mS%Eoo for recycling-of N from Em,,ﬁﬂm
S acﬂsm Bm mHo,Sbm season

Hp wb:n 2. &m gose _u&os-mucﬁa _zoBmmm Eognnnon om Ewuﬂ foots Emn nonnuﬂnu&
:.oﬁ_uon m_mEmnmE amounts of carbon and nitrogen into the soil, the effects of thesé inputs on N
wmrum in'the soil—plant system aré seldom considered. Here, we report on two field experiments
artied out between 1995 and 1997 at the FAM Research Station Scheyern: (1) a N-tumover
periment to determtine the N fluxes derived from '*N-labeled clover residues incorporated into
the plough layer of defined plots, and (2) a root production oxvnuﬁnm; to assess the above (shoot)
and below m-.oﬁa (gross and net root) biomass production of winter wheat in different ficlds, but
mwnwx the N plots. An initial 50% decrease in soil organic N at 0—20-cm soil depth was

wmmoa& ‘between fall, 1996 (incorporation of clover straw) and spring, 1997 (138 days after

moﬂoﬂﬂonv which was then followed by a period of stability in N levels in the soil organic N
fitil the harvest of winter wheat (286 days after Eooﬁoﬂuo& This stability may be explained in
wo-ways: (a) actual stability of clover-derived '°N remaining in the second phase, e.g., due to
Icitrant compounds or microbial _EBoE:Nw:o: or {b) apparent stability, e.g., because the
kEwh E_Hwo_.mewmaoa of clover-derived ' N in the soil was compensated by mnoonaﬁ EHEG of
> N {recycling). Further results showed that the first wxwmmnwzon was unlikely, as (1)

twe en 138 and 286 days after clover incorporation, the mean N signature in soil mineral N
1 at%, E&nmsnm a persistent mineralization of clover residues; and (2) a decrease in soil
bial biomass N oonsﬁ& in the second phase, indicating a continued N tumover in the soil.
The’ amount of clover-derived '*N accumulated below the plough layer at 20—110-cm soil depth
m..n..ua\av between early spring and the harvest of wheat also comroborated the return of mineralized
N into the soil being due to the root N inputs by winter wheat. Based on the depth Emﬂgmos of
-Winter ‘wheat net root biomass (root production experiment) and on soil organic N depth
,n__mﬁ,cs:ou (®N-wmover experiment}, the root N input into soil was estimated to be 282 kg ha™ ',
nnE<m_mE to 54% of total net N assimilation of winter wheat. Thus, the resulis of this study give

Corresponding author. Fax: +49-89-31873376.
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' idues incorporated
. .In the present study, the turnover of "N-labeled clover resi P

soil was followed for 286 days. An extensive data base of net and gross root
into

somass production was additionally used to provide a Mma.&mmw.g HEMM&@M
?mﬂao@o&mg of winter wheat. Complementary results O@HE%WQ in this exp
: MHM: were interpreted with regard to the input ow Hoon.anaw,o N

substantial evidence for 2 N loop between soil and growing plants, whereby a part of the nm..
mineralized N taken up by plants is continuously retumed into the soil by their roots. The

implications of this N loop for the interpretation of '°N experiments and for plant nutrition
discussed. © 2002 Published by Elsevier Science B.V.

NQEQ..&..ZEOWQQQH Nitrogen mineralization; Labeted N:; Root biomass production; Sojl
microbial biomass; Clover

w..‘.a»n,anm& .«E@ methods

1. Introduction 2, H m.wnmmsm:m& site and %@mlim:n& mw.:.wz

Nitrogen is one of the most important nutrients limiting crop yield. moww
processes leading to net N mineralization and application of mineral N fertilizeg
are the main sources of plant available N in agricultural soils. Extensive research
has been done-to elucidate the role of the N cycle and related processes?

) ﬂﬁ Emmmu.ﬁ. maawnw sﬁm om.a.mom out at the FAM Wmmmmmwmmwomonwmoﬂ Hmomwmowwmwu

ich i ia, Germany .O'N, T'E)
AQ km north.of Munich in Bavaria,

. %_Mwﬂ.w%ﬁow station is situated 445 to 498 m above sea level. The mean annual

is7.4 °C.
gipitation i d the mean annual temperature is 7. ,
P el dosir isted of field monitoring of net and gross root

backward flow of N from plants to the soil. Plant roots may release C and N int
the soil as exudates, secretions, gases and lysates of dead root cells, often term (
thizodeposition (Lynch and Whipps, 1990). By means of isotope labeling}
techniques, the partitioning of plant biomass C and N between above (shoots
and below ground (roots and rhizodeposits) has been studied primarily in 50
columns or, pot experiments. According to studies reviewed by Lynch a
Whipps (1990), between 30% and 60% of net fixed carbon is transferred to-the
roots in annual plants. The proportion of assimilated N recovered below ground
at plant maturity ranges from 14% to 57% in legumes (Jensen; 1996; MeNeill &
al., 1996),. arid. from 25% to 49% in ‘winier wheat (Janzen, 1990) and . bariey
(Jensen, 1996). The amount of N deposited by wheat roots into soil is enhanced

TN

in the case of a high plant N supply (Janzen and Bruinsma, 1993; J anzen; 1990);
whereas the influence of plant water stress ‘on root N deposition seems to‘be:of
lesser importance '(Janzen and Bruinsma, 1993). It was shown that rhizodepo
tion represenits a labile” fraction of soil’ N contributing significantly ‘1o ‘nét
mineralization. Up (o 79% and 50% of N rhizodeposition of pes and. barle
respectively (at 7 weeks after. planting), were mineralized during. 15 weeks. of.
subsequent - soil: incubation.-following -removal of roots (Jensen, 1996).:! E5E;
amounts decreased to 30%"and 23% at maturity of pea and barley; respectivelyt s

.. Quanification of hizodeposition has been'done mostly in pot‘éxpétiments

4.
2
&3

topka

I e DL AT
the assessment of rhiz

considerable N amounts enter the soil by plant roots, less attention has been paid
to examining the consequences of N flows derived from roots in studies of N
turnover in soil. In cases where '°N techniques are utilized, confounding effects
may result from unaccounted organic N innuts derived from roote

_‘ xaﬂBo:S_%mmm:nosmH . . a am
_W%ﬁmwow of winter. wheat (referred to as “root wuwawwwmom ‘,wwﬁomnm%nmaw_ mmbémm
_ i i ifferent. so
‘experiment in:which the size and turnover of. s
MMMMHWW following the application of ;Z.H%&oa green E,.H.H.En @Eqmmnm. 0 s
“N-turnover experiment”). : R S R, o
. :Z%MM: “.uooﬁ Eowcnmon experiment was carried out c%MMM.o%MMmm MMWMH %HH
organic integrated farming fields at the Research Station, :
.OMMEMS MM n“m”ﬂmﬁmm from loamy (15-25% clay, Molub.n\w mmu.& to mm%ﬂum mmmm
mm. .Gw%a clay, 55-80% sand). On account of crop rotations, Mmﬁmﬂgw ﬁ% %Wmmﬁ
o s , i ils which were cropped to wi cat.
led each year to provide soils W h Wt opped to .
fmmwmwmﬂwwcaoéﬁmwdm%m&.Emm;n.o:acoﬁm, on field Om,. .&mm. located at Mﬁ
..W o 1 Station” Tts soil was classified as finé loamy, mesic, U%mﬁno va
_ qmwwa?sma 40% sand, 42% silt and 18% clay .E_m_mo w_.ﬂﬁwwmw mmw_.%n%
&), 74nd with 2 pH ¢ i“As plots were ‘established at the: y
and with a pH of 6.5.7As plots were -established at (he'L s iy
st is soi ai 'C and 0.14% ‘N, and had a water conten
tudyi:this soil contained 1.4% C and 0. an . i
w&owmoﬁ was farmed organically since 1993 with a crop 8Sﬁoﬁﬂ0ﬂo<ﬂo
wimlecooEol_nw. potatoes, winter wheat, .ﬁmun.wu rye .mba mgm M@Q o.Ho_.,\.dw
experimental, {reatment consisted of, incorporating dried. EaR ety o
omacwmnoamcmoa of stalks and leaves mbm,mnwmb,..,ﬁ MH:EM .oom _HMM ‘molmmvou&sm.
Trifol a i : e .z 1ding
Trifolium resupinatum. and T. alexandrinum) into the 'sol.. in ¢ onding
mm%.a_mwm. m%m% E&Em“ﬁﬁ .oann@....gmnﬁnm” ..n.Em ooaﬂm_.ukﬁmsﬂ were ar-
n:.mrnm in a randomized complete block design with four replicates 556" :
The. clover- was grown in a greenhouse, from May to August 9 I
rw&ov‘oao culture-to which a modified standard ncﬁmnm solution m.unn.mm“oma
nots plants was applied that also contained NH,NO,. N Hm.d& was in oan:
by adding "N KNO; (99 at.%), instead of NH,NO; to this nutrient mw ion
three times during the growing period. The plant shoots were rw?mmzw rmma m :mo
flowering (hut before becoming senescent} and air-dried. Stubbies and a g
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roots were carefully washed with deionized water and also air-dried. The
material was cut into ‘pieces (0.5-1.5 cm in length) to avoid crushing and
reduction of mmn_o_a size.’ moﬂo wnoHuoEmm of mzm clover material are :mﬁma in
Table 1.

On Qctober 23, 1996, the <omoﬁmco= cover of Em clover fallow was _.m:..oﬁ&
and five rectangular areas (3.3 m by 1.2 m), representing the blocks, were dug
out to a depth of 20 cm. The soil of each block was sieved through a 2-cm mesh
and coarse roots and plant residues were separated out. Miniplots were estab-
lished in open-ended PVC cylinders (30 cm in diameter and height), introduced
approximately 2—-3 cm into the subsoil and separated 20 cm from each other. A
wonuos of the sieved soil (22 kg fresh weight) was mixed with 75 g dried
N-labeled clover material, placed in the PVC cylinders and compacted to a
height of 22 cm (bulk density of 1.2 g cm™?), corresponding to an application of
4080 kg ha™' C, and 334 kg ha™" N. Control miniplots were treated identically,
except that clover material ‘was omitted. Six manured and six control miniplots
in each experimental block provided enough sampling area during the entire
experiment (286 days). The area surrounding these miniplots (inner area) was
filled with the remaining fresh soil and also compacted. Winter wheat (* Thasos?)
was 'sown in the plots (24 plants plot™') and surrounding area (200 kg seed
ha™"), and harvested on August 5, 1997; no further fertilization nor soil. tillage
was made, Weeds were E:ma out om the soil by HEQ at Emm:_ma Eﬂoﬁam m:a
_mw in Eo namvaon:& an Y

mm .m.c&n:&_&azzﬁahmzm ; B ., . | - -

Hu Em Z;nEdoﬁH B%nﬁEoE soil . mmBEam were 5:&@ Srmw %&:m hEo.
HEEan with a mwon spade to depths of 0-10 and 10-20 cm, at 1- to ulﬂoow
intervals, until the’ rmﬂaﬁ of winter wheat. At a few selected time points, 9
subsoil was also sampled to depths of 20—50, 50-80.and 80—110 ¢m, using soil-
corers m cm in diameter QOH wolmo-nB depth) and 2 cm Q.Q. mnnmnn mmhﬁ:@

P

: A.mEo H

‘&042 matertal EnoGoBHma in'the’ field
: gbﬁ.mm N .l TomlN " Total GZ GZ signature
L4950 127 -

. Fractions -

Water- moEEo

- Acid-hydrolizablc® ‘852 1S
Residual®’ /#47:" 148 - 145¢
Total . 100.0 122,

n.d.: Not %HEHE&
Oo_m water extract (sample:water = H 100 w v /%) of milled 0_9.8. BE«Q&
PExtracted after acid-hydrolysis {6 M HCI, 6 b, 100 °C).’ '

“ Difference between total and acid-hydrolyzable fraction.
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The winter wheat plants growing in the sampled area (usually 1-2} were
occasionally removed and air-dried to provide measurements of dry weight, N
and °N contents. In this manner, three control and three manured miniplots
within ‘each block were consecutively sampled. Miniplots that were not sampled
were kept undisturbed until sampling at harvest of winter wheat (viz: 286 days
after incorporation of clover material). Egomnmm occurred by. first cutting the
wheat plants within the miniplots in the inner area and also in two transects
(50 X 250 cm), with a perpendicular orientation to the inner area.-Soil samples
in the miniplots were then collected as described before. Until November 18,
1996, soil samples were sieved (2 mm) on the day of sampling and:stored
overnight, prior to being processed for- further analysis. After this date, sieving
was replaced by crumbling the soil by hand. Extraction of fresh soil samples for
determination - of - mineral mna B:Hogmm biomass Z was n_o:w within - MA h,
following field mmEEEm

2.3. E&mow&&mmn& data

. Alr, soi]l temperature (at 5-cm depth) .and Eno%:mcom were noooamm at the
aamh,cu\ meteorological station B1 at the Research Station Scheyern ?m mmm 3,
mouaaono;r.;umé_cn@ -

2.4, Chemical and analytical methods
N A 1. .M.SN and Enzu N

A_og__ C,N and N of ms&w mHoEa soil mba EME” mmn%_om were aoﬁonﬂban
o ah n—anpE analyzer (NA 1500, Omlo Erba, HBJQ coupled to an Hmoﬁowm
Ratio Mass mwno_uoamﬁ. eo_ﬁm E, FmEmmn MAT, andm:uo mmﬁm_am ﬁ&Oma
BN nﬁ,.aoﬁm ‘were higher than wwwaoﬁamﬁ_w Hm at.% were measured on a
Similar &aﬁE with an’ nHEman m_.uaquEmSa AZOT%O mao:on \..Em:\mon

HamnEBmEo Hh%ﬁm_ OQ.E»:S

I R . B

24.2: k.a&:mw& N

ml 0 oH M Omnc s.mm aaﬁnaﬁmm 3 colorimetric Hnmouosm in"a continuous m_mé
autoana wNQ. (Skalar 5100, Skalar' Analytic, maw&maw Omnﬁm:ﬁ Inorganic’ "N

in Emmo owqmnﬁm was aaﬁﬂEmma by the EHoao&mh:m_on Mﬁmﬁoa of Jensen Cowd‘

mAw Soil HEQ.QWEN WSEQE. N e e S

~ Soil ‘microbial biomass N (N,;.) was determined using the fumigation—ex-
traction method (FEM, Brookes et al., 1985). Aliquots of 40 g sieved, or 50 g
unsieved moist soil were fumigated for 24 h with CHCI, at 25 °C and extracted
with 160 m! 0.5 M K,80,. Unfumigated control soil aliquots were extracted
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identically. The amounts of ammenium and nitrate in the extracts were deter-
mined using the autoanalyzer system already described. Total N and N in
fumigated and unfumigated extracts were determined by persulphate oxidation
with Oxisolv ® (Merck, Mainz, Germany) in an autoclave at 145 °C for 30 min,
followed by the same microdiffusion. method as for inorganic °N. The effi-
ciency of the persulphate oxidation method is similar to that of the Kjeldahi-
method (Valderama, 1981), which was used by Brookes et al. (1985). The mean
extract N recovery in the acid traps was determined on 30 samples by carrying

out an additional analysis of total N on oxidized extracts by means of the total N

line of the autoanalyzer (Skalar 5100). Based on these values (n=30), a
resultant linear regression (r? = 0.941) was used to oon.oon the measured total N
values for the lower: o_umod.ﬁa recovery of 89%. In sitm calibrations were
wnn..o_,ﬁma on 10 sampling dates during the N-tumover experiment according to
Bremer and van Kessel (1992), to determine a mean kg, -value of 0.25 used to
convert the N Flush of FEM to soil microbial biomass 2 Azaav
2.4.4. Root-system measurements

The net mmd..&owﬁnuﬁ of the root system was measured by the auger sampling
method (BShm, 1979), taking soil cores of 8-cm’ diameter and 15-cm length
each, which covered the soil profile of 0- to 90-cm depth. The roots in the soil
cores were separated {rom adhering soil by washing over a 200-pwm sieve. Root
length was determined by the line intersection method according to Newman
(1966). Root radius was measured directly. Both root length and radius were
used to calculate root volume and fresh SQ@E AmmmEEmm a mwno&o oot sﬁmﬁ

of 1l g nBuuv Root dry mass was ‘calculated from root fresh weight dnd the dry

matter content of _.ooa EE&. was mmmaB& to be 10% AmwmmoQ et al,. quv

Gross .root WSSE in Em upper 30 cm was’ Bnmmﬁma by the’ EWBEE nQ.o.

method Duﬂ.mmo: Gmw mHoEmH,oco et al,, m:_umznna a S wnwnwu Bmmr cmmm
were Emooa within PVC tubes (oné | per E,o& that Smﬁ Emonma Smmmﬁa

soil in early spring. Every 2-3 weeks, some of the bags were filled with :
root-free soil from the experimental site and compacted to- a_ .80l density

comparable to that of the bulk soil. The soil was then exposed to 82 Emaoﬁw

by removing Sa Eoﬁonbm W<O Evn After a period of usually, 23 smow.m -the
"mesh; cmmm ‘were removed, Ea Hooa were m%uamﬂ& MBE the moz 3 Smmgm,

‘over a sieve, Ea root an% was: uﬁnne:ma as described. waﬁon&w Each time
_mesh cmmm were. Hmaoéa a new. mmﬁ of Bomw _ummm was owou& for root Emaoﬁw
“The gross root production was defined as the sum of root ?on:ozon inside the
mesh bags which were consecutively sampled during the time between tillering
to early dough stage of winter wheat. It was assumed that the period the bags
were open for root ingrowth was always shorter than the life span of a root, so
that no root mortality should occur inside.the mesh bags (Steingrobe et al.,
submitted a,b). Ingrowth cores and soil core sampling were _uo§ determined
with three to four replicates.

3.1 %wﬁmmw naz&mgw.
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2.4.5. Calculations

Clover-derived N and °N in different soil pools was calculated according to
Powlson and Barraclough (1993), mmeEsm identical behavior of *N and °N.
According to the “negative-discard” plot design (Miiller and Sundman, 1988),
the °N recovery in the N balance at harvest of winter wheat was defined in this
study as the sum of clover-derived’ *N"determined in the plot area (soil N at
0-110-cm depth and crop uptake), and that assimilated by winter wheat grown
in the untreated surrounding area (transects, inner area, see Section 2.2).

Cumulative net N mineralization' (NNM) of clover-derived organic N was
calculated as the difference between clover-derived organic N initially incor-
porated into the soil (SON,) and that remaining in this pool after a time interval
At, SON(Az) (Eq. (1)). This calculation is based on the assumption that only
:ﬁsﬂ&ﬁo& N is lost from organic N in the anmw layer, e.g., by Hamogum,
moESmnmnou and plant :vswﬂ

NNM(Az) = SON, — SON(A1) . " (N-balance approzch). e

According to the isotope dilution approach of Chaussod et al. (1988, Eq. (2)),
the turnover rate of soil microbial biomass N (N,;) was defined as the
exponential decay rate (r,) of “Nin N, AG ) q.rn exponential decay Enm
was obtained from the best fit of wﬁmﬁoﬁa in mb (2) to the measured PN,
different time points (r) by means of a nonlinear regression.

_uzamoﬁmv = m.mz.ﬁmnﬁmov x 0Cx.‘L. . . ‘. A.Nv

2.4.6. Statistics

All variants were made at least in triplicate and amS are: E.ommnﬁm as mean
values of replicates with their standard error, unless otherwise stated. Statistical
analyses were performed using the SPSS Ammwm dEoEoEo_mmro_E QoanbE

software.

3. Results

The mean annual @R&ww»mon Hmmmmﬁoama.wﬁ the Research Station w%mwoﬂ in
1995, 1996 and 1997 was 770, 711 4nd 684 mm, respectively. In the N-turnover
experiment, the’ owwwﬁma winter precipitation in 1996 /1997 was 80 mm. During

the mE.:. <mmomﬁob @oﬁoa Umg.mmu March 21, 1997 and ..:Ew 17, qu...

rainfalt events (141 mm). The soil _,nEmEma frozen from December 22, 1996 o
February 6. 1997.
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Evote 5 N i N ver experiment
Recovery of clover-derived 5N (% of total added ~N) in the N-tamo perime
Days after Soil Plant Total recovery

ays . :
incorporation (20 cm .. - 20-110cm

: Mineral Organic = Mineral Organic
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287 - 05+01 418427 02100 115441 339418 87.0+£52

3.2. N balance -

TREA
C k after Eooeonéow of “N-labeled
The mean recovery of 2 E@E 1 wee
o~o<mw straw was 97% and decreased to 87% at the harvest of winter snwﬁmm
(Table 2). Oacw uptake in plots and the surrounding area comprised 33.9% oH
added clover °N. The mean wheat crop N uptake in the manured and contro

plots was 240 and 188 kg N ha”!, Hommmoﬁé@

120 g
100 -
| —o—(-10 cm
m.m 80 - —e—10-20cm
£
= 60
"2 40
201 et
0 “ f f _ _ :

[at% 'S N excess]
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days after _sooBoBmo: of clover residues
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3.3 Mineral N

Initial mineralization of clover residues proceeded rapidly as shown by the
increasing "N signature and soil mineral N contents (Fig. 1). The subsequent
decrease in mineral N during winter at the 0-10-cm soil depth and concomitant
increase at 10-20-cm depth indicated NO, leaching into the subsoil. During
growth of winter s&omﬁ in spring and summer, the level of mineral N in soil was
minimal. The mean °N signature in soil mineral N decreased continuously from
12 at.% at two days B.nﬁa Enogoano: to 2 at. @m at the harvest of the winter
wheat.

3.4. Soil organic N and net N mineralization

During En mhmﬂ 130 amua after straw Enoeon.mnos a 50% decrease of initial
soil OHmmEo N levels was observed (Fig. 2). This stabilized after day 138,
éwohm_uw °N contents remained constant until the harvest of winter wheat at day
286. The cumulative net N mineralization (NNM), which was inversely related
and based on this data, also showed a biphasic course, with high mineralization
rates HE_.._EE and a mnwmnncoﬁ stabilization, In early spring 1997, 42% of total
applied °N remained in the topsoil (0-20 cm) almost exclusively as organic N,
and nearly 10% was present in 20--50-cm depth, mainly as mineral N (Fig. 3).
woﬁsmmm spring and the harvest of EEHE. wheat, a significant increase of organic.

N was found i in the subsoil, located EEE% at 20-50-cm depth.

wm whaﬁn&. 2 B

4555 14 nmua following Eng@oﬁnoa ‘of mn.mﬁ EEEHEE GZ contents in
soil microbial biomass were observed. .H&m subsequent "°N values zmna in mb

AMN —+—50il organic N (measured)

& 80 ——net N mineralization (fitted) -

o 7D - o o L

W 60

c . 50 W

..m -AO ,,,,,,,, . .
R
B <0 -
£ 10

O w® T T T T T . 1

o 50 100 150 T 200 250 300
o days after incorporation of clover residues

Fig. 2. Temporal course of clover-derived soil organic "°N and net "*N mineralization in 0-20 em
denth.
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Fig. 3. Depth distibution of clover-derived N in soil.

(2) gave a turnover rate of o.oom# day ™! of soil :ﬁ.nwozm_ biomass N (Fig. 4),
and the corresponding half-life was 289 days. Parameter variability during the
first 4 weeks following straw incorporation was high due to high "N back-
ground in ucn?ndmwﬁm samples extracts, which were twofold to threefold
higher than "N contents in the flush (fumigated EEE nonfumigated).

The fitted cumulative values of clover-derived ’N in net N mineralization
(N"NM) and decay of soil microbial biomass N (APN_.) differed markedly in
their temporal course. Soil microbial °N EEQSH Eonmmmoa almost constantly
until the harvest of winter wheat, whereas N'°NM showed an initial rapid
increase and reached an.equilibrivm in early spring, approximately 138 days
after clover incorporation Q_mEn 3). Therefore, the ratio A”N_. /N NM was

70 - : -
- 60+ y=48.5 m..m.,oom?h
& _ S
o 50 , P = 0,73
& 7407 o
5
T30 -
=)
® 20 .
< 104
O T - T T T T 1
0 50 100 150 200 250 300

days after incorporation of clover residues

Fig. 4. Temporal course of clover-derived >N in soil microbial biomass.
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Table 3 .
Cumulative net N mineralization (N'"NM) and soil microbial biomass N decay (AN _,) of
clover-derived >N (% of added organic '*N} in two time intervals after Encﬂg.mcc: of clover
residues

Days after NISNM? D.uZw.:.. Ratio APN_ . /
incorporation . N“NM

7-138 318 13.1 0.41
138-286 22 10.6 C 4.82

<&=nmnn=<8m835amzoa HBvoB_ noEmnmommcnoammEn_mZ Am.m.m. Nvmnab_uzﬁn
(Fig. 4). . .

found to be higher in the second time interval E&a 138-286) than in the first
(days 7-138).

3.6. Root length and dry matter of winter wheat

The mean root dry mass of winter wheat at the flowering stage from 1995 to
1997 at different sites (sandy and loamy soils) and under different management
{organic and integrated) was 247 g m~? (0-90-cm soil depth) (Table 4). The
coefficients of variation for the data of the different sampling populations were
20-40% (results not shown). A pronounced gradient in root length and root dry
mass was found, with highest values in the upper 15 cm of the soil, decreasing
towards deeper soil horizons. The average (1995 to 1997) cumulative gross root
production in the upper 30 cm between tillering and early: dough stage of wheat
plants was 2.6 times the net root production, which showed lesser changes in
this time interval (Table 5). From 1995 to 1997, the observed gross root dry

Table 4

Root distribution om winter wheat at moénnnm

Mean values from 27 winter wheat sites Unni@nu Gwm mua qu Am._..mQ m._mh is Em ERE of three
to four replications). . . o

Soil depth(em) *. Rootlength ~.. - -l o e NooﬁaQEmm% i

< (kmm~%) (%oftotaly =7~ {gm™2) . . . (% of total) .
-0-15 = 1236418 50 - Hoon_uam R § G
15-30 S 97408 21 C . P 51436 .. 21 R
3045 oL 48403 10 31416 12
45-60 UL 4A1x030 9 29+1.7 12
60-90 ) ) 4.9+05 10 36136 14

°Calculated assuming a root dry matter content of 10% from measured root lengths 2nd radius
(values represent means and standard errors).

TR LA T T
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Table 5

Dry matter production (g m™?) of winter wheat root system between tillering to late milk /early
dough and shoot at harvest on Joamy soils {organic farming)

Average and cumulative values for the upper 30 cm of the soil are given mon. the net and the gross
root system, respectively.

Year Net root Gross root Shoot Ratio gross / Ratio gross/
system system net shoot

1895 167+15 33417 13544206 22 0.28

1996 120+ 18 360+£31 “13184137 30 0.27

1997 102+9 233116 - 1001 £55 23 0.23

1995-1997 129425 322438 1224 4253 25 0.26

Values represent means and standard errors.

mass production at 0-30-cm soil depth at the organically farmed sites was 26%
of the shoot dry mass at early dough stage of winter wheat.

3.7. Estimation of N input by winter wheat below-ground wﬁc&:&&:

ﬁ.ﬁ amcamnow Om vmwo.& mnomsa N Huaoncocon of winter s&nm.” was based on
both the organic "°N found in the subsoil at harvest of winter wheat and the root
dry matter-depth distribution obtained in the root Eomzoﬁo: experiment (Table
4). It was assumed that the entire clover-derived '°N found in the subsoil at
20-50-cm depth (equivalent to 9.5% of added "N) was derived from winter
wheat roots, and that BN deposition. into soil by winter: wheat roots . was
proportional to the root dry mass at each depth. The'resulting N below-ground
production of winter wheat in the N-turnover experiment was 161, 103 and 19
kg N ha™! at 0~20-, 20-50- and 50-90-cm soil depth, respectively (Table 6}, if

Table 6
N inputs by winter wheat roots 58 the soil in the field experiment deduced from the %m&u
distribution of root dry mass and °N signature in organic N

Depth Root dry mass® Soil organic °N Soil organic N .
(em) " (% oftotal) - Total Derived from roots derived fromroots . .. °
U (kg Nha™") -

. (% of added °N) -

S ..Hm_ ’

0-20 48 i i 41.1 15.0% - :
20-50 30 in 95 95° o : ©.103 o T

50-50 22 - - 1.8 1.8 19 DR

=<mEom from Table 4.

*Assuming that '*N deposition by winter wheat roots was proportional to the Toot dry mass in
each depth.

“Assuming that all "*N in the subsoil was derived from winter wheat roots.

M.A. Jimenez e1 al. / Geoderma 105 (2002} 223241 235

the mean N signature of winter wheat roots was assumed to be identical to that
Eommcnnm in the shoots (3.71 + 0.47 at.% “N).

4. Discussion

The net BEoBbchom of o_o<n?amn<nn_ "N in moz @Honmmama in two wwmmmm
namely, high inftial rates in the first phase up until. 138 days after clover
incorporation, and nearly zero values in the second phase up to the harvest of
winter wheat. This N mineralization kinetics of residues with low C/N ratio in
soil is similar to those commonly reported in the literature (Ladd et al., 1981;
Jensen, 1992). There are two contrasting explanations for the constant level of
soil organic *N in the second phase: (a) actual stability of soil organic °N due
to, -e.g., humification %_.ogmmmm or (b) apparent stability of soil organic °N
resulting from .actual "N mineralization with concomitant backflow of mineral
N into soil organic N pools (e. g., by microbial immobilization). Both mecha-
nisms (a and b) are not exclusive and Bmw act wEE:mnnc:m? ‘but in &mmnnoa
compartments of soil organic N. ..

The hypothesis (a} (actual mSng of &o<o~.@oﬁ<na ’N) was noﬁ ooum_mﬁonn
with several results of this study that indicated a continuing rather than stagnant
'>N turnover. Firstly, the soil microbial biomass (SMB), an important pool of
soil organic N, showed a continued N tumnover (¢, 2 =289 days) throughout the
entire experiment by means of a simplified isotopic. dilution approach. .This
figure was much lower than that observed between the second and eighth month
after. incorporation of labeled  Medicago residues at an arable-site’in South
Australia (Ladd et al., 1981), with a half-life of 912 days. This-discrepancy .may
reflect a reduced ‘N. turnover-in. SMB. under. the dry.soil. conditions iin- the
Mediterranean climate of South Australia, compared. to the humid climate at the
Wommmmow Station Scheyern. It could be also argued that the comparatively high
Eﬂ.oﬁn of °N_,.-.was due .to: several limitations inherent.to- the  simplified
isotopie &Eﬂon wwwaomn:‘ used here; ‘as already discussed by Chaussod et al.
(1988). Considering these limitations, nonetheless; a Emr@., rather than a lower
Egoﬁn rate would result., S T

i mmnow&w, during. the second nuumamrumaos wwmmo the aan_Em i 2 Emm.

fivefold. higher . than the : &oﬁ?anﬁéa °N net mineralization QENEH ap-
@Hownwv This:was cumxuwnﬁoa since ‘the N, -turnover in’soil should be closely

linked'to Z EEQ&Emcou It is: generally mnnm@ﬁoq that decay’ @Hoazoﬁm of SMB.

Aobmen Emﬁonam -with low.: ‘'or-high - molecular weight, exoenzymes;-dead cells)
are rapidly . EEmBera to an extent of 37% within 28 days at 22 °C (Marumoto
et al.;.1982), and to an extent between 22% and 47% within 7 days at 28 °C
(Nicolardot et al.; uom@ The net decline in "N, should, therefore, appear at
nommﬁ partly as-net’ N mineralization, which was obviously not detected by the

"*N balance mﬁ?dmow Thus, this approach seemed to underestimate the actual
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>N net mineralization in topsoil (0—20 c¢m) and, consequently, to represent the
apparent rather than actual stability of soil organic BN s

A persistent mineralization of clover-derived "*N throughout the entire second
phase (days 138 to 286) was also inferred by the mean "N signature in soil
mineral N pool (2.1 at.% 1>N). The size of this pool during thi$ phasé: was-§mall
and probably of the same magnitude as the daily turnover in soil mineral N,
emphiasizing :that: the ‘sigriature: in s0il mineral N fepresented exclusively: that
betng actially mineralizedasir. «i: whi Cicamner faininholnlh s
"= These:findings- support the previously mentioned hypothesis, of namely, the
determination of .clover-derived NINM based on' soil-organic PN decline (bal-
ance’ approach): being: biaséd-by the internal. N ¢ycling in the soil-plant
system; leading to-apparent stability of soil organic BNes s ."
«This internal recycling of mineralized '*N during the vegetation period may
involve different processes, e.g., microbial immobilization {mineralization—im-
mobilization turnover (MIT; Jansson and Persson, 1982)] or plant uptake and
assimilation . of mineral °N, followéd: by organic N below ground inputs
throtigh roots. and rhizodeposits, . .~ -0 " o o Tl .

Even though the direct measurement of plant root N input into soil was not
within the initial scope of our "°N tumover experiment; we were able to assess it
indirectly using the root dry matter input of winter wheat that was independently
measured in adjacent fields at the Research Station Scheyern. The use of field
instead of plot data for our purpose was justifiable on account of the similar soil
and climate characteristics at these sites. Moreover, we used consistent relative
proportions (depth distribution of net root production), instead of the absolute
root production values, which were subject to certain annual and spatial
variabilities. However, the mean root length and dry mass of winter wheat at
flowering, as documented in this stady, are comparable to results reported by
Gregory et al. (1978) and Stoffel et al. (1995).

With this approach, the gross N input into the entire soil profile (0-90 cm) by
winter wheat roots in the N-turnover experiment was estimated at 282 kg ha™!,
equivalent to 54% of total net N assimilation of winter wheat. Thus, the root
input into the soil was of the same magnitude as the plant N net uptake at
harvest.

The approach used to estimate root-derived N inputs was based on several
assumptions carefully selected so as to closely reflect actual conditions. It was
shown in the root production experiments that the depth distribution of net root
production was relatively stable under the varying climatic and soil conditions at
the Research Station Scheyern and, thus, applicable to the N-turnover experi-
ment. Additionally, the root-derived N input was assumed to be proportional to
the net input of root dry-mass at each soil depth. This assumption is likely to
hold true if the root N contents at different depths were equal. The mean PN
signature of the roots, also used in the calculation of root N inpuls, was not
measured, but assumed to be identical te that determined in winter wheat shoots.

w..\..f.T..., i

i Felriiezay
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This similarity #of +}*N :signature in roots-and shoots has-been shown in
greenhouse experiments with: $’N-labeled wheat plants (Wagger etal; 1985).-
br: It may: beralso-drguedthat all of the organic °N-found in the subsoil (2090

-'cm):was derived from winter wheat root inputs; ‘asiinferred in our calculations:
‘In-spite of foots inputs; three additional mechanisms could explain the fransport
~ of labeled:N-ont:of: the-treated  topsoil
. subsoil: i el L P A i

and ' its-accumulation as' organic' N"in

21 (1) Soluble “ofganic: Ni.could have been’washed:out'and: immobilized in

 subsoil;: This ‘mechanism is improbable “sincetoncentrations of: extractable

organic N detected were higher during winter and early spring;’ where- no
significant accumulation of organic- N in subsoil was found. In contrast, lower
concentrations (nearly 1 g N g~!) occurred during $pring and sumumer, when
the accumulation took place, ~ s - o oa o sl o

21 (2) Tt could be argued that endogeic earthworms fed-on the P N-labeled clover
residues in: topsoil {Curry -and Byrme; 1992) and deposited their feces “or
excretions in subsoil. However, this explanation is inconsistent with the stable
N content of soil organic matter observed between spring and wheat harvest,
which should have been diminished by the activity-of earthworms.™ :

(3) The SMB may have immobilized a part of the labeled NO; which had
leached into the subsoil. This explanation is unsatisfactory as it implies' the
immobilization of approximately 100 kg N ha™' during the relatively brief
period between days 126 and 152 after clover incorporation, when most of the
leached NO; moved through the soil below 50 cm (data not shown). Assuming
that SMB had a C/N ratio of 7 and a yield coefficient of 0.6, the corresponding
microbial C-demand would amount to 1160 kg ha™!, which is implausible for
the C-deficient environment of the subsoil. During later drainage, nearly no net
loss of N in the topsoil was observed, thus indicating that this mechanism was
also irrelevant during spring and summer. _

The contribution of these mechanisms to explain the oiigin of organic PN
found in the subsoil cannot be completely excluded, but is likely to be of minor
importance compared to the prominent contribution of plant roots. However,
considering a small contribution of these alternative mechanisms, the actual root
N input into soil might be somewhat lower than the value we assessed. In
contrast, it seems lo be very probable that a portion of total root >N deposition
into the miniplot subsoil was lost due to root growth in lateral direction, since
the border of the miniplots (open-ended PVC cylinders) reached a depth of only
25 cm into the soil. However, the proportion of gross N uptake in winter wheat
deposited into soil estimated in our field experiment {54%) is similar to that
reported by Janzen (1990) from pot experiments with N-fertilized winter wheat
(49%), by means of Jz-wﬁwm labeling of shoots with gaseous NH ;.

The ratio of gross-to-net root dry matter production (2.6) obtained in this
study was comparable to other reports, ranging from 2.0 to 3.5 (Swinnen et al.,
1995; Sauerbeck and Johnen, 1976), and indicates a large new root growth
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which is in balance with a high root mortality. This high root turnover provides
additional evidence for the importance of plant root N inputs into soil by means
of an approximate estimate using measured root gross dry matter production and
estimated N contents of root inputs ranging from 1% to 2.6% (Kleemola et al.,
1998; Thomson et al., 1996; Zagal, 1994; Griffith and Robinson, 1992; Janzen,
1990).. According to mﬁm estimate, the plant root N inputs would range from 49
to 128 kg N ha~! (0-20-cm depth) and are lower than the value based on °N
distribution in subsoil (161 kg N ha™!'). In spite of uncertainties on N contents
of root inputs, our estimate does not include the contribution of root exudates
and mucilage, thus leading to underestimation of total root N input into-soil.
Nevertheless, even these lower estimates emphasize the importance of root
turnover in regard to the N cycling in the plant—soil system. :

The N cycling by mineralization—immobilization turnover (MIT) seems E‘.; to
be a reasonable mechanism to explain the discrepancy between :concurrent
turnover and m@uﬁoﬁ stability of soil organic '’N, .Hdm rates of microbial N
decay, soil organic N mineralization and microbial-'*N immobilization should
be equal to achieve a mScENEm action of MIT. In contrast, our data show that
the rate of microbial >N decay was higher than that of microbial. GZ immobi-
lization..

moBo :nnﬁﬁoum muoEa be.considered when interpreting the results Emmouﬁoa
here. The N-turnover experiment was performed in small plots and obtained
results may have been biased by margin effects.: This was indicated by the high
wheat N yields observed: 188 and 240 kg ha™ " in the control and clover-treated
plots, respectively. In addition, soil ‘mixing and -aeration during.initial plot
establishment may have artificially influenced the rooting and the mineralization
kinetics in the plough layer, compared to tillage in agricultural practice. Our
results provide valuable evidence for the N soil—plant loop; however; we have
no direct measurements of root N deposition -into-:the soil. However; - these
results represent to the best of our knowledge, the first field experiment report
on N ‘deposition of roots into soil and its consequence: on.the N cycle.. In
addition, the _&.Hmoﬁ measurements of N deposition reperted from pot experiments
(Janzen,-.1990; . Jensen, -1996; McNeill et: al,, -1996) may. also. suffer . from
limitations due to- artificial conditions, in Tespect to the rooting in the pots {e.g;;
restricted HccEHm wmoo soil compaction) or to the plants (e.; g -light conditions;
nutrition). .H.HEP. N-labeling nmnwaaamm already applied.in pot experiments

must be mmmwﬁn for field oxmeEmEm in o&ﬂ o Eoﬁw the Eﬁomﬁma and to

exactly -quantify N-root depositions.: .

In spite. of the low net-effect ncnooEEm Ea Qo@ Z nuirition, Ew 2 Hoow in
the soil—plant system should be considered in respect to the interpretation of PN
experiments and to ecological Eﬁrnmuoam. As a consequence of N rhizodeposi-
tion, net "°N losses of the plants could occur during the growing season, since
the rhizodeposition may have higher N signatures than the newly mineralized
N which is subseauentlv assimilated bv the plants. This mineral N will have a
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lower °N signature, due to an increased contribution of unlabeled soil-derived
N occurring in the later mineralization phase. This “pool substitution” mecha-
nism, implicit to N cycling in the soil-plant system, may, therefore, oonﬁ_uﬁm
to the apparent “Added Nitrogen Interaction” (ANI, Jenkinson et al., 1985) in
I>N-labeling experiments, where lowered estimates of crop fertilizer use effi-
ciencies are observed. The N loop may be also responsible for the lower net N
mineralization observed in planted compared to unplanted soils (Jensen, 1992;
Janzen and Radder, 1989), since a part of the mineralized az,wmwn_ma soil
organic N is returned into the soil via the root ao@oﬁnoum ,

The N loop may. also have a stabilizing effect on N Eé?grq and N
retention in the soil—plant system since N is kept mainly in organic forms in soil
and plants and, thus, prevented from Hnmn_.::mu but still available 8 ENSE acw to
the high gross N fluxes.
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