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Abstract Nitrogen excretion rates of 15N-labeled
earthworms and contributions of 15N excretion prod-
ucts to organic (dissolved organic N) and inorganic
(NH4-N, NO3-N) soil N pools were determined at 10 7C
and 18 7C under laboratory conditions. Juvenile and ad-
ult Lumbricus terrestris L., pre-clitellate and adult
Aporrectodea tuberculata (Eisen), and adult Lumbricus
rubellus (Hoffmeister) were labeled with 15N by pro-
viding earthworms with 15N-labeled organic substrates
for 5–6 weeks. The quantity of 15N excreted in unla-
beled soil was measured after 48 h, and daily N excre-
tion rates were calculated. N excretion rates ranged
from 274.4 to 744 mg N g–1 earthworm fresh weight
day–1, with a daily turnover of 0.3–0.9% of earthworm
tissue N. The N excretion rates of juvenile L. terrestris
were significantly lower than adult L. terrestris, and
there was no difference in the N excretion rates of pre-
clitellate and adult A. tuberculata. Extractable N pools,
particularly NH4-N, were greater in soils incubated
with earthworms for 48 h than soils incubated without
earthworms. Between 13 and 40% of excreted 15N was
found in the 15N-mineral N (NH4-NcNO3-N) pool,
and 13–23% was in the 15N-DON pool. Other fates of
excreted 15N may have been incorporation in microbial
biomass, chemical or physical protection in non-ex-
tractable N forms, or gaseous N losses. Earthworm ex-
cretion rates were combined with earthworm biomass
measurements to estimate N flux from earthworm pop-
ulations through excretion. Annual earthworm excre-
tion was estimated at 41.5 kg N ha–1 in an inorganically-

fertilized corn agroecosystem, and was equivalent to
22% of crop N uptake. Our results suggest that the
earthworms could contribute significantly to N cycling
in corn agroecosystems through excretion processes.
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Introduction

It is well established that earthworms can alter the
forms and availability of N in terrestrial ecosystems
through their modification of soil physical, chemical
and biological properties (Lee 1985; Edwards and
Bohlen 1996). Earthworms may influence microbially-
mediated N transformations such as mineralization, ni-
trification and denitrification through their interactions
with soil biota (Blair et al. 1995). In addition, earth-
worms contribute to the soil mineral N pool directly
through the excretion of nitrogenous compounds in
their mucus and urine. Earthworm mucus consists of
mucoproteins which are secreted through gland cells in
the epidermis to prevent desiccation, facilitate respira-
tion, and provide lubrication for movement through the
soil, and approximately one-half of daily N loss is from
mucus excretion (Needham 1957). Earthworm urine is
composed of ammonia, urea, and possibly uric acid and
allantoin (Edwards and Bohlen 1996). While urea is ex-
creted on the body surface through the nephridia, am-
monia is thought to be excreted primarily through the
gut with cast materials (Tillinghast 1967), which may
explain why high concentrations of ammonia are often
measured in fresh earthworm casts (Blair et al. 1995).

The excretion of nitrogenous compounds by earth-
worms has the potential to contribute significantly to
nutrient cycling in terrestrial ecosystems. In agroecosys-
tems, the quantity of N released from earthworm bio-
mass through excretion and mortality has been esti-
mated to range from 10 to 74 kg N ha–1 year–1 (Ander-
son 1983; Christensen 1987; Parmelee and Crossley
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1988; Curry et al. 1995; U. Böström, unpublished). In
these studies, as much as 50% of the annual N flux
through earthworms was from excretion of nitrogenous
compounds. Satchell (1963) calculated that earthworms
contributed over 30 kg N ha–1 year–1 through N excre-
tion alone in a forest ecosystem. While it appears that
N excretion by earthworms can be substantial, most es-
timates are based on excretion rates for a few species
under laboratory conditions.

Laboratory measurements of earthworm excretion
rates have typically used the method of Needham
(1957), who placed earthworms in flasks containing a
small volume of water at 23 7C and analyzed the N con-
tent of the water after 24 h. Daily excretion (urine and
mucus) of N by Lumbricus terrestris L. and Allolobo-
phora caliginosa feeding on elm leaves were 268.8 mg N
g–1 (fresh weight) day–1 and 87.5 mg N g–1 day–1, re-
spectively. Tillinghast (1967) measured excretion rates
ranging from 60 to 160 mg N g–1 day–1 for L. terrestris
with this method, while El-Duweini and Ghabbour
(1971), who used paraffin oil instead of water, deter-
mined that 127 mg N g–1 day–1 was excreted in urine
and mucus by A. caliginosa between 19 and 22 7C.
Christensen (1987) found that fasting A. caliginosa in-
cubated in small amounts of water at 6, 12 and 21 7C
excreted 20–40 mg N g–1 day–1 in urine, and N excretion
rates were greater with an increase in temperature
(Q10p1.5). The use of N excretion rates from fasting
earthworms in a soil-free environment to estimate N
flux through earthworm populations, however, is ques-
tionable.

A newer technique to estimate the N excretion rates
of earthworms uses stable isotopes (Barois et al. 1987;
Hameed et al. 1994; Curry et al. 1995). Typically, earth-
worms are provided with 15N-labeled organic sub-
strates for several weeks to incorporate 15N into their
tissues, and are then transferred to unlabeled soil
where the rate of 15N depletion from earthworm tissue
through urine and mucus production is measured. Esti-
mates of the turnover of 15N from earthworm tissue
range from 1 to 1.7% of earthworm N per day for L.
terrestris (Hameed et al. 1994; Curry et al. 1995) and
Pontoscolex corethrurus (Barois et al. 1987), and were
influenced slightly by temperature (Q10p1.65) (Ha-
meed et al. 1994). The contribution of earthworms to N
mineralization in a winter cereal agroecosystem
through excretion was calculated from 15N turnover
data was between 29 and 36 kg N ha–1 year–1 (Curry et
al., 1995). However, this method may underestimate N
excretion because 15N elimination from earthworm tis-
sue proceeds logarithmically (Barois et al. 1987), which
suggests that the 15N in earthworm tissue is present in
both labile (rapidly eliminated) and recalcitrant (rela-
tively stable) forms. N excretion rates may be more ac-
curately quantified in relatively short-term (i.e. less
than 1 week) experiments.

The objectives of this investigation were: (1) to
quantify N excretion rates using 15N for adults and ju-
veniles of L. terrestris, Lumbricus rubellus and Apor-

rectodea tuberculata, (2) to determine the effect of soil
temperature on excretion rates, and (3) to assess the
contribution of excreted N to organic (dissolved or-
ganic N) and inorganic (NO3-N, NH4-N) N pools in
soil.

Materials and methods

Soil and earthworm sampling

Soil used in this experiment was obtained from the A horizon
(0–15 cm) of a fine, mixed, mesic Fragiudaulf soil of the Canfield
series from established corn plots in Wooster, Ohio, USA. The
soil texture was silt loam (135 g sand kg–1, 737 g silt kg–1, 12.8 g
clay kg–1) with 23 g organic C kg–1, 1.9 g N kg–1 and pH 6.3.
Earthworms were collected from a site adjacent to the corn plots
by hand-sorting and formalin extraction. Earthworms were sepa-
rated into age classes on the basis of clitellum development and
were categorized as juveniles, pre-clitellate adults (clitellum pres-
ent but not fully developed) and clitellate adults (fully developed
clitellum). Sexually mature specimens were identified to the spe-
cies level using the key of Schwert (1990).

Experimental design

Earthworms were provided with 15N-labeled organic substrates
for 5–6 weeks to enrich their tissues with 15N. Individuals of L.
terrestris and L. rubellus were placed in containers with 150 g (dry
weight basis) of soil and 0.5 g each of 15N-labeled ryegrass leaves
(11 atom% 15N) and 15N-labeled soybean leaves (12 atom% 15N),
while individuals of A. tuberculata were placed in containers with
75 g of soil and 0.25 g each of 15N-labeled manure (4 atom% 15N)
and 15N-labeled soybean leaves. Ryegrass and soybean leaves
were enriched with 15N by spraying about 500 g of finely-crushed
leaves with 100 ml of solution containing 10 mg N l–1 from 15N-
labeled (NH4)2SO4 (99 atom% 15N) and allowing it to decompose
at room temperature for 3 months. The 15N-labeled manure was
prepared using an in vitro rumen fermentation technique, and has
been described by Bohlen et al. (1999). After 5–6 weeks, 15N en-
richment in earthworm tissues provided with 15N-labeled organic
substrates was between 0.4 and 2.5 atom% 15N excess.

Earthworms were placed on wet filter paper for 24 h to clear
the 15N-labeled material from their guts, and fresh weights were
determined. At least ten randomly selected individuals of each
species and age category were sacrificed by freezing (P20 7C) and
then freeze-dried, ground and analyzed to determine initial 15N
enrichment in earthworm tissue. The remaining earthworms were
placed in 120 cm3 specimen containers containing 20 g (dry
weight basis) of unlabeled, sieved (~2 mm) soil and 0.25 g of un-
labeled soybean leaves moistened to between 20 and 25% gravi-
metric soil water content [80 g of unlabeled, sieved (~2 mm) soil
and 1 g of unlabeled soybean leaves for L. terrestris individuals].
The containers were incubated in the dark in environmentally
controlled chambers set at 8–12 7C or 16–20 7C to simulate season-
al diurnal flux in soil temperature. At least seven replicates were
incubated at each temperature for each earthworm species and
age category analyzed. At least four containers containing unla-
beled soil and soybean leaves without earthworms were also incu-
bated at each temperature to serve as a control. Earthworms were
removed from the soil after 48 h, killed immediately by freezing
at P20 7C, then freeze-dried and ground for N analysis.

N excretion

Soil was oven-dried, ground and analyzed for total N and atom%
15N excess (atom% 15N in enriched samples – atom% 15N in
background samples) to quantify 15N from earthworm excretion
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Table 1 Excretion of 15N during 48 h incubation and N excretion rates for three lumbricid earthworm species. Mean values (BSE)
followed by the same letter within a column are not statistically significantly different (P~0.05, Tukey-Kramer test)

Species Age class Tempera-
ture

Earthworm
fresh weight

Atom%
15N excess

15N excreted in 48 h N excretion rate

( 7C) (g) (%) (mg 15N) (mg N g–1 fresh wt day–1)

L. terrestris Juvenile 10 1.98B0.12 2.54B0.15 31.2B1.7 A 326.4B24.6 BC
L. terrestris Juvenile 18 2.03B0.09 2.57B0.11 27.7B1.1 AB 278.4B21.2 C
L. terrestris Adult 10 4.98B0.37 0.37B0.09 17.1B2.1 C 534.6B62.8 A
L. terrestris Adult 18 4.87B0.25 0.36B0.04 19.5B2.9 BC 531.9B67.0 A
A. tuberculata Pre-clitellate 10 0.84B0.04 1.55B0.10 17.7B2.2 C 624.5B45.0 A
A. tuberculata Pre-clitellate 18 0.85B0.04 1.52B0.08 14.9B1.3 CD 543.1B42.3 A
A. tuberculata Adult 10 0.93B0.05 1.78B0.08 18.6B3.3 BC 495.9B75.1 AB
A. tuberculata Adult 18 1.06B0.04 1.56B0.12 28.2B3.9 AB 744.0B62.3 A
L. rubellus Adult 10 0.70B0.10 0.82B0.12 6.2B0.7 D 543.1B40.0 A
L. rubellus Adult 18 0.55B0.03 1.61B0.10 9.4B0.8 CD 613.6B54.0 A

products (casts, mucus, and urine). The soil from containers with
unlabeled soil and soybean leaves that were incubated without
earthworms for 48 h were used to establish background 15N lev-
els. N excretion was expressed as mg 15N excreted g–1 earthworm
(fresh weight) day–1. Since only a small proportion of total earth-
worm N was labeled with 15N, total N excreted (mg N g–1 earth-
worm day–1) was calculated by dividing 15N excreted g–1 earth-
worm day–1 by the initial atom% 15N excess in earthworm tissue
(tp0).

Tissue 15N enrichment was determined by analyzing the
freeze-dried, ground earthworm tissues for total N and atom%
15N excess. Tissue 15N enrichment was corrected for unlabeled
material in the gut, since earthworms did not void their gut con-
tents at the end of experiment, based on a linear regression be-
tween earthworm weight (live weight, gut not cleared) (EW) and
the mass of gut contents (dry weight basis) (GW). For L. terres-
tris, the relationship between earthworm size and the mass of ma-
terial in the gut was described by the equation:

GWp0.1319!EWP0.0337(R2p0.82, np10, p~0.0001 (1)

while for L. rubellus, the equation was:

GWp0.0750!EWc0.599(R2p0.86, np10, p~0.0001 (2)

and for A. tuberculata, the equation was:

GWp0.2123!EWP0.0654(R2p0.81, np10, p~0.0001 (3)

Soils were analyzed immediately after removal of the 15N-
labeled earthworms to determine the contribution of excretion
products to organic (dissolved organic N) and inorganic (NO3-N,
NH4-N) N pools. Mineral N (NO3-N and NH4-N) was determined
in 0.5 M K2SO4 soil extracts (1 :5 soil:extractant). NH4-N and
NO3-N were measured using the phenate and cadmium reduc-
tion/diazotization methods with a Lachat AE flow-injection ana-
lyzer. Dissolved organic N (DON) was calculated as the differ-
ence between the NO3-N concentration in an alkaline persulfate
digestion of the soil extract and the mineral N concentration of
the initial soil extract (Cabrera and Beare 1993).

The 15N concentrations in the mineral N (15NH4-Nc15NO3-
N) and organic N (15N-DON) pools were determined for six re-
plicate soil extracts of each earthworm species, age class and soil
temperature examined using a modification of the acid diffusion
method described by Brooks et al. (1989). Disks were cut from
glass fiber filter circles (Whatman GF/D), placed in a muffle fur-
nace at 500 7C for 2 h, and then acidified with 15 ml of 2.5 M
KHSO4. Ten ml of the soil extracts (containing 40–100 mg N)
were pipetted into acid-washed specimen cups, and 0.4 g of De-
varda’s alloy, 0.2 g of MgO and two filter disks sealed in Teflon
tape were added. 15N-DON was determined by pipetting 20 ml of
DON persulfate digest (containing 40–100 mg N) into acid-
washed specimen cups, and adding 0.2 g of Devarda’s alloy, 1 ml
of 5 M NaOH and two filter disks sealed in Teflon tape. The cups
were swirled vigorously once or twice daily for 7 days, after which

the disks were removed and desiccated over concentrated H2SO4.
N isotopic ratios (15N:14N) in soil extracts, bulk soil, and earth-
worm tissues were determined using a Carlo-Erba C and N ana-
lyzer coupled with a Europa Tracermass spectrophotometer (Mi-
chigan State University).

Statistical analysis

Data were log transformed to reduce variability and evaluated
statistically by two-factor ANOVA in a general linear model
(GLM) using SAS software (SAS Institute 1990). The effect of
earthworm species, age class, soil temperature and the interaction
of these variables on N excretion rates and extractable N concen-
trations were evaluated. Variables that significantly affected N ex-
cretion rates and extractable N concentrations were adjusted for
multiple comparisons and analyzed statistically using a Tukey-
Kramer test at the 95% confidence level. Values presented in the
tables are untransformed means (B standard errors).

Results

Earthworm N excretion rates

Earthworms achieved 15N enrichment of 0.4–2.5% 15N
above background levels after 5–6 weeks of processing
15N-labeled organic substrates, and mean atom% 15N
excess values for each species and age class are present-
ed in Table 1. However, there was considerable individ-
ual variation in tissue 15N enrichment. For example, tis-
sue 15N enrichment of the adult A. tuberculata exam-
ined in the study ranged from 1.12 to 1.96 atom% 15N
excess, with a mean of 1.64B0.07% 15N (B standard
error, np14). Therefore, N excretion rates were deter-
mined on an individual earthworm basis by dividing the
quantity of 15N excreted g–1 earthworm day–1 by the
initial atom% 15N excess of earthworm tissue. Initial
atom% 15N excess in earthworm tissue was estimated
for individuals by adding 15N excreted during the 48 h
incubation to 15N remaining in earthworm tissues after
48 h.

The quantity of 15N excreted in 48 h by earthworms
ranged from 6.2 to 31.2 mg 15N, and was lowest for ad-
ult L. rubellus (Table 1). The effects of temperature,
earthworm species, and age class on the amount of 15N
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Table 3 Quantities of earthworm 15N-labeled excretion products (BSE) in extractable soil 15N pools after 48 h

Species Age class Total 15N
excreted

15N-
mineral N

15N-DON Total 15N in
extractable
15N pools

(mg) (mg) (mg) (%)

L. terrestris Juvenile 29.4B1.1 11.8B1.4 6.9B0.7 64
L. terrestris Adult 18.3B1.8 4.9B0.8 2.4B0.4 40
A. tuberculata Pre-clitellate 16.3B1.3 2.1B0.4 2.3B0.3 27
A. tuberculata Adult 23.4B2.8 6.2B0.8 4.0B1.0 44
L. rubellus Adult 7.8B0.6 2.5B0.4 1.3B0.2 49

Table 2 Net change in extractable N pools of soils incubated with earthworms for 48 h. Mean values (BSE) followed by the same
letter within a column are not statistically significantly different (P~0.05, Tukey-Kramer test)

Species Age class NH4-N NO3-N DON
(mg N g–1) (mg N g–1) (mg N g–1)

L. terrestris Juvenile 4.2B0.7 B 0.2B0.1 B 1.2B0.3 A
L. terrestris Adult 12.0B2.3 B 5.0B1.7 A 5.6B1.3 A
A. tuberculata Pre-clitellate 8.1B1.1 B 0 B 4.2B0.9 A
A. tuberculata Adult 27.3B2.2 A 0.8B0.2 B 5.8B3.1 A
L. rubellus Adult 21.3B4.6 A 3.1B0.9 AB 2.8B0.9 A

excreted were evaluated using a general linear model
(P~0.001, R2p0.59, C.V.p32.3). Excreted 15N was in-
fluenced by the species and age of earthworms, but not
by soil temperature although the interaction between
the main effects was significant (P~0.02). Juveniles of
L. terrestris excreted significantly more 15N than adult
L. terrestris at 10 7C, although there was no difference
in 15N excretion at 18 7C (Table 1). For A. tuberculata,
15N excretion was significantly greater for adult than
for pre-clitellate individuals at 18 7C, although there
was no difference in 15N excretion at 10 7C (Table 1).
The amount of 15N excreted by earthworm species
within the same age class was not affected significantly
by soil temperature (Table 1).

N excretion rates, expressed as mg N excreted g–1

earthworm fresh weight day–1, ranged from 278.4 to
744 mg N g–1 day–1 for L. terrestris, A. tuberculata and
L. rubellus (Table 1). The effects of temperature, spe-
cies and age class on the N excretion rate were evalu-
ated using a general linear model (P~0.001, R2p0.50,
C.V.p32.4), and N excretion rates were affected signif-
icantly by the age of earthworms (P~0.001) and the in-
teraction between the main effects (P~0.01). N excre-
tion rates were lower for juvenile L. terrestris than all
other age classes of earthworm species examined (Ta-
ble 1). N excretion rates of pre-clitellate and adult A.
tuberculata did not differ significantly, and there was no
difference in N excretion rates for adults of L. terrestris,
A. tuberculata and L. rubellus (Table 1).

Influence of earthworms on soil N pools

Extractable soil N was measured after 48 h on soils in-
cubated with and without earthworms, and the net

change in soil N concentrations in the presence of
earthworms was calculated. The amount of extractable
N in soils incubated with earthworm species within an
age class was not affected significantly by soil tempera-
ture, and data were pooled across temperatures for
each age class of the three species studied.

Soils incubated with earthworms had higher NH4-N
and DON concentrations than soils without earth-
worms for all species examined, and NO3-N concentra-
tions were greater for all age classes of earthworm spe-
cies except pre-clitellate A. tuberculata (Table 2). In-
creases in NH4-N concentrations ranged from 4.2 to
27.3 mg N g–1, and were significantly higher for adults
of A. tuberculata and L. rubellus than juveniles and ad-
ults of L. terrestris and pre-clitellates of A. tuberculata
(Table 2). The increase in NO3-N concentration was
greatest in soils with adult L. terrestris, and the increase
in nitrate levels with earthworms were between 0 and
5 mg N g–1 (Table 2). DON concentrations did not dif-
fer significantly among the species of earthworms ex-
amined, and increases in DON of soils incubated with
earthworms ranged from 1.2 to 5.8 mg N g–1 (Table 2).

Because changes in soil N pools in the presence of
earthworms may result from processes other than the
excretion of nitrogeneous compounds, we analyzed soil
15N pools to determine the quantities and fate of earth-
worm 15N-labeled excretion products. The total
amount of 15N excreted in 48 h ranged from 7.8 to
29.4 mg 15N, and was likely influenced by initial earth-
worm tissue 15N enrichment (Table 3). Hence, we could
not evaluate statistically any differences in the quantity
of 15N excreted and transformed to 15N-mineral N and
15N-DON after 48 h, but we were able to calculate the
contribution of 15N excretion products to these pools.
Between 13 and 40% of excreted 15N was in the 15N-
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mineral N (NH4-NcNO3-N) pool and 13–23% was in
the 15N-DON pool after 48 h. As much as 64% of the
excreted 15N was recovered in these extractable soil
15N pools (Table 3). Approximately 36–73% of the 15N
excreted by earthworms was not recovered in the 15N-
mineral N and 15N-DON pools, and may have been im-
mobilized, chemically or physically stabilized in non-ex-
tractable soil N pools, or lost through denitrification or
NH3 volatilization.

Discussion

Few studies have assessed N excretion by earthworms,
and, as far as we are aware, this is the first study to
examine the fate of excreted N in soil. We were able to
calculate N excretion rates in soil by labeling earth-
worms with 15N, which Needham (1957) and others
were not able to do previously. We were also able to
determine the contribution of earthworm excretion
products to organic and inorganic soil N pools.

We believe that short-term (e.g., less than 1 week)
laboratory studies with 15N-labeled earthworms pro-
vide more reliable estimates of N excretion rates than
longer (e.g., several weeks) studies. The turnover of
15N from earthworms during a 30-day study proceeded
logarithmically (Barois et al. 1987), which suggests that
15N in earthworm tissues is partitioned into metaboli-
cally active 15N that is eliminated rapidly through ex-
cretion of 15N in mucus and urine, and structural 15N
that turns over less rapidly. In addition, the results of
longer 15N turnover experiments may be compromised
if earthworms have the opportunity to re-ingest elimi-
nated 15N.

N excretion rates in this study are among the highest
reported and ranged from 278.4 to 744 mg N g–1 fresh
weight day–1. Needham (1957) reported a N excretion
rate of 268.8 mg N g–1 day–1 for L. terrestris, which is
similar to the 278.4–326.4 mg N g–1 day–1 excreted by
juveniles of L. terrestris in this study. Our results were
much higher than other excretion rates (60–160 mg N
g–1 day–1) that have been reported for L. terrestris (Til-
linghast 1967; El-Duweini and Ghabbour 1971). If
earthworm tissue contains 10% N on a dry weight basis
(earthworm tissue contained 8.6–10.4% N in this
study), and earthworm dry mass is 80% of earthworm
fresh weight, then earthworm tissue N content is ap-
proximately 0.08 g N g–1 fresh weight. Daily N turnover
from earthworm tissue, based on our excretion rates,
ranged from 0.3 to 0.9% of earthworm tissue N. Our
results are lower than the N turnover rates of 1–1.7%
reported for L. terrestris and P. corethrurus (Barois et
al. 1987; Hameed et al. 1994; Curry et al. 1995), and
indicate that our N excretion rates would provide more
conservative estimates of N flux via earthworm excre-
tion.

Earthworm excretion rates using the method of
Needham (1957) are measured on fasting earthworms
in a soil-free environment. In this study, earthworms

were provided with soybean leaves which had a C :N
ratio of 12. It is well known that earthworm growth is
influenced by the quality of the organic substrates pro-
vided, and earthworm growth is greater when sub-
strates have a low C:N ratio than a high C:N ratio (Bö-
ström 1987; Shipitalo et al. 1988; Whalen and Parmelee
1999). We hypothesize that when earthworms are pro-
vided with N-rich organic substrates, N excretion will
be greater than when earthworms are provided with N-
poor or non-organic substrates, because earthworms re-
duce N excretion to conserve tissue N when N re-
sources are limited. We did not explicitly test this hypo-
thesis and suggest that future research on N excretion
processes should investigate this further.

Soil temperatures of 10 and 18 7C did not affect N
excretion rates of each age class of the three earthworm
species examined. N excretion and N turnover has been
found to increase slightly at higher temperatures
(Christensen 1987; Hameed et al. 1994). However, soil
temperatures of 10 or 18 7C did not significantly affect
the growth rates of L. terrestris and A. tuberculata
(Whalen and Parmelee 1999) or N excretion rates of L.
terrestris, A. tuberculata and L. rubellus (this study). In
field studies, we found that earthworm numbers and
biomass were highest when soil temperatures ranged
from 4 to 18 7C and declined dramatically when soil
temperatures exceeded 22 7C (Whalen et al. 1998).
These results suggest that soil temperatures ranging
from 10 to 18 7C are optimal for metabolic processes of
earthworms collected from our sites. Extrapolation of
N excretion rates measured at temperatures exceeding
18 7C to earthworm populations in the field is question-
able at best.

Soils incubated with earthworms tended to have
higher concentrations of NH4-N, NO3-N and DON
than soils incubated without earthworms for 48 h. Of
the three soil N pools examined, the greatest increase
in soils incubated with earthworms was in the NH4-N
pool. Changes in soil N pools may have been due to
excretion of nitrogenous compounds by earthworms or
earthworm-microbial interactions that stimulated N mi-
neralization and nitrification processes. The fate of
earthworm 15N-labeled excretion products was quanti-
fied by measuring soil 15N-mineral N and 15N-DON
pools, and between 27 and 64% of the 15N excreted by
earthworms was found in these pools after 48 h. Ex-
creted 15N not recovered in these pools may have been
immobilized in microbial biomass, stabilized chemically
or physically in non-extractable N pools, or liberated
through gaseous losses. These results suggest that a
substantial proportion of N excreted by earthworms
may be readily available for microbial and plant up-
take. Whalen et al. (1999) have found that much of the
15N released from decomposing earthworm tissues cy-
cled through microbial biomass within 4 days, and 70%
of the 15N from decomposing earthworms accumulated
in plant shoot biomass after 16 days. Further work is
required to determine how N excretion products are
transformed within soil, microbial and plant N pools.
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System-level estimates of the N flux through earth-
worm populations from excretion require accurate
measurements of earthworm biomass and N excretion
rates. In corn agroecosystems that have received longer
term amendments of NH4NO3 fertilizer at a rate of
150 kg N ha–1 year–1, mean monthly earthworm bio-
mass from September 1994 to September 1995 was
5.28 g ash-free dry weight m–2 for Lumbricus species
(primarily L. terrestris) and 2.86 g ash-free dry weight
m–2 for Aporrectodea species (primarily A. tuberculata)
(Whalen et al. 1998). Since most of the individuals col-
lected were juveniles, we assumed that mean N excre-
tion rates of 301 mg N g–1 fresh weight day–1 and
576 mg N g–1 fresh weight day–1 for Lumbricus species
and Aporrectodea species, respectively, were represent-
ative of N excretion rates for earthworms under field
conditions. Earthworm ash-free dry weight is 14% of
earthworm fresh weight (Whalen and Parmelee 2000)
and, if we assume earthworms are metabolically active
for 180 days each year, then Lumbricus and Aporrec-
todea species may have excreted 2.04 g N m–2 and
2.11 g N m–2, respectively, during 1994/95. These results
are comparable with the 30 kg N ha–1 year–1 from N
excretion calculated by Satchell (1963) for a forest eco-
system and the 29–36 kg N ha–1 year–1 estimated from
15N turnover data by Curry et al. (1995). In corn agro-
ecosystems, the N content of plant biomass, including
the corn crop and weed biomass, was approximately
185 kg N ha–1 year–1 in 1995 (Whalen and Parmelee
2000). The amount of N excreted by earthworms was
equivalent to 22% of plant requirements. Further work
will be required to determine earthworm excretion
rates in the field and the contribution of nitrogenous
excretion products to plant N nutrition. Our results
suggest that the earthworms could make a significant
contribution to N cycling in corn agroecosystems
through excretion processes.
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