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Abstract

The effect of elevated (60 Pa) atmospheric carbon dioxide partial pressigrg gmd N fertilisation on the avail-

ability of mineral N and on N transformation in the soil ofLalium perennd.. monoculture was investigated

in the Swiss FACE Kree Air Carbon dioxideEnrichment) experiment. The apparent availability of nitrate and
ammonium for plants was estimated during a representative, vegetative re-growth period at weekly intervals from
the sorption of the minerals to mixed-bed ion-exchange resin bags at a soil depth of 5 cm. N mineralisation was
measured using sequential coring anditu exposure of soil cores in the top 10 cm of the soil before and after

the first cut in spring 1997. High amounts of mineral N were bound to the ion exchange resin during the first
week of re-growth. This was probably the combined result of the fertiliser application, the weak demand for N by
the newly cut sward and presumably high rates of root decay and exudation after cutting the sward. During the
first 2 weeks after the application of fertiliser N at the first cut, there was a dramatic reduction in available N; N
remained low during the subsequent weeks of re-growth in all treatments. Overall, nitrate was the predominant
form of mineral N that bound to the resin for the duration of the experiment. Apparently, there was always more
nitrate than ammonium available to the plants in the high N fertilisation treatment for the whole re-growth period.
Apparent N availability was affected significantly by elevategponly in the first week after the cut; under high N
fertilisation, elevated go2 increased the amount of mineral N that was apparently available to the plants. Elevated
pco2 did not affect apparent net transformation of N, loss of N or uptake of N by plants. The present data are
consistent with earlier results and suggest that the amount of N available to plants from soil resources does not
generally increase under elevated atmospheisigpThus, a possible limiting effect of N on primary production
could become more stringent under elevated atmosphegsicas the demand of the plant for N increases.

Introduction Therefore, when plants grow under elevategp the
availability of mineral N may be the key factor which

It is widely accepted that elevated atmospheric partial Controls the plants’ response to elevated atmospheric
pressure of C@(pcoy) stimulates plant growth. The  Pco2.
extent of the growth response to elevated atmospheric ~ Several experiments showed thatlium perenne
pcoz however, depends on the availability of other re- above-ground biomass does not respond as strongly
sources required for plant growth, namely light, water 10 COz as was expected, even under high N fertil-
and mineral nutrients. In fertile soils, nitrogen often isation (Hebeisen et al., 1997a, b; Luscher et al.,
limits plant growth in natural and managed grassland. 1996, 1998; Soussana et al., 1996). There is sub-
stantial evidence showing that insufficient N nutrition

* FAX No: 4010 6321153. TEL No: 4101 6324930, E-mail: ~Prevents a stronger response to Ofith respect to
ueli.hartwig@ipw.agrl.ethz.ch above-ground biomass (Fischer et al., 1997; Isopp et
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al., 2000; Luscher et al., 2000; Soussana and Hartwig,

1996; Soussana et al., 1996; Zanetti and Hartwig,
1997; Zanetti et al., 1996, 1997).

The amount of N available to plants depends on N
cycling, i.e. on the rate of N uptake by plants and soll

organisms, on the rate of release of inorganic N due to

(FAO, 19-) with pH values (in water of the (0... cm)
topsoil? between 6.5 and 7.6, containing 28% clay,
33% silt and 36% sand and with a high availability
of P and K. The organic matter content was 2.9 and
5.1%.

Plots (2.8x 1.9 m) were arranged in three blocks.

mineralisation processes as well as on the amount of N Since May 1993, monoculture swardslaflium per-

lost from the system (leaching, denitrification, volatil-
isation) and on N fertilisation. The effect of elevated
atmospheric po2 on the availability of soil N is under

ennel. were grown at two levels of gp2 (35 Pa,
ambient and 60 Pa, elevated) in the field usingrree
Air Carbon dioxideEnrichment (FACE) technology

debate: Some researchers (Zak et al., 1993) suggestLewin et al., 1994) in the Swiss FACE experiment
an increased mineralisation, others a decreased avail{Daepp et al., 2000; Hebeisen et al., 1997a, b; Liischer

ability of N due to a higher rate of N immobilisation
(Diaz et al., 1993; Hartwig et al., 1996). Hungate et

et al.,, 1998; Zanetti et al., 1996). Since 1996, the
swards have been cut five times per year at 5 cm above

al. (1997) and Ineson et al. (1998) presented resultsground level. N fertiliser was applied as dissolved

supporting the view that elevate¢d, may alter N

NzNOz (14 g N nT2 per year for the low level of

cycling in terrestrial ecosystems. Such changes could fertilisation and 56 g N m? per year for the high level

indeed change the amount of N available to plants.
The form of available N is also important for plant

of fertilisation). The fertiliser was applied according
to the principle used in Zanetti et al. (1996): 2.8 g N

growth, because the rate of uptake and assimilation of m=2 for the low level of fertilisation and 11.2 g N T8

ammonium (NH*) and nitrate (N@™) is not usually
the same for all plants (Pilbeam and Kirkby, 1992; Ul-
rich, 1992); grown in the exclusive presence of either
NH4™ or NO3~ have different morphology and chem-
istry, both of which may affect the plants’ response to
elevated poa.

In order to investigate possible effects of elevated
atmospheric o2 on components of N cycling and on
the apparent availability of mineral N to plants, we
measured the following in the soil below.alium per-
ennesward under ambient and elevategbp: (i) the
availability of NOs~ and NH;* during one represent-
ative, vegetative re-growth period and (ii) the rates of
apparent N uptake by the sward as well as N mineral-
isation, N immobilisation nd N losses before and after
the cut. The results allow the discussion of contrasting
hpotheses (Diaz et al., 1993; Hartwig et al., 1996; Zak
et al., 1993) about CPeffects on availability of soil
mineral N.

Materials and methods

Experimental site, growing conditions and N
fertilisation

The experimental site is located at Eschikoh4& E,
47° 12 N), 20 km north-east of Zirich at an altitude

for the high level of fertilisation at the particular cut in
May 1997.

The experimental plots in the present study were
feflillsed at the beginning of the growing season (April
4th 1997) and 2 days after the first cut (May 13th,
1997).

lon exchange resin bag methad 6itu)

lon exchange resin (IER) was used to measure ap-
parent N availability during one re-growth bf per-
enne(weekly from May 15th until June 16th, 1997).
IER bags, buried in the soil accumulate ions by ex-
change processes (Binkley and Matson, 1983; Gibson
et al., 1985). The extent of accumulation of NO
and NHy™ enables to estimate relative effects of ex-
perimental treatments on mineral N pools that have
been mineralised but not immediately taken up by
plant roots (Binkley et al., 1986). The IER bags were
prepared by placing 12 mL of wet mixed-bed resin
(Amberlit IRN-150, Sigma Chemical Co., St. Luis,
MO, USA, 1:1 mixture of cation and anion exchanger
with a total ion exchange capacity of 0.55 meq )
in nylon mesh bags (6.5 60 HC, mesh size 42m,
30% openings). During the first week, the IER bags
were buried 2 days after the cut and a few hours after
the N fertilisation.

The soil within a grass tussock was slit with a

of 550 m above sea level. Climatic data were provided trowel, and an IER bag was placed horizontally at a
by a meteorological station close to the experimental depth of about 5 cm. Five resin bags were buried in
site. The soil was classified as a fertile, eutric cambisol each plot and exposed for 1 week. After each weekly
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exposure, all five bags were removed (and replaced by ~ Concentration of N@~ and NH,™ in both soil and
five fresh bags) and washed with de-ionised water, tak- resin extracts was determined colorimetrically with a
ing care to remove soil particles that adhered to them, segment flow analyser (Aliance Instruments, USA).

and frozen until extraction and determination.

Method of sequential soil coring

N transformation was investigated in the soil of the
L. perenneswards for two time periods (from April
21st to May 11th 1997 and from May 15th to June
12th, 1997) before and after the cutting of shoot ma-
terial 5 cm above ground (May 13th). Rates of total
N mineralisation, nitrification and ammonification as
well as losses of N by leaching and rates of appar-
ent N uptake by plants were estimated by sequential
soil coring and byin situ exposure of undisturbed soil
cores in PVC tubes (2.6 cm in diameter; see also Ber-

endse et al., 1994; Jacot et al., 2000; Raison, 1987).

N transformation was calculated from changes in the
mineral N content in the tubes relative to changes in
the bare soil (see below). Three sets of soil cores with
four cores in each set (total 12 cores) were taken from
each plot at the beginning of each of the two exposure
periods. One soil core in each set (total 3 cores) was
taken at the beginning and was extracted within 24 h
(initial value of mineral N). Two cores in each set were

taken and put back immediately into the plot again and
exposed in the PVC tubes in the top 10 cm of the soil.

One of these two tubes of each set was capped on both

sides to prevent any flow of the soil solution; the tubes
were aerated through four holes in the side walls of the
tube just above ground level. The second of these two

tubes in each set was open at the top but was covereqe

with a nylon mesh (422m mesh size, 30% openings)
at the bottom to prevent in-growth of roots and at the
same time to allow water to flow to and from the tube.
The fourth core of each set of soil cores was taken at

the end of each exposure period. This procedure resul-
ted in a total of 12 samples per plot and measurement

period.

Determination of N@~ and NH,

The resin from the five bags per plot was pooled and
placed in a 20 mL extraction column fitted with stop-
cock and extracted with 100 mL of 2 M NaCl in 0.1
M HCI (Giblin et al., 1994). The content of N¢t and
NO3~ ions in the soil samples was determined within
24 h after collection. Soil samples (20 g fresh weight)
were shaken for 1 h with 50 mL of 1 M KClI, and the
extract was filtered through a No. 588shless filter
paper (Schleicher and Schuell, Dassel, Germany).

Soil was dried at 60C for 48 h.

Calculations

The rates of net mineralisation ), net ammoni-
fication (Nyit) and net ammonification (i) were
calculated from the difference between the concen-
trations of the respective N forms in the soil of the
initial soil samples (Nio)) and from the soil samples
exposed in the closed tubesgc) during the period

of exposureAt (tO = start of exposuretl = end of
exposure; b = bare soil; e = exposed in tubes; ¢ =
closed tube):

i) Nnit = (NO3_E(tl)C - NOB_b(tO))/At
(mg NO;~ — N kg soilr* Dw d™1)

i) Namm= (NHzTe(r1c — NHatpr0)) /At
(mg NH,* — N kg soilr* Dw d™1)

iii) Nmin = Nnit + Namm
(mg N kg soil't DW d™1)

Rates of mineral N losses (\through leaching from
the soil were calculated by comparing the concen-
tration of mineral N in the closed @)c) and open
(Net1)0) tubes at the end of the exposure period for the
time periodAt. The mineral N deficit in the soil cores
xposed in open tubes represents an upper limit for
eaching losses of mineral N because the roots inside
the cores did not take up water and mineral N (Raison
et al., 1987); the potential loss of N as gas was not
considered (o = open tube):

iv) NL = (Nmince) — Nmino))/ At
(mg N kg soil"t DW d™?)

The rate of apparent mineral N uptake by plantg (N

was calculated from the difference between the min-

eral N concentration in the soil samples exposed in the
open tubes without any plant rootsgM)o) and in the
samples in bare soil (1)) at the end of the exposure
period. This calculation is based on the assumption
that the net rates of N mineralisation were the same
in the soil inand around the tubes:

V)Nu = (Ng;1)0 — Np(s1)) /At
(mg N kg soil"t DW d 1)



294

Table 1. Harvested biomass and N concentration of the 1st and 2nd

cut of Lolium perennanonoculture as affected by atmospheric pCO

and N fertilisation. Means of 3 replicates and SE are shown
1st cut 2nd cut
DM IN] DM IN]
@m3? (mggt) @m?) (mgg™)
35PaCQ@ IlowN 181 20.1 300 13.7
highN 385 39.3 529 25.8
60PaCQ@ IlowN 138 16.7 351 10.2
high N 429 30.0 652 17.7
SE 23 1.0 20 1.1

Statistical evaluation

The experimental design was a split-plot (three replic-
ates) with o2 as the main plot factor and N supply

as the subplot factor. Statistical analyses were carried

out using the GLM (general linear model) procedure
of the SAS statistical analysis package (SAS Institute,
Cary, NC, USA). Normal distribution of the data and
their homogeneity of variance were checked.

Results

Biomass and N yiell. perenneas affected by
atmospheric poz and N fertilisation at the first two
cutsin 1997

When analysed over the two harvests, high N fertil-
isation increased. perenneyields strongly (ANOVA

N p<0.0001) and elevated atmospherigop tended

to increase DM yield (ANOVA po2 p=0.067) (Table
1). A positive yield response, however, was meas-
ured only in the high N treatment (ANOVAda»2 x N
p<0.05). Likewise, N concentrations in the harvested
tissue were strongly increased by high N fertilisa-
tion (ANOVA N p<0.0001), elevated atmospheric
pco2 led to a significant decrease in N concentration
(ANOVA pco2 p<0.001). As a result, under both
N fertilisation treatments, less N was harvested un-
der elevated atmospherigg, compared to ambient
conditions (ANOVA o2 p<0.05).

Apparent N availability

No overall effect ofpcp2 on the accumulation of
NO3~ ions in IER was found (Table 2, Figure 1).
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Figure 1. Accumulation of nitrate (A) and ammonium (B) ions in
ion exchange resin (IER) bags and mean air temperature and sum of
precipitation (C) during one re-growth period ot.alium perenne
sward in weekly intervals. The measurements were made from May
15th to June 16th, 1997; the sward was cut on May 13th. Means of
three replicates are shown; for statistics see Table 2.

Apparent NQ~ availability, however, changed with
time after the application of N fertiliser at cutting and
was strongly affected by the amount of N fertiliser
applied (Table 2, Figure 1). The largest amount of
accumulated N@ was found during the first week
of re-growth in the plots with high N fertilisation and
exposed to elevated atmospherigp. Thereafter, no
effect of elevated atmospherig@, on the apparent
NO3~ availability was found.

Significantly more N@Q~ was apparently available
in plots with high N fertilisation is compared to plots
with low N for the whole re-growth period (Figure 1,
Table 2). The time course for Nft ions to adsorb in
the IER bags was about the same as forsNQFig-
ure 1). There were 10-20 times fewer NHions,
however, than there were NO ions. The highest
values for NH ™ accumulation in the IER bags were
found during the first week after cutting in the plots
with high N fertilisation under elevate@&py. Elevated
atmospheric goz also increased NI accumulation



295

Table 2. Summary of analyses of variance of accumulation of nitrate and ammonium in ion exchange
resin bags during a vegetative re-growth period bbhum perennesward. Significance of impact of GO
partial pressure (o>), nitrogen fertilisation (N) and time (weeks) which elapsed after the sward was cut
and fertilised (sampling), and interactions of these factors over the whole experimental period (A) and for
each sampling (B). Significance*)(p < 0.05; (*) p < 0.01; (**) p < 0.001; (***) p < 0.01; n.s. not

significant
A
Source Main factors Interactions
N-form  pCO N Sampling pC@ x N pCO, x N x pCO, x N x
Sampling Sampling  Sampling
NO3~ n.s. ek ok n.s. n.s. n.s. n.s.
NHst  ns. ns. * n.s. * n.s. n.s.
B
N-form  Source Sampling
1 2 3 4 5

NO3~ pCO, * n.s. n.s. n.s. n.s.

N kk sk kk kk kk

pCO, x N * n.s. n.s. n.s. n.s.
NHst  pCOy ok n.s. n.s. ok n.s.

N n.s. n.s. n.s. * n.s.

pCO, x N n.s. n.s. o n.s. o

in the resin bags in the third and fourth weeks under T2ble 3. Rates of net nitrification (hy), net ammonification (B,
net mineralisation (Min), uptake rate (ly) and losses (IN) of mineral

high N fertilisaﬁon- _ . nitrogen in the soil of d.olium perennesward (mg N kg soit! d—1)
Concentrations of Nt and of NG~ in the soil during the 20 days before the first cut. Summary of the analyses of

cores taken to measure N transformation 20 days be-variance is given in the lower part of the table. Significanég:p(<

fore the cut, at the cut and 27 days after the cut were %% (7)) P= 0.0% (%) p < 0.001; n.s. not significant

not affected by atmospherigpz (data not shown) but

did confirm the very strong effect of N fertilisation on

NOs~ and NH; T availability (ANOVA, p<0.0001). 35PaPCQ LowN 042 090 132 132-028
HighN 1.83 0.93 2.77 249 0.38

Treatment Nit  Namm Npin Ny NL

N transformation 60PapC@ LowN 019 0.83 1.01  1.17-0.41
HighN 134 094 228 211 0.6

No significant effect of elevated atmospherigyp on
apparent N uptake and N transformation was found Standard error 082 010 033 024 037
in the periods monitored (Tables 3 and 4). Although

mineralisation tended to be slightly lower under elev- Sources of variance

ated atmosphericqpz during the 20 days before the PCO * n.s. n.s. ns. ns.
cut (Table 3) and slightly higher during the 27 days N K s, o K s,
after the cut (Table 4). There was a significant effect PCQ, x N ns. ns. n.s. ns. ns.

of N fertilisation on N transformation, mainly on ni-
trification, before and after the cut (Tables 3 and 4). A
higher rate of net nitrification but also a higher rate of
immobilisation of NH,* ions (indicative from negat-



296
Table 4. Rates of net nitrification (j), net ammonification (Bnm), e ;
net mineralisation (Min), uptake rate (i) and losses (N) of mineral specific. Moreover, Hartwig et al. (2000) showed that

nitrogen in the soil of & olium perennesward (mg N kg soff® d—1) Fhe C:N ratio of plant litter most likely changes only _
during the first 27 days of re-growth. Summary of the analyses of vaiin legume-less grass monocultures. Others hypothesis

ance is given in the lower part of the table. Significanée)_:p(_f' 0.05; that elevated atmospherig g, affects the amount of
()P =0.04; (%) p = 0.001;7* p = 0.0001; n.s. not significant  \ qyailaple to plants by causing a rise in the trans-
fer of labile C from the roots to the soil (Hart et al.,
1994); thus, the large amounts of labile C would have
35PaPCQ LowN 052 012 064 074 029 3 nositive effect on microbial activity. This could lead
HighN 119 -0.95 024 300 005 gjther to a higher rate of decomposition of litter and

soil organic mailer, including N mineralisation (Zak et
al., 1993) or to an increasing immobilisation of N by
the microbial biomass, thus restricting the amount of
N available to the plants (Diaz et al., 1993; Hartwig et
al., 1996).

Neither one of these hypotheses, which are to some
extent contradictory, were confirmed by the present

Treatment Nit  Namm Ny Nu NL

60PapC@ LowN 044 0.41 0.85 0.35 0.55
HighN 1.92 -0.81 111 281 1.40

Standard error 0.49 0.25 0.61 0.49 0.62

Source of variance

pPCO, ns. ns. n.s. ns. ns.  study. The absolute availability of mineral N in the
N * Tons. T ons. gojl seemed to be largely unaffected by elevated at-
pCQ; x N ns. ns. ns. ns. NS mogpheric powhich corresponds to results obtained

by Ross et al. (1996) from an other system. We did

not observe a significant GQeffect on N availabil-

ity as estimated from IER adsorption (Figure 1). The
ive ammonification; Table 4) were found in plots with same was true for N transformation (Tables 3 and 4).
high N fertilisation after the cut (Table 4). From these results we can conclude that the availabil-

Apparent N uptake by plants was increased at high ity of mineral N for plants was largely unaffected by

N fertilisation during both time periods (Tables 3 and elevated atmospheriep2. However, considering that
4). The losses of N from soil cores was the same more N was bound to stubble and roots under elevated
under atmosphericqp, and under both levels of N atmospheric poz (Hartwig et al., 2000; Jongen et al.,
fertilisation (Table 4). 1995; Soussana et al., 1996), then one can understand

that less N was harvested under elevated atmospheric

Pco2 compared to ambient conditions (Table 1).
Discussion

Which factors affect the apparent availability of
Is availability of mineral N in the soil under a grass mineral N in the soil?
sward affected by elevated atmospherigpThere
are many indications that N can limit growth of non- Fluxes of N within the ecosystem can be substan-
leguminous plants under elevated atmospheggop  tially altered by N fertilisation. Indeed, we found
(e.g. Fischer et al., 1997; Isopp et al., 2000; Luscher significantly increased rates of nitrification under high
et al., 2000; Soussana et al., 1996; Zanetti et al., 1997; N fertilisation compared to low N fertilisation. The
Table 1). Thus, it is assumed that the cycling of N in high rate of N uptake (lY) relative to Nnin in the
grassland ecosystems changes under these conditiongeriod after the cut under high N fertilisation reflects
especially during the first years after atmosphegicp the abundantly available N; in contrast, under low N
was increased experimentally. There are various hypo- fertilisation, Ny plus N_ are similar to Nyin (Table 4).
theses about the effect of elevated atmosphetigyp An increased soil moisture, resulting from re-
on components of the N cycle in the soil, one of which duced plant transpiration under elevategbp has
is that an increased C:N ratio of litter from plants been shown to increase the rate of mineralisation in
grown under elevated atmospherie, inhibits de- water limited systems (Hungate et al., 1997). On the
composition and, thus N mineralisation. However, other hand, an increased rate of denitrification (Ineson
this does not seem to be generally true; Franck et et al., 1998) could also indicate an increased rate of
al. (1997) showed that the effect of the C:N ratio in mineralisation. A significant increase in soil moisture
litter on the rates of decomposition is very species- under elevated atmospheriggy however, was not



found during the experimental period in the present
experiment (Hebeisen et al., unpublished data).

The high amount of mineral N found in the first
week of re-growth, particularly under elevated atmo-
spheric go2and high N fertilisation, was probably the

297

when the absolute growth rate usually is high and,
thus, ample available mineral N could support a strong
CO, response, mineral N availability was low in all
treatments, independent of atmosphetgp

Our results are consistent with the finding that un-

result of several, possibly cumulating, factors: (i) N der elevated atmospherigg,, the uptake of mineral
fertiliser was recently applied, (ii) the decomposition N from the soil byLolium perenneapparently does

of fine roots after the cut (Paterson and Sim, 1999) not increase, although the N demand by the plants
may be particularly high in the elevated gQ@lots was presumably higher (Fischer et al., 1997; Isopp et
since the root biomass is known to increase strongly al., 2000; Zanetti et al., 1997). Indeed, earlier studies
as compared to the ambient g@lots (Hartwig et al., showed that the percentage of N derived from sym-
2000; Hebeisen et al. 1997a, b; Jongen et al., 1995). biotic N fixation — a very sensitive way of assessing
Indeed, Gorissen et al. (1995) found a higher rate the availability of mineral N in fertile grassland eco-

of decomposition of root litter of.. perenneplants
which were previously grown under elevated atmo-
spheric o2 However, this effect lasted only during
the first 2 days, after 8 days, the rate of decomposition
slowed down strongly. (iii) The demand of the sward
for N during the first week after the cut is low (Hartwig
et al, 1994; Ourry et al., 1990) since the growth rate
of plants is reduced after cutting. All these effects
possibly cumulated in the first week after the cut.

The high accumulation of N in IER bags un-
der elevated atmospherig@; indicates either higher
rate of nitrification or a lower uptake rate of nitrate

systems (Hartwig, 1998) — in white clover increased
at elevated po2 (Luscher et al., 2000; Soussana and
Hartwig, 1996; Zanetti and Hartwig, 1997; Zanetti et
al., 1996). This did not occur as a result of elevated at-
mospheric poz per se(Almeida et al., 2000; Hartwig,
1998; Schortemeyer et al., 1999; Zanetti et al., 1998)
but is thought to be due to a relatively reduced avail-
ability of mineral N. In the present study, availability
of soil N for plant growth and N uptake by plants did
not change as a direct consequence of elevated atmo-
spheric go2thus we conclude that any limiting effect
of mineral N for plant primary production becomes

by plants. Jackson and Reynolds (1996) suggested thatmore stringent under elevated atmosphetigpin

the uptake of N@~ ions is down-regulated under el-
evated atmosphericjpz but the uptake of N&™ was
unaffected by the C®level. In the present experi-
ment, the first hypothesis appears to be more likely,
since we did not observe any effect of elevated at-

plants which depend solely on mineral N.
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