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Abstract This study addressed differences between Dip- 
Iocardia spp. (a native North American earthworm) and 
Octolasion tyrtaeunz (an introduced European species), 
with respect to behavior, influence on soil microbial bio- 
mass, and plant uptake of N in tallgrass prairie soils. We 
manipulated earthworms in PVC-encased soil cores 
(20 cin diameter) over a 45-day period under field condi- 
tions. Treatments included: (1) control with no earth- 
worms, (2) Diylocaudin spp. only, and (3) 0. tyrtaeun? 
only. Prior to addition of earthwonns, seedlings of An- 
di-opogon gerardii (a dominant tallgrass) were estab- 
lished in each core, and a dilute solution of I3C-labeled 
glucose and ISN-labeled (NH4)2S04 was added to the 
soil to facilitate examination of earthwonn/microbe/plant 
interactions. We found that Diplocardia spp. were signif- 
icantly more active than 0. tyrtaeum, and quickly assim- 
ilated 13C and '5N from the tracer. Individuals of Diplo- 
cardia spp. were present at shallower soil depths than 0. 
tyi-taeunz throughout the study. Contrary to expectation, 
this greater activity of Diplocardia spp. did not result in 
increased plant productivity. Rather, the activity of Dip- 
locm.dia spp. was associated with less plant growth and 
smaller amounts of N acquired by A. gerardii seedlings 
compared to controls or 0 .  tyrtaezlnz treatments. We ob- 
served few significant influences of earthwonn treat- 
ments on microbial biomass C or N pool sizes, but the 
microbial C/N ratio was consistently greater in the pres- 
ence of Diplocardia spp. relative to 0, tyrtaetlm. Results 
of this study indicate that activity of earthworms may en- 
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hance competition for N between microbes and plants 
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Introduction 

Earthworm assemblages across the North American con- 
tinent are composed largely of introduced European spe- 
cies (Reynolds 1995). The establishment of these exotic 
species typically is preceded by disturbance of the native 
soil ecosystem through agricultural, or other develop- 
ment (e.g., Stebbings 1969; Dotson and Kalisz 1989; 
Kalisz and Dotson 1989). However, in relatively undis- 
turbed soils, native North American earthworms persist 
(James 1990), and the ecology of these native earth- 
worms has only recently begun to be studied (e.g., James 
and Cunningham 1989; James 1992; Callaham and 
Hendrix 1998; Winsome and McColl 1998). In contrast, 
there has been much research in North America examin- 
ing earthworms in agricultural systems (e.g., Blair et al. 
1995; Hendrix 1998; Parmelee et al. 1998). This agricul- 
tural focus has resulted in an excellent understanding of 
the influences of a relatively small number of European 
earthworm species on nutrient cycling and other soil pro- 
cesses in agricultural systeins (e.g., Edwards and Bohlen 
1996; Blair et al. 1997; Doube and Brown 1998). How- 
ever, comparatively little is known about the influences 
of European earthworm taxa on processes in undisturbed 
native soil ecosystenls of North America, and with a few 
exceptions (noted above) this is true of native taxa as 
well. 

The Flint Hills physiographic region is a large (1.6 
million ha) area of relatively undisturbed soils in eastern 
Kansas, USA. Soils in this region have escaped agricul- 
tural usage because of their steep topography and stoni- 
ness. One consequence of the lack of extensive soil dis- 
turbance in the Flint Hills is the presence of native North 
American earthworm taxa (primarily a group of species 



in the megascolecid genus Diplocardia Garman, and a 
lumbricid species Binzastos welchii Smith) (James 1992). 
Nevertheless, several European lumbricid earthworm 
taxa are currently expanding their distributions in Flint 
Hills soils (e.g., Ltlmbriczls spp., Aporrectodea spp. and 
Octolasion spp.). The influence of these introduced spe- 
cies on soil function andlor native earthworm popula- 
tions is not well understood, but it is unlikely that native 
and introduced earthworm taxa behave similarly with re- 
spect to nutrient cycling in tallgrass prairie soils (James 
and Seastedt 1986; James and Cunningham 1989). Ac- 
cordingly, objectives for this study were: (1) under field 
conditions, to assess differences in the behavior and ac- 
tivity patterns of DSplocardia spp. and Octolasion tyr- 
taeum Savigny ( 2 )  to examine the influences of the two 
earthworms on soil microbial biomass C (MBC) and N 
(MBN); and (3) to examine the influence of the two 
earthworms on plant uptake of N. We used stable isoto- 
pic tracers ('SN and '3C) to facilitate the study of 
plant/microbe/earthworm interactions. 

- .-- 

Materials and methods 

Site description 

This study was conducted during early summer in 1998 at the 
Konza Prairie Biological Station (KPBS), approximately 15 km 
south of the Manhattan campus of Kansas State University (KSU). 
KPBS is a 3,487-ha tallgrass prairie preserve in the Flint Hills re- 
gion of northeastern Kansas, owned by the Nature Conservancy 
and operated by the Division of Biology at KSU. The climate at 
the site is continental with average annual precipitation of 
835 mm, and approximate mean temperatures of 27°C in July and 
-3°C in January. This study was conducted on a footslope in the 
Kings Creek drainage basin; soils at the site are characterized as 
Tully silty clay loams (fine, mixed, mesic Pachic Argiustolls) 
(Ransom et al. 1998). Vegetation at the site was dominated by the 
~erennial wann-season grasses, big bluestem (Androponon .per- 

Field methods 

Soil cores (20.3 cm in diameter and 25 cm deep) were taken from 
the field by pushing 30-cm sections of PVC pipe into the soil with 
a backhoe. These cores were removed and frozen at -10°C for 
15 days to kill any earthworms that were present in the soil at the 
time of coring. After freezing, the bottoms of the cores were cov- 
ered with mesh (0.5 mm) to prevent immigration and emigration 
of earthworms, and the cores were replaced in the field. The top 
2 cm of soil in each core was shaved off to remove stolons and 
rhizomes of grasses present in the cores at the time of collection. 
This was done to remove competition for experimental seedlings 
planted in the cores. We used seedlings in this study because we 
expected mature plants in the cores to utilize stored N as a primary 
nutrient source during the growing season. Previous studies in tall- 
grass prairie have had difficulty demonstrating short-term N up- 
take by mature plants because of this use of stored N (Dell 1998). 

Soil in cores was labeled with tracer amounts of 13C and "N. 
The tracer solution was prepared by dissolving exactly 6.2280 g of 
oven-dried (50°C) 99.9% 13C-enriched glucose (C6HI2o6) and 
5.0636 g of oven-dried (50°C) 99.9% "N-enriched (NH,),SO, in- 
to 30.0 1 deionized water. The solution was applied to cores on 20 
and 21 May 1998, by injection with a syringe. The needle of the 
syringe was inserted to a 10 cm depth into the soil, and the syringe 
was filled with 50 ml solution. Each injection was made at inter- 
vals as the needle of the syringe was incrementally removed from 
the soil, with 5-ml injections at 10, 8, and 6 cm depths, and 10 ml 
injections at 4 and 2 cm depths. The remaining 15 rnl was sprayed 
directly onto the soil core surface. Ten injections were made per 
core according to a template designed for unifonn application of 
solution throughout the core. Total mantities of ISN and I3C aD- 
plied to coreswere 43.46 mg 13C c&e-1 and 18.9 mg 'SN core'l. 
After application of tracer solution, a seedling of A. gerardii was 
planted in each core. Earthworm treatments (Diplocurio spp. on- 
ly, 0. tyrtaeunz only, or control) were applied on 14 June 1998. Al- 
though there is a substantial difference in body size between the 
two species (0. tyrtneum has 3-4 tinles more biomass per adult in- 
dividual) we elected to apply the earthwornl treatments on the ba- 
sis of density because our research focus was a comparison of the 
two species in terms of per capita influences (rather than per unit 
biomass) on soil processes. Accordingly, earthworms were applied 
to cores at approximate densities observed for both species in pre- 
vious field studies (7 individuals core-! or -200 individuals m-2) 
(Callaham and Blair 1999). 

hrdii) and Indiangrass (Sorghastru1;z nutam). The study-site-had 
been burned annually or semi-annually for 12 years prior to 1998. 

Laboratory methods 

Study organisms 

The two earthworms used in this study were Diplocnrdia spp., a 
member of a genus native to North America; and 0. tyl-tne~llil, a 
conunon introduced European species in North American soils. 
These taxa were selected because both earthwonns have the endo- 
geic ecological strategy (sensu Boucht 1977), and utilize similar 
food resources (natural abundance stable isotope data suggest that 
both species feed on material with isotopic content similar to bulk 
soil organic matter in shallow soil layers; P.F. Hendrix, unpub- 
lished data). The representatives of Diplocardia at KPBS cannot 
be identified reliably at the species level without dissection (ex- 
cept Diplocardia kansensis which is identified by virtue of its pig- 
mentation), but all species that have been examined (again, except 
D. kansensis) have similar feeding and burrowing behaviors 
(James and Cunningham 1989). 0. tyrtaeunl is one of four exotic 
earthworm taxa currently found at KPBS, and has expanded its 
distribution at the site in recent years (personal observations; 
S. James, personal communication; P. F. Hendrix, unpublished da- 
ta). All earthworms used in this study were collected during 
2 weeks prior to the experiment by digging pits and hand-sorting 
soils within 30 m of the location of the experimental cores. 

Five cores of each treatment were randomly selected and destruc- 
tively sampled 7,  15, 30, and 45 days after earthworm treatments 
were applied (Fig. 1). Sampling dates were selected to be close 
enough together to detect short-term earthworm effects on micro- 
bial parameters, but wide enough apart to cover much of the early 
growing season in tallgrass prairie, as this is the period when a 
majority of plant production and nutrient uptake occurs. Upon 
sampling, soil in each core was cut into three layers (0-5, 5-10, 
and 10-20 cm); each layer was passed through a 4-rnm sieve, and 
coarse organic matter (including live and dead roots) was re- 
moved. Soil MBC was determined for each depth of each core by 
a chloroform fumigation/incubation method (Brookes et al. 1985). 
Soil MBN was determined by chloroform fumigationJdirect ex- 
traction with alkaline persulfate digestion (Cabrera and Beare 
1993). Microbial biomass 613C was determined by collection of 
CO, from fumigated and non-fumigated incubations and direct in- 
jection into a continuous-flow isotope ratio mass spectrometer 
(CFIRMS) (Europa Tracermass 20/20, Italy). The 8I3C of microbi- 
al biomass was calculated as: 

where 613CF and 613CNF were 613C measurements of CO, from fu- 
migated and non-fumigated soils, and CF and CNF were concentra- 



Fig. 1 Rainfall (bars), temper- 
ature (solid line) and important 
dates during the experiment. 
Climate data are from KPBS 
headquarters weather station. 
First vertical dotted line indi- 
cates application of earthworm 
treatments; strbseqttent vertical 
dotted lines indicate sampling 
dates 
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Table 1 Mean proportions ( S E )  of Diplocar-dia spp. and Octolasion tyrtaeunz collected from each depth during the study period. Within 
a given date and treatment, means followed by different letters are significantly different from one another (Pc0.05 except where noted) 

Depth Treatment Proportion 

Day 7 Day 15 Day 30 Day 45 All dates 

0-5 cm Diplocardia 0.23k0.15 a 0.00k0.00 a 0.45k0.07 a* O.85iO.07 a 0.43k0.09 a 
0. tyrtaeunt O.OOkO.00 y O.OO=kO.OO y 0.043=0.04 y 0.39iO.16 y 0.08k0.05 y 

5-10 cm Diplocardin 0.52k0.13 a 0.67k0.26 b 0.40k0.06 a 0.12k0.06 b 0.40k0.08 a 
0. lyrtaetriiz 0.1910.11 y O.OOkO.00 y 0.17k0.11 y 0.1 lLt0.09 y 0.1 lk0.05 y 

10-20 cm Diplocardin 0.25k0.07 a 0.33k0.26 b 0.15k0.12 b 0.03Lt0.03 b 0.17k0.06 b 
0. tyrtaez~nz 0.81kO.11 z 1.0010.00 z 0.79k0.10 z 0.50Lt0.08 y 0.81k0.06 z 

tions of CO, released from fumigated and non-fumigated soils, re- 
spectively. 

Earthworms were removed during sieving and kept cool (4'C) 
until they could be processed. Earthworms were killed by immer- 
sion in boiling water for <1 s, and cut open lengthwise so that gut 
contents could be washed away from body tissues (as in Hendrix et 
al. 1999). The earthworm tissues then were freeze-dried for >72 h 
and ground with a mortar and pestIe. Tissues of all individual earth- 
wonns from a given core were pooled and thoroughly mixed. Tissue 
sub-samples were analyzed for '3C and 15N content by CFIRMS. 

Plants were sampled on the second and fourth sampling dates. 
Plants were not sampled on the first date due to inadequate quanti- 
ties of plant tissue (i.e., the plants had not grown enough to war- 
rant sampling). The lack of plant analysis data from date three was 
due to unanticipated herbivory by grasshoppers on the seedlings. 
This herbivory eliminated seedlings from several cores after the 
second sampling date - a situation that caused us to select plant- 
free cores for sampling on date three, to allow for a full comple- 
ment of plant sampling on date four. Thus, on the second and 
fourth sampling dates, aboveground components of A. gerai-dii 
plants were collected from each core, dried at 65"C, weighed, and 
ground with a mortar and pestle. These plant tissues were subsam- 
pled and analyzed for C and N content by combustion (Carlo Erba 
C M  analyzer), and for I3C and LSN content by CFIRMS. 

Statistical analyses 

All data were subjected to three-way ANOVA (PROC GLM; SAS 
Institute, Cary, N.C.) with date, soil depth and earthworm treat- 
ment as main effects variables. When necessary, data were log- 
transformed to satisfy normality assumptions. The SAS least 
squares means (LSMEANSJpdiff option; SAS Institute) procedure 
was used to identify significant differences in treatment means. 

Results 

Earthworms 

Stable isotope analysis of earthworm tissues revealed that 
Diplocardia spp. rapidly became enriched with 15N and 
1% (Fig. 2). The enrichment of Diplocardia spp. was sig- 
nificantly greater (P<0.01) than that of 0. tyrtaeum on all 
sampling dates. However, 0. tyrtaeum did become en- 
riched with the stable isotope tracers, and their tissue 
613C and 6'5N values on the fourth sampling date were 
significantly greater than for the first three dates (Fig. 2). 
For Diplocardia, mean 613C values for the furst two dates 
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Fig. 2 613C and 6'5N signatures of Diplocardia spp. and Octolas- 
ion tyrtae~rln during the study period 

did not differ significantly, but by the third sampling date, 
were significantly more enriched than on the first date. 
There was no difference between 613C values of Diplo- 
cardia spp. for dates three and four (Fig. 2). 

Observations of earthworm depth distribution also re- 
vealed differences in the behavior of Diplocardin spp. 
and 0. tyr-taeunz. These data were obtained by making 
note of the soil depth at which earthworms were collect- 
ed on each sampling date. Diplocardia spp. were far 
more likely to be collected from the top 10 cm, and sig- 
nificantly (P<0.05) larger proportions of all Diplocardia 
spp. were collected from the top two depths (Table 1). In 
contrast, the likelihood of collecting 0. iyrtaeum from 
the 10-20 cm soil depth was about 8 times greater 
(P<0.000 1) than the likelihood of collecting these worms 
from the 0-10 cm depths (Table 1). 
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Microbial biomass 

Differences in the sizes of microbial pools of C and I?, in 
response to earthworm treatments, were inconsistent. 
Differences in MBC were evident on the first date 
(0-5 an), with significantly greater levels of MBC in 
earthworm cores than in the control cores (Table 2). On 



Table 3 613C o f  microbial biomass C (MB13C), and total micro- 0. tyrtaeunz, or no earthworms (Control). Within a given date and 
grams 13C standing stock per gram soil in microbial biomass depth, means followed by different letters are significantly differ- 
(I-ICSS), from experimental cores containing Diplocardia spp., ent from one another (P<0.05 except where noted) 
- -  - 

Depth Treatment 

0-5 cm Control 
Diplocardia 
0. tyrtaeum 

5-10 cm Control 
Diplocardia 
0. tyi+taezrm 

10-20 cm Control 
Diplocardia 
0. tyrtaeum 

- 

Day 15 Day 30 

MBl3C 'X22S IvSBI3C 13CSS 

365.55 a 1.738 a 298.87 a 1.368 ab 
374.44 a 1.620 a 328.18 a 1.498 a 
361.91 a 1.708 a 3 18.58 a 1.238 b 

- -- 

Day 45 

Table 4 Mass, atom percent ISN (at%I5N), standing stock of N column followed by d@erent letters are significantly different 
(SSW, and standing stock of ISN (SS15N) of aboveground tissues from one another (P<0.05, except where noted). ind. Individual 
from ~ l a n t s  grown in experimental soil cores. Means in the same 

Earthworm Day 15 

Mass %N* at%"N SSN SS'5N 
(g ind.-1) (mg ind.-1) (mg ind.-1) 

Control 0.142 a 1.709 a 4.356 a 2.488 a 0.111 a 
SE 0.039 0.099 0.398 0.762 0.037 
Diplocardia 0.158 a 1.840 ab 3.016 b 3.224 a 0.103 a 
SE 0.051 0.208 0.701 1.335 0.049 
Octolasion 0.088 a 2.137 b 3.922 ab 1.922 a 0.079 a 
SE 0.017 0.170 0.304 0.427 0.022 

Day 45 

Mass % N at%IsN 
(g ind.-1) 

1.242a 1.168a 2.266a 
0.460 0.122 0.293 
0.356 b 1.326 a 1.925 a 
0.137 0.164 0.259 
0.954 a 1.298 a 1.646 a 
0.187 0.098 0.036 

S SN SS'SN 
(mg ind.-1) (mg ind.-1)' 

14.508 a 0.300 a 
5.267 0.110 
4.579 b 0.095 b 
1.721 0.041 

11.757 a 0.194 a 
1.617 0.028 

the final date, we again measured differences in MBC at 
the 0-5 cm depth, with significantly greater MBC in 
control cores than in 0. tyrtaetinz cores (Table 2). There 
were contrasting differences in MBC at the 5-10 cm 
depth on the fourth date when control cores had signifi- 
cantly less MBC than did cores containing either earth- 
worm (Table 2). 

Differences in MBN were also minimal. Two excep- 
tions to this general trend were observed. On the second 
sampling date (10-20 cm), control cores had significant- 
ly greater levels of MBN than Diplocardia cores, with 0. 
tyrtaeun cores being intermediate (Table 2); on the last 
sample date (5-10 cm), control cores had significantly 
less MBN than cores containing 0. iyrtaeum, with cores 
containing Diplocardin spp. being intermediate (Ta- 
ble 2). 

Differences in C to N ratios (CN)  of microbial bio- 
mass typically were associated with significant differ- 
ences in MBC or MBN. For example, C M  was Iower in 
control cores than in earthworm treatments for the 
0-5 cm depth on the first date; this difference was the re- 
sult of lower MBC values on that date (Table 2). A sin- 
gle exception to this general relationship occurred in the 
0-5 cm depth on the third sampling date. For this sample 
we found differences in C M  but none for MBC or MBN. 
In this instance, CM was significantly higher in cores 

with Diplocardia spp. than in cores containing 0. tyr- 
taelirn. 

Microbial biomass 613C values showed little response 
to earthworm treatments during the study. The single sta- 
tistically significant difference in 613C of the microbial 
biomass occurred on the second sample date (5-10 cm 
depth) when 6'3C values for the microbial biomass were 
significantly (Pc0.1) lower in cores containing 0. tyr- 
taeun~ compared to control cores (Table 3). However, 
there were several instances where the total standing 
stock of 13C in the microbial biomass was influenced by 
experimental treatments. Specifically, on the third date 
(0-5 cm), microbial biomass in Diplocardia cores con- 
tained more total 13C than did the cores with 0. tyrtaeum 
(P<0.07), and on the fourth date (0-5 cm), the standing 
stock of microbial 13C was lower in 0. tyrtaetlrn cores 
than in controls (Pc0.02) (Table 3). On the fourth date 
(5-10 cm), the standing stock of microbial 13C was 
smaller (Pc0.02) in control cores than in cores contain- 
ing either Diplocardia spp. or 0. tyrtaeunz (Table 3). 

Plants 

Several plant parameters varied in response to earth- 
worm treatments. Most prominent was the difference in 



total plant growth on the final date, with significantly 
less total aboveground biomass for plants that had grown 
in Diplocardia cores (Table 4). The N content of plant 
tissues also was affected by earthworm treatment early in 
the study. Plants grown in 0. tyrtaezrnz cores had signifi- 
cantly higher N concentrations compared to those in con- 
trol cores (P<0.10, day 15), but plant N concentrations 
did not differ significantly on the fourth date (day 45). 
Although we found no differences in the N concentration 
of plant tissue (% N), we did observe differences in total 
standing stock of N in aboveground plant tissues. These 
differences were attributable to the above-mentioned de- 
creased plant biomass production in Diplocardia treat- 
ments on the final date (Table 4). 

Results of stable isotope analyses of plant tissues re- 
vealed additional effects of the earthworm treatments. 
On the first date, the atom percent 15N (at%lSN) of plant 
tissues was highest in control cores, lowest in Diplocar- 
dia cores and intermediate in 0, tyrtaeunz cores (Ta- 
ble 4). On the fourth date, the trend of higher at%l5N in 
control plants persisted, but was no longer statistically 
significant. Standing stocks of 15N in aboveground plant 
tissues closely paralleled those observed for standing 
stocks of total N, with significant differences being de- 
tected only on the fourth date (Table 4). Again, these dif- 
ferences were largely the result of differences in total 
plant biomass. 

Discussion 

Earthwonn activity 

Stable isotope analyses revealed that, over the course of 
the experiment, Diplocardia spp. assimilated more 13C 
and 1SN than did 0. tyrtaeunz (Fig. 2). This result sug- 
gests that D@locardia spp, may have been more active 
than 0. tyrtaeunz during the surmner growing period, 
when the experiment was conducted. The notion that 
0. tyrtaezrnz was dormant over much of the course of the 
experiment is corroborated by observations made on ear- 
ly sampling dates when they were found at the very bot- 
tom of cores upon collection. Thus, one possible expla- 
nation for the lack of label uptake by 0. tyrtaeunz is sim- 
ply that they spent most of the experiment in the lower 
10 cm of cores (see Table I), whereas only the top 10 cm 
of the cores was directly labeled. Nevertheless, microbial 
biomass was labeled in the 10-20 cm depth (albeit to a 
lesser degree than shallower depths), and this label 
would have been detected in tissues earlier, had 0, tyr- 
tnezrm been actively feeding. Because enrichment of 
0. tyrtaetrnz tissues with l3C and '5N was unchanged 
over the first 30 days of the experiment (Fig. 2), we con- 
clude that these earthworms were inactive at this time. 
We suggest that this pattern of activity denotes a funda- 
mental difference in the biology of the two earthworms 
examined in this study: that native Diplocardia spp. are 
better adapted to life in warmer drier soils than their Eu- 
ropean counterparts, 0. tyrtaeunz. At any rate, whether 

0. tyrtaetlnz was donnant or active at deeper depths, the 
contrast to Diplocardia activity patterns may have impli- 
cations for nutrient cycling processes as these introduced 
earthwonns expand their distribution in tallgrass prairie 
soils. 

Effects of earthworms on microbial biomass 

Effects of earthworms on soil MBC are difficult to gen- 
eralize, and can be variable depending on the organic 
matter content of the soil, as well as the species of earth- 
wonn studied (Shaw and Pawluk 1986; Wolters and 
Joergensen 1992; Blair et al. 1995). However, the net ef- 
fect of earthworms on bulk soil MBC seems to depend 
on the amount of labile C mobilized/assimilated during 
gut transit, and the proportion of the total soil volume 
that is processed. In our study, effects of earthworms on 
MBC were dependent upon the amount of time that 
earthworms had been in the soil, and the depth at which 
the earthworms were active. On the first date, earth- 
worms appeared to have a stimulatory effect on MBC in 
the 0-5 cm depth (Table 2), but this effect was transient 
and may have been the result of short-term availability 
of labile C sources such as mucous or other metabolic 
products of earthworms. By the fourth dare, MBC in the 
0-5 cm depth was lower in cores containing 0. tyrtaetrn~, 
relative to control cores (Table 2), and this decrease may 
have been due to feeding by 0. tyrtaeunz at shallower 
soil depths on or near that date. Indeed, 0. fyrtaeunz was 
encountered at this depth on the fourth date in a larger 
proportion than on any other date (Table 1). We suggest 
that 0. tyrtneum broke donnancy and moved into shal- 
lower soil depths in response to cooler temperatures and 
two large rainfall events (>50 mm) just before the exper- 
iment ended (Fig. 1). Associated with the break in 0. 
tyrtaetlrn dormancy was 13C enrichment of  their tissues 
(Fig. 2), indicating not only movement into shallow soil 
layers, but also active feeding on labeled soil and MBC. 

The effects of earthworms on the size of microbial C 
and N pools were variable, but another index of the mi- 
crobial community - the C/N ratio - was more consis- 
tent. On dates when microbial biomass C/N was affected 
by earthworms it was usually manifested as an increase 
in the C/N ratio in the presence of Diplocardia spp. (Ta- 
ble 2). This response may indicate that Diplocardia were 
assimilating N that otherwise would have been available 
to microbes or plants, thereby effectively elevating the 
C/N of the microbial biomass and possibly decreasing 
the uptake of N by plants. 

Earthworm influence on plants 

Plant growth and plant tissue analyses unexpectedly in- 
dicated that Diplocardia spp. may have had a negative 
influence on the total uptake of N by A. gerardii; in con- 
trast, 0. tyrtaetrnz had no effect on the uptake of N by A. 
gerardii, relative to controls. The earthworm-mediated 



differences in total N uptake were due primarily to dif- 
ferences in total plant growth: plants in cores containing 
Diplocardia spp, were significantly smaller than those 
in control cores or cores containing 0. tyrtaeum. Thus, 
the activity of Diplocardia spp. appeared to decrease the 
availability of  N to A. gerardii. This result does not 
agree with previous findings, which indicate that Diplo- 
cardia spp, can positively influence native vegetation 
(James and Seastedt 1986). The greenhouse study by 
James and Seastedt (1986) used plants started from rhi- 
zomes, rather than seedlings, which may account for the 
different outcomes. It is likely that the outcome of their 
study was influenced by the fact that the rhizome-started 
plants had access to stored N reserves, and may have 
had a better opportunity to respond to earthwonn treat- 
ments. 

The mechanism behind the decreased availability of 
N to plants in cores containing Diplocardia spp. is un- 
clear, but may be associated with immobilization of N in 
dead roots. The procedure we used to establish experi- 
mental cores (freezing of cores and subsequent removal 
of stolons and rhizomes) certainly resulted in a large 
pulse of dead root material relative to natural annual in- 
puts. One possible explanation for the decreased avail- 
ability of N in Diplocardia spp. cores is that stimulation 
of microbial processes by Diplocardia activity caused N 
to become immobilized in dead roots - an effect not seen 
in 0. tyrtaeurn cores, or control cores. N is known to be 
a limiting resource in tallgrass prairie (Blair 1997; 
Knapp et al. 1998), and this is particularly the case in an- 
nually burned prairie during years of abundant rainfall 
(such as the summer of 1998). In light of recent work 
demonstrating the existence of competition for N and 
other limiting nutrients between plants and microbes 
(e.g., Kaye and Hart 1997), it seerns appropriate to con- 
sider earthworms as a potential influence on this interac- 
tion in tallgrass prairie. In our study, Diplocardia spp. 
were active and assimilating N throughout the growing 
season, and this assimilation of N may have been at the 
expense of plants grown in the presence of Diplocnrdirr 
SPP. 
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