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Abstract

The balance between gross rates of N mineralization and N consumption in soils is influenced both by the presence or absence of plants,
and by physical soil disturbance. Studies are needed which evaluate the impact of disturbances caused either by plant harvest (grazing or
clipping) or by the activities of soil fauna on soil N transformations. Using "°N pool dilution techniques, we compared gross N transforma-
tions in bulk and root-associated soils under ryegrass grown in greenhouse conditions. Over a period of 98 d, ryegrass plants were clipped
periodically, or left unclipped in the presence or absence of earthworms. After 98 d of ryegrass growth, "NH,—N (33 atom% “N) or "NO;—
N (10 atom% '°N) solutions were injected throughout the soil. Virtually all of the '*N added was recovered in ryegrass and soil after 48 h of
incubation, but up to 30% of the SNH,-N and 44% of the *"NO;—N were unaccounted for after 30 d. Gross N mineralization and NH,—N
consumption rates were higher in the root-associated than in bulk soils of all treatments. The rate of gross N mineralization was highest in the
pots with clipped plants, followed by the unclipped plus earthworm and the unclipped minus earthworm treatments. Our results indicate that
rates of gross N transformations differ between bulk and ryegrass root-associated soils, and that clipping of plants and the presence of

earthworms exert marked effects on short-term N transformations. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Soil N transformations are affected by the quality of
carbon substrates, and plant roots exert considerable influ-
ence on soil microbial communities through the depletion of
nutrients and water in the rhizosphere, and the secretion of
protons, enzymes, and carbon compounds from root
surfaces. Relatively few studies have investigated gross N
transformations in the rhizosphere. Norton and Firestone
(1996) found gross rates of mineralization and microbial
assimilation of NH,—N were 50% higher in soil adjacent
to pine seedling roots than in soil a few millimeters away.
Reydellet et al. (1997) found the available N pool was 50%
larger, and gross N mineralization rates were 35% higher, in
the rhizosphere of an alfisol under ryegrass than in soil
without plants, and attributed their results to stimulation
of microbial activity from rhizodeposition.

The quantity and quality of carbon secreted by plant roots
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is affected by many factors, including plant species, physio-
logical state and age of roots, and environmental conditions
(Hale and Moore, 1979; Grayston et al., 1996). The removal
of above-ground biomass by clipping or grazing is known to
alter the proportion of photosynthate allocated to root and
stem tissues and long-term, above-ground biomass removal
can reduce root biomass and change root morphology and
architecture (McNaughton et al., 1983; Waller and Jones
1989). Root exudation, root respiration, and soil respiration
are often greater in pots with plants that have been clipped
or grazed than in pots with unclipped or ungrazed plants
(Holland et al., 1996; Mawdsley and Bardgett, 1997; Bard-
gett et al., 1998). We are not aware of any studies that have
attempted to assess how gross N transformations in soil are
affected by above-ground biomass removal.

In addition, it is well established that both the activity and
size of soil microbial communities are affected by predation
from amoebae, flagellates, nematodes, and mites, and that
the numbers of micro- and meso-fauna are greater in rhizo-
sphere than in bulk soils (Anderson, 1988). Grazing of
below-ground microbial communities by soil micro- and
meso-fauna increases decomposition and N mineralization
(Ingham et al., 1985; Beare et al., 1992). Soil macrofauna,
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such as earthworms, alter soil physical structure through
litter comminution and burrow construction, and have
multiple effects on microbial activity and nutrient cycling
(Blair et al., 1995). Microbial biomass is lower, but micro-
bial activity is higher in soils with elevated earthworm
populations (Bohlen et al., 1997). Earthworms likely affect
gross N transformations due to their modification of the soil
environment, grazing on soil micro-organisms, and their
own turnover. We are not aware of any studies that have
evaluated the impact of earthworms on gross rates of N
cycling.

The objectives of this study were to: (1) compare gross N
transformations in bulk and root-associated soils under
ryegrass, (2) determine the effect of periodic removal of
above-ground biomass on gross N transformations in bulk
and root-associated soils, and (3) determine whether the
presence of earthworms affects gross N transformations in
bulk and root-associated soils.

2. Materials and methods
2.1. Soil

In March 1998, soil was collected from the A horizon (0—
15 cm) of replicate plots containing fescue grass from the
North Willamette Research and Extension Center, Aurora,
OR, USA. Fescue grass was planted on these plots in 1989
and has been minimally maintained without animal grazing.
From 1978 to 1988, the site was under conventional winter
wheat production. The soil is a Willamette silt loam (Pachic
Ultic Argixeroll) containing 18 g organic Ckg ' and 1.1 g
N kg ' with pH 5.6. Other properties of the soil have been
discussed elsewhere (Burket and Dick, 1998; Whalen et al.,
2000). Soil samples were composited, air-dried, and coar-
sely-sieved (<12.5-mm mesh). Air-dried soil (1885 g,
oven-dry weight) was weighed into individual 4-1 pots.
The pots were undrained to prevent nutrient losses through
leaching. Soils were moistened to 75% of field capacity and
planted with annual ryegrass (Lolium multiflorum L.). Four-
teen days after emergence, seedlings were thinned to leave
approximately 50 individuals within the inner 100 mm of
each pot. Pots were watered regularly to between 75 and
85% of field capacity. Nitrogen fertilizer (100 mg N kg™ ")
was added 35 d after emergence due to the appearance of N
deficiency symptoms in the foliage (yellowing leaves).

2.2. Experimental design

To accommodate the two N forms (NH;—N and NO;—N)
required for the isotope dilution study, three sampling times
[2, 48 and 720 h (i.e. 30 d)], and five replicates of each
treatment, 30 pots were prepared for each of three major
experimental treatments. The major experimental treat-
ments were assigned to the pots at random 37 d after seed-
ling emergence, and pots were distributed completely at
random in the greenhouse. Gross N transformations were

measured in bulk and ryegrass root-associated soils of pots
in which above-ground biomass was not harvested, and to
which earthworms were not added. The effect of removing
above-ground biomass on gross N transformations in bulk
and root-associated soils was determined on another 30 pots.
Approximately one-half of the above-ground biomass was
harvested periodically (37, 52, 75 and 97 d after seedling
emergence). In this treatment, a total of 1.32 =0.07 g
above-ground biomass (dry weight) per pot was removed
from ryegrass plants through clipping. Gross N transforma-
tions in bulk and root-associated soils were also measured in
30 replicate pots to which earthworms were added. Five to
seven individuals of Aporrectodea tuberculata (Eisen) with
a total mass of 2 g (fresh weight, gut cleared for 24 h) were
added 37 d after seedling emergence to each pot. A. tuber-
culata is an endogeic earthworm that inhabits the top 10—
15 cm of soil and is thought to consume primarily soil
organic matter (Edwards and Bohlen, 1996). Most of the
earthworms were dead by the time the experiment ended
(98—128 d after seedling emergence). Surviving earth-
worms were weighed, euthanized with 5% ethanol, oven-
dried (60°C for 48 h), ground and analyzed for total N and
atom% °N.

2.3. PN labelling

Gross rates of N mineralization and nitrification were
determined using "N isotope dilution methodology (Hart
et al., 1994). Soils were labelled with either 50 ml of a
15NH4—N (about 33 atom% 15N) ora 15NO3—N (about 10
atom% °N) solution that contained 60 wg N ml~'. Because
the mean (=*standard error) concentrations of inorganic N in
pots prior to injection of "N were 2.1 = 0.2 mg NH,—
Nkg ' and 0.21 = 0.03 mg NOs—N kg, addition of "N-
labelled solutions increased the mean NH,—N concentration
almost 2-fold, and the mean NO;—N concentration 8-fold.
The ""N-labelled solution was injected into soil 1-2 ml at a
time using a 60-mm long side-bore needle. Numerous injec-
tions were made throughout each pot to ensure even
distribution of the "N label. Five replicate pots were
destructively sampled 2h, 48h and 30d, respectively,
after the "’N label was added. The form of N added to
each pot and time of destructive sampling were assigned
randomly to each experimental treatment.

2.4. Nitrogen analysis

Above-ground plant biomass (shoots and seed heads) was
clipped at the soil surface, oven-dried (60°C for 48 h),
ground and analyzed for total N and atom% "N. Visual
examination indicated that most of the roots were in the
innermost 100 mm of each pot, whereas soil outside this
region had few roots. Soil adhering to roots in the middle
100 mm of each pot was defined as root-associated soil and
the remainder was defined as bulk soil. We chose not to
recover rhizosphere soil senso stricto because of the time
it would have taken to obtain the small amounts of soil
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closely adhering to the roots of our many treatments and the
possibility of changes in labelling patterns during the
process. About 40% of the total soil mass was root-asso-
ciated, and most root-associated soil was gently removed
from the roots by hand. Subsamples of bulk and root-asso-
ciated soils were oven-dried (105°C for 48 h), ground and
analyzed for total N and atom% "°N. Roots were oven-dried
for 3 d at 60°C, rinsed on a 0.5-mm mesh sieve with distilled
water to remove remaining soil, and then oven-dried (60°C
for 48 h), ground and analyzed for total N and atom% "“N.

Soil organic matter from bulk soils was separated by
density into light fraction (LF) and heavy fraction (HF)
following the procedure of Whalen et al. (2000) modified
from Strickland and Sollins (1987). About 100 g of sieved
(<2-mm mesh) soil was mixed with 100 mlofa 1.6 g cm ®
sodium polytungstate (SPT) solution for 30 s at 4000 X g
and then dispersed for 2 min with a probe-type sonic disrup-
ter at 2000 J (Model 350, Branson Sonic Power Company,
Danbury, CT, USA). Suspended LF material was collected
from the surface of the SPT solution, and the LF and HF
materials were rinsed several times with deionized water to
remove the SPT. Light and heavy fractions were oven-dried
(105°C for 48 h), ground and analyzed for total N and
atom% "N.

Fresh soil was sieved (<2 mm) and extracted immedi-
ately to determine mineral N concentrations. About 20 g
of soil was extracted with 0.5 M K,SO, (1:5 soil:extractant)
for mineral N (NH;—N and NOs;—N) determination. NH,—N
was determined colorimetrically using the modified indo-
phenol blue technique (Sims et al., 1995) and measured at
650 nm using Titertek Multiscan MCC/340 automated
microplate reader (Huntsville, AL, USA). NO;—N was
measured using the cadmium reduction—diazotization
method with a Technicon II flow-injection autoanalyzer
(Technicon Industrial Systems, Tarrytown, NY).

The >N concentration in the mineral N (15NH4—N and
NO;—N) pools was determined using a modification of the
acid diffusion method described by Brooks et al. (1989).
Disks (5 mm diameter) were cut from glass fiber filter
circles (Whatman GF/D), placed in a muffle furnace at
500°C for 2h, and then acidified with 15wl of 2.5 M
KHSO,. Extracts from root-associated and bulk soils
contained between 3 and 19 pg Nml~' as NH,~N and
<2 ng N ml~"as NO;—N. We pipetted 2.5 ml of soil extract
and 10 ml of 0.5 M K,SO, solution into an acid-washed
120-ml specimen cup. At least 10 ml of liquid is required
in our modified diffusion procedure so that the MgO and
Devarda’s alloy are dissolved and react properly with the
soil extracts. Our first diffusion trial showed that inorganic
N pools, particularly the NO;—N pool, were only slightly
labelled with 15N, and when we had to repeat our diffusions,
we were limited by the total amount of extract remaining.
Because the diffusion procedure requires between 40 and
100 pg N in solution for good recovery of the "°N tracer, the
soil extracts were spiked with 1 ml of 100 mg N 17" solution
(from NH4—N or NO;—N) containing 0.3663 atom% BN

(natural abundance) and 1 ml of 100 mg N 17" solution
containing 5.1 atom% BN (from '"NH,~N) or 5.0 atom%
BN (from ""NO;—N). Although spiking solutions decreased
the precision and accuracy of results, the alternative was to
obtain no data at all. The "N recovery of diffused samples
was compared to spiked NH;—N and NO;—N standards that
were diffused at the same time with the same procedures as
the soil extracts, and the variation among replicate standards
ranged from 0.0036 atom% "“N to 0.0115 atom% "°N. The
isotopic abundance of NH,—N was determined by adding
0.2 g of MgO and two filter disks sealed in Teflon tape; that
of NO;—N was determined by adding 0.4 g of Devarda’s
alloy, 0.2 g of MgO and two filter disks sealed in Teflon
tape to each cup. The cups were swirled vigorously once or
twice daily for 7 d, after which the disks were removed,
desiccated over concentrated H,SO,, and analyzed for
total N and atom% "°N. Nitrogen isotopic ratios (°N/'*N)
in soil extracts, plant shoots and roots, earthworms, bulk and
root-associated soils, and light and heavy fractions were
determined using a Roboprep combustion unit coupled
with a Tracermass isotope ratio mass spectrometer (Europa
Scientific, Crewe, UK).

2.5. Nitrogen calculations

The atom% "N in the NH,—N pool was calculated from
the equation:

Atlstample X (ANextract + ANSpike)

= (ANextract X At15NextractNH4) + (ANspike X AtISNspike)
(D

where AtlSNsample is the atom% "N measured from the diffu-
sion disks, ANt 1S the g of NH,—N in soil extracts, and
AN is the pg of NH;—N added in the 15NH4—N spike.
The AtlSNSpike is the atom% °N added in the spike, and the
unknown in the equation is AtlSNextrac[Nm, the atom% "N in
the extract NH;—N pool. The atom% 5N excess in the NH,-
N pool was calculated by subtracting 0.3663 (natural abun-
dance). We attempted to calculate the atom% "N excess in
the NO3;—N pool in a similar manner but this proved impos-
sible because of the low amount of soil NO;—N relative to
that added in the spike.

Gross N mineralization and NH;—N consumption were
calculated from changes in the SNH,-N and 14+15NH4—N
pools in ""NH,—N amended soils between 2 and 48 h after
N addition. We used the m =i (mineralization equals
immobilization) equation of Kirkham and Bartholomew
(1954) because there was no significant change in the
NH,4—N pool during the incubation.

2.6. Statistical analysis

Data were evaluated statistically by ANOVA in a general
linear model (GLM) using SAS software (SAS Institute,
1990). Pots were arranged in a completely random design,
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Table 1

Mean shoot and root weights and total N concentrations after 98—128 d of ryegrass growth [means in a column within a sampling date followed by the same

letter are not significantly different (P < 0.05, LSD)]

Treatment® Shoot weight Shoot N Root weight Root N
(g dry weight) (gNkg™h (g dry weight) (Nkg™
After 98 and 100 d of growth (pooled data)
Clipped 336a 770 320 a 45a
Unclip. + EW 547b 6.2a 4.90 b 46a
Unclip. — EW 363 a 6.0a 3.76 a 49 a
After 128 d of growth
Clipped 440a 73¢c 311 a 40a
Unclip. + EW 6.40 b 52a 495b 48a
Unclip. — EW 4.06 a 6.1b 321 a 4.6a

* Treatments were clipped (about one-half of above-ground biomass was removed each month during ryegrass growth, no earthworms in pots), unclipped
plus earthworm (plants were unclipped, five to seven individuals of A. tuberculata with a mass of about 2 g were added to pots 1 month after seeding), and
unclipped minus earthworm (plants were unclipped, there were no earthworms in pots). Shoot yields for the clipped treatment include biomass removed prior to
harvest. The unclipped plus earthworm treatment = Unclip. + EW; the unclipped minus earthworm treatment = Unclip. — EW

and plant biomass and nutrient concentrations at harvest
were evaluated using a one-way ANOVA. Plant yields did
not differ significantly (P > 0.05) in pots that received
injections of "NH,—N or "NO;-N at any sampling dates,
so the data were pooled among the "°N sources for analysis.
Plant yields did not differ significantly (P > 0.05) in
samples harvested between 98 and 100 d of growth, and
data for these dates were pooled for statistical analysis.
The biomass and nutrient concentration in plants harvested
between 98 and 100d or after 128 d of growth were
compared for clipped, unclipped plus earthworm and
unclipped minus earthworm treatments with an LSD test
at the 95% confidence level. Treatment means (clipped,
unclipped plus earthworm and unclipped minus earthworm)
for the "N concentration in soil and plant pools at each
sampling time (2 h, 48 h, 30 d) were evaluated with a two-
way ANOVA and compared with an LSD test at the 95%
confidence level.

3. Results
3.1. Ryegrass growth and nutrient content

The masses and N concentrations in shoots and roots
harvested after 98—100, or 128 d of growth were evaluated
statistically. Shoot and root yields were significantly
(P < 0.05, LSD) higher for the unclipped plus earthworm
treatment than the clipped or unclipped minus earthworm
treatments after 98—100 d of growth (Table 1). Shoot yield
for the clipped treatment in Table 1 includes biomass
removed through periodic clipping prior to harvest. Clipped
plants contained a significantly (P < 0.05, LSD) greater
concentration of N in their shoots than did plants from either
the unclipped plus earthworm or unclipped minus earth-
worm treatments (Table 1). Root N concentrations did not
differ among the treatments (Table 1). A significantly
(P <0.05, LSD) greater amount of N was assimilated by

plants in the unclipped plus earthworm treatment which was
due primarily to the greater root growth in this treatment
(Table 1). Similar trends in biomass yield and N concentra-
tion for roots and shoots from these treatments were
observed after 128 d of growth (Table 1). About 20% of
the earthworms added to pots were recovered at harvest,
and they had an average N concentration of
1111 +53mg Ng~' (oven-dry weight) with 0.005
atom% N excess.

3.2. Recovery of °N added to bulk and root-associated soils

Between 96 and 111% of the "N from ISNH4—N, and
between 94 and 107% of the "N from *NO;—N were recov-
ered in soil and plant pools 2 h and 48 h after injection
(Tables 2 and 3). In contrast, nearly 30% of the 15NH4—N
and 32-44% of the "NO;—N added to the pots was not
recovered after 30 d (Tables 2 and 3). Because the pots
were not drained, it is likely that the "N missing from
these soils was lost through denitrification.

The quantity of N in plant roots and shoots increased
significantly (P < 0.05, LSD) in most treatments between 2
and 48 h after injection of SNH,—N and "NO;-N (Tables 2
and 3). Between 6 and 13% of the "NH,~N added was
found in plant shoots and roots within 2 h of injection
(Table 2). The amount of “NH,~N in plant shoots and
roots ranged from 22 to 27%, and 21 to 28% of the total
applied within 48 h and 30d of injection, respectively
(Table 2). The proportion of "NO;—N assimilated in plant
shoots and roots increased from 5 to 19% after 2 h to
between 29 and 40% after 48 h of incubation (Table 3).
The proportion of "N in plant shoots and roots in the
NO;—N treated pots declined to between 18 and 20%
after 30 d of incubation (Table 3).

There was considerable variation in the "N content of bulk
soils, and no clear trends emerged to explain "°N fluctuations
in bulk soils at time intervals following "NH,~N and "NO;—
N injections (Tables 2 and 3). The quantity of “N in
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Table 2

Percentage of "N from "NH,—N in plant shoots, plant roots, bulk and root-associated soils after 2 h, 48 h and 30 d [means in a column followed by the same
letter are not significantly different (P < 0.05, LSD); all treatments received 1111 pg N at time =2 h, 1099 ne N at time = 48 h, and 1114 ng BN at
time = 720 h; bulk soil was 60% and root-associated soil was 40% of total soil mass]

Treatment® Time (h) Plant shoots (%) Plant roots (%) Bulk soil (%) Root-associated soil (%) BN recoveryb (%)
Clipped 2 2a Sa 36 b 55b 98 =8

Unclip. + EW 2 2a 11b 29 ab 59b 101 £6

Unclip. — EW 2 04a 6a 37D 53b 96 = 10

Clipped 48 13 be 9b 29 ab 57b 108 £ 11

Unclip. + EW 48 16 cd 11b 20 a 64 b 111 =8

Unclip. — EW 48 11b 11b 20 a 65b 107 £ 10

Clipped 720 19d Sa 27 ab 22a 732

Unclip. + EW 720 19d 9b 23 a 21 a 712+2

Unclip. — EW 720 16 cd Sa 24 ab 25 a 71=*3

* See footnote under Table 1 for explanation of experimental treatments.
b N recovery data are mean values * standard errors; n = >5.

Table 3

Percentage of "N from "NO;—N in plant shoots, plant roots, bulk and root-associated soils after 2 h, 48 h and 30 d [means in a column followed by the same
letter are not significantly different (P < 0.05, LSD); all treatments received 320 wg "N at time =2 h, 312 pg N at time =48 h, and 404 pg N at
time = 720 h; bulk soil was 60% and root-associated soil was 40% of total soil mass]

Treatment® Time (h) Plant shoots (%) Plant roots (%) Bulk soil (%) Root-associated soil (%) BN recoveryh (%)
Clipped 2 16 bc 4a 29 a 46 ¢ 95+ 10

Unclip. + EW 2 la 4a 48 b 47 ¢ 100 £5

Unclip. — EW 2 la 4a 44 b 46 ¢ 94 +7

Clipped 48 29d 11 be 27 a 38 ¢ 107 £8

Unclip. + EW 48 20 bed 9b 35 ab 33 be 97 £ 10

Unclip. — EW 48 25 cd 14c¢ 23 a 42c¢ 105 £ 10

Clipped 720 16 be 4a 2l a 15a 56 £8

Unclip. + EW 720 14 be 6a 25a 18 a 62+£5

Unclip. — EW 720 13b Sa 29 a 21 ab 68 £4

* See footnote under Table 1 for explanation of experimental treatments.
b N recovery data are mean values * standard errors; n=>5.

root-associated soils from all treatments declined significantly
(P < 0.05, LSD) between 2 h and 30d after "NH,~N and
'NO;—N injections, possibly due to microbial assimilation
and turnover via denitrification (Tables 2 and 3).

The quantities of N (g "N g~ ! soil) recovered in bulk
and root-associated soil pools of each treatment 2 h after
NH,-N and "NO;-N injection were evaluated with a
two-way ANOVA [Fig. 1(A) and (B)]. Significantly
(P <0.05) more "N was found in root-associated than
bulk soils of all treatments, which may have been due to
poor distribution of the label or rapid transport of the label
from bulk to root-associated soils shortly after "°N injection.

3.3. Recovery of °N in LF and HF pools

Subsamples of bulk soil from each treatment were frac-
tionated by density separation to collect LF and HF of soil
organic matter. About 97.8 = 0.1% of the bulk soil was the
HF of soil organic matter. The C/N ratio of LF ranged from
30 to 68, whereas the C/N ratio of HF ranged from 13 to 18.
Following injection with either "NH,~N or "NO;-N, the
atom% "N excess in LF was higher in most treatments after

48 h and 30 d than after 2 h (Tables 4 and 5). There were
fewer differences in the atom% "N excess in HF collected
from the three treatments. Generally less "N was recovered
in the HF from pots incubated with "NO;—N than with
SNH,~N (Tables 4 and 5). No N was detected in the HF
of the unclipped minus earthworm treatment injected with
NO,-N solution (Table 5).

3.4. Gross "N transformations

There was substantial dilution of label in the NH,—N pool
of all but the bulk soil of the unclipped treatments, indicat-
ing rapid production and consumption of NH,—N (Table 6).
Changes in NHy4—N pool sizes were usually small, and not
statistically significant (#-test, P > 0.1), suggesting that
production and consumption of NH,—N were balanced. In
all cases, gross rates were higher in root-associated
compared to bulk soil. In root-associated soil, rates were
56% higher in the presence of earthworms and 94% higher
when plants were clipped (Table 6). Nitrate concentrations
were low (1 mg N kg ™' soil or less) in all treatments, but
consistently decreased between 2 and 48 h, suggesting that
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Fig. 1. Quantities of 5N recovered in bulk and root-associated soil pools of ryegrass under different treatments 2 h after (A) NH,-N injection and (B) BNO;-
N injection. See footnote under Table 1 for explanation of experimental treatments. Treatment means followed by the same letter are not significantly different

(P <0.05, LSD).

NO;—N consumption was greater than nitrification (data
not shown).

4. Discussion

4.1. Short-term N transformations in bulk and root-
associated soils

The distribution of "N in soil pools changed significantly
in the 46 h following "N injection, and up to 27% of the

NH,-N and 41% of the "NO;-N was assimilated into
plant roots and shoots. Between 48h and 30d after
'NH,—N injection, there was a net increase in the N
content of ryegrass shoots and a net decrease in the "N of
ryegrass roots, suggesting translocation of "N from roots to
shoots. Between 48 h and 30 d after 15NO3—N injection,
there was no net change in the N content of ryegrass
shoots, but the N content of ryegrass roots was generally
lower. These results suggest there was an N form interaction
with ryegrass that caused losses of NO;—N from the plants
treated with nitrate. It has been suggested that nitrate could
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Table 4

Mean N and N content of LF and HF in soil organic matter 2 h, 48 h and 30 d after soil was injected with "’NH,—N [means in a column followed by the same

letter are not significantly different (P < 0.05, LSD)]

Treatment” Time (h) Total N in LF (gN kg ™) Atom% "N excess in LF Total N in HF (g N kg™ ") Atom% N excess in HF
Clipped 2 28 a 0.011 a 1.1 ab 0.011 a

Unclip. + EW 2 22a 0.021 ab 1.1 ab 0.019 ab

Unclip. — EW 2 2.7 a 0.013 a 1.1 ab 0.001 a

Clipped 48 2.1a 0.035 b 1.1 ab 0.009 a

Unclip. + EW 48 19a 0.049 ¢ 1.2b 0.038 b

Unclip. — EW 48 24 a 0.058 bc 1.1 ab 0.007 a

Clipped 720 1.8a 0.041 be 1.0a 0.015 a

Unclip. + EW 720 22a 0.033 bc 1.1 ab 0.011 a

Unclip. — EW 720 22a 0.039 be 1.1 ab 0.003 a

* See footnote under Table 1 for explanation of experimental treatments.

Table 5

Mean N and "N content of LF and HF in soil organic matter 2 h, 48 h and 30 d after soil was injected with 5NO;—N [means in a column followed by the same

letter are not significantly different (P < 0.05, LSD)]

Treatment® Time (h) Total N in LF (g N kgfl) Atom% N excess in LF Total N in HF (g N kgfl) Atom% N excess in HF
Clipped 2 24 a 0.007 a 1.0a 0.003 a

Unclip. + EW 2 2.7 a 0.011 a 13b 0.013 ¢

Unclip. — EW 2 24a 0.003 a I.1a Oa

Clipped 48 20a 0.023 b 1.0a 0.005 b

Unclip. + EW 43 2.0a 0.025b 1.1a 0.003 a

Unclip. — EW 48 2.1a 0.029 b I.la Oa

Clipped 720 2.8 a 0.021b 1.0a 0.007 b

Unclip. + EW 720 2.1a 0.011 a 1.1a 0.005 b

Unclip. — EW 720 25a 0.011 a 1.1a Oa

* See footnote under Table 1 for explanation of experimental treatments.

be lost from plants through exudation of NO;—N and
organic N compounds from roots to soils (Bailey, 1976).
We did not measure exudates of ryegrass roots, and this
factor warrants future investigation.

Nitrogen transformations were not coupled tightly with
plant N requirements under our experimental conditions,
and as much as 30% of the 15NH4—N and 44% of the
"NO;-N injected were lost after 30 d. The average rate of
loss between 48 h and 30d after "N addition was 6 ng
BN g~! soil d”! in pots injected with "NH,—-N and 3 ng
BN g~! soil d”! in pots injected with "NO;—N. We did
not monitor denitrification, but greater denitrification has
been found in planted than in bulk soil, due to a combination
of carbon supply (Smith and Tiedje, 1979; Bodelier et al.,
1997; Mahmood et al., 1997) and oxygen depletion in the
root zone (Klemedtsson et al., 1987; Prade and Trolldenier,
1988; Mahmood et al., 1997). Further work should be
conducted to determine if spatial distribution of denitrifiers
in soil-plant systems, coupled with temporal variation in
oxygen concentrations, could lead to competition for nitrate
between denitrifiers and plants.

We also examined changes in soil organic matter pools of
bulk soil to determine if "N was stabilized in the light or
heavy fraction of SOM. The "°N content increased in the LF
between 2 and 48 h after injection of 15NH4—N and 15NO3—
N, indicating that the LF was a sink for mineral N. The N

incorporated in the LF pool appeared to be dynamic, as there
were substantial declines in the "N content of the unclipped
plus earthworm and unclipped minus earthworm treatments
between 48 h and 30d after injection of “"NH,—N and
®NO;—N. Similar declines were not observed in the clipped
treatment where the "°N content of LF remained constant or
increased slightly between 48 h and 30 d after injection of
NH,~N and ""NO;—N. The HF also was rapidly labeled
with N in both treatments, but its labeling tended to
change less over time than the LF fraction, presumably
because most of the HF is relatively recalcitrant. The
types of *N-containing compounds in LF and the mechan-
isms responsible for °N stabilization in LF are unknown,
and are worthy of further study.

4.2. Short-term N transformations in agricultural soils with
clipping and earthworm treatments

Neither shoot nor root yields differed in the clipped and
unclipped minus earthworm treatments at the two harvest
dates. Interestingly, the clipped treatment had more total N
in shoots than the other two treatments, although the total N
content of roots did not differ. These results suggest that
clipping of ryegrass stimulated N uptake and translocation
to shoots, depending on the form of N available for plant
uptake. Ryegrass shoot and root biomass was greater in the
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Table 6
Concentration and atom% "N excess of NH,—N, and gross rates of N mineralization (M) and NH;—N consumption (C,) in bulk and root-associated soils under
ryegrass
Treatment® Soil Time (h) NH,-N (mg N kg™ Atom% "N excess (%) Mor Cy (mgNkg™'d™h
Clipped Bulk 2 6.6 0.9 3.65 = 1.88 3.04
48 6.8+ 1.5 1.53 = 0.67
Clipped Root-associated 2 85*13 5.94 +231 6.09
48 103 =17 1.71 = 0.67
Unclipped Bulk 2 54+13 0.33 +0.33 0
+ Earthworm 48 35+0.7 0.53 £0.53
Unclipped Root-associated 2 7.7+22 1.93 091 4.90
+ Earthworm 48 9.0 29 0.63 = 0.34
Unclipped Bulk 2 83+ 1.8 0.25 +0.25 0
— Earthworm 48 7.9 £0.6 0.31 £0.28
Unclipped Root-associated 2 8.6*12 2.13+1.04 3.14
— Earthworm 48 6.1 £1.5 0.94 = 0.58

* See footnote under Table 1 for explanation of experimental treatments. Extractable NH4;—~N and atom% 15N excess data are mean values * standard errors;
n= 5. Mineralization and consumption rates were 0 when there was no dilution of "N in the NH,—N pool between 2 and 48 h after the label was added.

unclipped plus earthworm than the unclipped minus earth-
worm treatment. It has been speculated that earthworms can
increase plant growth by grazing on micro-organisms and
stimulating N mineralization, by altering soil physical char-
acteristics that enhance root growth (e.g. through burrow-
ing), or by secreting plant growth hormones (Blair et al.,
1995; Edwards and Bohlen, 1996).

Whalen et al. (1999) found that the N in dead earthworm
tissues was rapidly cycled through microbial biomass and
assimilated by ryegrass, and up to 70% of the N from earth-
worm tissues was incorporated in ryegrass shoots after 16 d.
We added earthworms with a mass of 2 g (fresh weight,
equivalent to about 0.4 g oven-dry weight) to each pot in the
earthworm treatment. The endogeic A. tuberculata aestivates
and eventually dies when the soil environment is inhospitable,
so it is unlikely that the decline in earthworm numbers during
this study was from earthworms escaping the pots. Earth-
worms contained about 110 mg N g~' and only about 20%
of them survived to harvest, so the estimated contribution
from dead earthworm tissues was 35.2 mg N to pots in the
earthworm treatment. Plants harvested after 98 and 100 d of
growth in the unclipped plus earthworm treatment contained,
on average, 33.9 mg N in shoots and 22.5 mg N in roots,
whereas plants from the unclipped minus earthworm treatment
contained 21.8 mg N in shoots and 18.4 mg N in roots, a
difference of 16.2 mg N per plant. It seems possible that
decomposed earthworms could have provided extra N for
plant uptake in the unclipped plus earthworm treatment.
Further work will be required to separate the effects of earth-
worms on N transformations due to their burrowing and graz-
ing activities from N fluxes resulting from the turnover of
earthworm tissues.

4.3. Gross N mineralization in bulk and root-associated
soils with clipping and earthworm treatments

Gross NH,—N consumption rates were similar to gross N
mineralization rates, and these patterns differed when plants

were clipped or grown in the presence of earthworms than
when they were unclipped and grown in soil without earth-
worms. These rates were of the same magnitude as plant N
uptake rates (1.5-5.8 mg N kg~ ' d™") calculated from the
increase in "N and weighted average atom% N values of
the NH4—N pools between 2 and 48 h (Tables 2 and 6).

Gross N mineralization rates were higher in the root-asso-
ciated than bulk soils under ryegrass, which is consistent
with results reported by Norton and Firestone (1996) and
Reydellet et al. (1997). The highest gross N mineralization
rates were measured in root-associated soils of the clipped
treatment, followed by the unclipped plus earthworm and
unclipped minus earthworm treatments. Although both clip-
ping of plant biomass and the presence of earthworms
appeared to stimulate N mineralization, the mechanisms
governing this process are unknown. It seems possible
that clipping would alter photosynthate allocation, and the
response to clipping may be to enhance root activity and/or
turnover that could stimulate microbial activity and N
cycling processes. Other researchers have found greater
root exudation, root respiration and soil respiration in
clipped than control plants (Holland et al., 1996; Mawdsley
and Bardgett, 1997; Bardgett et al., 1998). Greater N miner-
alization in the unclipped treatment with earthworms than
without earthworms may have resulted from direct earth-
worm—microbial interactions (e.g. grazing on micro-organ-
isms), indirect earthworm—microbial interactions (e.g.
alteration of soil physical and chemical properties), and/or
N flux from earthworm tissues. Further research will be
required to elucidate the mechanisms responsible for
increasing gross N transformations under plants that are
clipped or grown in the presence of earthworms.
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