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Abstract More attention is currently being focused

on earthworm invasions; however, in many ecosys-

tems the relative abundance of native and invasive

earthworm species is unknown. We characterized

earthworm populations of two grassland types within

the Palouse region: native prairie remnants and

Conservation Reserve Program (CRP) set asides

planted with exotic grasses. The earthworm commu-

nity in both grassland types was completely

dominated by the exotic-invasive Aporrectodea tra-

pezoides. Only one individual of a native species,

Driloleirus americanus (the giant Palouse earth-

worm), was found in a prairie remnant. No

differences were found between prairie remnants

and CRP sites for mean earthworm density

(24–106 individuals m-2) or fresh weight (12–45

g m-2). Our results suggest that the combined effects

of land-use change, habitat fragmentation and com-

petitive interactions have resulted in the decimation

of native earthworm populations and dominance of

invasive earthworms in native and non-native grass-

lands of the Palouse region.
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Introduction

Earthworms are considered to be one of the most

important groups of soil organisms in grassland

ecosystems (Curry 1994, 1988) and under favorable

environmental conditions earthworms can dominate

grassland soil invertebrate biomass (Curry 1994). In

European calcareous grasslands, for example, earth-

worms compose 70–80% of the soil animal biomass

(Zaller and Arnone 1999a). Earthworms can signif-

icantly influence grassland ecosystems through their

effects on soil nutrient and carbon (C) cycling, soil

aggregation and porosity, decomposition and plant

productivity (Lee 1985; Curry 1994, 1988; Zaller and

Arnone 1999b).

Although the activity of introduced exotic earth-

worms may have beneficial effects in agricultural

systems (Lee 1985; Edwards and Bohlen 1996; Baker

et al. 2006), there is increasing concern over exotic

earthworm invasions in native habitats (Hendrix and

Bohlen 2002; Hendrix 2006; Frelich et al. 2006). The

negative effects of earthworm invasions on ecosys-

tem processes have been more obvious and dramatic

in temperate and cold-temperate deciduous and

mixed deciduous-conifer forests in areas of North

America where native earthworms are absent due to
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Quartenary glaciations (Bohlen et al. 2004; Frelich

et al. 2006). Introduction of invasive earthworms into

these previously earthworm-free habitats has been

related to increased soil compaction and significant

changes in C and nitrogen (N) cycling, plant com-

munity composition, microbial and microarthropod

communities and the soil food web (e.g. Hendrix and

Bohlen 2002; Bohlen et al. 2004; Bohlen 2006;

Frelich et al. 2006; Eisenhauer et al. 2007; Holds-

worth et al. 2007). In non-glaciated regions where

native earthworms are present, there is additional

concern over competitive interactions among native

and invasive earthworms (Kalisz and Wood 1995;

Hendrix et al. 2006).

Native habitat disturbance (e.g. grazing, vegetation

conversion for agricultural production or pasture land,

suppression of fire, fertilization) usually decreases the

abundance of native earthworms and increases the

abundance of exotic earthworms (James 1991; Calla-

ham et al. 2003; Hendrix et al. 2006; Winsome et al.

2006). Results of these previous studies of earthworm

community composition in undisturbed and disturbed

grassland ecosystems suggest that native earthworms

may be present in native undisturbed grasslands but

are less abundant or absent in disturbed grasslands.

However, the ability of an exotic earthworm to

successfully invade any ecosystem is related to factors

such as the degree of disturbance, competition with

native species, and adaptability to site climatic and

edaphic conditions (Hendrix et al. 2006).

The Palouse region of southeastern Washington

and northern Idaho provides an excellent opportunity

to study earthworm populations in native prairie and

non-native grassland vegetation that was reestablished

after agricultural disturbance. The Palouse region is

characterized by a Mediterranean type climate, deep

loess soils and native steppe vegetation (Lichthardt

and Moseley 1997; Black et al. 1998). The Palouse

grassland ecosystems are composed principally of

native prairie remnants and CRP set asides. After

European settlement, most of the land was converted

to agricultural use and currently less than 1% of the

original Palouse prairie remains (Noss et al. 1995;

Lichthardt and Moseley 1997; Black et al. 1998).

Most of the Palouse prairie remnants are located on

steep slopes and rocky areas that were difficult to plow

(Lichthardt and Moseley 1997).

The CRP was originally established in 1985 as a

way to improve water quality, reduce soil erosion and

enhance wildlife habitat (Farm Service Agency

2007). Conservation Reserve Program set asides

were established by removing lands of low produc-

tivity and high susceptibility to erosion from

agriculture production (Uri and Bloodworth 2000;

Farm Service Agency 2007). In the Palouse region,

most of these set asides were planted with exotic

perennial grasses (Black et al. 1998).

Little is known about native earthworms of the

Palouse region. One native earthworm reported for the

region is Driloleirus americanus, commonly known

as the giant Palouse earthworm. This earthworm was

once described as being ‘‘abundant’’ in the Palouse

region close to Pullman, Washington (Smith 1897);

however, information on its abundance and distribu-

tion is limited to taxonomic studies and ecological

survey-type descriptions (Fender and McKey-Fender

1990; Fender 1995; James 2000). Previous to this

study, the last unofficial sighting of this species was

reported 18 years ago in a forested area close to the

town of Moscow, Idaho (James D. Johnson, personal

communication). Results of previous earthworm

population studies in the Palouse region indicate that

exotic earthworm species are dominant in urban areas

(Smetak et al. 2007) and in agricultural fields (James

2000; Fauci and Bezdicek 2002). Among exotic

earthworm species reported, Aporrectodea trapezo-

ides, A. tuberculata and Lumbricus terrestris were the

most common in urban and agricultural areas within

the Palouse (James 2000; Fauci and Bezdicek 2002;

Smetak et al. 2007). Earthworm populations in native

and non-native grassland ecosystems of the region

have not been studied. The main purpose of this study

was to characterize and compare native and exotic

earthworm populations in two important grassland

ecosystems of the Palouse region, native prairie

remnants and CRP set asides. In addition, we wanted

to describe the relationship between earthworm pop-

ulations and select soil characteristics within each

grassland type. We asked the following research

questions: Does earthworm species composition differ

in native and non-native grasslands of the Palouse?

What is the potential of these grassland ecosystems to

provide adequate habitat for native and exotic

invasive earthworms? Based on the differences in

disturbance, we hypothesized that native earthworms

would be dominant in prairie remnants and

exotic earthworms would be dominant in CRP set

asides.
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Methods

We conducted this study on private lands in the

eastern Palouse region located within Latah

County, Idaho and Whitman County, Washington.

We selected study sites that contained a large

prairie remnant ([10 ha) and an adjacent CRP set

aside, for a total of four sites (Table 1). The study

sites were selected following a randomized block

design where factors such as aspect, slope and soil

type were kept as constant as possible. The

vegetation type in each prairie remnant was the

Festuca-Symphorocarpos association as described

in Daubenmire (1970). Conservation Reserve Pro-

gram sites were dominated by hard fescue (Festuca

brevipila Tracey), intermediate wheatgrass (Thino-

pyrum intermedium (Host) Barkworth and D. R.

Dewey) and smooth brome (Bromus inermis

Leyss.). All CRP sites have been under perennial

grassland vegetation for 20–25 years. Soils were

mostly Ultic Argixerolls and Ultic Haploxerolls,

and prairie soils had 35% or more rock fragments

by volume as specified by the loamy-skeletal

taxonomic classification (Table 1). Annual precip-

itation in this area ranges from 460 to 610 mm

year-1 and mean annual temperature between 8 and

11�C (NRCS 2007a, b).

We sampled earthworms at the study sites during

the months of May and June for three consecutive

years (2003–2005), except for 2003, when only three

prairie remnants and corresponding CRP sites were

sampled. Five pits (25 cm by 25 cm and 30 cm deep)

were randomly located at each prairie and CRP site

and earthworms were sampled by hand sorting. All the

earthworms found were collected, taken to the labo-

ratory, and classified to species using the taxonomic

key developed by Schwert (1990). Earthworms were

counted and fresh weight was measured by weighing

the earthworms on the same day of collection.

Soil samples were collected during earthworm

sampling in 2003 and 2004. Samples were collected

in 10-cm thick increments down to the 30-cm depth.

Soil total C and N percentages were measured by dry

combustion using a CNS analyzer (Vario Max CNS

from Elementar Analysensysteme, Germany). Soil

pH was measured using the 1:1 (soil:water) method

as described in Thomas (1996). Bulk density was

measured by the core method using a 4.7-cm

diameter soil core sampler as described by Grossman

and Reinsch (2002). Bulk density values were used to

calculate C and N on a mass per area unit (kg m-2) to

a depth of 30 cm.

Data analysis

We performed repeated measures analysis of variance

(ANOVA) using the general linear model to compare

earthworm density and fresh weight between land

Table 1 General site and

soil characteristics of

Palouse prairie remnants

and Conservation Reserve

Program (CRP) study sites

a Dominant soil types as

specified in Latah County,

ID and Whitman County,

WA Soil Survey (NRCS

2007a, b)

Study site Land use Aspect Slope (%) Dominant soil typea

Paradise Ridge Prairie E 40 Loamy-skeletal, mixed, mesic

Lithic Ultic Argixeroll

CRP E 27 Fine-silty, mixed, mesic

Boralfic Argixeroll

Tomer Butte Prairie S 18 Loamy-skeletal, mixed, mesic

Lithic Ultic Argixeroll

CRP S 15 Fine-silty, mixed, mesic

Ultic Argixeroll

Smoot Hill Prairie NW 25 Loamy-skeletal, mixed, mesic

Ultic Argixeroll

CRP NW 33 Fine-silty, mixed, mesic

Boralfic Argixeroll

Bald Butte Prairie SW 31 Loamy-skeletal, mixed, mesic

Ultic Argixeroll

CRP SW 12 Fine-silty, mixed, mesic

Boralfic Argixeroll
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uses (i.e. prairie remnants and CRP set asides) across

years. For statistical analysis, we followed the

analysis for a randomized block split-plot in time

design, where data was blocked by study site. To test

the effect of land use, the interaction between study

site and land use (site 9 land use) was used as the

error term. We used the same analysis to compare soil

characteristics across soil depths, and used the

interaction between study site and land use (site 9

land use) as the error term to test the effect of land

use on soil properties.

Linear correlations were performed between mea-

sured soil characteristics and earthworm data. Soil

data (i.e. C, N, C:N, and pH) were averaged across

depths and earthworm data (i.e. density and fresh

weight) were averaged across years for Paradise

Ridge, Tomer Butte and Smoot Hill study sites. All

the statistical analyses were performed using the

software SAS� version 9.1 (SAS Institute, Cary, NC)

and the significance level was set at a = 0.05.

Results

Earthworm populations

We found four species at the study sites. The exotic

species, Aporrectodea trapezoides was present in

both prairie and CRP, but A. longa and Lumbricus

terrestris were only found at CRP sites (Table 2).

Apporectodea longa was only found in Bald Butte

CRP and L. terrestris was found only at Tomer Butte

CRP. Only one native earthworm individual of the

species Driloleirus americanus, the giant Palouse

earthworm, was found at the Smoot Hill prairie

remnant. The exotic-invasive Aporrectodea trapezo-

ides was dominant and represented over 90% of the

total earthworm density and fresh weight across sites

and years (Table 2). Most of the earthworms found

were within the top 10 cm of soil.

Mean earthworm density and fresh weight did not

significantly differ between prairie remnants and CRP

sites (Table 3). Earthworm density and fresh weight

showed high variability across years for both land

uses (Fig. 1a–h). Overall mean earthworm density in

prairie remnants was 37.0 ± 7.1 individuals m-2 and

87.5 ± 18.4 individuals m-2 in CRP sites. Mean

earthworm fresh weight was 19.0 ± 5.6 g m-2 in

prairies and 38.8 ± 4.8 g m-2 in CRP sites.

Soil characteristics

Few differences were found between prairie and CRP

sites for soil characteristics. Total soil C and N, bulk

density and pH were not statistically different

between grassland types (Table 4). Soil C:N ratio

within the 0- to 30-cm depth tended to be higher in

CRP sites than in prairies (P = 0.09).

Table 2 Mean earthworm density and fresh weight (±SE) by species in prairie and CRP sites of the Palouse region

Species Origin Density (individuals m-2) Fresh weight (g m-2)

Prairie CRP Prairie CRP

A. trapezoides European 38.0 (7.2) 82.8 (20.2) 18.4 (5.1) 35.2 (6.3)

A. longa European 0.0 (0.0) 6.7 (6.7) 0.0 (0.0) 5.0 (5.0)

L. terrestris European 0.0 (0.0) 5.6 (5.6) 0.0 (0.0) 4.2 (4.2)

D. americanus Native 0.8 (0.8) 0.0 (0.0) 3.7 (3.7) 0.0 (0.0)

Earthworm species A. longa, L. terrestris and D. americanus were only found at one study site

Table 3 Statistics of repeated measures ANOVA (n = 4) for

total earthworm density and biomass at prairie and CRP sites

(i.e. land use)

Source df F P

Density

Land use 1 4.22 0.13

Site 3 1.44 0.29

Year 2 2.93 0.10

Land use 9 year 2 2.04 0.18

Fresh weight

Land use 1 5.22 0.11

Site 3 0.46 0.71

Year 2 2.18 0.16

Land use 9 year 2 1.36 0.30
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Significant negative interactions were found

between soil pH and earthworm density and fresh

weight. Soil pH was negatively correlated with mean

earthworm density (y = - 116.72x ? 797.3, r =

0.97, P = 0.002) and with mean earthworm fresh

weight (y = - 33.432x ? 241.14, r = 0.84, P =

0.034) across sites. Earthworm density and fresh

weight were not significantly correlated with the

other measured soil characteristics.

Discussion

Earthworm populations

Our hypothesis, that native earthworms would be

dominant in prairie remnants and exotic earthworms

dominant in CRP set asides, was not supported by the

data. We found a clear dominance of the exotic-

invasive earthworm A. trapezoides in both grassland

types. Our results are consistent with those of

previous earthworm population studies conducted in

disturbed grasslands and CRP lands in the United

States. European lumbricid earthworms dominated in

a managed and disturbed (fertilized, after vegetation

conversion) grassland in California (Winsome et al.

2006) and in CRP lands in North Dakota (Deibert and

Utter 2003). In Kansas tall grass prairie soils,

Callaham et al. (2003) found that earthworm popu-

lations were composed of three earthworm genera

and that two of these were European earthworms. In

addition, Callaham et al. (2003) found that introduced

European species, including A. trapezoides, were

dominant in treatments excluded from historical

disturbance (fire and grazing). Deibert and Utter

(2003) found only exotic earthworm species (A. tra-

pezoides, A. caliginosa, A. tuberculata, Dendrobaena

octaedra and L. rubellus) in 12 CRP sites in North

Fig. 1 Earthworm density

(a–d) and fresh weight (e–

h) in prairie remnants and

CRP sites across years. No

significant differences were

detected according to

repeated measures ANOVA

(n = 4). Bald Butte study

site was included in year

2004

Table 4 Means (±SE) of soil bulk density, pH, C, N and C:N ratio in prairie remnants and CRP study sites

Soil depth (cm) Bulk density (g cm-3) pH C (kg m-2) N (kg m-2) C:N ratio

Prairie CRP Prairie CRP Prairie CRP Prairie CRP Prairie CRP

0–10 1.0 (0.09) 1.4 (0.03) 6.6 (0.1) 5.9 (0.3) 2.8 (0.2) 2.5 (0.6) 0.2 (0.02) 0.2 (0.04) 13.1 (0.4) 14.3 (0.4)

10–20 1.1 (0.08) 1.4 (0.03) 6.5 (0.1) 6.0 (0.2) 3.0 (0.2) 1.8 (0.6) 0.2 (0.01) 0.1 (0.04) 12.8 (0.3) 14.9 (0.1)

20–30 1.2 (0.06) 1.5 (0.01) 6.3 (0.04) 6.2 (0.2) 2.1 (0.2) 1.8 (0.6) 0.2 (0.01) 0.1 (0.04) 13.1 (0.4) 14.5 (0.3)

No significant effect of land use was found according to repeated measures ANOVA (n = 3)
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Dakota. At these sites A. tuberculata and A. trapezo-

ides were the dominant species.

Contrary to our hypothesis, we did not find

dominance of native earthworms in prairie remnants.

In fact, we found only one native earthworm, the rare

(at least rarely encountered in recent times) giant

Palouse earthworm, D. americanus. Only one indi-

vidual was collected, in the prairie remnant located at

the Smoot Hill Biological Preserve, WA (Smoot Hill

site); no other native species were found. It should be

noted that exotic earthworm abundance at Smoot Hill

prairie was not different from those measured at other

prairie sites (Fig. 1). This finding is not consistent

with the results of other studies showing that native

earthworms predominate in undisturbed or minimally

disturbed grasslands (James 1991; Callaham et al.

2003; Winsome et al. 2006). The rarity of native

earthworms in our prairie sites provides support for

the replacement of native earthworms by exotic

earthworms in visibly intact remnants of fragmented

habitats as proposed by Kalisz and Wood (1995).

Kalisz and Wood (1995) proposed two mechanisms

for earthworm species substitution in fragmented

habitats: (1) exotic species out compete native

species; or (2) undetected, ecologically significant

changes (e.g. gradual changes in plant and animal

diversity, changes in microclimate, edge effects)

occur as a consequence of habitat fragmentation.

From our data, however, we cannot exclude the

possibility that D. americanus did not historically

occur in high densities within these prairie remnants

due to steep slope and/or high rock content—the very

factors that have prevented these areas from being

plowed, preserving them as remnant prairie.

The fact that native earthworm species are found

in fragmented native habitats along with exotic

earthworms (Kalisz and Wood 1995) suggests that

coexistence of D. americanus with exotic species in

Palouse prairie remnants is possible. Resilient earth-

worm species include deep-burrowing species, that

do not depend on fresh litter input of a particular

vegetation type as a principal component of their diet;

and species that are adapted to local conditions that

are unfavorable to exotic earthworms (e.g. low

resource availability, seasonal low soil moisture or

seasonal high temperatures) (James 1991; Kalisz and

Wood 1995; Callaham et al. 2001; Hendrix et al.

2006; Winsome et al. 2006). Whether D. americanus

is a resilient species based on its deep burrowing

behavior [Driloleirus genus have burrows up to 4.5 m

deep (Smith 1897; Fender and McKey-Fender 1990)],

or whether our results are showing a species

replacement process, remains unknown and certainly

deserves further study.

We propose that a combination of extensive

habitat fragmentation in the Palouse region, low

habitat quality of remaining prairie remnants, and

possibly competitive interactions with exotic earth-

worms, decimated D. americanus populations at our

study sites. No information is available on pre-

agricultural density or distribution of D. americanus;

however, the description of the species as being

abundant by Smith (1897) contrasts to the rarity of

finding the earthworm today, suggesting a significant

reduction in its population size. As mentioned

previously, land use change from native vegetation

to agriculture and habitat fragmentation in the

Palouse region was extensive, resulting in a reduction

of more than 99% of the Palouse prairie ecosystem

(Noss et al. 1995; Lichthardt and Moseley 1997;

Black et al. 1998). Extensive land use conversion to

agriculture in the Palouse must have severely reduced

available habitat for D. americanus and promoted

undetected disturbance in the remaining prairie

patches. In addition, the remaining prairie remnants

could represent a low quality habitat for native

earthworms. Remaining prairie remnants tend to have

shallow and rocky soils in contrast to the deep, silt-

loam textured soil that characterizes the area (Licht-

hardt and Moseley 1997). Lower quality of the

remaining habitat for native earthworms could rep-

resent an undetected, but ecologically significant

change produced by habitat fragmentation in the

Palouse region.

Competition among native and invasive earth-

worms has been suggested as a mechanism that may

lead to the dominance of exotic species at a site (e.g.

Kalisz and Wood 1995; Hendrix et al. 2006). Bio-

logical traits of A. trapezoides such as tolerance to

varying environmental conditions, rapid growth,

parthenogenetic reproduction and ability to live under

a wide range of land uses and soils (Fender 1985;

Winsome et al. 2006), could give A. trapezoides a

competitive advantage to successfully establish and

dominate grassland ecosystems of the Palouse region.

In addition, the ecological categories of each species

suggests that A. trapezoides and D. americanus may

compete for food resources within prairie remnants.
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Driloleirus americanus is suggested to be an anecic

earthworm (James 2000). Anecic earthworms are

species that live in the soil and feed from surface

litter and soil (Brown 1995; Lavelle 2002; Coleman

et al. 2004). Aporrectodea trapezoides is classified as

a polyhumic endogeic earthworm in James (2000)

and as an epi-endogeic earthworm in Winsome et al.

(2006). Polyhumic endogeic earthworms are species

that inhabit soil close to the surface (within top

15 cm), and feed from soils high in organic matter

content. Epi-endogeic earthworms also live close to

the soil surface, but their diet is composed primarily

of leaf litter and microbial biomass (Brown 1995;

Lavelle 2002; Coleman et al. 2004). If A. trapezoides

is an epi-endogeic earthworm, then there is the

possibility of direct competition for food resources

with D. americanus. Although describing competi-

tive interactions among earthworm species was

beyond the scope of our study, it is possible that

A. trapezoides is out-competing other earthworms at

our prairie and CRP sites based on its biological and

ecological characteristics.

Earthworm sampling methodology could have

influenced our results. The hand sorting sampling

method is regarded as the best method to estimate

abundance of most earthworm species, but is also

known to underestimate the abundance of deep-

burrowing species (Lee 1985; Schwert 1990;

Edwards and Bohlen 1996) such as D. americanus

or L. terrestris. For future studies, we suggest use of a

combination of methods, including non-destructive

alternatives such as electrical methods (Schmidt

2001; Weyers et al. 2008) and/or extraction methods

with chemicals of low toxicity [e.g. Allyl isothiocy-

anate (Zaborski 2003)], that are more suited for deep-

burrowing earthworm species.

Influence of soil characteristics on earthworm

populations

Our results do not support the hypothesis that soil

bulk density, total C and N content, or C:N ratio

influence earthworm populations in Palouse prairie

remnants and CRP study sites. This absence of a

pattern contrasts somewhat with previous studies in

CRP sites or urban areas of the Palouse. Deibert and

Utter (2003) found that earthworms were not present

in North Dakota CRP sites where organic matter was

less than 2.6%, and also found a positive correlation

between earthworm densities and soil nitrate content.

In urban areas of the Palouse, Smetak et al. (2007)

found that earthworms were positively correlated

with soil C and N, and earthworms were negatively

correlated with bulk density.

Of the soil characteristics measured in our study,

only soil pH showed a significant negative correlation

with earthworm density across sites. Earthworm

species and their spatial distribution are sensitive to

differences in pH (Edwards and Bohlen 1996; Chan

and Mead 2003). Certain species can tolerate a wide

range of pH values, but in general most earthworms

prefer soils with a neutral pH, and earthworms are

rare under a pH of 4 and absent at pH values lower

than 3.5 (Lee 1985; Edwards and Bohlen 1996). The

earthworm A. trapezoides was more abundant in CRP

sites which tended to have lower pH values (pH from

5.9 to 6.2) than prairie soils (pH from 6.3 to 6.6).

These results are contrary to studies that show

positive relationships between lumbricid earthworm

densities, including A. trapezoides, and soil pH (up to

pH *7.0) (Edwards and Bohlen 1996; Chan and

Mead 2003). It is possible that soil pH was influenced

by another factor not measured in this study that was

also affecting earthworm density and fresh weight in

the prairie remnants and CRP sites. For example,

CRP sites were likely fertilized in the past when

utilized as agricultural soils. The application of

inorganic nitrogenous fertilizer is known to promote

soil acidification but may also indirectly increase

earthworm density through increasing the quality and

quantity of organic inputs into the soil (Edwards and

Bohlen 1996), as well as promote soil acidification.

Thus, the negative relationship between earthworm

density and soil pH could be a reflection of a past

land use effect rather than a direct effect of soil pH on

earthworms.

Conclusions

Earthworm populations are dominated by the exotic-

invasive A. trapezoides in both native prairie rem-

nants and CRP grasslands of the Palouse region. No

differences were found in total earthworm density

and fresh weight between prairie remnants and CRP

sites, but increasing pH had a negative relationship

with earthworm abundance. A single individual of the

native earthworm species D. americanus, the giant
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Palouse earthworm, was found in a prairie remnant.

We propose that changes in land use, effects of

habitat fragmentation on ecological interactions

within prairie remnants and competitive interactions

have led to the almost complete dominance of exotic-

invasive earthworms in grasslands of the Palouse

region. Other ecological effects of A. trapezoides

within prairie remnants and CRP sites are currently

unknown; possible impacts include reduction in

microbial biomass and alteration of soil physical

structure.
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