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Abstract

Immobilization of ammonium (NHI) by plants and microbes, a controlling factor of ecosystem nitrogen (N)
retention, has usually been measured based on uptake of 15NH;¥1r solutions injected into soil. To study the influence
of roots on N dynamics without stimulating consumption of NH;, we estimated gross nitrification in the presence
or absence of live roots in an agricultural soil. Tomato (Lycopersicon esculentum var. Peto76) plants were grown in
microcosms containing root exclosures. When the plants were 7 weeks old, >N enriched nitrate (NO3') was applied
in the 0—150 mm soil layer. After 24 h, > 30 times more NHZ was found in the soil with roots than in the soil of
the root exclosures. At least 18% of the NHI-N present at this time in the soil with roots had been converted from
NO3_ . We estimated rates of conversion of NO3_ to NHI, and rates of NHI immobilization by plants and microbes,
by simulating N-flow of '**15N and >N in three models representing mechanisms that may be underlying the
experimental data: Dissimilatory NO;  reduction to NHZ (DNRA), plant N efflux, and microbial biomass nitrogen
(MBN) turnover. Compared to NO;" uptake, plant NH;L'r uptake was modest. Ammonium immobilization by plants
and microbes was equal to at least 35% of nitrification rates. The rapid recycling of NO5 to N HI via plants and/or
microbes contributes to ecosystem N retention and may enable plants growing in agricultural soils to capture more
NH;L'r than generally assumed.

Introduction NHI concentrations tend to be greater than NO3
concentrations, and both these pools turn over rap-
idly (Jackson et al., 1989; Stark and Hart, 1997).
In these systems, NHZ may be available for plant
uptake because it is relatively abundant. In contrast,
in most well-drained agricultural soils in temperate
zones, NOj typically accumulates, regardless of the

form of N inputs, and NOj is thought to be the major

Immobilization of soil NHI by plants and microbes
decreases the amount of N that is subject to nitrific-
ation and is therefore a controlling factor of N loss
and environmental degradation. Nitrogen oxide gases,
which contribute to atmospheric pollution, ozone de-
pletion and N deposition, form during both nitrific-

ation and denitrification (Matson 1997), and NOj
is susceptible to leaching below the root zone and
into groundwater. Knowledge of NH;x1r uptake rates by
plants in situ and of mechanisms that increase avail-
ability of NHir to plants may prove useful in light
of evidence that NO; assimilation by plants may be
impaired under elevated CO, concentrations (Bloom
et al., 2002). In many natural, N-limited ecosystems,
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form of N taken up by crops (Robertson, 1997). Crop
NHI uptake, on the other hand, has received little
attention.

Because of rapid cycling of N between the micro-
bial and the mineral fraction in soil (Bristow et al.,
1987), N flow can only be followed over short time
spans by using N. In soil without plants, remineral-
ization of N immobilized by microbes has been shown
to occur after 7 d (Bjarnason, 1988), and incubation
times of 1-3 d have been considered short enough to
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avoid the problem of recycled N (Hart et al., 1994).
However, rhizodeposition (Whipps, 1990; Merbach,
et al. 1999), including root exudates of C and N com-
pounds (Jaeger et al., 1999), and higher microbial
and microfaunal populations affect N cycling in the
rhizosphere (Griffiths, 1994; Bonkowski et al., 2000).
Under the influence of live roots, N-turnover may be
faster than in soil without plants (Clarholm, 1985;
Jones et al., 1994).

Analytical solutions, initially developed by Kirkham
and Bartholomew (1954), have been widely used to
determine rates of gross ammonification and nitrific-
ation, and corresponding gross consumption, based
on the N isotope pool dilution principle. One of
the assumptions of these analytical solutions is that
no labeled N of the product pool re-enters the un-
labeled source pool. A follow-up analytical solution
by Kirkham and Bartholomew (1955) does not have
this restriction, but this formula can only be used if
the source pool that is being isotopically enriched is
homogeneous and of a known size. Furthermore, dif-
ferentially N enriched organic N from a variety of
N pools may be recycled. In contrast to analytical
calculations, simulation modeling tracks changes in
labeled and unlabeled organic and inorganic N pools,
and N transformation rates are found by solving sets of
simultaneous differential equations numerically (Mary
et al., 1998). This approach is more flexible, as the
flow of labeled N enriching an initially unlabeled N
pool can easily be incorporated in a model.

In the few studies that have examined short-term
N flow in the presence of plants, plant NHZ and NO3’
immobilization was estimated based on uptake of N
tracers injected into the soil (Jackson et al., 1989;
Schimel et al., 1989; Zak et al., 1993; Norton and
Firestone, 1996). In using such an approach, stim-
ulation of consumption cannot be avoided when the
concentration of the ambient inorganic N pool is low.
Furthermore, to calculate NHir uptake based on 1SN
tracers, corrections must be made to account for the
ISNH; nitrified during the assay and taken up as
15NO3_ (Schimel et al., 1989). Estimates of plant N
uptake as NHZ mineralized from soil organic matter
instead of 15NHI tracer solutions are rare. Immobil-
ization of NHir by maize plants, grown in pots, was
inferred from N mass balance together with the ob-
servation that the ’N-labeled soil NO;3 pool was not
appreciably diluted (Haider et al., 1987).

The objective of the present study was to estimate
NHir immobilization rates by plants and microbes in

Table 1. Soil characteristics and average yearly inputs of or-
ganic materials to the organic production soil used in the cylin-
ders. The soil of the 0—-150 mm layer was from an organic to-
mato/corn/legume cover crop rotation at LTRAS. The 150-450 mm
layer was a sand/subsoil mixture. Values are means. n = 3

Soil layer 0-150 mm  150-450 mm
pH (H,O 1:1) 6.5 7.8
CEC (meq 100 g~ ! soil) 33.9 12.9
Sand (%) 19 80
Silt (%) 58 14
Clay (%) 23 6
Bulk density (Mg m™2) 1.15 15
Organic C (g kg™ 1) 12.8 nd
Organic N (g kgfl) 1.4 nd
C:N ratio 9.3 nd
Dry matter inputs (Mg ha~! yr_l) 22 0
N inputs (kg N ha=! yr—1) 350 0

an agricultural soil with NO3™ pools that are usually 5
to 20 times greater than NH;L'r pools. In previous lab
assays of this soil, gross ammonification and gross
nitrification rates were similar (Burger and Jackson,
2003). However, it was unclear how the inclusion of
plants would change the N dynamics. Immobilization
of NH;L'r by heterotrophic microbes was expected to
occur at relatively low rates compared to nitrification,
as previously found in this soil when no plants were
present (Burger and Jackson, 2003). We hypothes-
ized that roots could possibly take up a substantial
part of freshly mineralized NHI before it is nitrified,
and we expected that NHI uptake and assimilation
by plants could be estimated from the difference in
gross nitrification rates in the presence and absence of
live roots. Simulation modeling was used to explore
mechanisms potentially responsible for the conversion
of 1N labeled NOJ to NH/ and to estimate the po-
tential magnitude of N transformations under varied
scenarios.

Materials and methods
Soil

The soil used for the experiment was from three 60 x
60 m plots of an organically-managed tomato/corn ro-
tation at the University of California Davis Long Term
Research on Agricultural Systems project (LTRAS;
http://ltras.ucdavis.edu/; 38°32'30” N, 121°52/30” W;



28 m elev.) (Table 1). The inputs into this soil are a
winter legume cover crop, animal manure, and harvest
residue. No pesticides or synthetic fertilizers are used.
The system has been in place since 1993.

In the spring 2000, about two weeks after incorpor-
ation of the cover crop and manure, soil was collected
in 200 mm deep x 130 mm dia. cores from random
locations in each of the three 60 x 60 m plots. The soil
types in these plots were Yolo silt loam, a fine-silty,
mixed, nonacid, thermic Typic Xerorthent and Rincon
silty clay loam, a fine montmorillonitic, thermic Typic
Haploxeralf. The soil types were mixed, but the soil of
each plot was kept separate. The soil, which was at a
water potential (W) of —1.5 MPa, was stored for two
months at 20 °C.

Microcosms

Cylinders, 250 mm in diameter (dia.) and 450 mm
deep, were fabricated from PVC pipe. The lower
(150-450 mm) layer of the cylinders was packed to a
bulk density of 1.5 Mg m™—3 with a sand/subsoil mix-
ture (Table 1). The 0-150 mm layer of the cylinders
was packed to a bulk density of 1.15 Mg m~3 with
the soil collected at LTRAS after passing it through
a 10-mm sieve. The two soil layers were hydraul-
ically separated by a layer of waxed paper towels
that allowed unrestricted root growth (Gallardo et al.,
1994). The wax layer was supported by galvanized
steel mesh, fitted over two slightly arched intersect-
ing steel rods. This arching shape was expected to
facilitate drainage of water from the cusp towards the
cylinder walls, where holes were drilled just above the
base of the 0—150 mm layer. The lower layer could be
watered separately via a perforated tube that allowed
also for the exchange of air. The purpose of the strati-
fied design was to construct an upper zone where roots
would proliferate in field-derived soil and a lower zone
that would provide a supply of water but not nutrients,
and to prevent the movement of nutrients out of the
upper layer.

Cylindrical root and mycorrhizhal hyphae exclos-
ures (140 mm deep x 34 mm dia.) were constructed
from nylon membrane material with a pore size of
0.45 pm (Sartolon, Sartorius AG, Germany). These
root exclosure cylinders were placed in the 0—150 mm
layer and packed to the same bulk density as the
surrounding soil.

Three-prong time domain reflectometry (TDR)
wave guides, protruding 110 mm into the cylinders,
were installed horizontally at 80 and 300 mm depth.
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Soil moisture was monitored via TDR by a Tektronix
cable tester (Model 1502B) connected to a personal
computer. The software used was WinTDR99 (Utah
State University). Calibration curves were obtained
(Dasberg and Hopmans, 1992) for the surface soil and
for the sand/subsoil mixture used in the cylinders.

Plant material and growing conditions

The cylinders were placed in a growth chamber that
was on a diurnal cycle of 15 h light, provided by a
combination of sodium vapor and metal halide lamps
(350 wmol m~2 s~ 1), at 25 °C, and 9 h dark at 20 °C.
Relative humidity (RH) ranged from 70 to 90%. To-
matoes (Lycopersicon esculentum, var. Peto76) were
direct-seeded. At sowing time, NO3_ and NH;¥1r con-
centrations were approximately 60 and 2 pug N g~!
soil, respectively. Inorganic N concentrations in the
150-450 mm layer were <0.5 ug NO;-N + NH} -
N g~ soil. During the 7-week growing period, ¥s was
between —0.08 and —0.3 MPa in the upper layer, and
about —0.03 MPa in the lower layer.

Pretreatment

When the plants were 7 weeks old, the 0-150 mm
layer of soil was leached with two pore volumes of
0.01 M CaCl; to lower NO; concentrations and also
to reduce spatial variability of NO3™ concentration that
can make the N isotope pool dilution method un-
feasible. The effluent was allowed to flow out through
the holes at the base of the 0-150 mm layer. It took,
on average, 66 (% 3) h for the soil to reach a W of
—0.1 MPa. In this soil in the field, a ¥ of —0.1 MPa
is typically reached three d after an irrigation of toma-
toes. Thus, in our microcosms, we simulated moisture
conditions not unlike an irrigation event.

SN isotope pool dilution

Whenever the soil in one of the cylinders reached
W of —0.1 MPa, 267 1-mL injections of 25.7 mM
K!°NO;J at 23.8 atom % SN were made with a 19
gauge sideport (0.4 mm openings) needle attached to
a repetitive syringe (Wheaton Instruments, Millville,
NJ). The >N label was evenly distributed to a depth
of 130 mm. To avoid contamination of the shoots
with 13N, the plants were bagged during application
of the label. At the end of the injections (t0), W was
—0.06 MPa.

Soil samples from three cylinders, one from each
LTRAS plot, were taken at the end of the injection
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period for determination of initial NO;" and NHZ con-
centrations and their respective N isotopic composi-
tion. Another 8 cylinders were harvested 24 h after the
end of injections (t24). Subsamples of soil were used
for moisture determination. Three 200 g-subsamples
of the soil with roots and the remaining contents of the
root exclosure (approx. 100 g soil) were immediately
extracted with 2 M KCI at a liquid:soil ratio of 5:1.
Almost all the soil of the root exclosures was extracted
to ascertain that a reliable estimate of the inorganic
N concentrations and their isotopic composition was
obtained, which seemed preferable to diverting soil to
sample microbial biomass (MB) N, especially since
there was only one root exclosure, with a limited
amount of soil, per microcosm. The samples were put
on a reciprocating shaker for 1 h, centrifuged, and
then, the supernatant was collected. In the soil with
roots, MBN was determined by the 1-d chloroform-
fumigation extraction method (Brookes et al., 1985)
after removal of the roots. All soil extracts were frozen
until further analysis.

At t24, the shoots were clipped, and approx. 25%
of the bulk soil in the 0-150 mm layer was taken
as subsample for root biomass. Soil and roots were
briefly immersed in cold (<5 °C) 0.5 M KCl to di-
minish further N uptake by the roots and remove N
labeled NO; from the free space. The slurry was
passed through screens (500 wm mesh) with additional
water until the roots were free of soil. The roots were
stored at 5 °C in 5% propanol solution. After removal
of organic matter debris, root length was measured on
a Comair root scanner (Commonwealth Aircraft Corp.
Ltd., Melbourne, Australia). The root volume was
estimated by the displacement of water by the roots,
which had been blotted dry beforehand, in a graduated
cylinder.

Chemical analyses

The MB extracts and blanks were digested, using a
modified Kjeldahl procedure to eliminate NOj inter-
ference (Wyland et al., 1994). The 2 M KCI and the
digested MBN extracts were analyzed for NO; +
NO, and NH;L'r on a Lachat 8000 flow injection ana-
lyzer (Zellweger, Milwaukee, WI). To prepare the 2 M
KClI extracts, digested MBN extracts, and blanks for
I5N analysis, diffusion techniques were used (Brooks
et al., 1989; Stark and Hart, 1996). Separate diffusions
were performed to trap NHj3 of the NH;L'r and NH3
evolved after reduction of NO3 to NHI in the soil
extracts. These diffusions and the mass spectrometer

analyses were conducted at different times, and stand-
ards and blanks were included as quality controls.
The Devarda’s alloy used as reductant for the NO;
samples and blanks was weighed to be 0.4 £0.01 g for
each sample. Acidified filter disks containing trapped
NHZ of 10 blanks were consolidated into a single
tin capsule in order to obtain reliable estimates of
mass and isotopic composition of blanks. Roots and
shoots were dried at 65 °C, chopped into small pieces,
and ball-milled. Isotope ratios were determined by an
Europa Integra mass spectrometer (PDZ Europa Ltd.,
Cheshire, UK) at the UC Davis Stable Isotope Facility.

Calculations and simulation modeling

To calculate 'SN recovered in the plant biomass, the
mass of N in roots and shoots was multiplied by the
respective I5N enrichment (atom % SN excess/100).
Recovery of N in roots was estimated as >N meas-
ured in the roots of the 0—-150 mm layer multiplied
by 1.12 to account for the N assimilated by roots
in the 150-450 mm layer. This correction factor was
obtained in a preliminary experiment, in which root
I5N assimilation in both layers was measured in a 24-h
period by the same tomato cultivar under similar grow-
ing conditions. Evidence of within-plant N cycling via
xylem and phloem is widespread (Marschner et al.,
1997). In Ricinus communis, 17% of NO; -N taken
up was translocated via the phloem as amino acids
prior to assimilation in the roots (Jeschke and Hartung,
2000). Microbial biomass N (B;sn) was calculated
as BN = FI°N/0.54, where F''N = {NH;-"°N in
the digested fumigated sample} — {NHI-”N in the
digested non-fumigated sample} (Shen et al., 1984;
Brookes et al., 1985).

For the soil in the root exclosures, gross nitri-
fication and NO3 consumption rates were calculated
according to Kirkham and Bartholomew (1954), and
in addition, N process rates were estimated, using
simulation modeling as described below. For the soil
with roots, the following compartmental models of
N-flow were explored: (a) Dissimilatory reduction of
NO3 to NHI (DNRA), (b) plant N efflux (NLEAK),
(c) MBN turnover (REMIN) (Figure 1). Each model
was set up as double flows of '“*1N and N us-
ing STELLA software (HPS Inc., Hanover, NH). The
program simultaneously solves a differential system
of mass equations numerically, using the Runge-Kutta
4th order algorithm, based on rates of N-flow between
compartments. The model outputs are the instant-
aneous pool sizes in the compartments. The initial
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Figure 1. Compartmental models of N flow used for the simulations. The models are referred to as (a) dissimilatory nitrate reduction to
ammonium (DNRA), (b) plant N efflux (NLEAK), (c) microbial biomass N turnover (REMIN). The rates of N flow are represented as a =
ammonification, n = nitrification, inp = NO3" immobilization by plants, inm = NO3" immobilization by microbes, ia = NHI immobilization
by plants and microbes, DNRA, e = plant N efflux, r = remineralization of MBN.

conditions of the '#+1>N compartments were the con-
centration of NO; -N and NHI-N at t0. The starting
values of the >N compartments were calculated as
the concentration of NO3 -N and NH; -N multiplied
by the respective N enrichment (atom % ' N/100)
at t0. For plant and microbial '**3N and >N com-
partments, the initial values were zero. All rates were
assumed to be constant (zero-order). Losses of N due
to NHj volatilization, denitrification, formation of
stable OM, and fixation of newly formed NHZ were
assumed to be negligible. The organic N pool was con-
sidered a large reservoir of N compared to the initial
inorganic N pools.

The input values for each scenario (roman numer-
als) of three models (DNRA, NLEAK, REMIN) are
listed in Table 3. In all models, a gross ammonifica-
tion rate equal to the minimum gross ammonification
rate in the root exclosures (i, iii, iv, v) or an arbitrar-
ily chosen, higher value (ii) was assumed. The NO;
immobilization rates were adjusted so that the mass of
SN accumulated in the plant and microbial compart-
ments, as indicated by the model at t24, matched the
measured >N recovery in the MBN and plant pools
(corrected to represent total >N accumulated during
the 24-h incubation). The >N plant and microbial
compartments also included 1N from "NH; immob-
ilization. Gross nitrification rates were set in order to
match the model outputs of NO; concentration and
its 1N isotopic enrichment with the experimentally
measured values. Rates of conversion of NO; to N HI
and rates of NHI immobilization were adjusted in
such a manner that the model output of '“*!1NH,4 and
its atom % >N corresponded to the values measured in

the experiment. Partitioning of NHZ immobilization
between plants and microbes was explored in vari-
ous simulation runs. More details, pertaining to each
model, follow below.

DNRA model

Dissimilatory NO; reduction to NHZ occurs under
anoxic conditions and represents an alternative to de-
nitrification as a result of anaerobic respiration by
microorganisms. The ratio of C to electron acceptors is
thought to control the partitioning between denitrific-
ation and DNRA, denitrification being favored when
this ratio is low (Tiedje, 1988). The DNRA model has
the following six rates of N flow: Ammonification, ni-
trification, plant NO3 immobilization, microbial NO3
immobilization, reduction of NO; to N H, and NHZ
immobilization by both plants and microbes. For sim-
plicity, the plant and microbial NO;" immobilization
were combined into one rate. For scenario (iii), a re-
cently published constant rate of DNRA of 0.6 ug
N g_l d~! was assumed (Silver et al., 2001). This rate
was tested in a simulation because it was measured in
an environment highly conducive to DNRA, and thus,
could be regarded as upper limit of potential DNRA
rates in our microcosms. We also simulated reduction
of NO; to NHI occurring only during the first two
h of the incubation because DNRA is an anaerobic
process that would have been more likely to take place
at the beginning of the incubation, when WFPS was
greater, than towards the end of the incubation.

Plant N efflux (NLEAK) model
Leakage of endogenously generated NHI by plants
supplied with NO;" has been shown in barley, wheat,
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and oat (Morgan and Jackson, 1988). Roots also re-
lease amino acids (Jaeger et al., 1999) that could be
rapidly degraded to NH;L'r by microorganisms (Men-
gel, 1996). Exudation of amino acids appears to take
place as passive efflux due to the concentration gradi-
ent between the roots’ cytoplasm and the soil solution
(Jones et al., 1994). Leakage of N compounds via
apoplast in developing roots, especially under root
pressure in the absence of transpiration, is another
potential pathway of root N exudation (Steudle and
Peterson, 1998). The NLEAK model has six rates:
ammonification, nitrification, plant NO3_ immobiliz-
ation, microbial N 03_ immobilization, efflux of NH;LIr
or reduced N compounds, and NH;¥1r immobilization by
both plants and microbes. We modeled N efflux at two
levels of 15N enrichment of the leaked NHI. The first
one was the instantaneous atom % PN of the NOy
pool (i, ii, v). The maximum atom % of the leaked
NH;L'r had to be the highest atom % of the NO;" pool.
The lower level of 13N enrichment of the leaked N was
6.4 atom % >N (iv). This isotopic composition was
found to be the lowest possible 9N enrichment of the
leaked N to produce the measured atom % SN of the
N HI pool. We also simulated a process where >N ef-
flux took place only in the last two h of the incubation
period (v). In this scenario, the efflux of reduced N,
as well as NHZ consumption, were assumed to occur
during the first 22 h at the same rate as during the last
two h, the difference being that the I5N label started to
appear in the NHI pool only after 22 h. This scenario
portrays delayed release of 15NHI by roots after plant
15NO3_ uptake and assimilation.

MBN turnover (REMIN) model

Many studies have shown that C loss from roots in the
form of exudates, sloughed off cells and decomposing
roots lead to larger microbial biomass in the rhizo-
sphere compared to the bulk soil (Newman, 1985;
Jensen and Sorensen, 1994). Microbial N turnover
and production of NHI may be taking place when
bacteria are grazed by microfauna that excrete ex-
cess NH; (Clarholm, 1985; Griffiths and Robinson,
1992). Another mechanism of remineralization of mi-
crobial N may be starvation and death of microbes
due to lack of substrate, and mineralization of this
organic matter by subsequent microbial populations.
Exudates vary in abundance and composition along
roots (Maloney et al., 1997; Jaeger et al., 1999), and
these changes in substrate availability may lead to MB
turnover cycles. The REMIN model has six rates: Am-

monification, nitrification, plant NO;” immobilization,
microbial NO3" immobilization, remineralization, and
NHZ immobilization by plants and microbes. In this
model, microbial biomass that has taken up labeled
15NO3_ is mineralized. The N mineralized from MBN
was assumed to have either the !N enrichment of
NO3 (i, ii, v) or 8.75 atom % >N (iv). If the latter
I5N enrichment of MBN was assumed, N of microbial
origin would have been mineralized at about the same
rate as MB would have been immobilizing NO; .

Furthermore, we simulated a delay in the appear-
ance of 1 NHZ after 13 NOj has been taken up by MB
(v). Analogous to the plant N efflux model, remin-
eralization of MBN and consumption of NHI were
assumed to occur during the first 22 h at the same rate
as during the last 2 h.

Results

Experimental conditions

There was no difference in water content between the
soil with roots and the soil in the root exclosures either
at t0 or at t24 (Table 2). During the actual experi-
ment, after application of the N label, W in the
0-150 mm layer remained in a relatively narrow range
of —0.08 (t0) to —0.1 MPa (t24). All estimates of
soil water content via TDR immediately before har-
vest were within 2.5% (mean = —0.3%) of the value
determined after drying of soil samples at 105 °C. The
leaching pre-treatment lowered NO;  concentration to
about 2 ug N g~ ! soil within both the root exclosures
and the soil with roots. Among the three cylinders har-
vested at t0, NO3_ concentrations and >N enrichment
were not different between the soil with roots and the
soil in the root exclosures. The roots in the 0—150 mm
layer were comprised mostly of very fine roots (aver-
age dia. 0.1 mm). Dense root growth was observed on
the outside surface of the root exclosures.

N processes in root exclosures

In the root exclosures, the mean gross nitrification
and NO3' consumption rates according to the Kirkham
and Bartholomew model (1954) were 2.75 (£0.40)
and 9.88 (+£0.50) ug NO; -N g™! soil d!, respect-
ively. Ammonium concentrations did not change sig-
nificantly during the incubation (P > 0.05; ¢-test)
(Table 2). Modeling the flow of '*N and '“+15N with
STELLA yielded almost identical gross nitrification



Table 2. Plant biomass, soil moisture, concentrations and isotopic composition of inorganic N, and
microbial biomass N. The t0 sampling took place after injection of the 15 NO3, and 24 was 24 h

later. Values are means (SE), n = 3 (t0) or 8 (t24)

Soil with roots

Root exclosures
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t0 24 t0 24
Shoots (g dwt. plant_l) 17.1 (0.9)

Atom % '5Nshoots 3.0(0.1)

Roots (g dwt. plant—1) 43(0.3)

Atom % 5 Nioots 23(2)

Roots allocation

(root g dwt./total g dwt.) 0.20 (0.01)

Root length density

(km m~3 soil) 91 (8)

Soil moisture (%) 26.9 (0.5) 24.1(0.3) 27.1(0.5) 23.7 (0.4)
WEFPS (%) 55 49 55 49

NOj (g N g~ ! soil) 14.9 (0.6) 3.0(0.2) 14.9 (0.8) 7.8 (0.8)
Atom % 1SNO3 20.3 (0.4) 15.7 (0.3) 19.7 (0.6) 15.4 (0.5)
NH} (g N g~ ! soil) 0.28 (0.04)  0.40 (0.04) 0.22(0.03)  0.16 (0.03)
Atom % 'SNH; 0.37 4.03 (0.65) 0.37 0.65 (0.03)
MBN (ug N g*1 soil) nd 48.5 (1.3) nd nd

Atom % SNmBN 0.81 (0.06)

rates (2.82 ug N g~ d~ 1) although a conversion rate
of NO3 to NH; of 0.04 ug N g=! d~! to account
for the 19N enrichment of the NH} pool (0.3 atom %
excess 1°N) was included (Table 3). The gross am-
monification rate of 2.75 ug NHI-N g1 d7! that
fit the experimental data can be considered as the
minimum rate since besides nitrification, no N HI con-
suming processes, €.g. microbial immobilization of
NHI, were included in this model.

N processes in soil with roots

Recovery of the N label ranged from 93.2-109.0%
(mean = 98.8%). Roots and shoots, where 76% of
the applied !N was recovered, were the greatest sink
for inorganic N (Table 2). Net microbial assimilation
accounted for 7% of the >N label, and 16% of the
I5N label was found in the inorganic N pool, mostly
as NOj.

At harvest, NHI pools in the soil with roots were
substantially enriched even though only NO3 had
been labeled with 1N (Table 2). In the soil with roots,
the mean atom % excess of soil NHZ was 3.7% while
the mean atom % excess of soil NO; was between
19.9% (t0) and 15.3% (t24). Therefore, at least 18%

of the NHZ present at harvest had been converted from
15N labeled NOJ .

The conversion of >N labeled NOj to NH;¥1r vi-
olated one of the assumptions of the Kirkham and
Bartholomew model (1954). The model assumes that
labeled N immbolized over the experimental period is
not remineralized. The mean gross nitrification rate
in the soil with roots according to this model was
197 ug N g d7!, or 0.78 ug N g=! d=! lower
than in the root exclosures (significant at P < 0.05; z-
test). However, this gross nitrification rate, calculated
via the Kirkham and Bartholomew equations (1954),
is probably an underestimate. Newly formed !>NH}
was likely nitrified since NHZ concentrations in the
soil with roots barely increased during the 24-h in-
cubation, and this 15NHZ, once nitrified, would not
have lowered the >N enrichment of the NOj3 pool,
as nitrified NHI with an isotopic composition of nat-
ural abundance would. Gross consumption rates, and
net microbial and plant NO; immobilization values
probably also are erroneous since N could have been
taken up as 15NHj.
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Simulation modeling

We hypothesized that each of the mechanisms ex-
plored in the three models (DNRA, NLEAK, REMIN)
could explain the conversion of NO; to NHI. For
clarity, the mechanisms were treated as mutually ex-
clusive although more than one of these processes
may have been taking place simultaneously. The re-
lationships between rates of gross ammonification,
gross nitrification, NO3_ immobilization, conversion
of NO3_ to NHT, and NHir immobilization were ex-
plored, using the conditions and assumptions listed in
the materials and methods section. In each scenario,
once the parameters were adjusted, all model outputs
(concentrations of NHA1r and NO; and the respect-
ive isotopic composition, mass of N accumulated
in plants and MB) were within < SE of the measured
variables.

If conversion of 15NO3_ to 15NH;LIr was assumed
to take place during the entire 24 h of the incubation
(i-iv; Table 3), the gross nitrification rates obtained
via simulation modeling were higher than indicated
by the calculations according to Kirkham and Bartho-
lomew (1954) because simulation modeling included
nitrification of 1"N-labeled NH; .

The lowest rates of NO; conversion to NHI, and
of NHir immobilization by plants and microbes, were
found if (1) the 1SN enrichment of the NOJ pool was
used as atom % SN of the N source being conver-
ted to NHI, and (2) the ammonification rate was set
equal to the minimum gross ammonification rate in
the root exclosures (i). This was the case in all the
models, with the exclusion of scenario iii (DNRA).
Higher rates of NHI immobilization were obtained if
a gross ammonification rate larger than the minimum
gross ammonification rate in the root exclosures was
assumed (ii).

Greater NO;  conversion rates and greater NH;¥1r
immobilization rates were also found if the atom %
I5N of the source of 15NHI was lower than the atom
% 1SN of the NO3 pool (iv), a possibility that ex-
isted only in the NLEAK and the REMIN models.
In the NLEAK and the REMIN models, it could be
shown that the >N enrichment of the NH;L'r pool would
also have occurred if a small amount of N entered
the NHI pool at the end of the incubation period
(v). If 15NH;x1r started to appear only after 22 h, as
in the example shown, a gross nitrification rate of
1.97 ug N g=! d~! fit the experimental data. However,
the rates of conversion of NOj' to NH;L'r would be lar-
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ger than rates found under the assumption that 1> NO;
was converted to 15NHI at a constant rate during the
entire 24 h.

If a DNRA rate of 0.6 ug N g~! d~! was assumed
(Silver et al., 2001), a lower rate of NH; immobiliza-
tion than in all other scenarios was found, and a gross
ammonification rate lower than the minimum gross
ammonification rate in the root exclusions was ne-
cessitated by the experimental data (iii). Reduction of
NO; to N HI only at the beginning of the incubation
period would have made a very high rate of DNRA
necessary. For example, if conversion of NO;' to NHI
was assumed to occur only during the first two h of
the incubation, a DNRA rate >5 ug N g=! d~! was
indicated (modeling results not shown).

Modeling did not provide any indications how
NHZ immobilization was partitioned between plants
and MB because the mass of 1> NHZ flowing into these
two pools was quite low compared to the mass of
15NO3_ taken up by plants and microbes. However,
the value of total NHZ immobilization was virtually
unaffected by variations in partitioning.

Discussion

The influence of roots on N dynamics

The presence of live roots had a strong influence on
soil N transformations. Within only 24 h, some of the
I5N-labeled NOj appeared in the NH;x1r pool. Any of
the proposed mechanisms that could have caused this
N conversion would be the result of plant-soil interac-
tions. Roots could have contributed to decreased soil
O, content as a result of respiration (DNRA model).
Roots may have leaked reduced N compounds after
plant NO3 uptake and assimilation (NLEAK model).
Or, roots may also have provided C substrate for en-
hanced microbial activity and possibly a third trophic
level that may have led to accelerated N cycling (RE-
MIN model). Root length density was higher than
reported for tomatoes in the field (Jackson and Bloom,
1990), where roots explore a much greater volume of
soil. Higher root length densities may also have been
due to the continuously moist growing conditions in
the microcosms.

Nitrate uptake rates by the tomato plants were
high, which is not surprising given the high ¥, and
the high concentration of NO3' in the soil solution (3.9
to 0.9 mM). At about 40 ug NO3-N g~! dry weight
root d~1, uptake rates were well below the Vi of
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72 ng NO;-N g~! dry weight root d~! measured
in solution culture at an external NO3 concentration
of 0.125 mM (Smart and Bloom, 1988). The NO;
concentration at t0 (15 ug NO5 -N g~ ! soil) is a typ-
ical value at mid-season in California tomato cropping
systems (Cavero et al., 1996).

Roots probably influenced N dynamics in the root
exclosures too. The high NO3 consumption rates
measured in the root exclosures suggest that roots
must have taken up NOj3 from within the root ex-
closures. It is likely that NO; moved by mass flow
to roots that were congregated on the outside sur-
face of the root exclosures. The finding that, at t24,
soil water content inside and outside of the root ex-
closures did not differ indicates that there was good
contact between soil and membrane, and water move-
ment was not impeded between the two compartments.
Compared to the soil with roots, the mass of NO3_ con-
verted to N HI in the root exclosures was much lower.
Although DNRA and MBN turnover appear to be the
most likely mechanisms responsible for the conversion
of NO3_ to NHI in the root exclosures, plant N efflux
could have played a role too because of the high root
density on the outside surface of the root exclosures.

Simulation modeling

Simulation modeling was used to explore the poten-
tial magnitude of the conversion from NO3_ to NHI,
and the likelihood of different mechanisms potentially
responsible for it. Another goal was to estimate NH;L'r
immobilization by plants and microbes under various
scenarios.

DNRA

In an upland humid tropical forest soil that is con-
ducive to DNRA due to its high C content (7-14%)
and small NO3 pools (<1 ug NO3-N g™!), the av-
erage rate of DNRA (Silver et al., 2001) was lower
than indicated by simulation modeling in our soils.
Assuming this rate in our agricultural soil did not fit
the experimental data well. Furthermore, at an aver-
age WFPS of 56 to 48%, the soil in the microcosms
could not be considered conducive to denitrification
or DNRA (Paul and Clark, 1996) although anaerobic
microsites due to root respiration or microbial respir-
ation stimulated by root-produced carbon could have
existed in our soil. In any case, denitrification would
have been more likely to occur than DNRA since
NO; as electron acceptor was not in short supply.
Moreover, an anaerobic process such as DNRA would

have been more likely to take place at the beginning of
the incubation since moisture levels declined because
of evapotranspiration. However, simulation modeling
showed that NH;L'r at natural abundance entering the
NHI pool in the later phase of the incubation would
have necessitated an unrealistically high rate of DNRA
in the early phase of the incubation. We conclude
that in our case, DNRA was probably not the prin-
cipal mechanism underlying the conversion of NO;
to NH .

Plant N efflux (NLEAK)
Ammonium and amino acid efflux have been meas-
ured in solution and sterile sand cultures. Feng et al.
(1998), using 7-d old maize seedlings grown with
NHZ as the sole N source, reported sustained release
of N HI from endogenous sources, mainly soluble or-
ganic N, over 3 d. Under the assumption that NHI
efflux is proportional to plant biomass, those NHI ef-
flux rates would be about 1.0 ug NH} -N g~ ! soil d~1.
Similar rates of NHZ efflux, corresponding to about
09 ug NHI-N g~ ! soil d~!, were observed for 20-
d old barley plants, as derived from net NHI efflux
rates per g root fresh weight, and using a root fresh
weight:dry weight ratio of 10 (Morgan and Jackson,
1989). However, net NHZ efflux lasted only 1 to
2 h after transferring plants from a NOj; into a NHZ
containing solution, and in the absence of exogenous
NHI, no NHI efflux was found (Morgan and Jackson,
1989). To our knowledge, NHZ efflux in a situation
where both NO; and NHZ are available for plant
uptake, as in our microcosms, has not been invest-
igated in solution culture. In the sterile root zone of
25-d-old sand-grown forage rape (Brassica napus L.),
100 pemol g~! root dry weight amino acids were col-
lected after 3.5 h (Shepherd and Davies, 1994), which
would correspond to a rate of about 2.6 ug amino-
N g_1 soil d~! in our microcosms. Jones (1993) on
the other hand, observed efficient recapture of most of
the amino acids released by 12-d-old maize seedlings
in solution culture. All the above values of NHZ or
amino-N efflux are comparable to our lowest estimates
of NHZ efflux according to simulation modeling albeit
the measurement periods were often shorter.
According to simulation modeling, if the atom %
of the leaked N was lower than the atom % of the NO;
pool, the rate of '"NH; efflux or SNH formation
would increase. We do not know what the °N iso-
topic composition of the potential endogenous source
N in the tomato plants would have been. Moreover,



the N enrichment of this pool could have been sub-
ject to change during the 24-h incubation. Therefore,
estimating the range of potential efflux rates is not
possible.

MBN turnover

In addition to bacterial substrate, microfaunal activity
resulting in mineralization of MBN requires soil mois-
ture (Clarholm, 1989; Bouwman and Zwart, 1994,
Cowling, 1994). The high ¥, during and preceding
the actual 1N pool dilution experiment would have
been conducive in supporting active grazers. Estimates
of protozoan N excretion rates vary by several orders
of magnitude among studies (Zwart et al., 1994). Our
estimate of 0.94 ug N g~! d~! would be on the low
end of these published values. We do not know if MBN
turnover due to starvation of microbes and mineraliz-
ation of this organic matter by other microbes could
have taken place within the short time frame of this
experiment.

According to simulation modeling, at least 0.84 ug
NO; -N g~! d~! was converted to NH] via remineral-
ization of MBN, and plants and microbes immobilized
atleast 0.94 ug N g~! d=! as NH; . Both these values
would probably be underestimates. First, some time
had to elapse before N labelled NOj was taken up
by microbes and remineralized. Modeling showed that
both conversion rates and NHZ immobilization rates
would be higher if PN HI appeared only towards the
end of the incubation period. We expressed these con-
version rates as daily rates under the assumption that
conversion of 14NO3_ to 14NHI also took place earlier
during the incubation period. Second, ammonification
rates may have been greater in the soil with roots
compared to the soil in the root exclosures, and this
would have led to an increase in NH;¥1r immobilization
by plants and microbes. Several studies have shown
increased mineralization of SOM in the presence of
plants (Clarholm, 1985; Haider et al., 1987; Kuikman
et al., 1990; Bottner et al., 1991). Third, on average,
the '>N enrichment of the remineralized MBN prob-
ably would have been lower than the atom % >N of
the NO3™ pool.

The >N enrichment of MBN as a whole was
only 0.81 atom % >N, and remineralization of MBN
at 0.81 atom % 5N would have led to a drastic,
unrealistic reduction of the MBN pool. Remineral-
ization of MBN with an isotopic composition of at
least 8.75 atom % SN would have had to take place
where microbes were immobilizing 15 NOj, i.e. where
new microbial growth was occurring, probably in the
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rhizosphere. If 13 NO; immobilization and remineral-
ization of MBN were preferentially occurring in the
rhizosphere, accordingly, the rates of these N trans-
formations had to be higher in the rhizosphere than
our estimated NO; conversion rates based on average
inorganic N concentrations and >N enrichment in the
soil with roots. Because the >N enrichment of MBN
as a whole would not result in realistic MBN turnover
rates, this mechanism as explanation for the conver-
sion of NO; to NH;x1r raises questions that cannot be
answered without estimates of N transformation rates
in the rhizosphere proper.

Significance of proposed mechanisms

Other workers have observed conversion of NO; to
NHI in PN isotope pool dilution experiments, but
considered it negligible because the mass of NHZ de-
rived from NO; at the time of extraction was small
compared to the source (NO3') pool (Davidson et al.,
1991; Norton and Firestone, 1996). We explored
the potential magnitude, origin, and fate of recycled
NOj because in this soil, the mean residence time
of NH;L'r (initial NH;L'r concentration/NHI consumption
rate) was quite short (< 2 h). Therefore, even a small
amount of N found at a given moment in the NHZ
pool can be an indication of substantial N flow from
NO; to NH; .

Plant NHZ uptake was modest compared to plant
NO;3 immobilization, regardless of the mechanism
and actual rate of NHI immobilization. Nevertheless,
NHZ uptake by roots is probably greater than gener-
ally assumed in agricultural soil because of the very
rapid N cycling between organic and inorganic frac-
tions that we demonstrated. According to the REMIN
model, rapid remineralization would be a mechan-
ism that would increase NHZ availability, potentially
for plant uptake. This rapid turnover of MBN could
give plants an opportunity to capture NHI. Moreover,
plants retain N longer than microbes (Hodge et al.,
2000). Overall, this mechanism would likely contrib-
ute to ecosystem N retention.

Plants, which under these conditions immobilized
approx. 10-fold more NOj3 than microbes, were the
most important NO3 immobilizers. In addition, NH;
was immobilized by plants and microbes after recyc-
ling of NO3 at a rate equal to at least 35% of the
gross nitrification rate, whereas net microbial NO;
immobilization rates were also equal to at least 35% of
the gross nitrification rate. According to the NLEAK
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model, the immobilized NH} would be of the same
magnitude as N previously lost by roots. The loss of
N in the form of amino acids or NHI by the tomato
plants would be about 6.5% of the N gained via NO;
uptake. Reduction of NO; to NHZ consumes about
10 ATP, and for the conversion of NHI to glutamate,
about 2 ATP are required (Bloom et al., 1992). Simu-
lation modeling showed that NHI uptake by roots is a
possible fate of the leaked N. Under such a scenario,
the loss of N and the loss in energy by the plant would
be relatively small, and the effect of root N leakage on
ecosystem N retention would probably be neutral.

This study highlighted the importance of micro-
bial processes and microbial-plant interactions to plant
mineral nutrition in the vicinity of roots, most likely
the rhizosphere, where future research efforts should
be directed in order to gain a better understanding of
the modifications of the belowground environment by
plants.
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