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Subsoil Nitrate and Bromide Uptake by Contrasting Alfalfa Entries

Jürg M. Blumenthal, Michael P. Russelle,* and JoAnn F. S. Lamb

ABSTRACT Excessive applications of N have been implicated in
Alfalfa (Medicago sativa L.) is a deeply rooted perennial legume contamination of surface water, ground water, and

that can protect the environment by absorbing nitrate (NO2
3 ) both the atmosphere (Power and Schepers, 1989; Matson et

better than annual crops and from deeper in the soil. Our objectives al., 1997). Field studies routinely show that soil inorganic
were to characterize subsoil NO2

3 removal by eight alfalfa entries N concentrations (Muir et al., 1976; Campbell et al.,
differing in symbiotic efficiency, root system architecture, forage qual- 1994) and NO2

3 leaching losses (Randall et al., 1997)
ity, and leaf morphology, and to evaluate Br2 as an alternative tracer are smaller under deeply rooted perennial crops suchto 15N for monitoring NO2

3 uptake. Low (≈0.3 mM ) or high (20 mM )
as alfalfa than under annual crops such as corn (ZeaNO2

3 –N concentrations were supplied through a subsoil irrigation
mays L.).system installed in a Hubbard loamy sand soil (sandy, mixed Udor-

Are there differences in subsoil NO2
3 uptake amongthentic Haploboroll) at Becker, MN. Nitrate uptake and N2 fixation

alfalfa cultivars? Lamb et al. (1993) reported prelimi-were evaluated during two regrowth periods using 15N. We also added
small concentrations of Br2 to the subsoil NO2

3 during three regrowth nary evidence from a field trial that diverse alfalfa en-
periods. Subsoil NO2

3 –N removal was similar for the seven N2–fixing tries differed by up to 20% in N uptake from topdressed
entries, suggesting that selection for traits such as root system architec- fertilizer (entries ranged from 34.2 to 41.6% fertilizer
ture, high forage quality, or multiple (.3) leaflets does not necessarily N use efficiency). In another field trial, ineffectively
confer an advantage in NO2

3 absorption. Even though ‘Ineffective nodulated alfalfa, which cannot fix atmospheric N2, was
Agate’ yielded less herbage than the N2–fixing entries, this non–N2–
fixing cultivar removed about 38% more subsoil NO2

3 than N2–fixing J.M. Blumenthal, Panhandle Res. & Ext. Ctr., Univ. of Nebraska,
entries over the growing season. These results confirm our earlier 4502 Avenue I, Scottsbluff, NE 69361-4939; M.P. Russelle, Plant Sci.
findings that non–N2–fixing alfalfa cultivars are likely to be more Res. Unit, USDA-ARS, U.S. Dairy Forage Res. Ctr. (Minnesota

Cluster), and Dep. of Soil, Water, and Climate, 439 Borlaug Hall,effective in phytoremediation of NO2
3 –contaminated sites than are

Univ. of Minnesota St. Paul, MN 55108-6028; J.F.S. Lamb, Plant Sci.standard cultivars. It also confirms our earlier conclusion that the
Res. Unit, USDA-ARS, and Dep. of Agronomy and Plant Genetics,simple difference technique may underestimate rates of symbiotic N2
411 Borlaug Hall, Univ. of Minnesota, St. Paul, MN 55108-6028. Jointfixation when inorganic N supply is large. A strong correlation be-
publication of the USDA-ARS and the Minn. Agric. Exp. Stn. Papertween 15N and Br2 uptake in the herbage (mg excess Br2 5 25.2 3 no. 981250044 of the MAES scientific journal series. Received 4 May

mg excess 15N, r 2 5 0.97) led us to conclude that Br2 can be used as 1998. *Corresponding author (russelle@soils.umn.edu).
a tracer of NO2

3 absorption by alfalfa in the field. This provides a
new, dual-tracer approach for such studies. Published in Agron. J. 91:269–275 (1999).
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Aquapore Moisture Systems, Phoenix, AZ) in parallelmore efficient in subsoil NO2
3 removal than its N2–fixing

trenches about 30 cm apart and 50 cm deep. In May 1993, theparent (Blumenthal and Russelle, 1996). There may be
soil was amended with 112 kg P ha21, 412 kg K ha21, 69 kg Sphenotypic traits other than symbiotic effectiveness,
ha21, 3 kg B ha21, and 6700 kg lime ha21, based on topsoilhowever, that coincidentally confer an advantage in
tests and Univ. of Minnesota recommendations (Rehm andNO2

3 uptake. Multileaflet cultivars, for example, may Schmitt, 1990). All amendments were broadcast applied and
have a greater capacity to reduce and assimilate or to disk-incorporated in the upper 20 cm. Trifluralin [2,6-dinitro-
temporarily store in vacuoles the NO2

3 that was not N,N-dipropyl-4-(trifluoromethyl) benzenamine] was applied
reduced in roots. Cultivars selected for high crude pro- preplant at a rate of 0.56 kg a.i. ha21 to control weeds. Post-
tein concentration in herbage may have a higher total emergence weed control during the experiment was done by

hand. In early June 1993, the soil was rototilled and packed,sink capacity for N, thereby conferring improved
and on 12 June 1994, alfalfa entries (described below) wereNO2

3 uptake capacity. Root system architecture may
seeded in 1.8- by 2.4-m plots at a rate of 500 live seeds m22alter uptake of nutrients from soil (Fitter, 1996), al-
and a row spacing of 18 cm. The seed was inoculated withthough van Noordwijk (1983) argued that relatively
commercial Rhizobium meliloti (Nitragin, Milwaukee, WI).small root length densities are sufficient to maximize
On 21 Apr. 1995, 45 kg N ha21 as sulfur-coated urea wasuptake of mobile nutrients like NO2

3 . broadcast-applied to the entire experimental area to supple-
Nitrogen harvested in herbage of standard alfalfa cul- ment the low N supply of this soil.

tivars consists not only of inorganic soil N, but also
atmospheric N2 fixed by Rhizobium and N remobilized Experimental Design and Treatments
internally from crowns and roots (Ourry et al., 1994;

The experimental design was a randomized complete blockRusselle et al., 1994). While the use of 15N as a tracer
in a strip-plot arrangement with seven replicate blocks. Nitrateis the only unequivocal way to obtain reliable estimates
treatments were applied through the subirrigation system. Oneof NO2

3 removal by alfalfa (Blumenthal and Russelle, half of each replicate received well water amended with
1996), it is an expensive technique. Bromide may be an Ca(NO3)2 to 20 mM NO2

3 –N from a storage tank, whereas the
inexpensive alternative tracer for NO2

3 uptake in le- other half served as the control and received nonamended
gumes (Magarian et al., 1998). Bromide has been used well water (≈0.3 mM NO2

3 –N). The eight different alfalfa
widely as a tracer in investigations dealing with NO2

3 entries were planted in strips perpendicular to the NO2
3 treat-

ments. Entries included in this study were: ‘Agate’; Ineffectivemovement in soil (Silvertooth et al., 1992), but Kung
Agate, an ineffectively nodulated, non–N2–fixing germplasm(1990) has warned that plant uptake of Br2 may con-
selected from Agate (Barnes et al., 1990); ‘WL-322 HQ’, se-found both the results and interpretation of such re-
lected for increased forage quality; ‘Multi-7’, selected forsearch. Jemison and Fox (1991) showed under both
leaves with more than three leaflets; and four experimentalgreenhouse and field conditions that Br2 was taken
germplasms selected from the same genetic source for differ-up readily by corn and that application of Br2 at low ences in root system architecture: MWNC-HFC2-BRH (UMN

concentrations did not affect yield. Because there was 2966) has high fibrous root mass on a taproot with many lateral
no competitive inhibition of Br2 on NO2

3 –N uptake or roots, MWNC-HFC2-TAP (UMN 2915) has high fibrous root
vice versa, uptake rates of these ions may not be corre- mass on a taproot with no or few lateral roots, MWNC-LFC2-
lated. Magarian et al. (1998), however, showed a strong BRH (UMN 2964) has low fibrous root mass on a taproot

with many lateral roots, and MWNC-LFC2-TAP (UMN 2963)correlation between NO2
3 –N and Br2 uptake in alfalfa

has low fibrous root mass on a taproot with no or few lat-under greenhouse conditions and found no evidence
eral roots.that Br2 uptake altered alfalfa growth or yield. If Br2

and NO2
3 –N uptake are correlated, then the two tracers

Measurementscould be used in alternate regrowth cycles, thereby
avoiding overestimation of N derived from the source Herbage was harvested on 19 Aug. and 19 Oct. 1994, on
of interest in current herbage regrowth due to remobili- 16 June, 21 July, and 10 Oct. 1995, and on 10 June 1996. At

each harvest, herbage from a 1- by 1-m area in each plot waszation of recently stored N in the root and crown.
cut by hand about 5 cm above the soil surface and dried inThe objectives of this study were (i) to compare re-
forced-air ovens at about 408C, and then the dry matter yieldmoval of subsoil NO2

3 –N in herbage of alfalfa entries
was determined. The remainder of the plot was mowed at thediffering in their symbiotic effectiveness, rooting pat-
same height and cut herbage was removed.terns, herbage quality, and leaf morphology and (ii) to

Treatments were applied the first time on 21 Aug. 1994evaluate whether herbage Br2 uptake can be used as and continued for the following two growing seasons. Plots
an indicator for NO2

3 uptake in alfalfa under field con- were sprinkler irrigated with about 25 mm water, and 2 h later
ditions. the subsoil treatments were established by applying 25 mm

water through the subirrigation system at a rate of about 5 mm
h21. This was done once or twice a week as needed, dependingMATERIALS AND METHODS
on season and rainfall (Wright and Bergsrud, 1991). When

This experiment was conducted at the University of Minne- significant rainfall (.20 mm) occurred during a 1- to 2-d pe-
sota Sand Plain Research Farm near Becker, MN (458239 N, riod, subsoil treatments were reestablished the following day.
938549 W). The soil at the site is a Hubbard loamy sand (sandy,
mixed Udorthentic Haploboroll) characterized by single-grain 1 Names are necessary to report factually on available data; how-
structure and underlain by gravel at 95 to 110 cm. During the ever, the USDA and the Univ. of Minnesota neither guarantee nor
previous 3 yr, the site was cropped with rye (Secale cereale warrant the standard of the product, and the use of the name by the
L.). In April 1994, a subirrigation system was installed under USDA and the Univ. of Minnesota implies no approval of the product

to the exclusion of others that may be suitable.the entire plot area by burying soaker hoses (Moisture Master,1
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Each subirrigation event applied ≈71 kg NO2
3 –N ha21 at the treatment were analyzed, because all were uniformly low in

NO2
3 –N concentration. A plot of subsoil NO2

3 –N concentra-20 mM concentration, but we do not know how much of this
N remained in the root zone in this shallow, sandy soil, so the tions was generated using linear interpolation and plotting the

isolines as mirror images around the hose.amount applied is not appropriate for calculating recovery of
added N. The effectively treated depth increment was 40 to Because nutrient availability can alter expression of root

system architecture, three rows within each subplot were50 cm thick (discussed below). Our objective was to provide
a relatively constant concentration of NO2

3 in the subsoil over undercut on 4 Oct. 1996 to a depth of about 25 cm, and plants
were removed and evaluated for number of lateral roots, fi-time, rather than to apply a specific amount of N per unit area.

Subsoil N uptake was quantified using 15N during two herb- brous root mass, and taproot diameter 5 cm below the crown
as described by Johnson et al. (1996). Root system architectureage regrowth periods. In the summer regrowth of 1995, 15N

was added to all five subirrigations between 22 June and 18 was not rated in the Ineffective Agate that received the low
N treatment, because stands were too poor.July 1995, bringing the added Ca(NO3)2 to 0.4491 atom % 15N.

During two regrowth periods, in spring (six subirrigations)
and fall (nine subirrigations) of 1995, Br2 was added at a Calculations and Statistical Analysis
concentration of 38 mM to the water containing 20 mM

The standard isotope equation (Hauck, 1982) was used toNO2
3 –N.

calculate NO2
3 uptake. The isotope dilution method (VoseWe took an approach different from uniform labeling to

and Victoria, 1986) was used to estimate symbiotic N2 fixationexamine the relationship between 15NO2
3 and Br2 tracer up-

in the summer regrowth period of 1995. All data were sub-take. During the spring regrowth in 1996 (six subirrigations),
jected to ANOVA using SAS (SAS Inst., 1987), with both Nsubirrigation water at the high NO2

3 concentration was labeled
rate and alfalfa entry considered fixed effects in this strip-in three replicate blocks with 0.4491 atom % 15N and 38 mM
plot arrangement. The relationship between uptake of Br2Br2, in two replicate blocks with 0.8982 atom % 15N and 75
(in excess of background levels) and 15N (in excess of naturalmM Br2, and in the final two replicate blocks with 1.3473
abundance) during the spring regrowth in 1996 was testedatom % 15N and 113 mM Br2. The same amount and concentra-
using linear regression with SAS. Treatment effects were con-tion of NO2

3 –N were applied in each case (total ≈ 425 kg
sidered significant for comparisons where the probability ofNO2

3 –N ha21). As is the case for the entire experiment, we
obtaining a larger F-statistic by chance alone was less thandid not determine how much of this N remained in the rather
5% and LSDs were calculated for comparisons of main effects.shallow treated zone of the subsoil. Data from this regrowth

were used to compare uptake of the two tracers by the alfalfa
entries, and to determine whether alfalfa entries differed in

RESULTS AND DISCUSSION15NO3
2–N uptake.

Herbage samples harvested on 21 July 1995 and 10 June Ammonium-N concentration in soil 1 to 2 d after
1996 were ground finely after drying and were analyzed for subirrigation averaged 1.8 mg N kg21 soil and was not
N and 15N concentrations on a Carlo Erba NA1500 Analyzer influenced by treatment or soil depth. Uniform and(Carlo Erba, Milan, Italy) interfaced with a Tracermass iso-

small NO2
3 concentrations (,1.7 mg NO2

3 –N kg21 soil)tope mass spectrometer (Europa Scientific, Cheshire, UK)
were present after subirrigation with well water (≈0.3at the Nitrogen Isotope Laboratory, University of Nebraska,
mM NO2

3 ), indicative of the poor N status of this coarse-Lincoln. Herbage samples harvested on 16 June and 10 Oct.
textured soil, whereas subirrigation with 20 mM NO2

31995 and on 10 June 1996 were ground finely after drying and
were analyzed for Br2 by energy-dispersive X-ray fluores- solution increased soil NO2

3 concentrations below 45
cence spectroscopy at the University of Nebraska Soil Test- cm (Fig. 1).
ing Laboratory. There was a strong gradient in soil NO2

3 concentra-
We used this dual-tracer approach to calculate relative dif- tions in the 20 mM NO2

3 treatment decreasing with
ferences in subsoil NO2

3 uptake for an entire growing season. distance from the subsoil irrigation hoses. We attribute
In the second year, we had a direct estimate of NO2

3 uptake this gradient to two factors. First, the 30-cm spacingbased on 15N labeling for the summer regrowth period and
between hoses as recommended by the manufacturerindirect estimates based on Br2 uptake for the spring and fall
was too large to allow for overlap between adjacentregrowth periods. As in earlier calculations, tracer uptake was
wetting fronts in this coarse-textured soil. These condi-corrected for background concentrations before calculating
tions resulted in an area midway between the hosesthe ratio of uptake in Ineffective Agate divided by uptake in

Agate alfalfa. These ratios were then weighted by the propor- (about 3 cm wide) where subsoil NO2
3 concentrations

tion of annual herbage N production in Ineffective Agate that did not differ between treatments. Second, the amount
was present in each harvest, and results were summed over of water containing 20 mM NO2

3 –N supplied through
the three harvests. the subirrigation system was insufficient to completely

Soil samples were taken at about 3, 8, and 13 cm away from replace soil water, and so the 20 mM NO2
3 –N solution

subirrigation tubes in two 90-cm-long transects in each subsoil was diluted with soil water increasingly with distance
NO2

3 treatment on 25 July 1995, 1 d following a complete from the subirrigation hose. However, with our subsoilirrigation. Inorganic N distribution within the profile was de-
irrigation system, NO2

3 concentration in 97% of the roottermined for depth increments of 0 to 20, 20 to 40, 40 to 50,
zone below 45 cm was increased by 2 to 15 times the50 to 60, 60 to 70, 70 to 80, and 80 to 90 cm (about the depth
concentration found in the ≈0.3 mM treatment.of underlying gravel). Both NH1

4 –N and NO2
3 –N were deter-

mined colorimetrically by flow injection analysis (Diamond,
1992; Switala, 1993) after 2 M KCl extraction of air-dry, ground Root System Architecture
soil samples (Keeney and Nelson, 1982). We averaged data

Alfalfa germplasms selected previously for a fibrouswithin each of the two subsoil NO2
3 –N treatments from all

root system (i.e., plants having many roots ,2 mm incores at distances of 3, 8, and 13 cm from the subirrigation
tubes, except that only about 60% of the samples in the control diameter) had highest scores for fibrousness in both
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Table 2. Herbage dry matter (DM) yield of contrasting alfalfa
entries at two harvest dates during the establishment year. Two
subsoil NO2

3 treatments were established, starting 21 Aug. 1994.

DM yield

Alfalfa entry 19 Aug. 1994 19 Oct. 1994†

g m22

Ineffective Agate 72 40
Agate 182 123
WL 322-HQ 180 152
Multi-7 165 142
MNWC-LFC2-TAP 204 160
MNWC-LFC2-BRH 158 142
MWNC-HFC2-TAP 194 152
MNWC-HFC2-BRH 168 158

LSD (0.05) 33 16

† Values for the harvest of 19 Oct. 1994 were averaged over two subsoil
NO2

3 treatments, because NO2
3 treatments did not affect yield.

tive Agate that did not receive additional NO2
3 was not

possible, because stands were lost by autumn of the
third year due to the very low N availability at this site.

Fig. 1. Nitrate-N concentrations in the soil profile 1 d after subirriga- Yield
tion with 20 mM NO2

3 –N solution. Initial data were means of 12
vertical NO2

3 –N distribution profiles measured at 3, 8, and 13 cm Herbage yield differences were present among N2–
from subirrigation hoses. Values between measured points were fixing entries during the establishment year (Table 2),
obtained by linear interpolation and were plotted as mirror images.

but were of minor agronomic importance, because theyValues . 2.5 mg NO2
3 –N kg21 soil were different (P , 0.05) from

did not persist after the establishment year. Ineffectiveplots subirrigated without additional NO2
3 . Concentrations in soil

shallower than 45 cm averaged 1.6 mg NO2
3 –N kg21. Agate yielded about one-third as much as the N2–fixing

alfalfa entries during the establishment year, confirming
the population selected for having a branched-rooted the very limited N supply capacity of the soil at this site.
growth habit and in the population selected for having Application of subsoil NO2

3 to one-half of the plots
a strong taproot (Table 1). Lateral root number score started on 21 Aug. 1994 and did not affect herbage yield
of MWNC-LFæC2-TAP was smaller than that of the on 19 Oct. 1994. We attribute this lack of NO2

3 response,
other experimental germplasms. Agate and WL-322 HQ especially in Ineffective Agate, to the presumably shal-
expressed moderate numbers of fibrous roots and little low extent of the developing root systems and, there-
branching, whereas Multi-7 was more branched and fi- fore, to the very limited capacity of the plants to absorb
brous. Application of subsoil NO2

3 over nearly two NO2
3 applied at depth.

growing seasons had no effect on root branching and As expected, there were marked interactions of sub-
fibrousness, and increased taproot diameter only mar- soil NO2

3 treatment with entry for yields at all harvests
ginally compared with alfalfa in plots that received well of the second and third year after stand establishment,
water only. These data indicate that differences in root due primarily to the contrasting response of N2–fixing
characteristics in alfalfa were maintained over the length entries compared with Ineffective Agate. The effect of
of the experiment and were not affected by availability subsoil NO2

3 on yield of Ineffective Agate increased
of subsoil NO2

3 . Ineffective Agate subirrigated with over time, because this germplasm became increasingly
NO2

3 expressed the same root characteristics as Agate. N stressed without subsoil NO2
3 (Fig. 2). Addition of

Evaluation of root system characteristics of the Ineffec-

Table 1. Root system fibrousness and secondarily thickened lat-
eral root number in 3-yr-old stands of N2–fixing alfalfa. Values
are averaged over two subsoil NO2

3 treatments, because N
treatments did not affect root system architecture.

Alfalfa entry† Fibrousness score‡ Lateral root number§

Agate 2.0 2.0
WL-322 HQ 1.9 1.9
Multi-7 2.8 2.4
MNWC-LFC2-TAP 2.2 1.9
MWNC-LFC2-BRH 2.2 2.5
MNWC-HFC2-TAP 3.5 2.3
MNWC-HFC2-BRH 3.5 2.6

LSD (0.05) 0.4 0.3
Fig. 2. Mean herbage yield of Ineffective Agate alfalfa (I) and seven

† Ineffective Agate was not included in the analysis due to stand loss in N2–fixing alfalfa (E) entries during the second and third years afterthe control subsoil NO2
3 treatment.

planting as affected by concentration of NO2
3 –N in subirrigation‡ Fibrousness as the number of fibrous roots was scored on a scale of 1

water. Yields of the N2–fixing alfalfa entries were averaged, becauseto 5, where 1 5 none, 3 5 moderate, and 5 5 many.
they did not differ. LSD (0.05) values are shown for main effects§ Lateral root number per plant was scored on a scale of 1 to 5, where

1 5 0 to 3, 3 5 8 to 11, and 5 5 $16 lateral roots. of entry and NO2
3 .
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subsoil NO2
3 increased Ineffective Agate yield by 70 to

180% during Year 2 and by 690% in the spring harvest
of Year 3. Ineffective Agate supplied with NO2

3 attained
the yield of the N2–fixing entries only in the fall harvest
of Year 2 (1995), indicating that Ineffective Agate still
was N-limited despite NO2

3 addition to the subsoil.
This result at first seems surprising, because we added

between 350 and 640 kg NO2
3 –N ha21 to the subsoil

during each regrowth period. Our visual observations
at the site, however, indicate that crop roots typically
do not penetrate the gravel that underlies the soil (lo-
cated 95 to 110 cm deep) and, because the water-holding
capacity of the coarse-textured subsoil is only 0.03 cm
cm21 (Grimes, 1968), we conclude that relatively little
of the applied NO2

3 –N remained within the root zone.
Ineffective Agate produces yields equal to Agate when

Fig. 3. Amounts and sources of herbage N in the summer harvest ofN supply is not limiting (Lamb et al., 1995). Comparable
the second year (21 July 1995) as affected by alfalfa entry and

yields of Ineffective Agate and the N2–fixing entries in subsoil NO2
3 supply. Values of the seven N2–fixing alfalfa entries

autumn may be related to lower N requirements for the were averaged, because they did not differ. Different consecutive
letters indicate differences in amount of N derived from the corre-reduced herbage yield. In contrast, growth and associ-
sponding source or in total N yield. “Other N” includes mineralizedated N demand in spring and summer apparently were
soil N, N remobilized from roots and crown, N in the topsoiltoo high to be met by the subsoil NO2

3 supply, resulting irrigation water, atmospheric deposition, and other minor sources.
in yield differences between Ineffective Agate and the
N2–fixing entries.

riod, symbiotic N2 fixation in the N2–fixing alfalfa entriesIn contrast to the large effects observed with Ineffec-
was reduced by 41% by exposure to subsoil NO2

3 , withtive Agate, subsoil NO2
3 increased total annual forage

no differences in extent of this reduction among N2–yield of the N2–fixing entries by only 12% during Year
fixing entries. Ineffective Agate and the N2–fixing en-2 (Fig. 2). The yield increase due to NO2

3 in these entries
tries did not differ in subsoil NO2

3 –N removal in theprobably reflects the combination of limited soil N sup-
spring harvest of the third year, but total N yield wasply and insufficient rates of symbiotic N2 fixation. Alfalfa smaller in Ineffective Agate than in the N2–fixing entriesyields commonly are increased with fertilizer N addition (Fig. 4). During this regrowth period, exposure to sub-at low fertility sites (Feigenbaum and Hadas, 1980; Fish- soil NO2

3 reduced symbiotic N2 fixation in the N2–fixingbeck and Phillips, 1981; Trimble et al., 1987), whereas at entries by 68%, and again no differences were foundsites favorable for alfalfa production and with effective among N2–fixing entries in reduction of symbiotic N2inoculation with Rhizobium, application of N fertilizer fixation.at establishment does not increase yield (Eardly et al., We used the standard isotope equation (Hauck, 1982)
1985). Lack of yield response to subsoil NO2

3 during to calculate NO2
3 uptake and the isotope dilution

spring regrowth of Year 3 indicates that other N supplies method (Vose and Victoria, 1986) to estimate symbiotic
(N2 fixation, mineralized soil N, etc.) were adequate to N2 fixation for plants subirrigated with 20 mM NO2

3 –N.
maximize herbage yield by this time.

Amounts and Sources of Herbage N
Herbage N concentration was 33 to 36 mg N g21 dry

matter at all harvests and was not affected by the applied
subsoil NO2

3 . In both of the harvests following applica-
tion of 15N-enriched Ca(NO3)2, herbage from plots subir-
rigated with NO2

3 were enriched in 15N, whereas herbage
from the other plots was at natural abundance (avg. 5
0.3745 atom % 15N at this site), indicating that the 15N
label was not absorbed by roots of plants sampled in
adjacent plots. Additionally, we observed no pattern of
15N enrichment in labeled herbage across the experimen-
tal area, indicating uniform distribution of 15N with this
subirrigation system.

Ineffective Agate removed 45% more subsoil
Fig. 4. Amounts and sources of herbage N in the spring harvest ofNO2

3 –N in herbage than the N2–fixing entries in the 21
the third year (10 June 1996) as affected by alfalfa entry and subsoilJuly 1995 harvest, despite having a smaller total N yield
NO2

3 supply. Values of the seven N2–fixing alfalfa entries werethan the N2–fixing entries (Fig. 3). The N2–fixing entries, averaged, because they did not differ. Different consecutive letters
however, were not different in accumulation of subsoil indicate differences in amount of N derived from the corresponding

source or in total N yield.NO2
3 in the herbage. During this summer regrowth pe-
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These are the most accurate techniques to estimate N (Magarian et al., 1998). Taken together, these results
indicate that Br2 can be used as a reliable and cost-contribution from different sources, as was demon-

strated in an earlier study (Blumenthal and Russelle, effective alternative for 15N in NO2
3 –N uptake studies.

In addition, alternating these two tracers can largely1996). We used the standard difference method to esti-
mate symbiotic N2 fixation of the plants that were subir- avoid the confounding problems of shoot N derived

from remobilized storage proteins in the roots andrigated with nonamended well water (Weaver, 1986).
Under higher soil N supply, such as was provided with crown in experiments designed to estimate current N

uptake.subsoil irrigation in this experiment, the difference tech-
nique can result in a large underestimation of symbiotic During spring regrowth, Ineffective Agate removed

1.23 times as much subsoil NO2
3 as the N2–fixing entriesN2 fixation, even with what appears to be the ideal

control plant for these conditions (i.e., a genetically simi- (26.4 vs. 21.5 mg Br2 m22), and herbage at that time
contained 0.33 of the total annual N yield (11.4 g N m22lar non–N2–fixing control, Ineffective Agate). For exam-

ple, in Fig. 4, estimated symbiotic N2 fixation by the in the spring harvest and 34.8 g N m22 for the year).
The product of these (1.23 3 0.33 5 0.41) is the weighteddifference technique would have been zero, whereas

we measured about 5.8 g N m22. This underestimation relative subsoil NO2
3 –N uptake for the first harvest.

During summer regrowth, Ineffective Agate removedresults from the incorrect assumption in the difference
technique that N uptake from sources other than atmo- 1.45 times as much subsoil NO2

3 (7.04 vs. 4.84 mg N
m22), and contained 0.41 of annual herbage N (14.3 gspheric N2 is similar for both N2–fixing and non–N2–
N m22), resulting in a product of 0.60. During the fallfixing crops (Weaver, 1986).
harvest, Ineffective Agate also removed 1.46 times as
much subsoil NO2

3 –N as the N2–fixing entries (44.4 vs.Herbage Br2 Accumulation and its Relation
30.4 mg Br2 m22), but contained only 0.26 of its annualto NO2

3 –N Accumulation
herbage N (9.1 g N m22), so the product was 0.38. The

Bromide accumulation in the herbage harvested on sum of these weighted products is 1.38; we therefore
16 June 1995 averaged 22.1 mg Br2 m22 and was the estimate that Ineffective Agate took up 38% more
same for all entries. During the fall regrowth of the NO2

3 –N than the N2–fixing entries during one grow-
second year, however, Ineffective Agate accumulated ing season.
45% more Br2 in herbage than the N2–fixing entries
(44.4 vs. 30.6 mg Br2 m22), despite having equal herb-

CONCLUSIONS AND IMPLICATIONSage yield.
During the spring regrowth in the third year (1996), We found that excess Br2 and excess 15N from

subirrigation water containing 20 mM NO2
3 –N in the NO2

3 in alfalfa herbage grown under the described con-
form of Ca(NO3)2 was labeled with different enrich- ditions are very strongly correlated. Hence, relative dif-
ments of the two tracers in different replicate blocks. ferences found in Br2 accumulation in alfalfa herbage
We chose this labeling strategy to evaluate how well are equal to relative differences in fertilizer NO2

3 –N
uptake of 15N and Br2 correlated under the specific accumulation. This extends and confirms earlier results
fertilization regime we applied in this experiment. Bro- obtained in the greenhouse (Magarian et al., 1998). In
mide and 15N accumulation in alfalfa herbage were order to quantify the amount of NO2

3 –N derived from
closely related under our field conditions (Fig. 5), con- fertilizer, calibration experiments are necessary to es-
firming what was found under greenhouse conditions tablish the relationship between NO2

3 –N and Br2 up-
take in the crop of interest under the specific experimen-
tal conditions to be used. By establishing this relation-
ship and knowing the Br2 concentrations in the NO2

3

source and crop, total NO2
3 –N uptake can be calculated.

No differences in subsoil NO2
3 uptake were found at

any time among diverse N2–fixing alfalfa entries selected
for differences in rooting system architecture, forage
quality, and leaf morphology. This indicates that alfalfa
entries adapted to the growing conditions of the Upper
Midwest of the USA in general may not differ in subsoil
NO2

3 uptake, a criterion for which they have not been
selected. This contrasts with earlier evidence with top-
dressed NH4NO3, which indicated differences among
diverse N2–fixing alfalfa entries (Lamb et al., 1993). Us-
ing the dual-tracer technique, we estimated that Ineffec-
tive Agate removed 38% more subsoil NO2

3 –N than
several N2–fixing entries over a growing season, confirm-
ing and extending our earlier research (Blumenthal and

Fig. 5. The linear relationship between excess 15NO2
3 –N accumulation Russelle, 1996). Providing that N supply in the upperand excess Br2 accumulation in alfalfa herbage harvested 10 June

soil profile is sufficient to support vigorous plant growth,1996. Three different enrichments of 15N and Br2 were applied to
various groups of replicate plots during spring regrowth. these results suggest that ineffectively nodulated alfalfa
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