where earthworms were already
naturalized and where the soil may have achieved a new biogeochemical equilibrium
after invasion. In the mesocosm study presented here, incubations lasted only 6 months.

48

NH4 Cl extractable Ca concentrations of in our soil were lower for the L. terrestris
aggregates. At first glance, this is opposite to expectations as L. terrestris is a calciferous
species that both increases the mineralization rate of Ca and the production of calcite.
However, studies of calciferous earthworm activity report that initial formation of calcite
is not balanced by its dissolution and thus NH4 Cl extractable Ca may decrease while
recalcitrant Ca in calcite may increase shortly after addition of earthworms.

Only after

several years may soil Ca reach a new equilibrium when production and dissolution of
calcite is balanced and NH4 Cl extractable Ca is higher than in undisturbed soils (Lambkin
et al., 2013). NH4 Cl extractable Ca concentrations in aggregate was greater than those in
the bulk soil regardless of treatment.

This suggests that earthworms were not the only

factor increasing Ca in aggregates.
Concentrations of solutes in percolate were not significantly different amongst
treatments.

This agrees with findings by Dominguez et al. (2004) who found that the

increased losses in inorganic N and dissolved organic N (DON) were mainly due to
changes in hydrology and not solute concentrations. They attributed the greater loss of N
from row crop agroecosystems to the increased percolation volumes.

In my study,

increased percolate loss in the control rather than the L. terrestris treatments would have
increase the leaching losses of Ca, P and Al from control mesocosms. Where L. terrestris
was present the higher evaporate loss and lower percolate loss should have, on balance,
increased concentrations of Ca, P and Al in the soil. As discussed above, this was not the
case and may be attributed to deep vertical burrow activity of L. terrestris; burrow
construction would have resulted in the translocation of material between horizons and as
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such, properties of the translocated BC-horizon material would have contributed to the
soil test results.

The slightly increased levels of Al in the presence of the epi-endogeic

earthworm A. agrestis could be explained by bioturbation of the relatively thin Ahorizon.
At deconstruction of the mesocosms, live earthworms were found only in the L.
terrestris treatments. This would suggest the A. agrestis either perished or escaped the
enclosed environment. Evidence was present in the form of desiccated carcasses on the
greenhouse floor, though identification was not possible at that point. Extensive casting
on the mesocosm walls and soil surface would suggest that they were present in the
mesocosm for an extended period (long enough to exhibit a treatment effect). However,
this effect might have been greater had they survived the entire trial.

The divergence of

evaporative losses during the entire time course of the incubation (Figure 2.2, 2.3)
suggests that A. agrestis modified soils may retain some of the properties that affect
evaporation even after the death/emigration of the earthworm.

Statistically significant

influence of A. agrestis on soil pore space distribution and soil chemistry would also
suggest they survived well into the experiment. Verification of live earthworms was not
performed during the trial, as I wanted to avoid disturbing the soil, which would likely
have confounded the effect of the earthworms on chemical and physical transformations.
Differences in evaporative water losses were small amongst the treatments and
may not significantly affect the water balance of a watershed.

However, much of the

effect of earthworms occurs at microsites in the drilosphere (burrow and cast soils).
Fresh casts and burrows constitute only a small proportion of the soil. Small changes in
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water fluxes towards the burrow during dry conditions may affect the moisture content in
the burrow wall. This in turn may sustain the accelerated C and N cycling in the burrow
lining compared to the

bulk soil (Amador et al., 2006; Parkin and Berry, 1999; Tiunov

and Scheu, 1999) and provide habitat for other, aquatic soil organisms (Görres et al.,
2010, Savin et al., 2004; Tiunov et al., 2001). The mechanism shown in Figure 2.5 may
maintain the ecosystem function of earthworm burrows when soil moisture and rainfall
are small.
Earthworm presence should be considered as a factor in restoration or remediation
projects that require consistent moisture regimes. This will be of particular importance in
forest systems where earthworms have removed the surface organic horizon, or in arable
systems that are under drought conditions or have high populations or earthworms.
2.6 Summary
This trial provided empirical insight into differences in the effect of two invasive
earthworms of different ecophysiologies and life history strategies on hydrologic
processes of the soil that they inhabit.

In particular, it provides data for the highly

invasive, but understudied earthworm A. agrestis.

Furthermore, results indicate that

earthworm mediated increases in SOM and soil C, while important factors in increasing
water holding capacity of soil, may be counteracted by the loss of surficial litter layer.
This change in soil chemistry and hydrology will undoubtedly have an influence on the
community composition of flora and fauna, especially those with narrow abiotic
tolerances; further investigation is warranted.
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CHAPTER 3: THE INFLUENCE OF INVASIVE EARTHWORMS AMYNTHAS
AGRESTIS AND LUMBRICUS RUBELLUS ON CORM OXALATE IN JACK IN
THE PULPIT
3.1. Abstract
Anthropogenic activities surrounding horticulture, agriculture and recreation have
increased dispersal of invasive earthworms.

The introduction of earthworms initiates

many physical and chemical alterations in forest soils previously uninhabited by
earthworms. One of the most visually striking is the shift in herbaceous plant community
composition.

While the abundance of many herbaceous species is reduced, Arisaema

triphyllum, anecdotally, have higher abundance where earthworms are present.

It has

been hypothesized that the greater density is due to a trait that allows this plant to store
calcium oxalate, an herbivory deterrent.

Calcium rich soils are often associated with

earthworm invasion and have been observed in a field trial. Here, we attempt to detangle
earthworm physical from chemical soil modifications and test if either increases oxalate
production in A. triphyllum. As such, we conducted a two-way factorial greenhouse trial
to test whether the changes to soil properties made by two invasive earthworm species
(Amynthas agrestis and Lumbricus rubellus) or their physical presence (and bioturbation)
had an effect on the plant production of oxalate. Upon quantification of variable soluble
oxalate in corms after senescence, we found that earthworm presence increased water
soluble and total oxalate significantly, as well as marginally significantly in the case of
HCl soluble oxalate.

This may have been a result of the pre-treatment soil conditions

already influencing plant oxalate production such that plant oxalate concentrations were
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at a ceiling, so the additive effect from the presence of earthworms was moot. No
significant changes in oxalate concentrations were observed under soil treatments alone.
3.2 Introduction
The vast majority of earthworms found in Northeastern US forests are introduced
species and have been recognised as such for some time (Hale et al., 2005; Reynolds,
1976).

Anthropogenic activities such as horticulture, agriculture and recreational fishing

have increased dispersal during the last century (Bohlen et al., 2004; Cameron et al.,
2007). In contrast to agriculture lands where they are regarded as positive indicators of
soil quality (USDA-NRCS, 2001), earthworms have negative impacts on previously
earthworm-free forest systems (Hale et al., 2008). Specifically, invasion of woodlands by
earthworms results in the loss of organic horizons (consumption of the O e and O i layers)
setting off a cascade of effects; this corresponds to the loss of the seedbank and
germination medium for many understory plants, often resulting in a decline in species
richness and evenness (Addison, 2009; Hale et al., 2008; Holdsworth et al., 2007).
Additionally, this loss of forest floor results in a rapid release of soluble nutrients early in
the growing season, shifting the phenology of the system; this favours plant species that
are able to utilize this unusually early abundance of an ordinarily limited resource
(Blouin et al., 2013).

Plants that remain are subject to greater browsing pressure by

foragers because of the lowered plant densities (Holdsworth et al., 2007).

Thus, it

follows that any plant species that could utilize the early available nutrients and which
demonstrate an herbivory defence would have an advantage over their counterparts.
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Foundational research identifying vermaphile plant species that might function as
indicators of invasive earthworm presence has been conducted (Corio et al., 2009; Hale et
al., 2006; Holdsworth et al., 2007).

Among plants that indicate heavy infestations of

forests by earthworms are Arisaema triphyllum, Allium tricoccum, Carex pensylvanica
and saplings of Fraxinus species. Hypotheses on this varied response are several, but the
one we consider here relates to a potential defense from browsing herbivores.
Compounds likely to serve as a deterrent to browsers are often multifunctional, with
additional roles in metabolism and structure. One such compound is oxalate (Franceschi
et al., 1980).

An intermediate product of saccharide metabolism, intracellularly,

compounds with this base can serve both as a nutrient storage as well as herbivory
deterrent; for example, when coupled with metals (Ca, Mg), insoluble oxalates form
sharp raphides (Black, 1918) that act as a sink for excess essential metals and represent a
physical/chemical defense (Franceschi et al., 2005).

Oxalic acid exuded from root tips

also immobilizes and prevents uptake of toxic metals (Al, Hg, Pb, Cd) or bind internally
with those in the plant tissues (Mazen et al., 1997).

As such, plant production and

concentrations of oxalate compounds in the presence and absence of earthworms might
vary, given the variations in soil conditions where earthworms are observed.
Most earthworms have glands (i.e. calciferous glands) that combine calcium with
carbonic acids to form Ca(CO 3 )2 , in their guts (Briones et al., 2008). This process, termed
calcifery, results in excretion of calcite granules from earthworms.

Calcite has low

solubility such that calcifery can sequester C and Ca into recalcitrant pools. Equilibrium
chemistry of production and dissolution will elevate both labile and recalcitrant pools,
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reaching a steady state after approximately 6 years (Lambkin et al., 2013). In addition,
calcifery requires that Ca is mineralized from organic matter or released from soil parent
material;

this

is

consistent

with

the

observation

that

earthworms

accelerate

mineralization. We have observed that soils in earthworm invaded sites had greater
concentrations of available calcium. Greater Ca concentrations in soils may lead to
increased plant uptake of Ca; this may trigger additional oxalate production in plants such
that calcium in excess of cytosol requirement can be neutralized (Webb, 1999). This
adaptation allows these plants to tolerate the greater calcium concentrations associated
with earthworms and deter browsers. However, calcium relations in earthworms differ
among species (Piearce, 1972). For example L. rubellus is strongly calciferous, whereas
A. caliginosa is not; calcium granule production of 1-10 per day vs. 1-10 per month
(Canti et al., 2003; Piearce, 1972).
Field observations were the catalyst for this trial. We monitored a field site with
and without earthworms and characterized soil characteristics.

Significantly different soil

nutrient characteristics of sites with and without earthworms were observed and as such,
this trial was an exploration of those findings. From observations, we hypothesized that
calciferous earthworms would induce oxalate production in vermiphile plants.
To test our hypotheses, a hypothesized vermiphile plant species with established
naturalized populations common in Northern Hardwood Forest communities was selected
as a model (Holdsworth et al., 2007). Arisaema triphyllum (commonly Jack in the Pulpit,
here on JIP) is an oxalate producing plant, native to the Northeastern US, which is also
anecdotally observed more often in the presence of earthworms. Calcium oxalate
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raphides observed in JIP are regarded as a defense against browsers (Bierzychudek,
1984).
We selected Amynthas agrestis and Lumbricus rubellus as our model
earthworms. They are both commonly observed exotic earthworms in the Northeastern
US (Belliturk et al. 2014; Reynolds et al. 2015).

A. agrestis is of the family

Megascolecidae, an aggressive and rapidly dispersing epi-endogeic earthworm with
origins in Southeast Asia. No research has yet been conducted as to how strongly
calciferous they are. L. rubellus is of the family Lumbricidae, an almost ubiquitous,
strongly calciferous epi-endogeic earthworm with origins in Europe.

The focus of this

study was the influence of edaphic conditions caused by the activity of earthworms and
presence and absence of earthworms themselves on plant concentrations of varyingly
soluble oxalate compounds. Our objective was to separate as much as possible the effect
of soils modified by earthworms from the effect of their presence on plant concentrations
of oxalate based on solubility. To this end we conducted an experiment in which pretreatment of soils with earthworms was one factor and the subsequent absence and
presence of earthworms was another factor. Sequentially extracting oxalate along a
solubility gradient may give insight into the effect of earthworms on oxalate storage as
Ca oxalate, the form that deters browsers.
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3.3 Methods and Materials
3.3.1 Materials
3.3.1.1 Mesocosm Experiment
Soil was collected from the University of Vermont Jericho Research Forest
(Latitude: 44o 26’ 55” N, Longitude: 72o 59’ 48”, elevation 230 m) from an earthwormfree Northern Hardwood Forest stand. The soil was a Spodosol (mapped as Duane series,
sandy-skeletal, mixed, frigid, ortstein Typic Haplorthods).

The official description of the

Duane series suggests high gravel content which we did not observe. Soil A-horizon was
74.8% sand, 18.0% silt and 7.2% clay with a pH of 3.71 and SOM of 18.1% (other
horizons were not characterized as they were misplaced). Each soil horizon (A, E, Bhs
and B) was collected and stored separately until mesocosm construction.

Mineral soil

was sieved at 7.5 mm and the pass fraction included in the experiment. Earthworms were
given the chance to acclimate to the soil prior to the onset of the experiment in a separate
fraction of A-horizon. The O a horizon, which was less than 2.5 cm thick in this soil
series, was not collected. Leaf litter collected at the site was found to be predominantly
Acer saccharum and Fagus grandifolia. Leaf litter was manually shredded and all
materials were sieved at 7.5 mm and the pass fraction included in the experiment.
A. agrestis were collected from naturalized populations at UVM’s Horticulture
Research Center (Lat.: 44o 25’ 52”; Long. 73o 11’ 57”; elevation 112 m) and L. rubellus
from a field under silage corn at UVM’s Miller Dairy Complexes (Lat.: 44o 27’ 24”;
Long.: 73o 11’ 20”; elevation 100 m) both in South Burlington, VT, USA. Earthworms
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were maintained in aforementioned separate fraction of A-horizon soil for 1 week to
acclimate and ensure survival under experimental conditions.
In order to minimize variation amongst individuals, seeds of A. triphyllum, a
dioecous perennial plant, were purchased from a local sustainable wild flower
horticulture center that collects and propagates native varieties (Vermont Wildflower
Farm, Vergennes, VT, USA).

Seeds were stratified for 3 months prior to scarification

and sowing into mesocosms.
3.3.2 Method
3.3.2.1 Previous Field Observations
A 2009 survey of earthworms conducted at a commercial Sugarbush (Lat.: 44o
22’ 33” N; Long.:72o 17’ 51” W, elevation 532 -560 m) near Cabot Vermont revealed
that survey sites at lower elevations had earthworms, while those at higher elevation did
not.

The Sugarbush was on soils which were mapped as Vershire-Dummerston complex.

Likely the soil was a Dummerston soil (Coarse-loamy, mixed, active, frigid Typic
Dystrudepts) because of the absence of an Ap horizon and greater than 1 m depth to
bedrock.

The earthworm community composition at the site was Aporrectodea rosea,

Aporrectodea turgida, Aporrectodea tuberculata, Lumbricus rubellus and Octolasion
cyaneum.
Five sampling sites each were designated at lower and upper elevations.

At 11

time points between June 2009 and November 2010, in each plot four cation and four
anion resin membranes (Plant Root Simulator-PRST M), from Western Ag Innovations,
(Saskatoon, SK, Canada) were buried in the soils to assess supply rates of plant nutrients.
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The probes were collected between 2 and 3 weeks after insertion. The burial period in
this exploration was shorter than recommended by Western Ag Innovation (who suggest
4 – 10 weeks for undisturbed temperate forests) to minimize the chance of saturation of
the probe resin mediated by increased nutrient supply rates in the presence of
earthworms.

The PRS probes were sent to Western Ag Innovations where they were

eluted with hydrochloric acid. The resultant solutions were analysed at Western Ag for
NH4 and NO 3 colorimetrically with a rapid flow analyzer and all other ions with an ICP.
In addition, at three dates, soil samples were collected from the top 10 cm of the soil,
transported to the lab at the University of Vermont and dried at 105 °C. Standard 1 M
NH4 Cl extraction of 5:1 solvent to dry soil ratio and concentrated nitric acid microwave
digestion was performed on soil samples to estimate plant available and total nutrient
concentrations.. Soil extracts were analyzed by ICP-AES (Perkin-Elmer Corp., Norwalk
CT, USA).
3.3.2.2 Mesocosm Trial
A trial was designed to examine the effect of soil manipulation by earthworms
and direct earthworm presence on JIP corm oxalate production. As such, the experiment
had two soil treatments, which comprised pretreated soils and untreated soils, with each
being subjected to three earthworm treatments.

To produce pretreated soils, A-horizon

soil was divided into 3 shallow 41-quart mesocosms. These mesocosms were subjected
to three pre-experimental earthworm treatments: (1) Control (no earthworms), (2) A.
agrestis (140 g) and (3) L. rubellus (140 g). The soils were incubated for 4 months on a
12h day/night cycle at 15°C.

At the end of the pre-incubation period, earthworms were
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removed from the pretreated A-horizon and 45 mesocosms were constructed in 4 L
plastic pots by sequentially layering leaf litter A, E, Bhs and B-horizon material into each
vessel to simulate soil horizonation as observed at collection site.

Briefly, each

mesocosm contained 50 g of leaf litter, 800 mL A-horizon, 30 mL E-horizon, 400 mL
Bhs-horizon and 2000 mL B-horizon.

Fifteen mesocosms each received soils pretreated

with A. agrestis, L. rubellus or neither earthworm. To each of five mesocosms in each
pretreatment set A. agrestis, L. rubellus or no earthworms were added.
All mesocosms were transferred to a greenhouse October 2012 and arranged in a
complete randomized design.

Mesocosms were kept under 12 h day/night cycle with

sodium supplemental lighting and 50% shade cloth (to simulate forest canopy cover).
Temperature was maintained between 15-21°C and relative humidity between 50% 100%. Pots were misted equally with RO water for the duration of the experiment at the
replacement rate of controls. Each pot received three A. triphyllum seeds and received
either no earthworms, or three of either A. agrestis or L. rubellus.

Plants were

continuously monitored until harvest one week after senescence when the corms from
each treatment were collected March 2013.
Samples of A-horizon were collected from each pot and dried at 50 °C.

Soil

samples were extracted in a 5:1 solvent:dry soil ratio with standard 2 M KCl (to quantify
available

mineral nitrogen)

and

1

M NH4Cl (to

quantify available

nutrients).

Ammonium chloride extracts were analyzed by ICP-AES (Perkin-Elmer Corp., Norwalk
CT, USA).

Mineral nitrogen was quantified colorimetrically on a BioTek 96 microtiter

plate reader (BioTek, Winooski, VT, USA) using a microplate method (Sims et al.,
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1995). In addition, dissolved organic matter content was estimated by light absorbance at
330 nm with a GENSYS10vis spectrophotometer (Thermo Scientific Spectronics,
Rochester, NY, USA) (Moore, 1987).
3.3.2.3 Oxalate Quantification
Several forms of variably soluble oxalate are present in plant tissues; we
performed a sequential extraction starting with absolute ethanol, followed by deionized
water, then 5% Acetic acid and finally 2N HCl. This method is operationally defined but
the sequence of solvents should extract increasingly insoluble forms of oxalate.

The

ethanol fraction should contain only free oxalic acid. The water fraction should contain
unbounded, polyhydrate and amorphous fractions forms of oxalate.

The acetic acid

fraction should contain the balance of non-crystalline forms of oxalate. The HCl fraction
should contain remaining oxalates (Ferguson et al., 1980; Honow et al., 2002; Libert, &
Franceschi, 1987; Zindler-Frank et al., 2001).

Sequential solvent extraction was

performed on fresh corms after surficial soil removal.

Specifically, each corm was

macerated, combined with 25 mL of ethanol and agitated with glass beads for 2 hours at
ambient conditions before centrifugation (TJ6 centrifuge; Beckman Coulter, Brea, CA,
USA) and collection of supernatant. To each pellet, 25 mL of water was added and the
process repeated. Acetic acid and HCl extraction was carried out in same manner with
exception that HCl extract was agitated for 4 hours (to ensure complete extraction of
oxalates).

Corms from each treatment were also analyzed for water content and no

significant differences were observed between treatments.

Extraction efficiency by mass

was also compared within treatments and found to not differ significantly.
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Oxalate was quantified with Dionex ED50 Electrochemical Detector (Sunnyvale,
CA, USA) equipped with AS50 Autosampler and AS11 column and AG11 guard column.
CSRS suppressor was included in line to remove cations and contribution of gradient
NaOH eluent (Dionex, Sunnyvale, CA, USA). A standard 20 mg/L oxalate solution was
mixed at the beginning of the trial; aliquots were frozen and included as QCs in each run.
Additionally, within each run, random samples were run in duplicate to ensure replicable
results.
3.3.2.4 Statistics
Due to variability of environmental conditions and the variable burial time
between sampling dates, Western Ag Innovations suggested that nutrient supply rate data
should be compared across treatments, within the same date range. As such, simple ttests were performed to compare variations in soil conditions between sites with and
without earthworms.
The mesocosm trial was a complete randomized full factorial design; response
variables were tested for homoscedasticity, independence and normality; if data did not
meet statistical assumptions, transformation by natural log was performed.

Subsequently,

the data were examined by full two-way factorial ANOVA where factors were soil
(Control, A. agrestis or L. rubellus) and earthworm (Control, A. agrestis or L. rubellus)
treatment (Equation 3.1).

In total, there were nine treatments, which were replicated 5

times for 45 experimental units (mesocosms).

A diagram of the design is shown in

Figure 3.1. All analyses were computed using JMP 11 (SAS Institute, Cary, NC, USA).
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Y=µ+αi+βj+ αβij+εijk
Equation 3.1: Statistical model for analysis of variance, where all factors are fixed. Here, µ is the
treatment mean, α is the soil treatment (i=3), β is the earthworm treatment (j=3), and ε is the error
term (k=5). Significance was evaluated at the p<0.05 threshold.

3.4 Results
3.4.1 Field Study Soil Results
The pH values for the two sites were significantly different (p<0.001).

The

earthworm invaded soils at Cabot had soil pH values of 6.01 with a standard error of
0.07.

The earthworm-free soil had a pH of 4.84 with a standard error of 0.17.

organic matter in the top 5 cm of the profile also differed between sites.

Soil

At the

earthworm invaded sites, SOM was 24.9% (1.5% SE) and was 15.8% (0.9% standard
error) at earthworm free sites.
Supply rates of N, Ca, Al and P varied based on presence and absence of
earthworms (Figure 3.1, 3.2).

Specifically, total mineral N supply rate was significantly

higher in the presence of earthworms, but only on 1 of 11 dates. However, nitrate supply
rate was significantly higher in the presence of earthworms at 9 of 11 dates. Conversely,
ammonium supply rate was significantly less in the presence of earthworms at 8 of 11
dates.

Calcium supply rate was significantly higher in the presence of earthworms on all

11 dates.

Aluminum supply rate was significantly higher in the presence of earthworms

at 6 of 11 dates. Phosphorus supply rate on the other hand was significantly lower in the
presence of earthworms on 7 of 11 dates.
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Figure 3.1: Mean (n=5) mineral nitrogen supply rates by earthworm presence. Supply rates are
comparable only within each interval. Each error bar is constructed using 1 standard error of the
mean.
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Figure 3.2: Mean (n=5) calcium, aluminum and phosphorus supply rates by earthworm presence.
Supply rates are comparable only within each interval. Each error bar is constructed using 1
standard error of the mean.

Some of the ammonium chloride extractable (purported plant available) ions
showed significant variation between sites.

Calcium was significantly higher in the

presence of earthworms at all three dates mirroring the trend in the calcium supply rate
data obtained with the PRS probes. Aluminum was significantly lower in the presence of
earthworms at all three dates (contrary to supply rate data).
significantly different between sites (Figure 3.3).
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Phosphorus was not

All soil HCl digests showed significant difference between sites.

Calcium,

aluminum and phosphorus were significantly higher where earthworms were present on
all three dates (Figure 3.3).

Figure 3.3: Comparison of ammonium chloride extractable and concentrated nitric acid digestible
soil components at Sugarbush sites with and without earthworms. Note that the scale of the y-axis
is logarithmic.
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3.4.2 Mesocosm Plant and Soil Extracts
Mean ethanol soluble oxalic acid varied between 24.3 and 49.9 ppm but there was
no discernible pattern and it did not vary significantly in the overall model (F8,
Mean water-soluble oxalate fraction varied between 357 and 704 ppm.

36 =1.11).

It was

significantly different among treatments in model (F 8,

36 =3.95,

p=0.002), earthworm

treatment (F2,

36 =4.08,

p=0.008). Mean acetic

36 =6.27,

p=0.005) and interaction term (F4,

acid soluble oxalate was tight with 241 ppm and 343 ppm being the minimum and
maximum.
oxalate.

There was no significant variation in the model in terms of acetic acid soluble
Mean hydrochloric acid soluble oxalate ranged from 96 ppm to 252 ppm.

Overall the variation of HCl extractable oxalate was marginally significant in the overall
model (F8,
(F2,

36 =2.07,

36 =4.56,

p=0.0649) but varied only significantly among earthworm treatment

p=0.017).

treatment F values (F8,

Exclusion of a statistical outlier shifted model and earthworm

35 =2.25,

p=0.0465 and F2,

35 =5.36,

p=0.0093). Statistical outliers

are not necessarily biological outliers, so both values are included in the interest of
transparency.

Table 3.1 summarizes the mean concentration of each extract oxalate

fractionation for the nine treatments.

The water extractable fraction was generally the

largest fraction, followed by acetic acid fraction, than the HCl extractable fraction and
finally the ethanol extractable (free oxalic acid) fraction.
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Table 3.1: Summary of full model and treatment effect statistical values for each extract fraction.
Mean and standard error of each treatment factor illustrate effect where significantly different
values are designated by different letters.

Oxalate (µg/g)
Full Model

Ethanol

5% Acetic
Acid

Water

2 N HCl

Total

dfnum,total

8,44

8,44

8,44

8,44

8,44

F-value

1.113

3.954

0.322

2.073

3.150

p-value

0.378

0.002

0.952

0.065

0.008

dfnum, err

2,36

2,36

2,36

2,36

2,36

F-value

0.549

1.391

0.349

0.169

0.935

p-value

0.582

0.262

0.708

0.845

0.402

dfnum, err

2,36

2,36

2,36

2,36

2,36

F-value

0.046

6.266

0.205

4.563

4.247

p-value

0.955

0.005

0.816

0.017

0.022

dfnum, err

4,36

4,36

4,36

4,36

4,36

F-value

1.928

4.079

0.368

1.780

3.709

p-value

0.127

0.008

0.830

0.154

0.013

Control

35.6(4.7)

585.2(41.8)

300.7(40.1)

171.6(21.0)

1093.1(80.7)

A. agrestis

29.6(3.1)

513.6(39.4)

264.8(22.7)

187.9(25.1)

995.9(59.6)

L. rubellus

36.0(6.4)

533.7(35.2)

273.0(25.1)

177.1(21.5)

1019.7(39.7)

Control

33.0(5.3)

453.7(39.8)a

269.3(24.5)

161.2(24.6)ab

917.2(52.3)a

A. agrestis

34.9(4.5)

585.6(40.4)b

296.0(40.1)

147.1(14.0)a

1063.6(69.8)ab

L. rubellus

33.3(5.0)

593.1(25.5)b

273.1(23.8)

228.2(21.8)b

1127.8(52.2)b

Effect tests
Soil

Earthworm

Soil*Earthworm

Treatment
Mean(SE)
Soil

Earthworm

Soil analyses showed that available Fe was significantly different among
treatments in the overall model (F8,
significantly to the variation (F 2,
in the other soil nutrients.

36 =2.37,

36 =6.85,

p=0.0367) with soil treatment contributing

p=0.0030). There were no statistical differences

The pH of the soil was low at 3.91 (Tecimen, pers. comm.).
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Unlike in the field, neither NH4 Cl extractable Ca nor the NO 3 concentrations were
significantly different among treatments.

To meet parametric statistical requirements,

absorbance at 330 nm was logarithmically transformed, resulting in significant difference
in the overall model (F8,

36 =5.04,

p=0.003) and within soil treatment (F 2,

p<0.0001) (Table 3.2).
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36 =18.8,

ions

soil) measure

Table 3.2: Mean nutrient concentrations (µg of nutrient element/g soil) measured by ICP-AES after extraction by NH4Cl. Standard errors are
also given. Only Fe and 330 nm absorbance were significantly among treatments

able 3.2:
Mean nutrient concentrate

(µg

b
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of nutrient element/g

3.5 Discussion
3.5.1 Field Observations
Our field observations at the Cabot Sugarbush provided some interesting
insights.

Soil pH at Cabot was approximately 1 pH unit greater in the presence of

earthworms. This result is in line with observations made in forests in upstate New York
where soil pH was also up to one unit greater where earthworms were present (Burtelow
et al., 1998). Calcium concentrations in all soil extracts were highest in the presence of
earthworms, which is not surprising, given that Lumbricidae present at the site rely on
environmental Ca as a component in metabolic waste excretion (Canti et al., 2003; Canti,
2009).

Comparison of supply rates and extracts were not always consistent with one

another. While PRS probes measure the supply rate of cations and anions near the resin
surfaces of the probes, soil extracts measure concentrations across the entire soil sample.
For Ca, both the NH4 Cl extractable concentrations and the PRS-measured supply rates
were greater in the earthworm invaded soil than the earthworm free soil (i.e. the two
observations matched in their trend). P supply rates were lower in the presence of
earthworms, while NH4 Cl extractable P was not significantly different between sites.
Further, NH4 Cl extractable Al was lower in the presence of earthworms, but exhibited
higher supply rates.

It has to be noted that NH4 Cl extraction measures not only the

available nutrient concentration in soil solution, but also some exchangeable Al and other
compounds. Any solute ionic interaction equilibria would be disrupted/overwhelmed
when exposed to NH4 Cl extract. In contrast, the PRS probes only measure the supply of
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nutrient ions that are readily available in the soil solution during the sampling interval;
PRS rates are integrating over time whereas a soil test gives only a snapshot.
It is unclear whether the earthworms caused the accumulation of NH4 Cl
extractable and supply rate Ca through greater mineralization rates and subsequent
calcifery or whether soils at earthworm invaded sites were already higher in Ca than the
soils of earthworm free sites. Given that Ca in the soil digests was significantly higher
where earthworms were present, we initially thought that the high Ca was present in the
parent material, which would then explain the higher available Ca concentrations.
However, Ca content in leaf litter and mineralization rates under Sugarbush are higher
than other hardwood species (Dijkstra, 2003).

Furthermore, calcite granules produced

by earthworms have a lifetime of between 1.5-5 years; given consistent production and
dissolution rates, it has been estimated that a system steady state would be reached in
approximately 6 years after invasion with soil concentrations estimated at 2500 mg Ca/kg
soil for soils with 5% organic matter (Lambkin et al., 2013).

Supply rate Ca

concentrations in earthworm invaded soils at Cabot were 3 times greater than in the soils
investigated by Lambkin et al (2013); but considering that the Cabot soils had 5 to 7
times greater organic matter content, the greater amount of Ca found at the Cabot
earthworm sites may well have been derived from earthworm generated Ca(CO 3 )2
(Lambkin et al., 2013).

Additionally, the greater supply rate Ca concentrations could

have been the result of earthworm mediated integration of forest floor litter into the top
soil layer as earthworms transformed the forest floor into a mull type humus.

To

completely

Ca

answer

the

question

whether
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earthworms

at

Cabot

increased

concentrations or whether they persisted in naturally higher Ca soils requires further
investigation using a mass balance approach.
Interestingly, soil P supply rates (measured by PRS) and NH4 Cl extractable P
concentrations were suppressed in earthworm-invaded soils.

This is contrasted by the

greater total (nitric acid digest) P at the earthworm sites. This may have been due to our
measurement of P only in the top 10 cm (PRS probes) and 5 cm (digest and NH4Cl
extractions) of the soil. It is possible that vermiturbation buried some of the P deeper in
the profile. It is also possible that phosphate was bound by Ca and Al whose supply rates
were significantly greater in the earthworm plots than in those without.

Whether Fe

oxides play a role in immobilizing P in this study is not clear.
3.5.2 Oxalate production by JIP
Our hypothesis that earthworms influence oxalate production by JIP was
confirmed, but only for cases where earthworms were physically present (Table 3.1).
Furthermore, only water and HCl extractable oxalate fractions varied significantly
between treatments.

Clearly, this work does not show a direct causality between

available Ca and stimulation in oxalate production.

In fact, the NH4 Cl extractable Ca

concentrations in the mesocosm soils were not significantly different (Table 3.2).
However, from an ecological point of view the work shows that the presence of
earthworms does stimulate oxalate production in the plant.
The earthworm treatment factor resulted in some interesting observations. Water
soluble oxalate fraction increased in the presence of both earthworm species (Table 3.1).
This would suggest increased cytosolic oxalate, as the water soluble oxalate fraction
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would not be crystalline (used in the storage of Ca and other metal complexes).

The

significant interaction term is visually apparent (Figure 3.4) and would suggest water
soluble oxalate production is suppressed when Amynthas are introduced to a soil
previously inhabited by Lumbricus. HCl soluble fraction was also increased, though here
the only difference was between the two earthworm treatments.

As with water soluble

oxalate fraction, interaction is visually apparent, though not statistically significant.

A

lack of significant differences among treatment mediated soil characteristics means that
determining cause will be left to future studies.
Surprisingly, oxalate did not vary within soil treatments.

We expected that the

combination of L. rubellus pretreated soil and the presence of the calciferous L. rubellus
would give a greater response in HCl extractable oxalate. Figure 3.4 illustrates that there
is no additional HCl extractable oxalate production stimulated when earthworms are
added to pretreated soils. HCl extractable oxalate in the soil-worm combinations of
control-A. agrestis and A. agrestis-control are not different either (Figure 3.4). Likewise
the comparison between HCl oxalate in the control-L. rubellus with L. rubellus-control
treatment combinations shows no significant difference. It is possible that the effect of an
earthworm on oxalate production by JIP cannot be increased beyond a ‘ceiling’
concentration. A similar pattern is observed in the water extractable oxalate (Figure 3.4).
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Figure 3.4: Water and HCl-extractable oxalate as a function of earthworm and soil treatment.
Errorbars specify 1 standard error. The graph suggests that adding earthworms after soil
preatment with A. agrestis or L. rubellus does not affect oxalate beyond what earthworms stimulate
in the control soil treatment.
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In the case of no soil or A. agrestis pre-treatment, both earthworm treatments had
greater water-soluble corm oxalate concentrations than the treatment without earthworms,
suggesting that there was no difference between these earthworms in their ability to
increase oxalate production in the plant.
The comparatively high Ca supply rate at the Cabot field trial in the presence of
earthworms would provide ample reactant for calcium oxalate production.

The

conventionally held belief that plants can store excess Ca, potentially produced by
earthworms, as Ca oxalate (Webb, 1999; White and Broadley, 2003) is difficult to invoke
here because of the lack of significant differences in soil nutrients among soil pretreatments (Table 3.2). In the control soil treatment, HCl-extractable and water
extractable concentrations of oxalate were low when no earthworms had been added.
However, available (NH4 Cl - extractable) Ca levels in the soil were not significantly
different among treatments (Table 3.2). Lambkin et al (2013) estimated that for the soils
they investigated, a steady state Ca(CO 3 )2 would only be reached after six years. Likely,
the short period of time that the soil was exposed to earthworms in this experiment would
not have produced discernibly higher Ca accumulations. It is important to remember that
there is a limit to the concentration of oxalate that the plant can produce and tolerate
metabolically. Using oxalate as a way of storing Ca can overcome the potential toxicity
of excessive uptake of this element, though the limit of that may be what was observed
here.
The soil in the experiment had a very low pH; this variable often accomapnies
high concentrations of aluminum and heavy metals. As it has been observed that some
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plant species exude oxalate in response to aluminum and/or high heavy metal
concentrations, this must not be ignored (Poschenrieder et al., 2008).

We only

considered the production of oxalate but not the loss of oxalate from the corm in response
to potential toxins that may be present at low pH.

We also could not consider the

redistribution of oxalate between the different solubility pools, which may also confound
differences in oxalate concentrations among treatments.

While high soil aluminum

concentrations may have increased exudation of oxalate, high availability and uptake of
Ca could increase cytosolic production.

Future studies are encouraged to disentangle

what could possibly be opposing factors influencing plant oxalate concentrations;
exudation may be Al driven and sequestration may be Ca driven.
Downstream biotic influence could have driven the increased production of
oxalate in the presence of earthworms. Pseudomonas oxalaticus and Actinomycetes both
have the ability to decompose oxalate; this is relevant, as each have been found in the
guts of earthworms (Cromak et al., 1977). Where earthworm geophagy takes place in the
rhizosphere of plants exuding oxalate, a decreased soil concentration of oxalate could
trigger the plant to increase production. No direct detection of oxalate by plant roots has
been reported.

However, indirect detection of changes in Al and Ca concentration could

increase plant exudation of oxalate.
Many soil processes occur at microsites (Parkin, 1987; Sexstone et al., 1988)
which can be created by earthworms (Görres et al., 1999; Tecimen pers. comm.). Yet,
we measured nutrient contents at much larger scales, thus averaging out any differences
that may occur at microsites.

While estimating nutrient availability at larger scales makes
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sense for nutrient management, it is not fine enough to aid in understanding soil
ecological processes that generally occur at the scale of the organisms involved. Corms
and roots may be intersecting microsites where chemical stimuli may be concentrated in
the walls of earthworm burrows.
We were particularly surprised that there were no differences in soil NO3
concentrations among treatments, even when comparing earthworm treatments to the
control.

At the Cabot site, there was a large difference in NO 3 supply rate between

earthworm-invaded and uninvaded soils (Figure 3.1). Others have also shown that soil
NO 3 concentrations increase when earthworms are present (Amador et al., 2003;
Burtelow et al., 1998) especially near the burrow (Amador et al., 2009; Parkin and Berry,
1999). Nitrate concentrations in our mesocosms were high compared to other
investigators, though our trial was comparatively twice as lengthy (Amador et al., 2006).
Nitrate concentrations reported by Burtelow et al. (1998) were similar to those of our
soils, although they observed differences between earthworm and earthworm free soils.
It is possible that any differences between treatments were masked by the scale of our
measurement which would have averaged out the effect of the drilosphere (Görres et al.,
1997).

Alternatively, differences in nitrate concentrations may have not been observed

due to the high deviation in quantification values due to the method of analysis; the
microplate method employed is best for screening, and so comparatively low precision
may have introduced more error than other methods.
Statistical and biological significance may not be same in regards to plant oxalate
concentration and fitness.

Trials on nutrition and herbivory deterrent effectiveness in
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Medicago truncata have demonstrated that plant oxalate decreases herbivory and
nutrition in rats and chewing insects, though these model plants were knock-out
genotypes (no oxalate production) (Korth et al., 2006; Li et al., 2013). The influence of
slight changes in oxalate concentration, as seen here, may be more difficult to determine
in the short term.

A possible future study on the interaction of a castrating pathogen,

Uromyces atriphyllia, and reproductive success of Arisaema triphyllum in presence and
absence of earthworms would be a natural progression from what has been examined
here.
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CHAPTER 4: THE INFLUENCE OF TWO INVASIVE EARTHWORMS FROM
DIFFERENT FAMILIES (MEGASCOLECIDAE AND LUMBRICIDAE) ON
RESPIRED C AND N
4.1 Abstract
Carbon and nitrogen are found extensively in both terrestrial and atmospheric
cycles.

A shift in the equilibrium of these elements can suggest a strong interaction

between an introduced variable (invasive earthworms in this case) and the abiotic
environment.
these

A body of literature has been established as to how we should examine

variables;

essentially

environment-organism interactions

are

of the

utmost

importance in a time of anthropogenic climate change and ecosystem management. The
interaction examined here is between invasive earthworms and Northeastern forest soils.
In order to better understand soil property changes, a 112-day mesocosm study was
undertaken to examine the effects of earthworm invasion on C and N dynamics. Two
invasive epi-endogeic earthworm species Lumbricus rubellus and Amynthas agrestis
were selected for this study. Greenhouse gas production by total mesocosm and soil were
monitored. Gas flux measurements on 13 dates indicate both worm species increase CO 2
and N 2 O emitted from mesocosm system. Mesocosm total C and N (mass balance)
indicate significantly less N but no change in C between treatments and control.

This

indicates a disruption of denitrification by earthworm invasion that results in increased
N 2 O emissions, a potent greenhouse gas. Also, gross soil C measurement on a short time
scale may be insufficient to estimate changes to a system in the long term. This research
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is the first to examine these variables in concert and confirms that a holistic view is
essential when examining natural systems.
4.2 Introduction
Earthworms have been regarded as beneficial to plant production (Brown et al.,
2004; Haimi et al., 1992; van Groenigen et al., 2014), soil fertility (Syers et al., 1984) and
soil health (Doran and Zeiss, 2000; Doube et al., 1997).

However, in a time when

climate patterns are changing rapidly, even their presence has become a point of
discussion. On the one hand, their ability to boost crop production and therefore also their
value in the food system seems undeniable (van Groenigen et al., 2014). On the other
hand, there is evidence that earthworms increase the emission of greenhouse gases
(Lubbers et al., 2013). In this context the increase in N 2 O is of most concern as it is much
stronger in its atmospheric warming potential than that of CO 2 (Grant et al., 2004).
The potential of earthworms to promote greenhouse gas production may depend
on their life history traits and eco-physiological group. There are three main apices that
describe the ecological habits of earthworms; the designations are based on the spatial
niche they occupy in the soil (Bouche, 1977). Endogeic earthworms live within the top
mineral horizons of the soil, make horizontal, non-permanent burrows and are geophagus.
They lack pigmentation and rarely come to the soil surface. Epigeic earthworms live in
the organic horizons and feed mainly on litter and O e horizon. They are pigmented
(which serves in crypsis and protection from UV radiation). Generally they do not
burrow. Anecic earthworms, like Nightcrawlers (Lumbricus terrestris) make deep, semipermanent vertical burrows which they occupy for an extended period. They scavenge for
81

organic material at the surface of the soil and incorporate it into the walls of their
burrows. Both anecic and epi-endogeic species (those that live both in the litter layer and
the upper soil horizon) integrate surficial organic matter into deeper soil horizons. As part
of their excavation activity, they also transport mineral materials upward, altering
physical, chemical and biological functioning in the soils where they reside (Darwin,
1881; Holdsworth et al., 2007).
however,

peregrine

Lumbricidae

In native ranges, this is normal ecosystem function,
and

Megascolecidae

from Europe and

Asia,

respectively, have gained a foothold in North America (Hendrix and Bohlen, 2002), with
some naturalized

populations facilitating significant change in forested ecosystems

(Bohlen et al., 2004; Hale et al., 2006). Given the immense range of invaded and
potentially suitable habitat in North America, an understanding of the extent of
ecosystem effects of earthworm engineering is warranted (Gundale, 2005; Holdsworth et
al., 2007).
When examining the influence of soil biogeochemistry on climate change, carbon
and nitrogen are the focus of many recent publications in light of well-established effect
of the gaseous forms on global climate change (Griggs et al., 2002; Hansen et al., 2007).
Two recent journal articles have examined the influence of earthworms on the C and N
cycle and come to distinct conclusions (Lubbers et al., 2013; Zhang et al., 2013).
Lubbers et al. (2013) through meta-analysis concluded that though earthworms stimulate
C storage in soil aggregates, they also increase emissions of carbon dioxide and nitrous
oxide.

In a soon to follow article, Zhang et al. (2013) suggested that earthworms also

increased soil carbon sequestration and proposed a model that takes into account
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increased carbon activation and amplification towards enhanced C sequestration by
earthworms.

Both provide solid evidence towards understanding the influence of

earthworms on soil fertility and respired C and N, however neither (and none so far)
examines these factors concurrently. Additional experimental data is needed to verify the
findings of recent research.
Most work on the influence of earthworms on greenhouse gas production has
been done on agricultural soils. Generally it is found that earthworms in agroecosystems
increase greenhouse gas production (Amador et al., 2013; Lubbers et al., 2013).
Greenhouse gas emissions may be increased by the addition of inorganic fertilizer. For
example, the addition of (NH4 )2 SO4 led to increased, albeit short-lived, increases in N 2 O
production (Amador et al., 2013). Likewise, anecic earthworms (Lumbricus terrestris)
present in no-till fields may explain increases in N 2 O and CO 2 fluxes with CO 2 fluxes
explained solely by respiration of L. terrestris (Nieminen et al., 2015). Less attention has
been given to the effect of earthworms on GHG emissions from forest soils. Burtelow et
al. (1998) found greater denitrification potential and NO 3 - in forest patches with
earthworms

than

without.

Many studies have shown that earthworms increase

nitrification as well as denitrification rates and both of these can lose N 2 O, an
intermediate product in each process (Panek et al., 2000).
There is very little known about the biogeochemistry of individual species. One of
the most common model earthworms is L. terrestris (Amador et al., 2012; Görres et al,
2001; Parkin et al., 1999; Tiunov et al., 1999; Tiunov et al., 2001). It is easily identified
and readily available as fishing bait. It is an anecic earthworm that makes semi83

permanent burrows with well-defined, distinctive walls that allow simple comparisons
between soils worked by the earthworm and the adjacent bulk soil. There have been
comparisons among anecic species (Eisenhauer et al., 2008) but little knowledge exists
about species living close to the surface (epigeic and epi-endogeic species). In particular,
the biogeochemical effect of second wave of invasions by epi-endogeic earthworms from
Asia has been understudied (Chang et al., 2013).
The objective of this work was to expand on current state of knowledge by
comparing the effect of two invasive earthworms A. agrestis and L. rubellus on
greenhouse gas production and resultant residual soil C and N.

Though these species

occupy the same epi-endogeic niche, they show considerable differences in behaviour
and occupy different temporal niches. A. agrestis is an annual species that is most active
during the summer and attains very high abundances of up to 200 individuals m-2
(Callaham et al., 2002; Görres et al., 2015), living for approximately 7 months in
Vermont (Görres and Melnichuk, 2012).

L. rubellus likely aestivates during the summer

and has a life span that may be greater than 2 years (Klok et al., 1996). L. rubellus is an
earthworm that likely came to North America with early settlers and now enjoys a wide
geographical distribution in the Northeast (Reynolds, 2010).

In contrast, A. agrestis, a

species from Japan, has been naturalized to the southern United States, is a more recent
arrival in the northeastern US. In the northeastern US, they die in the Fall and rely on the
overwintering of their cocoons for survival. Despite the lengthy period it has occupied
soils in the southern US, little is known about its biogeochemistry, likely due to its patchy
distribution and recent arrival more northerly.
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4.3 Material and Methods
An area at Camel’s Hump State Park (Duxbury, VT) was surveyed for the
absence of earthworms and earthworm activity so that uninvaded soil materials could be
collected.

Vegetation and overstory were characterized as Northern Hardwood Forest, a

commonly invaded biotype (Thompson et al., 2000). From an uninvaded site within this
area, leaf litter, A and BC-horizon were collected separately and transported to UVM
soils lab. Leaf litter was macerated and sieved to 7.5 mm while soil was sieved at 2 mm
to remove the fraction greater than fine earth fraction. Care was taken to minimize soil
structure disturbance and soils were not dried at accelerated rates. Mesocosm housing
consisted of an impermeable base and mesh-sealable cover (to prevent earthworm
emigration).
A. agrestis and L. rubellus earthworms were collected from Jericho Research
Forest (Jericho, VT-University of Vermont). Earthworms were acclimated to laboratory
temperature, 20o C, and humidity, 60% relative humidity, for one week while being fed ad
libitum.
A two-way factorial design was established. To implement the design, we
constructed mesocosms (2 -litre Mason jars; soil surface area 6.26 x 10-3 m2 ) with Ahorizon

(presence/absence)

as one factor and

worm treatment (A.

agrestis/L.

rubellus/neither) as the second factor. To each mesocosm, we added homogenized BChorizon soil (1100 ± 5 g). To half of the jars, homogenized A-horizon soil was added
(50.00 ± 0.05g). To all mesocosms, homogenized, macerated leaf litter was added (10.00
± 0.05g). Mesocosms were arranged in a random fashion on a laboratory table.
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Earthworm treatments consisted of no earthworms (control) or two individuals of A.
agrestis or L. rubellus. These rates were equivalent to approximately 200 earthworms m2

. This is a realistic rate for A. agrestis (Görres et al., 2015) and L. rubellus (Ilieva-

Makulec et al., 2002). Each treatment was replicated 5 times for a total of 30 mesocosms.
Mesocosms were held at standard laboratory temperature (19-21 ᵒC) under
ambient daylight (no direct sunlight) for 112 days.

Data collection included water loss,

evolution of CO 2 and N2 O (after 30 days initial incubation). Total residual C and N by
soil horizon were also quantified at the end of the experiment. Mesocosms were weighed
(Mettler-Toledo, Columbus, Ohio, USA) every 3-7 days and water replaced at loss rate of
controls to simulate light precipitation.
To measure CO 2 and N 2 O emission rates, mesocosms were sealed for 30 minutes
and headspace gases collected three times (0, 15 and 30 minutes) . A system flux rate was
calculated using linear regression as the slope of the mass of the greenhouse gas and
headspace sampling time. All gas measurements were performed using a Shimadzu Gas
Chromatograph equipped with FID and ECD (Shimadzu, Columbia, MD, USA). Total
gas fluxes over the 112 day incubation period were approximated by the area under the
emission curves (Amador et al., 2013) using Riemann sums.

𝑁

𝐺𝑡 = ∑ 𝑔𝑖 ∆𝑖
𝑖=1

Equation 4.1: Riemann sum equation for cumulative gas flux. Gt is the total gas flux of a
greenhouse gas species, g i is the flux on sampling event i, Δi is the sampling interval about event i.
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Total C and N were quantified in duplicate for all soil horizons, leaf litter, and
earthworms with Flash EA 1112 N and C Analyzer (Thermo Scientific, Waltham, MA,
USA). Total mesocosm C and N was determined by multiplying final dried soil masses
by sample concentrations in each horizon and summing across horizons. Contribution of
earthworm carcass was subtracted from mesocosm total C and N by mass balance.
All statistical analyses were performed using JMP Pro 11.0.0 (SAS Institute,
Cary, NC, USA).

For gas evolution and water loss, SLS repeated measures 2-way

ANOVA was performed with variables A-horizon (+/-), earthworm (-1,0,+1) and date.
A. agrestis treatment is denoted as -1, no earthworms as 0, and L. rubellus as +1. A
simple crossed 2-way ANOVA was performed for mesocosm cumulative CO 2 and N 2 O
gas evolution and on total residual soil C and N. Statistical assumptions were tested and
data transformed if necessary before proceeding with assigned analyses; all data was
included in the analysis.
4.4 Results
4.4.1 Earthworm C and N
Earthworm C and N could have contributed significantly to system totals (Table
4.1). Composition values had a tight range and did not vary between sizes of earthworm.
Mean tissue concentration values were multiplied by earthworm mass to determine
earthworm C and N contribution to mesocosm totals and subtracted when determining the
final values reported later.
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Table 4.1: C, N and water composition of earthworms added to mesocosms

Sample

Replicate

A agrestis

x̄
SE
x̄
SE

L. rubellus

%Water

Dry
Mass

%C

%N

C:N

80.4
0.81
80.6
1.04

0.337
0.075
0.262
0.055

28.24
1.38
30.14
1.23

4.61
0.29
4.52
0.19

6.21
0.17
6.70
0.16

4.4.2 CO2 and N 2 O Emissions from Mesocosm
Mesocosm greenhouse gas fluxes were significantly influenced by treatments.
CO 2 gas flux was highly influenced by date (F 12,312 =496.85, p<0.0001), followed by
earthworm

treatment

(F2,312 =96.83,

(F1,312 =6.01, p=0.015) (Figure 4.1).

p<0.0001)

and

then

A-horizon

treatment

Interaction term between earthworms and date

(F24,312 =35.31, p<0.0001), and A-horizon and date (F12,312 =10.54, p=0.001) were also
highly significant while the interaction between earthworm and A-horizon was only
marginally significant (F2,312 =2.86 , p=0.058).

The three way interaction between all

terms was also significant (F 24,312 =3.45, p=0.033).

In the N2 O gas flux analysis only

two factors were significant terms, date (F12,312 =31.16, p<0.0001) and earthworm
treatment (F2,312 =21.13, p<0.0001).
Figure 4.1 shows the time course of gas evolution from mesocosms with A.
agrestis, L. rubellus and without earthworms. For mesocosms without A-horizons CO2
gas fluxes were greater with earthworms than the control at the beginning of the
incubation but decreased continuously. CO2 emissions of A. agrestis exceeded those of
L. rubellus until 1 month into the incubation when the two converged. The time courses
for N 2 O emissions from earthworm treatments without A-horizon diverged from the
control early in the incubation. However, the emissions from the two earthworm
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treatments were almost identical until one month after the beginning of the experiment
when A. agrestis N2 O emissions increased over those from L. rubellus. The peak N 2 O
emission for L. rubellus was reached after one month, that of A. agrestis after 6 weeks.
The N 2 O peak emissions were greater for A. agrestis than for L. rubellus. The N 2 O
emissions from the control remained at a steady low rate of ½ of the L. rubellus and ⅓
of the A. agrestis peak (Figure 4.1, top two panels).
The change in rate of CO 2 emission over time from mesocosms with A-horizon
was similar to those from mesocosms without A-horizon both in magnitude and pattern.
However, the time courses for N 2 O emissions were different among treatments. N 2 O
emissions from the control paralleled those from the L. rubellus mesocosms. Initially,
N2 O emissions from A. agrestis were elevated over both L. rubellus and control for at
least two weeks. After 1 month the three curves came together before emissions from
A. agrestis once again exceeded those from the L. rubellus and the control mesocosms.
At its peak, emissions from A. agrestis mesocosms were about double the rate of the
control and L. rubellus treatments (Figure 4.1, lower two panels).
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Figure 4.1: Mean CO2 and N2 O flux rate from each mesocosm per soil dry mass. Upper graphs are
mesocosms with leaf litter and BC-horizon only, lower graphs are mesocosms with A-horizon, BChorizon and leaf litter. Solid line is control (no earthworms), short hatched is with A. agrestis and
long hatched is with L. rubellus. Summary statistics are mean and standard error. Line is not to
show continuous gas flux, but to act as a visual aid.

Table 4.2 lists the estimated cumulative amount of CO 2 and N 2 O evolved over
the 112 day incubation period, calculated by Riemann sums. There were significant
differences in CO 2 evolution among treatments (F= 9.1284, p<0.0001) with no effect of
A-horizon presence (F= 0.0161, p=0.900) but significant effect of earthworm treatment
(F= 22.2178, p<0.0001). There was no interaction between A-horizon and earthworm
presence (F=0.5951, p= 0.5595). The lowest CO 2 emission came from the mesocosms
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without earthworms. Treatments with earthworms were statistically the same regardless
of species or presence of A-horizon. Total CO 2 amounts emitted from the earthworm
treatments without A-horizon were 29% (L. rubellus) and 36% (A. agrestis) greater
than the control treatment. For treatments with A-horizon, the CO 2 emission from the L.
rubellus treatment exceeded the control by 41% and the A. agrestis treatment exceeded
the control by 40%.
For cumulative N 2 O, ANOVA for the entire model did not show any significant
differences (p=0.1521). However, for both soil treatments, A. agrestis had the greatest
cumulative N 2 O emissions, exceeding the control treatments by 37 and 44%,
respectively for without and with A-horizon. N 2 O emissions from L. rubellus exceeded
the controls with and without A-horizon by 19 and 21% respectively.
Table 4.2: Cumulative estimated N2 O and CO2 emission from mesocosms with and without Ahorizon and with two different endo-epigeic earthworms, L. rubellus and A. agrestis.

CO2 [mmol/g]
N2 O[mmol/g]

A-horizon absent
Control L. rubellus A. agrestis

A-horizon present
Control
L. rubellus A. agrestis

756±59a
38±7.9

698±69a
37±6.1

1078±101b
47±4.7

1173±73b
60±7.7

1174±40b
47±5.1

1158±77b
66±16

4.4.2 Soil C and N
Total mesocosm C was significantly different in the overall model (F5,24 =6.71,
p=0.0005) and, not surprisingly, greater (F1,24 <29, p<0.0001) in all mesocosms where
A-horizon material had been added. However, total mesocosm C did not vary
significantly amongst earthworm treatments (F 2,24 =0.546, p=0.586) (Figure 4.2).
Fractions in each horizon did not hold to this pattern. Total litter C was significantly
different in the overall model (F5,24 =43.5, p<0.0001) and lower in earthworm
91

treatments (F2,24 =108.8, p<0.0001). Total A-horizon C was significantly different in the
overall model (F5,24 =54.1, p<0.0001), higher in earthworm treatments (F2,24 =29.2,
p<0.0001) and higher in A-horizon addition treatment (F1,24 =209, p<0.0001).

Total

BC-horizon C was significantly different in the overall model (F 5,24 =7.71, p=0.0002)
and higher in A-horizon addition treatment (F2,24 =29.5, p<0.0001).

Litter C is reduced

by earthworm simply because they are consuming and mixing it with lower horizons. In
the treatments with earthworms, A- horizon C is greater than the controls suggesting
that these epi-endogeic earthworms are translocating some of the litter C into the Ahorizon. Effects on the BC-horizon were not as clear (Figure 4.2). Diminished litter C
and increased A-horizon C were directly related to consumption of litter and
translocation to A-horizon in earthworm treatments.
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Figure 4.2: Mean total carbon pool by horizon. Differing uppercase letter in upper right corner of
frame indicates statistical significant effect of A-horizon presence/absence. Differing lower case
letter above bar indicates statistically significant difference between earthworm treatments (across
either A-horizon treatment)
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Total mesocosm N was significantly different in overall model (F5,24 =53.7,
p<0.0001) greater in mesocosms with earthworms than in the controls mesocosm (F2,
24 =5.54,

p=0.011), significantly higher in mesocosms with A-horizon (F1,24 =248.7,

p<0.0001) and demonstrated a significant interaction term (F 2,24 =4.85, p=0.017) (Figure
4.3). Total litter N was significantly different in the overall model (F 5,24 =53.1,
p<0.0001) and lower where earthworms were present (F2,24 =130.4, p<0.0001). Total Ahorizon N was significantly different in the overall model (F 5,24 =67.5, p<0.0001),
higher

with

earthworm presence

(F2,24 =31.7,

p<0.0001)

and

with A-horizon

(F1,24 =273.4, p<0.0001). Total BC-horizon N was significantly different in the overall
model (F5,24 =3.23, p=0.023) and where earthworms were present, but only L. rubellus
(F2,24 =3.90, p=0.034).
Just as for C, litter N was diminished likely due to consumption and/or
translocation of litter. Increased N in the A- and BC-horizon of the A-horizon
mesocosms with earthworms supports the idea that translocation had occurred (Figure
4.3).
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4.5 Discussion
Gas flux analyses demonstrated that earthworms increase both CO 2 and N 2 O gas
flux rates from newly invaded soils. In our study the accumulated emission of CO 2 over
the 112 day incubation increased by between 25 and 35% when earthworms were present.
Over the same period, N 2 O increased between 20 and 35% when earthworms were
present.

These values are comparable to those found by others (Amador et al., 2012;

Lubbers et al., 2013; Nieminen et al., 2015). These data supported the hypothesis that
epi-endogeic

earthworms

increase

greenhouse

gas

emissions.

Furthermore,

the

cumulative CO 2 emission was very similar for two very different earthworm species, even
though the gas flux rates over time were different for A. agrestis and L. rubellus.
The time course of gas evolution is similar to that found in other studies. Amador
and Avizinis (2012) noted that during a 28 day study of GHG after (NH4 )2 SO4 additions,
initial N 2 O evolution from soils treated with earthworms were higher than the earthworm
free control soils; but the effect in their short study was short lived, with N 2 O emissions
in both treatments converging soon after the start of the experiment. In our 112-day
study, initial N 2 O fluxes increased quickly over the control in the beginning of the
experiment. Peak N 2 O emissions were reached for A. agrestis after 1 month and for L.
rubellus after about 15 days. This was true for both soil treatments (absence/presence of
A-horizon soil). However, in the treatment with A-horizon, greater initial N 2 O emissions
from A. agrestis mesocosms diminished within a month to coincide with the emissions
from the control and L. rubellus treatments similar to what Avizinis and Amador found.
However, in our longer study, N 2 O emissions from the A. agrestis treatment (+A96

horizon) increased again while those for L. rubellus and control remained flat.

In

contrast, the initial CO2 fluxes were largely diminished over time. Again, the trends were
identical for both soil treatments, but the initial difference in CO 2 emissions between
earthworm and control treatments did not persist very long. This difference in CO 2 and
N 2 O emissions over time is also discussed by Lubbers et al. (2013) whose meta-analysis
found that in more lengthy time series gas measurements, CO 2 release from soils with
earthworms decreased from initially greater gas rates to background levels, while N2 O
emissions from earthworms seem to be dependent on physiochemical parameters.
Interestingly, in this experiment, this only translated into a statistically significant shift in
total system N but not C. This result seems inconsistent and can be understood only after
considering the species’ variable behaviour.
The first consideration is that the functions of an ecosystem engineer are
multimodal.

Robust data supports earthworms increasing the rate, intensity and

magnitude of bioturbation in soils both in the lab as well as in the field (Bohlen et al.,
2004b; Hale et al., 2005).

Bioturbation by earthworms translates to an increase in

translocation of surficial organic matter and upper horizon mineral soil to lower horizons
(Hale et al., 2008).

Mesocosms in this study exhibited an increased translocation of

organic matter to lower horizons, and increased decomposition of leaf litter.
modification of soils is the most apparent result of invasion.

This

Modification of pore

structure such as that observed for L. terrestris burrow and casts (Görres et al., 2001;
Görres et al., 2010) is more subtle but can also have an effect on CO 2 emissions from
soils. In a comparison of bulk, burrow and cast soils, the emission of CO 2 was strongly
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inversely related to the pore volume of the soil material (Görres et al., 2001). The extent
of influence on water dynamics, resource redistribution and aeration are dependent on the
invaded habitat, but what is known is that there is significant influence by earthworms
(Blouin et al., 2013; Melnichuk and Görres, this dissertation). This can have an effect on
N 2 O emissions in both saturated and unsaturated soils via denitrification and nitrification,
respectively.
A second consideration is the effect of earthworm activity on the soil fauna.
Examination of the drilosphere of anecic earthworm L. terrestris found increased CO 2
evolution, metabolic coefficient (the ratio of community respiration and microbial
biomass C), and nematodes in casts and burrow soil compared to bulk soils (Görres et al.,
1997).

Grazing by microbivorous nematodes can result in accelerated C mineralization,

hence the greater metabolic coefficient, by encouraging regrowth of fungi and bacteria.
This effect was also seen in conjunction with endogeic earthworms where increased C
respiration was maintained at high rates (Speratti et al., 2008). Combinations of endogeic
and anecic earthworms further increased C respiration and N 2 O emissions from soils over
controls without earthworms (Speratti et al., 2008). Increased soil respiration observed
here may also be attributed to enhanced activity of the soil community due to earthworm
presence. Earthworms may enrich the diversity and/or abundance of the microbial
community by excreting gut flora with their castings or indirectly by increasing resources
through organic matter integration to mineral soil.

Increased aeration of soil through

earthworm bioturbation may further enhance microbial activity and mineralization.
Notably, differences in gas flux rates between earthworm treatments were less
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pronounced where A-horizon was present, which was contrary to initial hypotheses of
higher rates where resources are more available.

The diversity and abundance of soil

fauna in an A-horizon is far greater than that of a BC-horizon (Paul, 2007). Here, the
diverse microbial community where the A-horizon was present would be able to utilize
the metabolic by-products excreted from the earthworm; where A-horizon was absent, the
by-products may not be utilized and result in the increased N 2 O diffusion and emission
observed.
Resource supply is a further consideration in gas fluxes.

Typically, effects

observed in mesocosm studies are not long-lived possible as a result of mortality of
earthworms and limited resources.

Diminished gas evolution observed in our mesocosms

may explain in part the mixed effects seen in field studies. There appears to be a
difference between newly invaded sites and those areas with naturalized populations of
invasive earthworms. The latter exhibit lower rates of soil respiration, C and N
concentrations in upper horizons and shifts in microarthropod and other detritivore
populations (Eisenhauer et al., 2007; Snyder et al., 2009). The decreased respiration rates
in soils where earthworms have been present for some time- compared to new invasions are inconsistent with shorter term laboratory studies where CO 2 is seen to increase. The
pattern observed in the field (i.e. lower respiration rates where earthworms were present
for a long time), may be caused by rapid utilization of accumulated resource in the O e and
O a horizons. Once these organic sub-horizons are consumed or mixed into the soil,
earthworms may rely only on current year litter, thus reducing the annual CO 2 flux,
resulting in a new equilibrium in the invaded soil (Bohlen et al., 2004b). This study was
99

conducted over 3 months, at the end of which the gas flux rates were not significantly
different from the control (Figure 4.1). This is likely due to the consumption of resources
which we had limited in the experiment to an initial dose.
CO 2 flux rates were higher for earthworm treatments than the control (Figure 4.1),
but final mesocosm soil C analysis indicated no significant difference among earthworm
treatments, suggesting that most of the increased emission occurred due to the
consumption of litter. Lubbers et al. (2013) pointed to a need for much longer studies of
gas fluxes because the time course of gas evolution

may change beyond the end of

studies conducted to date. We have observed that after a transient period during early
invasion of a deciduous forest, earthworms are exposed to seasonal variations of resource
availability, peaking every autumn and then diminishing during spring and summer of the
following year.

Examination of how resources may vary and what rate they are

consumed cold shed light on whether the increase in CO 2 emissions continue or are only
present after initial earthworm invasion.
In this study we provide, to our knowledge, for the first time gas flux data for A.
agrestis, a representative taxon for Asian invasive earthworms. Gas emissions from
mesocosms with this earthworm had a different time course than mesocosms with L.
rubellus. Community respiration in mesocosms with A. agrestis was greater initially but
after two to three weeks became indistinguishable from that in the L. rubellus treatment.
N 2 O emissions were similar initially, but A. agrestis mesocosms had higher rates half
way through the experiment (Figure 4.1) regardless of whether an A-horizon was present
or not.
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The greater rates of N 2 O emission from earthworm treatments compared to the
control treatments are not consistent with the greater N concentrations in these treatments
(Figure 4.2). It is possible that our sampling intervals were not short enough to capture
important details of the time series causing a misrepresentation of the total losses from
the mesocosms. However, it is also possible that the loss of nitrogen in the earthworm
and the control treatment proceed along different pathways. Speratti and Whalen (2008)
reported that endogeic earthworms have greater N 2 O production than the controls and
anecic earthworms by way of nitrification.

In contrast, anecic earthworms have greater

N 2 O production by means of denitrification. However, losses of nitrogen may also occur
as N 2 gas. We did not measure this flux so we cannot estimate the contribution of
denitrification by N 2 to N losses in the different treatments. There are also few
comparisons of N 2 losses in earthworm and earthworm-free soils. For soils with
additional L. terrestris, an anecic earthworm,

15

N2 evolution was no different from a

control without additional earthworms (Amador et al., 2012). Their study was conducted
in an agricultural field. However, in a field study the possibility of other earthworms
being present cannot be excluded. An alternative explanation is that increased
bioturbation and resultant aeration by earthworms is unfavourable to the facultative
anaerobic denitrifying community, overall decreasing the loss of N 2 from the system
where earthworms reside (Paul, 2007). Until subsequent experiments can be undertaken,
the mechanism will remain elusive.
It is important to note that while this trial was undertaken at slightly cooler
temperatures than standard laboratory conditions, this does not mimic field conditions
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(where temperatures would have varied more significantly).

A conservative approach

must be taken when using this data to formulate hypotheses as to the projections for
natural systems.

Nonetheless, this trial is an important step in understanding how

earthworm presence can influence C and N pools and the importance of looking at not a
single soil horizon, but entire profile (and beyond).
4.6 Summary
Earthworm invasion into forest ecosystems can have profound effects on the
ability of soils and forests to buffer/sequester C and N. Increases in potent greenhouse
gas emission from invaded soils raise concern for current climatic models, though the
resultant shifts in the C and N cycles remain blurred. And while mesocosm studies are
good at laying groundwork for further studies, up-scaling to field conditions will be
necessary to determine if these results are applicable to full scale systems.
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APPENDICES
A number of analyses from my research did not fit into the structure of the articles
(presented as chapters above).

As such, for each chapter, an appendix is included to

cover the material and research findings that were not included, but present a more
complete picture of the work conducted.
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APPENDIX A
This appendix covers the additional work completed on the worms and water
chapter.
As each earthworm was analyzed as a separate factor; presented below are
proportions of pore size distributions by each earthworm (Figure A.A.1, A.A.2).

Figure A.A.1: Pore size distribution in presence and absence of L. terrestris. Absence denoted by
(0), presence denoted by (1)
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Figure A.A.2: Pore size distribution in presence and absence of A. agrestis. Absence denoted by
(0), presence denoted by (1)
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APPENDIX B
This appendix covers the additional work completed on the JIP trial.
Table A.B.1: Cation exchange capacity, exchangeable acidity and pH characteristics of field trial
soil. CEC and EA were performed on samples collected November 2010 (n=5), pH of soil samples
was measured at 4 dates (3/2010, 4/ 2010, 8/2010 and 10/2010) during the trial (n=20)

Earthworms
No
earthworms

CEC (meq/100 g
soil)

Exchangeable
Acidity (meq/100
g soil)
Mean (SE)

pH

140.1
(21.4)
17.5
(5.7)

0.283
(0.081)
4.525
(0.529)

6.01
(0.07)
4.84
(0.17)

Table A.B.2: Earthworm species and abundance at Sugarbush field site

Number of
Individuals
per m2

Species
Adults
Aporrectodea rosea
Aporrectodea turgida
Aporrectodea tuberculata
Lumbricus rubellus
Octolasion cyaneum
Juveniles
Total
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195
52
13
52
65
13
117
312

Figure A.B.1: Mesocosm construction

Sequential addition of soils to each mesocosm resulted in a soil with simulated
horizonation (Figure A.B.1, A.B.2).
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Figure A.B.2: Soil at mesocosm deconstruction
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At senescence, Arisaema triphyllum corms were collected and cleaned surficial
(Figure A.B.3).

Figure A.B.3: Arisaema triphyllum corm at collection
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Experimental design was carried out in a manner such that effect totals were
compared, however each combination treatment mean was calculated (Table A.B.3).

Table A.B.3: Mean and standard error of corm oxalate concentrations (µg/g of dry corm) for
ethanol, water, acetic acid and HCl-extractable oxalate. Lower case letters indicate significant
difference based on soil treatment factor. Uppercase letters indicate significant difference based on
worm treatment factor
Treatment

Extract solvent
Ethanol

Soil
Control

A.agrestis

L. rubellus

Water

Acetic

HCl

Earthworm LS Mean StdErr LSMean StdErr LSMean StdErr LSMean StdErr
Control

26.5aA

3.3

431.0aA

69.2

252.3aA

25.8

96.0aAB

17.4

A.agrestis

30.5aA

4.4

704.0aB

45.0

343.2aA

111.9

166.6aA

31.8

L. rubellus

49.9aA

11.0

620.5aB

41.9

306.6aA

51.9

252.1aB

16.5

Control

31.7aA

8.1

357.4aA

33.3

266.5aA

56.2

190.6aAB

55.6

A.agrestis

31.4aA

4.9

596.7aB

53.3

287.0aA

18.6

163.0aA

23.1

L. rubellus

25.8aA

2.7

586.7aB

56.7

240.7aA

40.5

210.3aB

52.1

Control

40.7aA

14.1

572.9aA

68.5

289.0aA

48.0

197.1aAB

37.7

A.agrestis

42.9aA

12.1

456.0aB

67.1

257.8aA

55.9

111.8aA

7.1

L. rubellus

24.3aA

5.9

572.2aB

39.5

272.1aA

32.7

222.3aB

42.0
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Sequential extraction was performed as per diagram (Figure A.B.4).

Figure A.B.4: Diagram of sequential extraction of corm plant material.
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Inorganic nitrogen was quantified using a microscale method.

96-well plates

were utilized in spectrophotometric analysis (Figure A.B.5).

Figure A.B.5: Inorganic nitrogen quantification at microscale (after Sims et al., 1995)

In order to ensure method was robust, spinach and Swiss chard (both plant tissues
with high levels of oxalate) were subjected to manipulations of extraction protocol (Table
A.B.4).
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Table A.B.4: Results of extraction protocol testing on Spinach and Swiss Chard, varying time of
solvent exposure and water content of samples
Oxalate by solvent (mg/kg dry plant tissue)

W/D

Mass
(g)

Dry
mass
(g)

1

Wet

0.45

0.1898

5

SpinachLeaf

65.4

1462.9

216.2

133.6

1878.2

2

Wet

0.43

0.1814

30

SpinachLeaf

58.2

1361.9

69.0

92.8

1582.0

3

Dry

0.12

0.1200

120

SpinachLeaf

76.2

4297.4

430.2

291.2

5095.0

4

Wet

0.46

0.1940

5

SpinachStem

43.2

294.2

0.0

12.4

349.8

5

Dry

0.07

0.0700

30

SpinachStem

78.7

1451.6

210.8

82.2

1823.3

6

Dry

0.11

0.1100

120

SpinachStem

50.4

1069.3

148.7

57.4

1325.8

7

Wet

0.72

0.2241

5

ChardLeaf

28.2

452.8

700.2

1181.2

8

Wet

1.03

0.3206

30

ChardLeaf

23.8

349.5

203.3

576.6

9

Dry

0.36

0.3600

120

ChardLeaf

28.2

2791.3

366.2

3185.7

10

Wet

1.36

0.4234

5

ChardStem

20.0

58.5

22.5

101.0

11

Dry

0.20

0.2000

30

ChardStem

36.2

676.1

122.9

835.1

12

Dry

0.37

0.3700

120

ChardStem

21.7

771.9

63.3

856.9

A

Wet

0.82

0.4205

60

ChardLeaf

2.35

B

Dry

0.21

0.2100

60

ChardLeaf

5.62

C

Wet

1.00

0.5129

60

ChardLeaf

123.1

D

Dry

0.19

0.1900

60

ChardLeaf

392.7

E

Wet

0.76

0.3898

60

ChardLeaf

89.8

F

Dry

0.18

0.1800

60

ChardLeaf

326.6

G

Wet

0.88

0.4513

60

ChardLeaf

131.6

H

Dry

0.17

0.1700

60

ChardLeaf

567.4

#

Extract
Time
(min)

Sample type

EtOH

H2 O

Acetic

HCl

Total
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APPENDIX C
This appendix covers the additional work completed on the C and N mesocosm
trial.

A particularly significant amount of data surrounding soil extracts and protocols

will be included here.
In order to account for the C and N contribution of earthworms introduced into
the mesocosms, a representative sample of individual earthworms were euthanized
(earthworm was rinsed in deionized water, placed in a test tube and test tube submerged
just past depth of earthworm -

not submerged, no water was introduced- into boiling

water). Samples were then dried at 50°C until mass no longer changed significantly (72
hours). Dried tissue samples were then analyzed (Table A.C.1) on Flash EA 1112 N and
C analyzer (Thermo-Fisher, Waltham, MA, USA).
QC.
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Stock CaCO 3 was also analyzed as a

Table A.C.1 Mean Water, C and N content of earthworms added to mesocosms

Sample

Replicate

A agrestis

A
AA
B
BB
C
CC
D
DD
E
EE
F
FF
x̄
SE
G
GG
H
HH
I
II
J
JJ
K
KK
L
LL
x̄
SE
A1
A2
x̄

L. rubellus

CaCO3

%Water

Dry
Mass

81.1

0.415

81.7

0.347

76.4

0.674

79.3

0.143

82.4

0.318

81.2

0.127

80.4
0.811
83.4

0.337
0.0748
0.099

80.1

0.176

83.6

0.151

80.3

0.468

76.0

0.268

80.1

0.408

80.6
1.041

0.262
0.0553

%C

%N

C:N

29.39
37.10
30.28
28.62
26.28
19.15
24.55
22.92
30.33
30.49
25.03
34.78
28.24
1.382
33.24
33.98
32.46
30.65
36.62
32.76
22.97
26.97
23.36
27.24
27.50
33.97
30.14
1.226
9.63
11.87
10.75

5.10
6.43
5.33
4.55
3.95
2.70
3.98
3.85
5.48
5.45
3.51
5.03
4.61
0.289
4.88
5.07
5.35
5.10
5.40
4.72
3.68
4.21
3.65
4.24
3.48
4.42
4.52
0.186
0.092
0.023
0.06

5.76
5.77
5.68
6.29
6.65
7.10
6.17
5.96
5.53
5.59
7.13
6.92
6.21
0.165
6.81
6.71
6.07
6.01
6.78
6.94
6.24
6.41
6.39
6.43
7.89
7.69
6.70
0.163

Quantification of LOI (loss on ignition) was performed on initial soil and leaf
litter that was collected and used in mesocosm construction (Table A.C.2).
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Table A.C.2: Initial material moisture and organic matter as quantified by LOI

Sample

Rep

Gravimetric
moist

LOI
375

LOI
550

Leaf litter

1
2
3
4
x̄
SE
1
2
3
x̄
SE

0.182
0.172
0.186
0.183
0.181
0.0026
1.131
1.161
1.128
1.140
0.0085

84.8
84.4
87.1
85.0
85.3
0.533
25.0
25.5
25.6
25.4
0.156

84.8
89.1
90.0
90.0
88.5
1.065
26.3
26.6
26.9
26.6
0.154

1
2
3
4
5
6
x̄
SE

0.032
0.031
0.033
0.031
0.034
0.033
0.033
0.0004

0.722
0.737
0.864
0.743
0.855
0.792
0.785
0.0230

0.939
0.922
1.063
0.892
1.099
1.055
0.995
0.0326

A-horizon

BChorizon

C:N ratios indicated strong statistically significant influence of the A-horizon
addition as expected (F1,24 =48.46, p<0.0001), as well as a marginally significant
earthworm effect (F2,24 =2.86, p=0.0766)(Figure A.C.3).
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Figure A.C.3: Mean mesocosm overall C:N ratio across treatments. Hatched line indicates
treatments without initial added A-horizon soil.

Measurements of methane were included in original data collection. Methane is
of interest as it is by an order of magnitude greater potential for greenhouse effect than
even nitrous oxide (Kasting et al., 2002).
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However, due to the moderate moisture

content of the mesocosms, the methane did not show any significant differences in total
mesocosm flux amongst any of the treatments.
Standard 1 M NH4 Cl extracts of 5:1 solvent to dry soil ratio were performed to
estimate Ca availability.

The extracts were analyzed by ICP-AES (Perkin-Elmer Corp.,

Norwalk CT).
Ammonium chloride extracts exhibited treatment effect.

Total A-horizon Ca

was significantly different in the overall model (F 1,24 =37.1, p<0.0001), higher in
earthworm treatments (F2,24 =57.4, p<0.0001) and higher in A-horizon treatments
(F1,24 =70.4, p<0.0001). Total BC-horizon Ca was not significantly different in the overall
model (F1,24 =1.00, p=0.44). Total mesocosm Ca was significantly different in the overall
model (F1,24 =15.9, p<0.0001), higher in earthworm treatments (F 2,24 =33.6, p<0.0001) and
higher in A-horizon treatments (F1,24 =11.0, p=0.0029). Leaf litter was not extracted for
available Ca.
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Figure A.C.4: Total NH4 Cl extractable Ca in each mesocosm soil horizon. Values calculated with
dried mass of each horizon and soil Ca concentration. Differing uppercase letter in upper right
corner of frame indicates statistical significant effect of A-horizon presence/absence. Differing
lower case letter above bar indicates statistically significant difference between earthworm
treatments (across either A-horizon treatment)
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